THE ASTROPHYSICAL JOURNAL, 923:60 (19pp), 2021 December 10

© 2021. The American Astronomical Society. All rights reserved.

https://doi.org/10.3847/1538-4357 /ac2b29

CrossMark

The EDGE-CALIFA Survey: The Resolved Star Formation Efficiency and Local Physical
Conditions

V. Villanueva' , A. Bolatto'?
E. Rosolowsky5 , D. Colomboﬁ, M. Rubi07, Y. Cao™®

,S.F. Sa’mchez3
, V. Kalinova® A Leroy

. S. Vogell, R. C. Levy1

, T. Wong4 ,

, R. Herrera-Camus ' s

, . Barrera-Ballesteros®
9,10 , D. Utomo’

L. Blitz'?®, and Y. Lu0
Department of Astronomy, University of Maryland College Park, MD 20742, USA; vvillanu@umd.edu
Visiting Scholar at the Flatiron Institute, Center for Computational Astrophysics, NY 10010, USA
3 Instituto de Astronomia, Universidad Nacional Auténoma de México, A.P. 70-264, 04510 México, D.F., México
4 Department of Astronomy, University of Illinois, Urbana, IL 61801, USA
Department of Physics, University of Alberta, 4-181 CCIS, Edmonton, AB T6G 2E1, Canada
6 Max Planck Institute for Radioastronomy, Auf dem Hiigel 69, D-53121, Bonn, Germany
Departamento de Astronomia, Universidad de Chile, Casilla 36-D Santiago, Chile
8 Aix Mdrsellle Université, CNRS, LAM (Laboratoire d’Astrophysique de Marseille), F-13388 Marseille, France
Department of Astronomy, The Ohio State University, Columbus, OH 43210, USA
Center for Cosmology and Astroparticle Physics, 191 West Woodruff Avenue, Columbus, OH 43210, USA
Depdrtd.mento de Astronomia, Universidad de Concepcion, Barrio Universitario, Concepcién, Chile
Department of Astronomy and Radio Astronomy Laboratory, University of California, Berkeley, CA 94720, USA
Received 2021 June 28; revised 2021 September 3; accepted 2021 September 27; published 2021 December 10

Abstract

We measure the star formation rate (SFR) per unit gas mass and the star formation efficiency (SFEg, for total gas
SFE,,o for the molecular gas) in 81 nearby galaxies selected from the EDGE-CALIFA survey, using '“CO
(/= 1-0) and optical IFU data. For this analysis we stack CO spectra coherently by using the velocities of Ha
detections to detect fainter CO emission out to galactocentric radii 74 ~ 1.2755 (~3R.) and include the effects of
metallicity and high surface densities in the CO-to-H, conversion. We determine the scale lengths for the molecular
and stellar components, finding a close to 1:1 relation between them. This result indicates that CO emission and
star formation activity are closely related. We examine the radial dependence of SFE,,, on physical parameters
such as galactocentric radius, stellar surface density >,, dynamical equilibrium pressure Ppg, orbital timescale 7y,
and the Toomre Q stability parameter (including star and gas Qgurigas). W€ Observe a generally smooth,
continuous exponential decline in the SFEy,s with rg,. The SFEg, dependence on most of the physical quantities
appears to be well described by a power law. Our results also show a flattening in the SFEg, 7.y, relation at
log[7o] ~ 7.9-8.1 and a morphological dependence of the SFEg, per orbital time, which may reflect star
formation quenching due to the presence of a bulge component. We do not find a clear correlation between SFE,,
and Qstar+gas-
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1. Introduction

Star formation is one of the most important evolutionary
processes that shape galaxies over cosmic times. Either from the
intergalactic medium or through galaxy—galaxy interactions, the
accretion of gas into a galaxy potential well provides the fuel for
future star formation (e.g., Di Matteo et al. 2007; Bournaud &
Elmegreen 2009). The mechanisms behind the conversion of gas
into stars have been investigated in both distant and nearby
galaxies (Kennicutt & Evans 2012; Madau & Dickinson 2014).
The Kennicutt (1989, 1998) seminal studies of the galaxy star
formation scaling relations in terms of both the star formation rate
(SFR) and neutral gas surface densities (Xgpr and Xy,
respectively) showed that 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 (H,) and focus on the mechanisms that convert H,
into stars, as the main gas reservoir for star formation (Wong &
Blitz 2002; Kennicutt et al. 2007; Bigiel et al. 2008; Leroy et al.
2008; Bigiel et al. 2011; Leroy et al. 2013).

Stars form in giant molecular clouds (GMCs) in which the
molecular gas is the main constituent (e.g., Sanders et al. 1985).

We usually trace molecular gas through observations of the
low-J transitions of the carbon monoxide (CO) molecule that
provide a good measure of the total molecular mass. The
2C1%0 (J=1-0) transition has been commonly used as a
tracer of H, since it is the second most abundant molecule and
it can be easily excited in the cold interstellar medium (ISM).
The CO (1-0) emission line is usually optically thick, and the
conversion of CO luminosity, Ll ;_o, into molecular gas
mass, My, is done through a CO-to-H, conversion factor aco
(e.g., Bolatto et al. 2013), 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., Wolfire et al. 2010; Narayanan
et al. 2012).

In the past 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, Lilly et al. 2007;
Sloan Digital Sky Survey I, Alam et al. 2015; KMOS®",
Wisnioski et al. 2015; SINS, Forster Schreiber et al. 2009)
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have shown the relations between star formation, stellar popula-
tion, nuclear activity, and metal enrichment for unresolved galaxies
in a broad range of redshifts. Meanwhile, gas surveys of nearby
galaxies have enabled the exploration of the physics behind the star
formation relations (e.g., Leroy et al. 2008, 2013; Saintonge et al.
2011, 2017). These data have revealed that the SFR 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, Sanchez et al. 2012; SAMI, Croom et al.
2012; MaNGA, Bundy et al. 2015) have provided 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 (Bolatto et al.
2017; Lin et al. 2019; Leroy et al. 2021) adds invaluable
information to understand the baryon cycle in galaxies in the
local universe, where star formation has experienced a drastic
decline since the peak of cosmic activity (Madau &
Dickinson 2014).

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-wave-band
data sets 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 Combined Array for Millimeter-wave Astronomy
(CARMA) interferometer (Bock 2006), spanning imaging observa-
tions of CO emission in 126 local galaxies. The combination of the
EDGE survey with the IFU spectroscopy from the CALIFA survey
(Sanchez et al. 2012) constitutes the EDGE-CALIFA survey
(Bolatto et al. 2017), which provides '*CO and *CO (J=1—0)
images at good sensitivity and angular resolution covering the
CALIFA field of view (FOV).

In this work, we mvestlgate the star formation efficiency (SFEs,
where SFE [yr~ =Yg/ Yeas) 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 depends on physical quantities such as galactocentric radius,
stellar surface density, midplane gas pressure, orbital timescale, and
the stability of the gas disk to collapse. This paper is organized as
follows: Section 2 explains the main characteristics of the EDGE-
CALIFA survey and the sample selection. In Section 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 Section 4 we present our results and discussion, and in
Section 5 we present a summary and conclusions of this work.

2. Data Products
2.1. The EDGE and CALIFA Surveys

The EDGE-CALIFA survey (Bolatto et al. 2017) 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 data sets.

The Calar Alto Legacy Integral Field Area survey, CALIFA
(Sanchez et al. 2012), comprises a sample of approximately
800 galaxies at z~0. The data were acquired by using the
combination of the PMAS/PPAK IFU instrument (Roth et al.
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2005) 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 a hexagonal shape that covers an FOV of ~1 arcmin®.
Its average resolution is A/AX~ 850 at NSOOOA with a
wavelength range that spans from 3745 to 7300 A. CALIFA
galaxies are selected such that their isophotal diameters, D,s,
match well the PMA /PPAK FOV, and they range from 45" to
80" in the Sloan Digital Sky Survey (SDSS) r band (Walcher
et al. 2014). 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 Sanchez et al. (2012).

The Extragalactic Database for Galaxy Evolution, EDGE,
is a large interferometric CO and '*CO J =1 — 0 survey that
comprises 126 galaxies selected from the CALIFA survey.
The observations were taken using the Combined Array for
Millimeter-wave Astronomy (CARMA; Bock 2006) 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" respectively. The observations used half-beam-spaced
seven-point hexagonal mosaics giving a half-power FOV of
radius ~50”. The data are primary gain corrected and
masked where 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
20kms ' and typical velocity coverage of 860kms™', a
typical angular resolution of 4”5, and an rms sensitivity of
30 mK at the velocity resolution. For more details, see
Bolatto et al. (2017).

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
~15,000 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 (T. Wong et al. 2021, in
preparation) 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 data cubes. All data
have been convolved to a common angular resolution of 7”.
By using the PIPE3D data analysis pipeline (see Sanchez
et al. 2016a, 2016b, for more details), the convolved optical
data cubes 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 1955 initial mass function (IMF)),
generating maps sampled on a square grid with a spacing of
3" in R.A. and decl. To identify a given pixel in the grid, the
data are orgamzed by using a reference position (taken from
HyperLEDA'?) and an offset indicating spatial position. The
final database also contains ancillary data, including informa-
tion from HyperLEDA and NED,'* among others.

13 http://leda.univ-lyon1.fr/
14 https:/ /ned.ipac.caltech.edu/
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3. Methods
3.1. Stacking of the CO Spectra

Although many EDGE-CALIFA galaxies have high signal-
to-noise detections of CO emission in their central regions,
emission is generally faint in their outer parts. Typically, the
decrease in emission takes place from r=0.5r,5 outward
(around 1.1R., by assuming that r,s~ 2.7R.; Sdnchez et al.
2014). Bolatto et al. (2017) published maps of velocity-
integrated CO emission and discussed various masking
techniques for recovering flux and producing maps with good
signal-to-noise ratio; even so, they tend to miss flux in regions
of weak emission and to underestimate the CO flux (see
Figure 9 in Bolatto et al. 2017). Since one of the main goals of
this work is to find how the H, content changes as a function of
radius, it is essential to recover the low-brightness CO emission
line in the outermost parts of galaxies.

Maps with both good spatial coverage and good 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 2co 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 SFEg, in a variety of environments.
Many of the molecular gas surveys have measured some of
these dependencies in a similar fashion (e.g., using the CO
(J=2—1) spectral stacking; Schruba et al. 2011), although
they mostly covered a small 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 follow-
ing the methodology described by Schruba et al. (2011). The
method relies on using the IFU Ha velocity data to define the
velocity range for integrating CO emission. The key assump-
tion 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 Levy et al. (2018), who found a median value
for the difference between the CO and Ha rotation curve of
AV =V, (CO) — Vio(Ha) = 14 km s~ (within our 20 km s~
channel width) when analyzing a subsample 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 ratio. 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 0.17,5 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 (Schruba et al. 2011).

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
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an annulus we shift the CO spectrum by the negative Ha velocity.
This step aligns the CO spectrum for each line of sight at zero
velocity if the intrinsic Ho 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 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 5 (~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 1 also shows the best
Gaussian fit for the averaged-stacked spectra. We expect that in an
ideal case the total intensity integrated over the full velocity range
(~860kmsfl) is exactly the same in both cases, but the noise
would be much larger without the spectral stacking. Without
performing the stacking procedure, the CO line emission is not
evident, and the signal-to-noise ratio in the measurement of CO
velocity-integrated intensity is lower. Interferometric deconvolu-
tion artifacts that produce negative intensities at some velocities,
resulting from incomplete ©v sampling and spatial filtering, would
also get into the integration more easily without stacking and
artificially reduce the intensity.

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 that have central velocities more
than =80 kms ™' from zero velocity. We also reject spectra
with FWHMs narrower than 40 km s~ (two channels). Results
for valid stacked spectra fits are shown in the top panel of
Figure 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 by the green circles in
Figure 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(ry,). Finally, we
recompute the CO line emission fluxes for the stacked spectra
by integrating the CO stacked spectrum over &= FWHM(r ).
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 Kkms ', or a 3o
surface density sensitivity of Yo~ 1.1 M. pc 2 which
represents the typical sensitivity in the outermost regions of
galaxy disks. The bottom panel of Figure 2 shows the ratio
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Figure 1. Example showing effects of spectral stacking. The average CO spectrum within an annulus that spans from 0.65 to 0.75 r,s 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 Ha, along with

the best Gaussian fit profile (green dashed line).

between the final stacked and unstacked integrated CO (1-0)
line intensity, per annulus, located at » > 0.5r,5 (or r > 1.3R,),
and includes just 20 detection spaxels. The histogram shows
that the distribution peaks at log[lco stack/Ico,Unstack] ~ 0.47,
meaning that, overall, we are recovering ~3 times more flux
with the stacking procedure.

3.3. Basic Equations and Assumptions

To compute the extinction-corrected SFRs, we estimate the
extinction (based on the Balmer decrement; see Bolatto et al.
2017) for each 7” spaxel using

FHa
Ana = 5.86log| —Ha |, 1
Ho g(2.86FHﬁ) ( )

where Fy, and Fyp are the fluxes of the respective Balmer
lines, and the coefficients assume a Cardelli et al. (1989)
extinction curve and an unextincted flux ratio of 2.86 for case B
recombination. Then, the corresponding SFR (in M., yr ) is
obtained using (Rosa-Gonzilez et al. 2002)

AHa

SFR = 1.61 x 7.9 x 1074 Fy,1025, 2)

which adopts a Salpeter initial mass function (IMF) corrected
by a factor of 1.61 to move it to a Kroupa IMF (Speagle et al.
2014). We use this to compute the SFR surface density, grr
in M, yr'kpc % by dividing by the face-on area corresp-
onding to a 7" spaxel, given the angular diameter distance to
the galaxy.

The gas surface density is computed as Ygus = Zmol + Satoms
where Xy, is derived from the integrated CO intensity, Ico, by
adopting a Milky Way constant CO-to-H, conversion factor,
Xco=2x10* ecm? (Kkms )™ (or aco=43 M,
[Kkm s~! pc=2]71). For the CO J=1 — 0 emission line, we use

the following expression to obtain X, (i.e., Leroy et al. 2008):

Yol = 4.4 cosi Ico, 3)

where Ico is in Kkm s™!, ¥, is in M, 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 X, despite the fact that we
do not have resolved HI data, we assume a constant > o, =
6 M., pc 2 for face-on disks. This is approximately correct
(within a factor of 2) for spiral galaxies out to r ~ r,5 (Walter
et al. 2008; Leroy et al. 2008). This value is also in agreement
with Monte Carlo simulations performed by Barrera-
Ballesteros et al. (2021) to test different values of X,,m; they
obtain a normal distribution of X, =7 My pc~2, with a
standard deviation of 2 M, pc2. We also test the influence of
metallicity in the CO-to-H, conversion factor, aco, by using
the following equation (from Equation (31) in Bolatto et al.
2013):

+0.4 by -
aco = 2.9exp - <100 total =) ) 4)
Z"Y6ne )\ 100 M, pe

in M, (Kkms™! pc=2)~!, v~ 0.5 for Ly > 100 M., pc 2 and
v =0 otherwise. We adopt the empirical calibrator based on the
O3N2 ratio from Marino et al. (2013), and then we use
Equation (2) from Marino et al. (2013) to obtain the oxygen
abundances, 12 + log(O/H). Finally, we derive the metallicity
normalized to the solar value, Z’ = [O/H]/[O/H]., where
[O/H], =49 x 10~* (Baumgartner & Mushotzky 2006).
Although there are many definitions for star formation
efficiency (SFE,,s), in this work we use SFR surface density
per unit neutral gas surface density (atomic and molecular),
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Figure 2. Top: FWHM of CO line as a function of galactocentric radius. Small
colored circles 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 rgy. The
gray dashed line marks the limit at which we reject spectra with a Gaussian fit
narrower than 40 km s ' (two channels in the CO data cubes). Bottom: ratio
between the final stacked and unstacked integrated CO (1-0) line intensity per
annulus for annuli located at r/rps > 0.5, which include just 20 detection
spaxels.

Ygas = Yol T Matoms 1N UMits of yr~! for each line of sight,

)
SFE gy = =R, 5)
gas

Midplane gas pressure, Py, is computed using the expression
by Elmegreen (1989),

Py~ g G2, + % G E¥, V. ©6)

gas O'*,Z
where o, and o, are the gas and star dispersion velocities,
respectively. We correct the 35, by the same 1.61 factor used for
the SFR to translate them to a Kroupa IMF. We assume
og=11 kms ', which has been found to be a typical value in
regions where HI is dominant (Leroy et al. 2008). This value is
also in agreement with the second-moment maps included in
Tamburro et al. (2009), and it is also consistent with the CO
velocity dispersion for a subsample of EDGE-CALIFA galaxies
(Levy et al. 2018). o, is the vertical velocity dispersion (in
km s ') of stars. Although the EDGE-CALIFA database includes
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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 Sanchez
et al. 2012). Therefore, and following the assumptions and
derivation included in Leroy et al. (2008), we use the following

expression for o, ;:
27TGI* 0.5
O, = | —— 2.7, 7
2= 73 (7

where [, is the disk stellar exponential scale length obtained by
fitting azimuthally averaged profiles to >, in the SDSS r band and
G=4301x 10" pc M;' km*s > In cases where we do not
have I, measurements, we use the relation [, =[0.25 £ 0.01]r»5
since it corresponds to the best linear fit for our data. See
Section 4.1 for more information about how both /, and the [, —r»5
relation are derived.

The dynamical equilibrium pressure (Ppg) is computed
following a similar methodology to that for Py, (e.g., Elmegreen
& Parravano 1994; Herrera-Camus et al. 2017; Fisher et al.
2019; Schruba et al. 2019). 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 (Sun
et al. 2020)

™
Poe~ =G Shas + SeasOeaszy2 G 1, - ®)

Here, we assume that 0g,,=0,=11km s~ !, and Py 18 the
midplane stellar volume density from the observed surface

density in a kiloparsec-sized aperture,

j— E*
0.541,

Py ®)

This equation assumes that the exponential stellar scale height,
h,, is related to the stellar scale length, /,, by A, /I, =7.3 £2.2
(Kregel et al. 2002).

The orbital timescale, 7.4, is usually used in the analysis
of star formation law dependencies since it can be comparable
to timescale of the star formation (e.g., Silk 1997;
Elmegreen 1997). Following Kennicutt (1998) and Wong &
Blitz (2002), we compute Ty, using

rob = 20), (10)
27 gal

where v (7z1) 1s the rotational velocity at a galactocentric radius
Fea. We obtain the Ho rotation curves for EDGE-CALIFA
galaxies from Levy et al. (2018). We use them to adjust a
universal rotation curve (URC; Persic et al. 1996) for each
galaxy to avoid the noise in the inner and outer edges of the Ho
rotation curves.

We compute the Toomre’s instability parameter (Toomre 1964,
Q) including the effect of stars (Rafikov 2001). The Toomre’s
instability parameter for the stellar component (Qg,,) is

Oy.rk

TGy,

Qstars = (11)
where o, , is the radial velocity dispersion of the stars. We
compute it using o, ,=1.670,,, valid for most late-type
galaxies (Shapiro et al. 2003). The parameter « is the epicyclic
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Figure 3. Left: comparison between the stellar, /,, and molecular length scales, /,,o;, 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 2.1). The inset panel shows the comparison between [, and the isophotal radius r,s. 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, Rs mo1 and Rs ., respectively. Conventions and symbols are as in the

left panel.

frequency and can be computed as

v = 14120 155, (12)
r
where 0 = %gv(rr). This derivative is computed based on the

URC fit to the Ha rotation curve. The Toomre’s instability
parameter for the gas (Qg,s) is

Oust (11 kms Dk
TG Y gas TGlgs

ans = (13)
Since X, and X, are averaged and stacked by annuli,
respectively, then both Qs and Qg are derived radially. The
condition for instability in the gas+-stars disk is then given by

1 2 q 2 R q

= —R—— >1,
Qstar+gas Qsta.rs 1 + 6]2 ans 1 + q2R2

(14)

where g =ko, ,/k. Here, k=2n/\ is the wavenumber at
maximum instability. Finally, R = o,/0, .

4. Results and Discussion
4.1. Exponential Scale Lengths

To investigate the spatial relationship between molecular and
stellar components, we compute their exponential scale lengths,
Imo1 and [, respectively, for a subsample of 68 galaxies. Out of
the 81 EDGE-CALIFA galaxies with i < 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., Sandstrom et al. 2013), we do not include X, and X, for
rea < 1.5 kpc.

It is well known that the CO distribution and star formation
activity are closely related (e.g., Leroy et al. 2013). For
instance, Leroy et al. (2009) showed that HERACLES spiral
galaxies can be well described by exponential profiles for CO
emission in the H,-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
(Bolatto et al. 2017). 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., Blitz & Shu 1980; Kawamura et al.
2009; Gratier et al. 2012), these are quite short compared with
lifetimes of the stellar population in galaxies in the EDGE-
CALIFA survey (0.4-3.9 Gyr; Barrera-Ballesteros et al. 2021).
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 (Blitz & Rosolowsky 2004; Ostriker et al.
2010). For instance, Schruba et al. (2011) showed a clear
correspondence between Ico and rps; 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 (Blitz & Rosolowsky 2006). Thus, it is interesting to
use the CO stacked data to verify whether the exponential decay
of ¥,01 holds in the outer parts of EDGE-CALIFA galaxies.

The left panel of Figure 3 shows the relation between /,,,; and
I.. The [, values were obtained by fitting exponential profiles to
Y4(rgu), after averaging it in annuli, while I,y values were
determined from X,o(rg) derived from the CO stacking
procedure. The left panel of Figure 3 also shows the ordinary
least-squares (OLS) bisector fit weighted by the uncertainties for
all scale lengths measured with better than 3o significance (blue
dashed line); we find that [,,; = [0.89 = 0.04] [,. This result is in
agreement with the relation found by Bolatto et al. (2017) for 46
EDGE-CALIFA galaxies, who obtain /,,=/[1.05=+0.06]/,.
Compared with Bolatto et al. (2017), 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
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(lno1 =1[0.9 £0.2]1,; Leroy et al. 2008). The inset in the left
panel of Figure 3 shows the relation between [,,,; and r,5. Using
an OLS bisector fit, we find that /,,;; = [0.22 & 0.01] X r,5, which
agrees reasonably with Young et al. (1995), who find
lmol ~ 0.22]’25.

In general, resolved molecular gas surveys exhibit similarity
between the stellar light and the CO distributions. Regan et al.
(2001), 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 profile data for
15 galaxies, the typical ratio of CO to stellar scale length is
0.88 +0.14. Additionally, single-dish CO measurements plus
3.6 um data from the HERACLES galaxies show a correspon-
dence between the stellar and molecular disk (Leroy et al. 2008;
Schruba et al. 2011), with an exponential scale length for CO
that follows /1 = 0.2 r5s.

If the radial distributions for molecular gas and stars are similar,
we would expect the radii containing 50% of the CO emission and
the starlight to also be similar. The right panel of Figure 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, Rsomo and Rso., respectively. The
dashed blue line represents an ordinary least-squares bisector fit
(weighted by the uncertainties) for all our 30 detections; we find
that R5()’m01 = [095 + 003] X RS(),*.

Table 1 summarizes the properties of the 81 EDGE-CALIFA
galaxies included in this work, together with the values for /.,
Ly, Rs0.mo1> and Rsq , for the 68 galaxies analyzed in this section.

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,
SFEgas = Xskr/[Zatom + Xmoll, following methodologies simi-
lar to those used by HERACLES (Leroy et al. 2008), against
which we will compare results. We compute efficiencies by
dividing the SFR surface density obtained from Ha corrected for
extinction using the Balmer decrement (Equation (2)) by the
total gas surface density (Equation (5)). As discussed in
Section 3.3, we assume a constant >, =6 M, pc™

The EDGE-CALIFA galaxies are generally at larger
distances (~23-130 Mpc) than the much more local HERA-
CLES sample (3—20 Mpc). Both samples have stellar masses
spanning a similar range (log[M,/M;] = 9.4-11.4), but
EDGE has a larger representation of more massive disks and
bulges, as HERACLS 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 (Sdnchez et al. 2012). 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
(~1.5kpc vs. ~200 pc).

We correct our calculations by the inclination of the galaxy
(with a cos i factor, where i is the inclination angle) to represent
physical “face-on” deprojected surface densities (see Section 3.3).
Our typical 1o uncertainty in the SFE,, is 0.22 dex, dominated by
the CO line emission uncertainties derived from the stacking
procedure after error propagation.
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4.2.1. SFE and Galactocentric Radius

Figure 4 shows the relation between SFE,,s and galactocentric
radius; the four different panels show the grouping of the 81
galaxies. Following modern studies, we use R. to normalize
galactocentric distances, except when we need to compare to
published data that use r,5s. Note that for the EDGE galaxies in
this sample, 1,5 = 2.1R.. In this figure for clarity we split the Sbc,
Sc, and Scd galaxies into two groups by choosing the median of
stellar masses of the EDGE-CALIFA sample logo[M,] = 10.7
(Bolatto et al. 2017). 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. In fact, variations
between galaxies are frequently larger than variations between
most annuli in a galaxy, indicating that the radial decrease in
SFE,,s within a galaxy is often smooth and that galaxy-to-galaxy
variations are significant.

Figure 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,
Yol = Zatom = 6 Mg pcfz. The typical radius at which this
happens is r/R.~[1.1 £0.5], or r/rys~[0.47 £0.28] (see
inset panel), which agrees with the value of r/rys ~ 0.43 +0.18
found by Leroy et al. (2008). Note that in Figure 4 the SFE, is
generally smooth across that radius, suggesting that our
assumption of a constant Y., does not play a major role in
determining the shape of the total gas SFEg,s.

Figure 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 4, with
410 variation indicated by the color bands. We note a
systematic increase in the average SFEg,, 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;
10 galaxies), which have a steeper profile when compared with
the rest of the morphological groups, and therefore show a
significant anticorrelation between SFE,,, and rg, (Pearson
correlation coefficient of r= —0.6). This steepening may
reflect the degree of central concentration seen in earlier-type
galaxies. Sd—Ir galaxies show an SFEg, flattening at
Feal < 0.45 r»5; however, their small amount (only two galaxies
in our sample) does not allow us to conclude that this flattening
is statistically significant. When looking at the average SFE,
value, over r, for all the radial profiles (black circles), we find
that the SFE,,, decreases exponentially even in regions where
the gas is mostly molecular. In EDGE we see a continuous
exponential profile for the SFE,,, averaged over all galaxies
(black line in Figure 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,,, values
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 dominated by the atomic component, r 2> 0.4r,s, the
SFE,,s decreases rapidly to the galaxy edge. Because we
assume a constant >, this is fundamentally a reflection of
the rapid decrease of SFR in the atomic disks.

We can describe the behavior of the SFE,,s for our sample
using an ordinary least-squares (OLS) linear bisector method to
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Table 1

Main Properties of the 81 EDGE-CALIFA Galaxies Analyzed in This Work
Name Dist. (Mpc) log[M, /M) Morph. Class log[Mpo /M) Nuclear L, (kpc) Imor (kpc) Rso. (kpe) Rs0.mo1 (kpc)
ARP 220 78.0 10.91 £ 0.09 Sm 9.72 £ 0.0 LINER 2.76 £0.24 1.7 £0.35 3.88 +0.24 2.86 +0.35
IC 0944 100.8 11.26 £ 0.1 Sa 10.0 +0.02 SF 441 +0.11 4.26 +0.39 7.14 +0.11 7.85 +0.39
IC 1151 30.8 10.02 £ 0.1 SBc 793 +0.14 2.66 +0.07 2.76 +0.78 4.06 £+ 0.07 4.61 £0.78
IC 1199 68.3 10.78 £ 0.1 Sbe 9.35+0.04 SF 4.53 +0.06 399 +0.44 7.52 +0.06 6.97 +0.44
IC 1683 69.7 10.76 £ 0.11 Sb 9.68 + 0.02 SF 5.56 +0.79 249 +0.13 8.92 +£0.79 3.99 +0.13
IC 4566 80.7 10.76 £ 0.11 SABb 9.68 +0.02 <3.55 <4.4 <5.97 <8.35
NGC 0447 79.7 11.43 £ 0.1 S0-a 9.33 +0.05 4.56 + 0.7 10.0 +0.23 6.58 + 0.7 9.09 +0.23
NGC 0477 854 10.9 £ 0.12 Sc 9.54 4+ 0.05 SF <9.01 <21.78 <1443 <35.98
NGC 0496 87.5 10.85 £ 0.13 Sbc 9.48 + 0.04 SF 7.35+0.34 4.11 +£0.36 12.46 £ 0.34 7.13+£0.36
NGC 0528 68.8 11.06 + 0.1 SO 8.36 £ 0.13
NGC 0551 74.5 10.95 £ 0.11 SBbc 9.39 + 0.04 4.73 £ 0.07 8.17 £ 1.68 8.01 £0.07 13.47 £ 1.68
NGC 1167 70.9 11.48 £+ 0.09 SO 9.28 +0.06 LINER
NGC 2253 51.2 10.81 £ 0.11 Sc 9.62 +0.02 SF 2.48 +0.07 2.1 £0.28 3.77 £0.07 4.07 £ 0.28
NGC 2347 63.7 11.04 £ 0.1 Sb 9.56 +0.02 LINER  2.15 £ 0.06 1.99 + 0.38 3.86 + 0.06 4.54+0.38
NGC 2486 67.5 10.79 £ 0.09 Sa <9.05
NGC 2487 70.5 11.06 £+ 0.1 Sb 9.47 4+ 0.05 <4.23 <16.66 <5.88 <24.85
NGC 2639 45.7 11.17 £ 0.09 Sa 9.36 +0.02 LINER 1.78 £0.01 2.88 +0.74 2.93 +0.01 429 +0.74
NGC 2730 54.8 10.13 + 0.09 Sd 9.0 £ 0.06 5.62 +0.62 3.79 £0.25 9.57 + 0.62 6.25 +0.25
NGC 2880 22.7 10.56 + 0.08 E-SO <793
NGC 2906 37.7 10.59 + 0.09 Sc 9.11 +£0.03 INDEF  1.72 £ 0.08 1.59 +04 2.71 £0.08 30+04
NGC 2916 53.2 10.96 + 0.08 Sb 9.05 +0.06 AGN
NGC 3303 89.8 11.17 £ 0.1 Sa 9.57 +£0.04 LINER  3.62 +0.23 1.99 £ 0.11 497 +£0.23 347 +0.11
NGC 3381 234 9.88 +0.09 SBb 8.11 £0.08
NGC 3687 36.0 10.51 £ 0.11 Sbe <8.42 <1.86 <39.56 <2.63 <66.35
NGC 3811 443 10.64 £ 0.11 SBc 9.28 +0.03 2.36 +0.09 2.18 +£0.26 2.93 +0.09 2.96 +0.26
NGC 3815 53.6 10.53 + 0.09 Sab 9.16 +0.04 2.0+0.16 1.68 +0.27 3.05 +0.16 34 +0.27
NGC 3994 44.7 10.59 £ 0.11 Sc 9.26 +0.03 1.09 + 0.04 1.31 £ 0.08 1.78 + 0.04 2.23 +0.08
NGC 4047 49.1 10.87 £ 0.1 Sb 9.66 4+ 0.02 SF 2.37 £0.02 1.26 +0.25 3.9+ 0.02 3.11 £ 0.25
NGC 4185 55.9 10.86 £ 0.11 SBbc 9.08 + 0.07 INDEF  4.98 +0.23 4.45+0.85 8.19 £ 0.23 7.49 +0.85
NGC 4210 38.8 10.51 £ 0.1 Sb 8.86 £+ 0.05 LINER
NGC 4211 NED02 96.9 10.53 £ 0.13 S0-a 9.29 +0.06 <6.65 <10.52 <8.93 <17.82
NGC 4470 334 10.23 + 0.09 Sa 8.59 £ 0.06 SF 1.73 £ 0.05 1.25 +0.29 3.04 £0.05 242 4+0.29
NGC 4644 71.6 10.68 £ 0.11 Sb 9.2 4+0.05 2.7 +£0.05 3.15+0.8 491 £ 0.05 5.88+0.8
NGC 4676A 96.6 10.86 £ 0.1 S0-a 9.88 +0.02 SF
NGC 4711 58.8 10.58 + 0.09 SBb 9.18 +0.05 SF 2.83 +0.06 6.24 +0.54 4.86 + 0.06 10.44 + 0.54
NGC 4961 36.6 9.98 +0.1 SBc 8.41 £0.08 1.39 4+ 0.08 1.59 +0.33 2.1 £0.08 2.67 +0.33
NGC 5000 80.8 10.94 £ 0.1 Sbe 9.45 +0.04 SF 5.16 + 0.61 1.06 + 0.26 6.51 + 0.61 2.31+0.26
NGC 5016 36.9 10.47 + 0.09 SABb 8.9 +0.04 1.67 £ 0.02 2.324+042 2.89 +0.02 3.93+0.42
NGC 5056 81.1 10.85 £+ 0.09 Sc 9.45 +0.04 422 +0.51 3.12+0.48 544 +0.51 5.99 +0.48
NGC 5205 25.1 9.98 +0.09 Sbc 8.37 £0.07 LINER <1.57 <2.13 <2.35 <3.61
NGC 5218 41.7 10.64 + 0.09 SBb 9.86 + 0.01 1.65 + 0.08 143 +0.18 2.79 +0.08 1.93 £ 0.18
NGC 5394 49.5 10.38 £ 0.11 SBb 9.62 +0.01 SF 2.18 £0.27 2.7+0.21 3.36 +0.27 443 +0.21
NGC 5406 77.8 11.27 £ 0.09 Sbe 9.69 + 0.04 LINER 497 +£0.26 7.54+19 7.23 +0.26 1277 £ 1.9
NGC 5480 27.0 10.18 + 0.08 Sc 8.92 £0.03 LINER 241 +0.1 1.27 £0.2 4.04 + 0.1 235402
NGC 5485 26.9 10.75 + 0.08 SO <8.09 LINER
NGC 5520 26.7 10.07 £ 0.11 Sb 8.67 £ 0.03 1.19 + 0.07 0.9 +0.11 1.67 £ 0.07 1.77 £ 0.11
NGC 5614 55.7 11.22 £+ 0.09 Sab 9.84 +0.01 2.25+0.28 1.34 +0.16 3.67 £0.28 3.1 £0.16
NGC 5633 334 10.4 +0.11 Sb 9.14 +0.02 SF 1.36 +0.03 1.4 +0.26 247 +0.03 2.61 +0.26
NGC 5657 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
NGC 5682 32.6 9.59 +0.11 Sb <8.29 SF 2.11 £0.05 147 +0.34 3.57 £ 0.05 221 +0.34
NGC 5732 54.0 10.23 £ 0.11 Sbe 8.82 +0.07 SF 2.42 +0.09 1.78 £ 0.11 3.92 +0.09 334 +0.11
NGC 5784 79.4 0.0+0.0 SO 9.4 +0.04 24 4+0.32 141 +£0.13 3.28 +0.32 346 +0.13
NGC 5876 46.9 10.78 £ 0.1 SBab <8.56
NGC 5908 47.1 10.95 £ 0.1 Sb 9.94 + 0.01 2.92 +0.01 1.73 £ 0.34 4.98 +0.01 4.55+0.34
NGC 5930 37.2 10.61 £ 0.11 SABa 9.33 +0.02 1.57 +0.07 0.82 +0.03 2.66 + 0.07 1.98 + 0.03
NGC 5934 82.7 10.87 £ 0.09 Sa 9.81 +0.02 3.07 £0.18 2.5+0.17 5.17+0.18 436 +0.17
NGC 5947 86.1 10.87 £ 0.1 SBbc 9.26 4+ 0.06 AGN <4.15 <4.7 <5.25 <7.83
NGC 5953 28.4 10.38 £ 0.11 S0-a 9.49 + 0.01 1.16 £ 0.17 0.5 +0.07 1.3+0.17 1.23 £ 0.07
NGC 6004 55.2 10.87 + 0.08 Sc 9.33 +0.04 5.29 +0.23 2.82 +0.21 8.18 £ 0.23 452 +0.21
NGC 6027 62.9 11.02 £ 0.1 S0-a0 8.01 £0.22
NGC 6060 63.2 10.99 + 0.09 SABc 9.68 +0.03 SF 3.85+0.11 4.08 +0.52 6.25 +0.11 7.59 +0.52
NGC 6063 40.7 10.36 £ 0.12 Sc <8.53 SF 2.65 +0.08 3.34 +£0.83 4.67 £+ 0.08 5.99 +0.83
NGC 6125 68.0 11.36 + 0.09 E <8.83
NGC 6146 128.7 11.72 £ 0.09 E <9.36
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Table 1
(Continued)

Name Dist. (Mpc) log[M, /M] Morph. Class log[Mipo /M) Nuclear 1, (kpc) Imo1 (kpc) Rso.. (kpe) R50.mo1 (kpc)
NGC 6155 34.6 10.38 £ 0.1 Sc 8.94 +0.03 SF 2.03 +0.06 1.97 £0.27 3.32 +£0.06 35+£0.27
NGC 6186 424 10.62 + 0.09 Sa 9.46 +0.02 9.48 +0.45 59+0.28 1474 £ 045 10.39 £ 0.28
NGC 6301 121.4 11.18 £ 0.12 Sc 9.96 +0.03 INDEF 9454039 13.32+3.83 15.5+0.39 20.01 + 3.83
NGC 6314 95.9 11.21 £ 0.09 Sa 9.57 +0.03 INDEF 6.6 +0.57 2.41+0.07 743 +0.57 4.56 + 0.07
NGC 6394 124.3 11.11 £ 0.1 SBb 9.86 + 0.04 AGN 5.0+0.34 5.13+0.63 9.02 +0.34 9.25 +0.63
NGC 7738 97.8 11.21 £0.11 Sb 9.99 +0.01 LINER 242+0.2 1.95 +0.02 395+0.2 3.81 +0.02
NGC 7819 71.6 10.61 £ 0.09 Sb 9.27 +0.04 SF 6.91 + 1.06 2.6 £0.69 9.71 + 1.06 3.15+0.69
UGC 03253 59.5 10.63 £ 0.11 Sb 8.88 + 0.06 SF 5.15+1.22 291 +0.72 5.74 +1.22 4.83 +£0.72
UGC 03973 95.9 10.94 + 0.08 Sb 9.51 +£0.05 AGN 3.78 £ 0.38 291+ 0.11 5.34+0.38 6.14 +0.11
UGC 05108 1184 11.11 £ 0.11 SBab 9.75 + 0.04 4.55+0.16 5.08 +0.78 7.56 +0.16 7.31 £0.78
UGC 05359 123.2 10.86 £ 0.13 SABb 9.65 +0.05 SF 5254+0.15 6.15 + 1.09 8.95+0.15 11.06 + 1.09
UGC 06312 90.0 10.93 +0.12 Sa <9.08 3.29 +£0.07 481 +0.44 5.41 4+ 0.07 8.73 £ 0.44
UGC 07012 443 11.0+2.9 SBc 9.9 +£0.11 SF 2.31+0.1 0.99 +0.17 336 +0.1 2.0+0.17
UGC 09067 114.5 10.96 + 0.12 Sab 9.83 +0.04 SF 3.39 +0.06 3.56 £0.34 6.11 +0.06 6.8 +0.34
UGC 09476 46.6 10.43 £ 0.11 SABc 9.15 +0.04 SF <3.85 <5.37 <5.95 <9.46
UGC 09759 49.2 10.02 £ 0.1 Sb 9.07 4+ 0.04 2.83 £0.16 1.09 +0.17 45+0.16 1.96 +0.17
UGC 10205 94.9 11.08 + 0.1 Sa 9.6 +0.04 SF 541 +0.63 2.57 +0.39 6.09 + 0.63 5.12+0.39

Note. The columns Distance, M,, Morphological Class, and M,,, are taken from Bolatto et al. (2017), where Mo is computed using aco = 4.36 M., (Kkm s~

1

pc?)~!. The column Nuclear corresponds to the emission-line diagnostic for the optical nucleus spectrum for CALIFA galaxies by Garcia-Lorenzo et al. (2015), who
classify the galaxies (with signal-to-noise ratio larger than 3) into star-forming (SF), active galactic nuclei (AGN), and LINER-type galaxies. The columns /,, /o1
Rs0.4, and Rso o are the exponential scale lengths and the radii that enclose 50% of the molecular gas and the stellar mass computed in Section 4.1, respectively.

(This table is available in machine-readable form.)

fit a simple exponential decay:

.
SFE,, = [0.83 + 0.07 (Gyr Y]exp| ———& —|.
s = | (Gyr =l p([0.31 + 0.02] r25)

5)

We note that we do not see clear breaks in this trend; instead, we
find a continuous smooth exponential decline of SFEy, as a
function of rg,. This is consistent with the rapid decline of star
formation activity in the outer parts of galaxies (e.g., Leroy et al.
2008; Kennicutt 1989; Martin & Kennicutt 2001) and also is in
agreement with previous results for low-redshift star-forming
galaxies (e.g., Sanchez 2020; Sanchez et al. 2021). In particular,
our results agree with the inside-out monotonic decrease of the
SFE,,s shown by Sanchez (2020). Sanchez (2020) also finds that
galaxies are segregated by morphology; for a given stellar mass,
Sanchez shows that late-type galaxies present larger SFE,,, than
earlier ones at any ryy, which is consistent with the trend we
observe in Figure 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
Figure 6 show how SFE,,, changes if instead of 6 M, pc 2 we
use Yyom =3 and 12 M., pc 2 which are the two extremes of
Yaom Values found in HERACLES (Leroy et al. 2008). A better
match between EDGE and HERACLES would require using
Yaom = 3 M., pc~2, which appears extremely low. Note that these
two studies use different SFR tracers: our extinction-corrected Ho
may behave differently from the GALEX FUV that dominates the
SFR estimate in the outer disks of HERACLES (e.g., Lee et al.
2009).

How sensitive is the SFEg,, determination to the CO-to-H,
conversion factor? To test this, we adopt a variable CO-to-H,

conversion factor, aco, using Equation (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 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 7. Therefore, the
variations of the CO-to-H, conversion factor are generally
small and consistent with the assumption of a constant cco.
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 7 shows the star
formation efficiency of the molecular gas, SFE ;i = Ysrr/Zmol
(in yrfl), as a function of the ratio between the molecular and the
atomic surface densities, Rimol = Zmol/Zatom SINCE We assume
Yatom =6 Mg, pcfz, R.01 1s 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 (black filled circles),
remains almost constant over the Ry, range, with an average
log[SFE, ;o] ~—9.15 (blue dashed line in the bottom panel of
Figure 7). The inset panel shows that the SFE,,, is also fairly
constant over the range of galactocentric radii. These results are in
agreement with Muraoka et al. (2019), who find a similar
flattening in SFE, for annuli at r < 0.6r,5 when analyzing 80
nearby spiral galaxies selected from the CO Multi-line Imaging of
Nearby Galaxies survey (COMING; Sorai et al. 2019). Using CO,
FUV+24 pm, and H,+24 pm data for 33 nearby spiral galaxies
selected from the IRAM HERACLES survey (Leroy et al. 2009),
Schruba et al. (2011) found that H,-dominated regions are well
parameterized by a fixed SFE,,, equivalent to a molecular gas
depletion time of Tyep mot = SFE;:ﬂ ~ 1.4 Gyr, which is con-
sistent with our average Tyepmor~ 1.45 4023 Gyr. As for
previous studies, these results support the idea that the vast
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Figure 4. SFE,, vs. galactocentric radius. Each line indicates the average SFE, for individual galaxies in 0.1r,5-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 SFE,,; in individual galaxies generally decreases as a function of
galactocentric radius and that the dispersion in SFEg, at particular radii is due mostly to differences between galaxies.
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The dashed vertical black line is the mean value of /R, at which this occurs,
corresponding to 1.1 (0.4r,5; see inset panel). The gray area represents the
uncertainty in mean value of r/R.. The inset shows a similar histogram for

r/r25.

majority of the star formation activity takes place in the molecular
phase of the ISM instead of the atomic gas (e.g., Martin &
Kennicutt 2001; Bigiel et al. 2008; Schruba et al. 2011).

We explore possible trends between SFE,,, galactocentric
radius, and nuclear activity. We adopt the nuclear activity
classification performed by Garcia-Lorenzo et al. (2015), who

10

-10

log [SFEgas (yr™1)]

S0 and earlier (10)
Sa, Sab, Sb (27) o
Sbc, Sc,'Scd (42)
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-== Zgom=3,12 (Mo pe?)
M HERACLES spiral galaxies_

-11

0.6
Galactocentric radius (rs)

0.0 1.2

Figure 6. Top: SFE,, 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 morphological
type is the 1o scatter distribution for that type (see Figure 4). Circles indicate
the average SFE,, 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/rsgg). 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, 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 SFE,,; 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,,; depends on radius, stellar mass, and
morphological type.

classify CALIFA galaxies (with signal-to-noise ratio larger
than 3) 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
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fit for averaged points of SFE,,, over annuli by using the model y = ax + b.
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Table 1). We do not identify significant trends as a function of
galactocentric radius for any of these three categories.

4.2.2. SFE versus Stellar and Gas Surface Density

Since in the previous section we show a clear dependence of
SFEg,s on galactocentric distance, it is expected that SFEg,
will also depend on the stellar surface density, 3,. Indeed, the
top panel of Figure 8 shows an approximately power-law
relationship between SFE,,, and X,. 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),
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obtaining

log[SFEgas(yr*I)] =[0.32 £ 0.27] x log[X, (M pc’z)]
— [10.13 £ 1.75].
(16)

When comparing the EDGE average SFEg, over X,
bins (black circles) with similar HERACLES bins (green
squares), we find consistently slightly larger efficiencies at
log[%, (M, pc=?)] < 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 be
sensitive to the adoption of X,,m =6 M pcfz. In the inner
regions with log[Y, (Mg, pc=?)] > 2.6, our average efficiencies
are also higher, although we do not expect these regions to be
sensitive to the choice of >,,,. Between these two extremes,
however, there is good general agreement between the EDGE
and HERACLES results.

The middle and bottom panels of Figure 8 show the relation
between the Hy-to-Hj ratio (Ruer = Xmot/ Zatom = Lmot/0 Mo
pcfz), Y4, and the gas surface density, Y. = Ymol + Latoms
respectively. In the middle panel, we observe a tight correlation
between R,,,,; and 3. 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 (tMGMS,
Ygas—2,; Lin et al. 2019) found for EDGE-CALIFA galaxies
by Barrera-Ballesteros et al. (2021). 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 or 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
Hj-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 (Elmegreen 1993; Blitz & Rosolowsky 2006). 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 H,-dominated regions. Once the gas is
predominantly molecular, our data suggest that a dependence
of the SFEy,s on X, persists even in high-X,, 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; Lin
et al. 2019), Ellison et al. (2020) find that ¥spg is mainly
regulated by X, with a secondary dependence on X,.
Conversely, analyzing 39 galaxies selected from EDGE-
CALIFA, Dey et al. (2019) find a strong correlation between
Yspr and X they show that the Ygpr — X, relation is
statistically more significant. Sanchez et al. (2021), however,
used the edge_pydb database to show that secondary
correlations can be driven purely by errors in correlated
parameters, and it is necessary to be particularly careful when
studying these effects. Errors in Y, for example, will tend to
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flatten the relation between SFEg, and Y,,, because of the
intrinsic correlations between the axes, and they will have the
same effect on the relation between SFE,,, and X, because of
the positive correlation between X, and Y.
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4.2.3. SFE, Pressure, and SFR

We explore the dependency of SFE,,, on the dynamical
equilibrium pressure, Ppg. While the midplane gas pressure, Py,
(Elmegreen 1989), is a well-studied pressure prescription in a
range of previous works (e.g., Elmegreen 1993; Leroy et al.
2008), Ppg has been extensively discussed recently (e.g., Kim
et al. 2013; Herrera-Camus et al. 2017; Sun et al. 2020;
Barrera-Ballesteros et al. 2021). 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. P}, 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 (6) and (8); see Section 3.3). We quantify
this difference by computing the mean Ppg-to-P), ratio
averaged in annuli for our sample, obtaining Ppg/Pp =~ 1.51 +
0.19. We use this value to convert the P, from HERACLES
into Ppg, since we perform our qualitative analysis using the
dynamical equilibrium pressure.

The top panel of Figure 9 shows the SFE,, as a function of
Ppg (in units of K cm ™). The slope of the SFE,,s versus Ppg
relation (averaged over Ppg bins; black circles) has a break at
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,,
and Ppg. This is at the sensitivity limit existing data for EDGE,
but it is also consistent with the overall behavior seen in
HERACLES corresponding to a steepening of their mean
relation. Above this pressure we find a clear linear trend in log—
log space. For higher Ppg values (e.g., H,-dominated regions)
the EDGE average efficiencies are somewhat higher than those
observed in HERACLES, which flatten out at high Ppg,
although with a scatter that is within the respective 1o error
bars. For log[Ppg] 2 3.7 the EDGE average efficiencies are
well described by the blue dashed line, which corresponds to
1% of the /%as converted to stars per disk freefall time,
T = (Gp)_1 . To quantify this relation, we use an OLS linear
bisector method to estimate the best linear fit to our data,
obtaining

10g[SFEg,s(yr )] =[0.41 + 0.29] x log[Ppg /k(K cm~3)]
— [11.32 + 2.24].
(17

The bottom panel of Figure 9 shows the Ygpr versus Ppg,
color-coded by galactocentric radius. When compared with
other recent measurements (e.g., KINGFISH, Herrera-Camus
et al. 2017; PHANGS, Sun et al. 2020), our annuli have the
advantage of covering a somewhat wider dynamic range in
both Xger and Ppg. We find a strong correlation between
Ysrr and Ppg that is approximately linear for annuli at
log[Ppg /k] 2 3.7, although below this limit we observe a
break in the trend. As shown by the color-coding of the
symbols, indicating r,y in Figure 9, this limit is apparently
related to the 7y, at which the transition from H,-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., H,-dominated
regions), the SFR is stabilized by the increasing feedback from
star formation to maintain the pressure that counteracts the Ppg
(Sun et al. 2020). The lack of correlation we observe at
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are as in Figure 8.

log[Ppe /k] < 3.7 (r 2 0.7) 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=0.7,

log[Ssrr (Mo yr—)]=[1.10 £ 0.11] x log[Ppg /k (K cm3)]
— [7.28 + 0.65].
(18)

Note that these results are potentially sensitive to the
method we employ for the fitting. Nonetheless, using an
orthogonal distance regression (ODR) to fit the same sub-
sample, we obtain very comparable values log[Zgrr (M yr—1)]
=[1.09 + 0.05] x log[Ppe/k (K cm73)] — [7.25 4+ 0.25]. Barrera-
Ballesteros et al. (2021) analyze 4260 resolved star-forming
regions of kiloparsec size located in 96 galaxies from the EDGE-
CALIFA survey, using a similar sample selection (e.g., inclina-
tion, Ogys, and Xy, constant values, among others), but they just
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consider equivalent widths for the Ha line emission
EW(Hao) >20 A. Using an ODR fitting technique, they obtain
log[Zsrr (M, yr— 1] = [0.97 & 0.05]xlog[Ppg /k (K cm™3)]—
[7.88 £ 0.48], which is in agreement with the distribution shown
in the bottom panel of Figure 9. The figure also shows that the
correlation agrees with hydrodynamical simulations performed by
Kim et al. (2013) (green dashed line), in which they obtain a slope
of 1.13. These results are also consistent with measurements
obtained in other galaxy samples. Sun et al. (2020) 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 ultraluminous infrared galaxies, ULIRGS),
which at the same time may resemble some of the conditions in
high-redshift submillimeter galaxies (e.g., Ostriker & Shetty 2011).
Herrera-Camus et al. (2017) 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 Xggg and Ppg and
its linearity support the idea of a feedback-regulated scenario, in
which star formation feedback acts to restore balance in the star-
forming region of the disk (Sun et al.2020).

4.2.4. SFE and Orbital Timescale

In the next two subsections, we exclude 21 galaxies (out of the
81) since their Ho rotation curves (taken from Levy et al. 2018)
are either too noisy or not well fitted by the universal rotation
curve parametric form. The top panel of Figure 10 shows SFE,
Versus Tomp, 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
slight flattening of the SFEg, at log[7on] ~ 7.9 — 8.1. We also
note that annuli at log[7o,] < 8.1 are usually within the bulge
radius in the SDSS i band (reddish star symbols). However, the
error bars are consistent with SFE,,, decreasing as a function of
Torbs Including at log[ 7] < 8.1. These results are in agreement
with what is found in other spatially resolved galaxy samples
(e.g., Wong & Blitz 2002; Leroy et al. 2008). The average gas
depletion time for our subsample is Tgep = Ygas / YSFR ~ 2.8&11.0
Gyr, which agrees fairly with the depletion time Tgep = 2.2 Gyr
found for HERACLES (not including early-type galaxies; Leroy
et al. 2013). Utomo et al. (2017) computed the depletion times for
52 EDGE-CALIFA galaxies using annuli in the region within
0.7 rys (just considering the molecular gas); their average
Taep ~ 2.4 Gyr is in good agreement with our results.

The orbital timescale has a strong correlation with radius, and
theoretical arguments expect SFE, to be closely related to orbital
timescale in typical disks (Silk 1997; Elmegreen 1997; Kenni-
cutt 1998). A correlation between SFE,,, and 7,4, is based on the
“Silk—Elmegreen” relation, which states that Ygpr = €ort, Zgas / Totbs
where €.y, is the fraction of the gas converted into stars per orbital

time (also called “orbital efficiency”). Therefore, because
SFEg,s = Ysrr/ Lgass SFEgas and 7o, are related by
SFEgy = 0 (19)

Torb

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., Semenov
et al. 2017; Colombo et al. 2018). Equation (19) shows that the



THE ASTROPHYSICAL JOURNAL, 923:60 (19pp), 2021 December 10

A
* r=-0.9
z % ¥ A A
-9 ———a__ °
g D
A .
= * N [
T * ©
5 RACERN
> *\{-&
a °
g 3 .
o s .
A @
% 104 e
)] S~il
o S <o
- A A~o
e Stacked rings - disk =
*  Stacked rings - bulge a 2 ab
1 a 1lolower-limits A
@ Binned data
——- Line of average &y = 5.0% 'AA A o A8 A A
B HERACLES spiral galaxies A g A AA ﬁAAmA ad a
-11 T T T T T T T T T T T
8.0 8.4 8.8

log [Orbital Tirﬁescale (yn]

0.0 0.5 le ljS 210 25 3.0
Galactocentric radius (Re)

log [SFEgas (yr_l)]

—— S0 and earlier (2
Sa, Sab, Sb (18)

1 — Sbc, Sc, Scd (39)

—— Sd, Sdm, Sm, Ir (1)

8.0

~<
~
~~~~~~
~~~~~
~ S

~~
S~

~~o
~<

-11 : x
8.4 8.8
log [Orbital Timescale (yr)]

Figure 10. Top: SFE,, as a function of the orbital timescale, 7o, Color-
coding and symbols are as described in Figure 8. The black dashed line is the
best fit of the binned data and shows 5% of gas converted into stars per Torp-
The “r” term represents the Pearson correlation coefficient, including the
binned annuli, for the relation between the SFEy,, and 7o, Bottom: SFE,
averaged over 7,,, bins over all galaxies of selected morphological types as in
Figure 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 Toyp.

timescale to deplete the gas reservoir and the orbital timescale
are related through €,4. Although there is large scatter, the
median values of 7.4 and 7y, for our sample are
(2.0509) x 108 yr and (2.87]) x 107 yr, respectively. These
values are in good agreement with previous EDGE-CALIFA
sample results found by Colombo et al. (2018), who analyze a
more limited subsample of 39 galaxies without the benefit of
CO line stacking and more constrained to inclination below
65°, with 7on, = (3.2739) x 108 yr and 74, = (2.8713) x 10°
yr. The black dashed line in the top panel of Figure 10
corresponds to the best fit to our binned data (black symbols);
our fit excludes lower limits (shown as triangles in the figure),
and it shows that e,, &~ 5% of the total gas mass is converted to
stars per Top. This average efficiency is lower than but similar
to the €., = 7% of efficiency found by Wong & Blitz (2002)
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and Kennicutt (1998) and the ¢, ~6% efficiency for
HERACLES (Leroy et al. 2008). Also, this efficiency is the
same as the average molecular gas orbital efficiency found by
Colombo et al. (2018) for their subsample of EDGE-CALIFA
galaxies (€q, & 5%). Similar to our results, all of these studies
did not find a clear correlation between SFE, and 7y, in the
inner regions of disks, where the ISM is mostly molecular.

Like Colombo et al. (2018), however, we find that a constant
€orb 18 NOt a good approximation for the data. The efficiency per
orbital time depends on the Hubble morphological type, with
€orp increasing from early to late types. This is shown in the
bottom panel of Figure 10, which shows the data grouped
according to the same four morphological classes used in
Figure 6. Our results show that annuli from Sbc, Sc, and Scd
galaxies, which are the most numerous in our sample, seem to
group around €4, ~ 5%. This value is also representative of the
typical €y, seen for the morphological bins composed by Sa—
Sd and Sdm—Ir types in the range 8.0 < log[7w] < 8.4.
However, these groups also show ey, < 5% in the ranges
log[To] < 8.0 and log[7,p] > 8.4. However, early-type
galaxies (with admittedly limited statistics, 21 annuli in total)
show substantially lower €., With a median of €, = 1.2%.
These values are in agreement with previous results for EDGE-
CALIFA galaxies by Colombo et al. (2018), even though
sample selection and processing were different. They observe
an ey~ 10% for Sbc galaxies (most numerous in their
subsample) and a systematic decrease in orbital efficiencies
from late- to early-type galaxies.

As concluded in Colombo et al. (2018), our results support
the idea of a nonuniversal efficiency per orbit for the “Silk
—Elmegreen” law. Figure 10 shows that not only does €y,
depend on morphological type, but the behavior also varies
with galactocentric radius: at short orbital timescales
(log[7om] < 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 Top 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 5).

Other studies have also reported SFE,,, deviations as a
function of morphology. Koyama et al. (2019) analyze
CO observations of 28 nearby galaxies to compute the
C-index = R90pe(r0,r/R50perro,» as an indicator of the bulge
dominance in galaxies (where R90peqo, and R50pe, - are the
radius containing 90% and 50% of the Petrosian flux for SDSS
r-band photometric data, respectively). Although they do not
detect a significant difference in the SFE,, for bulge- and disk-
dominated galaxies, they identify some CO-undetected bulge-
dominated galaxies with unusually high SFE,,s values. 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 the top panel (mostly dominated by annuli within bulges)
and bottom panel (mainly due to early-type and Sb—Scd
galaxies’ annuli) of Figure 10.

4.2.5. Gravitational Instabilities

The formulation of the Toomre Q gravitational stability
parameter (Toomre 1964, see Section 3.3 for more details)
provided a useful tool to quantify the stability of a thin disk
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disturbed by axisymmetric perturbations. Some studies have
shown that the star formation activity is widespread where the
gas disk is Q-unstable against large-scale collapse (e.g.,
Kennicutt 1989; Martin & Kennicutt 2001).

First, we examine the case where only gas gravity is
considered; the top left panel of Figure 11 considers this case,
showing the SFE,, as a function of both the Toomre instability
parameter for a thin disk of gas (x-bottom axis), Q. and
galactocentric radius (indicated by circle color). The vertical
black dashed line marks the limit where the gas becomes
unstable to axisymmetric collapse. The vast majority of our
points are in stable (or marginally stable) annuli with an
average Qg,s = 3.2. There is no apparent correlation of SFE,
with Qg,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,,; does not decrease as stability
increases (i.e., as Qy,s 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 Luminosity Extremes, The H;
Nearby Galaxy Survey (LITTLE THINGS; Hunter et al. 2012),
Elmegreen & Hunter (2015) find that dIrr galaxies are
Qgas-stable, with a mean Oy, ~ 4. They also find that their
galaxies have relatively thick disks, with typical (atomic) gas
scale heights of A4, ~ 0.3 — 1.5 kpc. Consequently, they are
more stable than the infinitely thin disks for which the Qgos =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 11
shows the SFEg as a function of Toomre’s instability
parameter modified by Rafikov (2001) to include the effects
of both gas and stars, Qgars+eas; 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 appearing in the nominally unstable
region for thin disks. The bulk of the annuli, however, are
found at around Qgars 1 gas = 1.6. This is roughly consistent with
calculations of Q in other samples (Romeo 2020). There is,
however, no correlation of SFE,,; with Q.

The middle panels of Figure 11 show the SFE., values
Versus Qgas and Qgars gas» but this time splitting the points into
two groups of different galaxy stellar mass; as in Section 4.2.1,
we choose log;o[M.,] = 10.7 to split the groups. Although the
two groups separate in Qg,s, With annuli from galaxies with
logo[M,] < 10.7 tending to be in general more stable, the
separation disappears once the stars are taken into account in
the Q calculation.

In one of the ideas on how stars relate to SFE,,, Dib et al.
(2017) 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; Dib et al. 2017). Also, the ESFEgaS—Z‘* 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 ¥, is a proxy for other variables or processes
(Shi et al. 2011). Our results may reflect the importance of
instabilities in enhancing the SFE,, due to the strong

15

Villanueva et al.

gravitational influence from stars, particularly in galaxies with
log o[M,] > 10.7. But in the aggregate there is no apparent
evidence for a trend showing that annuli with more unstable Q
have higher star formation efficiencies.

The bottom panels of Figure 11 show the same relations as
the top 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 Qg gas increases toward the central parts of
spirals. For example, Leroy et al. (2008) found that although
molecular gas is the dominant component of the ISM in the
central regions, HERACLES galaxies seem to be more stable
there than near the H,-to-H; transition. If the type of
gravitational instability that Q is sensitive to plays a role in
star formation in galaxies, we would expect to see some links
between Q and molecular gas abundance. It is therefore
interesting to test whether there is dependence of the H,-to-H;
ratio, Ruol = Yo/ Zaoms 0N the degree of gravitational
instability in EDGE galaxies. Since we assume a constant
Yatom> NOWever, for us Ry, is simply a normalized molecular
gas surface density, X.,. We use the typical Hj-to-H;
transition radius found in Section 4.2.1 to split the annuli into
three groups: (i) annuli at » < 0.3r,5 (r < 0.6R.; red points),
which should be strongly molecular; (ii) annuli between
0.3r5 <r and r < 0.5r5 (0.6R. <r < 1.4R.; yellow points),
which should be around the molecular to atomic transition
region; and (iii) annuli at » > 0.5r,5 (r > 1.4R.; blue points),
which should be dominated by atomic gas. The top panel of
Figure 12 shows that 3, has a large scatter and does not seem
to depend strongly on QOgarigas- Within 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; Pearson 1901) to find the main axis along
which the three populations vary most. The top panel of
Figure 12 shows the PCA major and minor axis for annuli in
the three defined zones. The axes have been normalized to fit
the minor or major axes of the elliptical contours that enclose
50% of the annuli over a given range. The figure suggests 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 Qgrgas includes
Y mol- Therefore, to assert that the correlation 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 Spearman
rank correlation coefficient, which is a nonparametric measure
of the monotonicity of the observed correlations. To investigate
the degree to which the axes are internally correlated, we
randomize the >, data (within each range) and recompute
Ostar+gas 10 200 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 12 shows that the
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Figure 11. SFE,, as a function of Toomre’s gravitational instability Q parameter for two different scenarios. Left: the SFE,,, is plotted as a function of the Toomre Q
parameter for gas, Qg,. Right: the SFE, is plotted as a function of the Toomre Q parameter redefined by Rafikov (2001) to include the contribution of stars and gas,
Ostars+gas- Green squares in the top left and right panels correspond to HERACLES spiral galaxies; the black dashed line sets the limit where the gas is unstable or
stable. The middle left and right panels show the same points included in the top panels, but this time divided into low and high galaxy stellar mass sets; red points
correspond to binned annuli that belong to galaxies with log;o(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, respectively. 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;oSFE,, vs. center of mass of log;, Q points for each set of morphological

types.

Spearman 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 results suggest that the correlation between
Yol and Ogari gas S€€N in the top panel of Figure 12 is purely
driven by the implementation of Equation (14), in which
Ostar+gas depends on X,
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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 analyze CO
1-0 data cubes that have 7” angular resolution and 20kms ™'
channel width, along with Ha velocities extracted from the
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Figure 12. Top: molecular gas surface density, X1, as a function of Toomre’s
instability parameter for gas and stars, Qgars+gas» fOr annuli with galactocentric
radii within 0.3r,5 (red points), between 0.3r,5 and 0.5r,5 (yellow points), and
outside 0.5r,5 (blue points). Each point represents the value of X, averaged
over an r/rys-wide annuli. Points are color-coded by galactocentric radius (in
725), as indicated by the color bar on the right side. Solid lines are PCA major
and minor axes for which each of the groups varies 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, R/ min = 7maj/Tmin» 1S in the upper left. Typical 1o
error bars are shown in the lower left. The horizontal black dotted line
represents the assumed X,om =6 M, pc’z. Bottom: distribution of the
Spearman rank correlation coefficients for the three r ranges in the top panel
after randomizing the ¥, 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 Qgasisurs (see discussion in the text) and thus (although
tantalizing) are not particularly meaningful.

EDGE database, edge_pydb (T. Wong et al., in preparation).
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
0.1r55 (~3”5), and we measure ¥, out to typical galacto-
centric radii of r~1.2r;5 (r~3R.). We assume a constant
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(Walter et al. 2008), a Milky Way constant conversion factor
of aco =43 M, [K km s~! pc~2]~!, and a constant 5, = 11 kms ™'
(Leroy et al. 2008; Tamburro et al. 2009). We perform a systematic
analysis to explore molecular scale lengths and the dependence of the
star formation efficiency SFE,, = Ysrr/(Cimol + Laom) ON various
physical parameters. Our main conclusions are as follows:

1. We determine the molecular and stellar exponential disk scale
lengths, /., and [, by fitting the radial >,,,; and X, profiles,
respectively. We also obtain the radii that enclose 50% of the
total molecular mass, Rsomo. and stellar mass, Rsp, (see
Figure 3). To quantify the relations, we use an OLS linear
bisector method to fit all our 3¢ detections beyond
r>15kpc. We find that [, =[0.86 £0.07] X L, Lo =
[024 + 001] X s, and R5()’m01 = [093 + 005] X Rso’*.
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,,, exhibits a smooth
exponential decline as a function of galactocentric radius,
without a flattening toward the centers of galaxies seen in
some previous studies (see Figure 6), in agreement with
recent results (e.g., Sdnchez 2020; Sanchez et al. 2020).
We note a systematic increase in the average SFE,,, from
early- to late-type galaxies. In H I-dominated regions, this
conclusion depends strongly on our assumption of a
constant H1 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 Figure 8),
a relation that holds for both the atomic-dominated and
the molecular-dominated regimes. The SFEg, has a
comparatively flatter dependence on Y., 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
tests, which are beyond the scope of this work, may be
required to demonstrate that this secondary relation is not
induced by errors (Sanchez et al. 2021).

4. There is a clear relationship between SFEg, and the
dynamical equilibrium pressure, Ppg, particularly in the
innermost regions of galactic disks. Moreover, we find a
strong correlation between Ygrg 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.

5. We find a power-law decrease of SFE,,; as a function of
orbital time 7. (see Figure 10). The average 7 within
0.7r»5 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[7os(yr)] ~ 7.9 — 8.1 that may
reflect star formation quenching due to the presence of a
bulge component. Although our methodology is different,
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our findings support the conclusion that the star formation
efficiency per orbital time is a function of morphology
(Colombo et al. 2018).

6. Finally, under the assumption of a constant velocity
dispersion for the gas, we do not find clear correlations
between the SFE,,; and Qgas OF Qgarsygas- 1t is possible
that larger samples of galaxies may be required to
confidently rule out any trends. Our typical annulus has
Ogtars+gas ~ 1.6, independent of galaxy mass or morpho-
logical type. The range of X, 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, allowing us to 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.

V.V. acknowledges support from the scholarship ANID-
FULBRIGHT BIO 2016-56160020 and funding from NRAO
Student Observing Support (SOS) - SOSPA7-014. A.D.B.,
S.V.,R.C.L., and V.V. acknowledge partial support from NSF-
AST1615960. J.B.-B. acknowledges support from the grant [A-
100420 (DGAPA-PAPIIT, UNAM) and funding from the
CONACYT grant CF19-39578. R.H.-C. acknowledges support
from the Max Planck Society under the Partner Group project
“The Baryon Cycle in Galaxies” between the Max Planck for
Extraterrestrial Physics and the Universidad de Concepcion.
Support for CARMA construction was derived from the
Gordon and Betty Moore Foundation; the Kenneth T. and
Eileen L. Norris Foundation; the James S. McDonnell
Foundation; the Associates of the California Institute of
Technology; the University of Chicago; the states of California,
Mlinois, and Maryland; and the NSF. CARMA development
and operations were supported by the NSF under a cooperative
agreement and by the CARMA partner universities. This
research is based on observations collected at the Centro
Astronémico Hispano-Alemdn (CAHA) at Calar Alto, operated
jointly by the Max-Planck Institut fiir Astronomie (MPA) and
the Instituto de Astrofisica de Andalucia (CSIC). M.R.
acknowledges support from ANID(CHILE) Fondecyt grant
No. 1190684 and partial support from ANID project Basal
AFB-170002. AST-1616199 for Illinois (TW/YC/YL) and
AST-1616924 for Berkeley (LB/DU). This research has made
use of NASA’s Astrophysics Data System.

Software: Astropy (Astropy Collaboration et al. 2018),
MatPlotLib (Hunter 2007), NumPy (Harris et al. 2020), SciPy
(Virtanen et al. 2020), seaborn (Waskom 2021), Scikit-learn
(Pedregosa et al. 2011).

ORCID iDs

V. Villanueva ® https: //orcid.org/0000-0002-5877-379X

A. Bolatto @ https: //orcid.org/0000-0002-5480-5686

R. C. Levy ® https: //orcid.org/0000-0003-2508-2586

S. F. Sanchez ® https: //orcid.org/0000-0001-6444-9307

J. Barrera-Ballesteros @ https: //orcid.org/0000-0003-2405-7258
T. Wong © https: //orcid.org /0000-0002-7759-0585

E. Rosolowsky @ https: //orcid.org/0000-0002-5204-2259
Y. Cao @ https: //orcid.org/0000-0001-5301-1326

A. Leroy © https: //orcid.org/0000-0002-2545-1700

D. Utomo @ https: //orcid.org/0000-0003-4161-2639

R. Herrera-Camus © https: //orcid.org/0000-0002-2775-0595
L. Blitz ® https: //orcid.org/0000-0002-4272-4432

18

Villanueva et al.

Y. Luo @ https: //orcid.org,/0000-0002-4623-0683

References

Alam, S., Albareti, F. D., Allende Prieto, C., et al. 2015, ApJS, 219, 12

Astropy Collaboration, Price-Whelan, A. M., Sipdcz, B. M., et al. 2018, AJ,
156, 123

Barrera-Ballesteros, J. K., Sdnchez, S. F., Heckman, T., et al. 2021, MNRAS,
503, 3643

Baumgartner, W. H., & Mushotzky, R. F. 2006, ApJ, 639, 929

Bigiel, F., Leroy, A., Walter, F., et al. 2008, AJ, 136, 2846

Bigiel, F., Leroy, A. K., Walter, F., et al. 2011, ApJL, 730, L13

Blitz, L., & Rosolowsky, E. 2004, arXiv:astro-ph/0411520

Blitz, L., & Rosolowsky, E. 2006, ApJ, 650, 933

Blitz, L., & Shu, F. H. 1980, ApJ, 238, 148

Bock, D. C. J. 2006, in ASP Conf. Ser., 356, Revealing the Molecular
Universe: One Antenna is Never Enough, ed. D. C. Backer, J. M. Moran, &
J. L. Turner (San Francisco, CA: ASP), 17

Bolatto, A. D., Wolfire, M., & Leroy, A. K. 2013, ARA&A, 51, 207

Bolatto, A. D., Wong, T., Utomo, D., et al. 2017, ApJ, 846, 159

Bournaud, F., & Elmegreen, B. G. 2009, ApJL, 694, L158

Bundy, K., Bershady, M. A., Law, D. R,, et al. 2015, ApJ, 798, 7

Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, AplJ, 345, 245

Colombo, D., Kalinova, V., Utomo, D., et al. 2018, MNRAS, 475, 1791

Croom, S. M., Lawrence, J. S., Bland-Hawthorn, J., et al. 2012, MNRAS,
421, 872

Dey, B., Rosolowsky, E., Cao, Y., et al. 2019, MNRAS, 488, 1926

Di Matteo, P., Combes, F., Melchior, A. L., & Semelin, B. 2007, A&A,
468, 61

Dib, S., Hony, S., & Blanc, G. 2017, MNRAS, 469, 1521

Ellison, S. L., Thorp, M. D., Lin, L., et al. 2020, MNRAS, 493, L39

Elmegreen, B. G. 1989, ApJ, 338, 178

Elmegreen, B. G. 1993, ApJL, 419, L29

Elmegreen, B. G. 1997, ApJ, 486, 944

Elmegreen, B. G., & Hunter, D. A. 2015, AplJ, 805, 145

Elmegreen, B. G., & Parravano, A. 1994, ApJL, 435, L121

Fisher, D. B., Bolatto, A. D., White, H., et al. 2019, ApJ, 870, 46

Forster Schreiber, N. M., Genzel, R., Bouché, N., et al. 2009, ApJ, 706, 1364

Garcia-Lorenzo, B., Marquez, 1., Barrera-Ballesteros, J. K., et al. 2015, A&A,
573, A59

Gratier, P., Braine, J., Rodriguez-Fernandez, N. J., et al. 2012, A&A,
542, A108

Harris, C. R., Millman, K. J., van der Walt, S. J., et al. 2020, Natur, 585, 357

Herrera-Camus, R., Bolatto, A., Wolfire, M., et al. 2017, ApJ, 835, 201

Hunter, D. A., Ficut-Vicas, D., Ashley, T., et al. 2012, AJ, 144, 134

Hunter, J. D. 2007, CSE, 9, 90

Kawamura, A., Mizuno, Y., Minamidani, T., et al. 2009, ApJS, 184, 1

Kennicutt, R. C. 1989, AplJ, 344, 685

Kennicutt, R. C. 1998, Apl, 498, 541

Kennicutt, R. C., & Evans, N. J. 2012, ARA&A, 50, 531

Kennicutt, R. C. J., Calzetti, D., Walter, F., et al. 2007, ApJ, 671, 333

Kim, C.-G., Ostriker, E. C., & Kim, W.-T. 2013, ApJ, 776, 1

Koyama, S., Koyama, Y., Yamashita, T., et al. 2019, ApJ, 874, 142

Kregel, M., van der Kruit, P. C., & de Grijs, R. 2002, MNRAS, 334, 646

Lee, J. C., Gil de Paz, A., Tremonti, C., et al. 2009, ApJ, 706, 599

Leroy, A. K., Schinnerer, E., Hughes, A., et al. 2021, ApJS, 257, 43

Leroy, A. K., Walter, F., Bigiel, F., et al. 2009, AJ, 137, 4670

Leroy, A. K., Walter, F., Brinks, E., et al. 2008, AJ, 136, 2782

Leroy, A. K., Walter, F., Sandstrom, K., et al. 2013, AJ, 146, 19

Levy, R. C., Bolatto, A. D., Teuben, P., et al. 2018, ApJ, 860, 92

Lilly, S. J., Le Fevre, O., Renzini, A., et al. 2007, ApJS, 172, 70

Lin, L., Pan, H.-A., Ellison, S. L., et al. 2019, ApJL, 884, L33

Madau, P., & Dickinson, M. 2014, ARA&A, 52, 415

Marino, R. A., Rosales-Ortega, F. F., Sanchez, S. F., et al. 2013, A&A,
559, Al114

Martin, C. L., & Kennicutt, R. C. J. 2001, ApJ, 555, 301

Muraoka, K., Sorai, K., Miyamoto, Y., et al. 2019, PASJ, 71, S15

Narayanan, D., Krumholz, M. R., Ostriker, E. C., & Hernquist, L. 2012,
MNRAS, 421, 3127

Ostriker, E. C., McKee, C. F., & Leroy, A. K. 2010, ApJ, 721, 975

Ostriker, E. C., & Shetty, R. 2011, ApJ, 731, 41

Pearson, K. 1901, PMag, 2, 559

Pedregosa, F., Varoquaux, G., Gramfort, A., et al. 2011, JMLR, 12, 2825

Persic, M., Salucci, P., & Stel, F. 1996, MNRAS, 281, 27

Rafikov, R. R. 2001, MNRAS, 323, 445

Regan, M. W., Thornley, M. D., Helfer, T. T., et al. 2001, ApJ, 561, 218


https://orcid.org/0000-0002-5877-379X
https://orcid.org/0000-0002-5877-379X
https://orcid.org/0000-0002-5877-379X
https://orcid.org/0000-0002-5877-379X
https://orcid.org/0000-0002-5877-379X
https://orcid.org/0000-0002-5877-379X
https://orcid.org/0000-0002-5877-379X
https://orcid.org/0000-0002-5877-379X
https://orcid.org/0000-0002-5480-5686
https://orcid.org/0000-0002-5480-5686
https://orcid.org/0000-0002-5480-5686
https://orcid.org/0000-0002-5480-5686
https://orcid.org/0000-0002-5480-5686
https://orcid.org/0000-0002-5480-5686
https://orcid.org/0000-0002-5480-5686
https://orcid.org/0000-0002-5480-5686
https://orcid.org/0000-0003-2508-2586
https://orcid.org/0000-0003-2508-2586
https://orcid.org/0000-0003-2508-2586
https://orcid.org/0000-0003-2508-2586
https://orcid.org/0000-0003-2508-2586
https://orcid.org/0000-0003-2508-2586
https://orcid.org/0000-0003-2508-2586
https://orcid.org/0000-0003-2508-2586
https://orcid.org/0000-0001-6444-9307
https://orcid.org/0000-0001-6444-9307
https://orcid.org/0000-0001-6444-9307
https://orcid.org/0000-0001-6444-9307
https://orcid.org/0000-0001-6444-9307
https://orcid.org/0000-0001-6444-9307
https://orcid.org/0000-0001-6444-9307
https://orcid.org/0000-0001-6444-9307
https://orcid.org/0000-0003-2405-7258
https://orcid.org/0000-0003-2405-7258
https://orcid.org/0000-0003-2405-7258
https://orcid.org/0000-0003-2405-7258
https://orcid.org/0000-0003-2405-7258
https://orcid.org/0000-0003-2405-7258
https://orcid.org/0000-0003-2405-7258
https://orcid.org/0000-0003-2405-7258
https://orcid.org/0000-0002-7759-0585
https://orcid.org/0000-0002-7759-0585
https://orcid.org/0000-0002-7759-0585
https://orcid.org/0000-0002-7759-0585
https://orcid.org/0000-0002-7759-0585
https://orcid.org/0000-0002-7759-0585
https://orcid.org/0000-0002-7759-0585
https://orcid.org/0000-0002-7759-0585
https://orcid.org/0000-0002-5204-2259
https://orcid.org/0000-0002-5204-2259
https://orcid.org/0000-0002-5204-2259
https://orcid.org/0000-0002-5204-2259
https://orcid.org/0000-0002-5204-2259
https://orcid.org/0000-0002-5204-2259
https://orcid.org/0000-0002-5204-2259
https://orcid.org/0000-0002-5204-2259
https://orcid.org/0000-0001-5301-1326
https://orcid.org/0000-0001-5301-1326
https://orcid.org/0000-0001-5301-1326
https://orcid.org/0000-0001-5301-1326
https://orcid.org/0000-0001-5301-1326
https://orcid.org/0000-0001-5301-1326
https://orcid.org/0000-0001-5301-1326
https://orcid.org/0000-0001-5301-1326
https://orcid.org/0000-0002-2545-1700
https://orcid.org/0000-0002-2545-1700
https://orcid.org/0000-0002-2545-1700
https://orcid.org/0000-0002-2545-1700
https://orcid.org/0000-0002-2545-1700
https://orcid.org/0000-0002-2545-1700
https://orcid.org/0000-0002-2545-1700
https://orcid.org/0000-0002-2545-1700
https://orcid.org/0000-0003-4161-2639
https://orcid.org/0000-0003-4161-2639
https://orcid.org/0000-0003-4161-2639
https://orcid.org/0000-0003-4161-2639
https://orcid.org/0000-0003-4161-2639
https://orcid.org/0000-0003-4161-2639
https://orcid.org/0000-0003-4161-2639
https://orcid.org/0000-0003-4161-2639
https://orcid.org/0000-0002-2775-0595
https://orcid.org/0000-0002-2775-0595
https://orcid.org/0000-0002-2775-0595
https://orcid.org/0000-0002-2775-0595
https://orcid.org/0000-0002-2775-0595
https://orcid.org/0000-0002-2775-0595
https://orcid.org/0000-0002-2775-0595
https://orcid.org/0000-0002-2775-0595
https://orcid.org/0000-0002-4272-4432
https://orcid.org/0000-0002-4272-4432
https://orcid.org/0000-0002-4272-4432
https://orcid.org/0000-0002-4272-4432
https://orcid.org/0000-0002-4272-4432
https://orcid.org/0000-0002-4272-4432
https://orcid.org/0000-0002-4272-4432
https://orcid.org/0000-0002-4272-4432
https://orcid.org/0000-0002-4623-0683
https://orcid.org/0000-0002-4623-0683
https://orcid.org/0000-0002-4623-0683
https://orcid.org/0000-0002-4623-0683
https://orcid.org/0000-0002-4623-0683
https://orcid.org/0000-0002-4623-0683
https://orcid.org/0000-0002-4623-0683
https://orcid.org/0000-0002-4623-0683
https://doi.org/10.1088/0067-0049/219/1/12
https://ui.adsabs.harvard.edu/abs/2015ApJS..219...12A/abstract
https://doi.org/10.3847/1538-3881/aac387
https://ui.adsabs.harvard.edu/abs/2018AJ....156..123A/abstract
https://ui.adsabs.harvard.edu/abs/2018AJ....156..123A/abstract
https://doi.org/10.1093/mnras/stab755
https://ui.adsabs.harvard.edu/abs/2021MNRAS.503.3643B/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.503.3643B/abstract
https://doi.org/10.1086/499619
https://ui.adsabs.harvard.edu/abs/2006ApJ...639..929B/abstract
https://doi.org/10.1088/0004-6256/136/6/2846
https://ui.adsabs.harvard.edu/abs/2008AJ....136.2846B/abstract
https://doi.org/10.1088/2041-8205/730/2/L13
https://ui.adsabs.harvard.edu/abs/2011ApJ...730L..13B/abstract
http://arxiv.org/abs/astro-ph/0411520
https://doi.org/10.1086/505417
https://ui.adsabs.harvard.edu/abs/2006ApJ...650..933B/abstract
https://doi.org/10.1086/157968
https://ui.adsabs.harvard.edu/abs/1980ApJ...238..148B/abstract
https://ui.adsabs.harvard.edu/abs/2006ASPC..356...17B/abstract
https://doi.org/10.1146/annurev-astro-082812-140944
https://ui.adsabs.harvard.edu/abs/2013ARA&A..51..207B/abstract
https://doi.org/10.3847/1538-4357/aa86aa
https://ui.adsabs.harvard.edu/abs/2017ApJ...846..159B/abstract
https://doi.org/10.1088/0004-637X/694/2/L158
https://ui.adsabs.harvard.edu/abs/2009ApJ...694L.158B/abstract
https://doi.org/10.1088/0004-637X/798/1/7
https://ui.adsabs.harvard.edu/abs/2015ApJ...798....7B/abstract
https://doi.org/10.1086/167900
https://ui.adsabs.harvard.edu/abs/1989ApJ...345..245C/abstract
https://doi.org/10.1093/mnras/stx3233
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.1791C/abstract
https://doi.org/10.1111/j.1365-2966.2011.20365.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.421..872C/abstract
https://ui.adsabs.harvard.edu/abs/2012MNRAS.421..872C/abstract
https://doi.org/10.1093/mnras/stz1777
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.1926D/abstract
https://doi.org/10.1051/0004-6361:20066959
https://ui.adsabs.harvard.edu/abs/2007A&A...468...61D/abstract
https://ui.adsabs.harvard.edu/abs/2007A&A...468...61D/abstract
https://doi.org/10.1093/mnras/stx934
https://ui.adsabs.harvard.edu/abs/2017MNRAS.469.1521D/abstract
https://doi.org/10.1093/mnrasl/slz179
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493L..39E/abstract
https://doi.org/10.1086/167192
https://ui.adsabs.harvard.edu/abs/1989ApJ...338..178E/abstract
https://doi.org/10.1086/187129
https://ui.adsabs.harvard.edu/abs/1993ApJ...419L..29E/abstract
https://doi.org/10.1086/304562
https://ui.adsabs.harvard.edu/abs/1997ApJ...486..944E/abstract
https://doi.org/10.1088/0004-637X/805/2/145
https://ui.adsabs.harvard.edu/abs/2015ApJ...805..145E/abstract
https://doi.org/10.1086/187609
https://ui.adsabs.harvard.edu/abs/1994ApJ...435L.121E/abstract
https://doi.org/10.3847/1538-4357/aaee8b
https://ui.adsabs.harvard.edu/abs/2019ApJ...870...46F/abstract
https://doi.org/10.1088/0004-637X/706/2/1364
https://ui.adsabs.harvard.edu/abs/2009ApJ...706.1364F/abstract
https://doi.org/10.1051/0004-6361/201423485
https://ui.adsabs.harvard.edu/abs/2015A&A...573A..59G/abstract
https://ui.adsabs.harvard.edu/abs/2015A&A...573A..59G/abstract
https://doi.org/10.1051/0004-6361/201116612
https://ui.adsabs.harvard.edu/abs/2012A&A...542A.108G/abstract
https://ui.adsabs.harvard.edu/abs/2012A&A...542A.108G/abstract
https://doi.org/10.1038/s41586-020-2649-2
https://ui.adsabs.harvard.edu/abs/2020Natur.585..357H/abstract
https://doi.org/10.3847/1538-4357/835/2/201
https://ui.adsabs.harvard.edu/abs/2017ApJ...835..201H/abstract
https://doi.org/10.1088/0004-6256/144/5/134
https://ui.adsabs.harvard.edu/abs/2012AJ....144..134H/abstract
https://doi.org/10.1109/MCSE.2007.55
https://ui.adsabs.harvard.edu/abs/2007CSE.....9...90H/abstract
https://doi.org/10.1088/0067-0049/184/1/1
https://ui.adsabs.harvard.edu/abs/2009ApJS..184....1K/abstract
https://doi.org/10.1086/167834
https://ui.adsabs.harvard.edu/abs/1989ApJ...344..685K/abstract
https://doi.org/10.1086/305588
https://ui.adsabs.harvard.edu/abs/1998ApJ...498..541K/abstract
https://doi.org/10.1146/annurev-astro-081811-125610
https://ui.adsabs.harvard.edu/abs/2012ARA&A..50..531K/abstract
https://doi.org/10.1086/522300
https://ui.adsabs.harvard.edu/abs/2007ApJ...671..333K/abstract
https://doi.org/10.1088/0004-637X/776/1/1
https://ui.adsabs.harvard.edu/abs/2013ApJ...776....1K/abstract
https://doi.org/10.3847/1538-4357/ab0e75
https://ui.adsabs.harvard.edu/abs/2019ApJ...874..142K/abstract
https://doi.org/10.1046/j.1365-8711.2002.05556.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.334..646K/abstract
https://doi.org/10.1088/0004-637X/706/1/599
https://ui.adsabs.harvard.edu/abs/2009ApJ...706..599L/abstract
https://doi.org/10.3847/1538-4365/ac17f3
https://ui.adsabs.harvard.edu/abs/2021ApJS..257...43L/abstract
https://doi.org/10.1088/0004-6256/137/6/4670
https://ui.adsabs.harvard.edu/abs/2009AJ....137.4670L/abstract
https://doi.org/10.1088/0004-6256/136/6/2782
https://ui.adsabs.harvard.edu/abs/2008AJ....136.2782L/abstract
https://doi.org/10.1088/0004-6256/146/2/19
https://ui.adsabs.harvard.edu/abs/2013AJ....146...19L/abstract
https://doi.org/10.3847/1538-4357/aac2e5
https://ui.adsabs.harvard.edu/abs/2018ApJ...860...92L/abstract
https://doi.org/10.1086/516589
https://ui.adsabs.harvard.edu/abs/2007ApJS..172...70L/abstract
https://doi.org/10.3847/2041-8213/ab4815
https://ui.adsabs.harvard.edu/abs/2019ApJ...884L..33L/abstract
https://doi.org/10.1146/annurev-astro-081811-125615
https://ui.adsabs.harvard.edu/abs/2014ARA&A..52..415M/abstract
https://doi.org/10.1051/0004-6361/201321956
https://ui.adsabs.harvard.edu/abs/2013A&A...559A.114M/abstract
https://ui.adsabs.harvard.edu/abs/2013A&A...559A.114M/abstract
https://doi.org/10.1086/321452
https://ui.adsabs.harvard.edu/abs/2001ApJ...555..301M/abstract
https://doi.org/10.1093/pasj/psz015
https://ui.adsabs.harvard.edu/abs/2019PASJ...71S..15M/abstract
https://doi.org/10.1111/j.1365-2966.2012.20536.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.421.3127N/abstract
https://doi.org/10.1088/0004-637X/721/2/975
https://ui.adsabs.harvard.edu/abs/2010ApJ...721..975O/abstract
https://doi.org/10.1088/0004-637X/731/1/41
https://ui.adsabs.harvard.edu/abs/2011ApJ...731...41O/abstract
https://doi.org/10.1093/mnras/278.1.27
https://ui.adsabs.harvard.edu/abs/1996MNRAS.281...27P/abstract
https://doi.org/10.1046/j.1365-8711.2001.04201.x
https://ui.adsabs.harvard.edu/abs/2001MNRAS.323..445R/abstract
https://doi.org/10.1086/323221
https://ui.adsabs.harvard.edu/abs/2001ApJ...561..218R/abstract

THE ASTROPHYSICAL JOURNAL, 923:60 (19pp), 2021 December 10

Romeo, A. B. 2020, MNRAS, 491, 4843

Rosa-Gonzalez, D., Terlevich, E., & Terlevich, R. 2002, MNRAS, 332, 283

Roth, M. M., Kelz, A., Fechner, T., et al. 2005, PASP, 117, 620

Saintonge, A., Catinella, B., Tacconi, L. J., et al. 2017, ApJS, 233, 22

Saintonge, A., Kauffmann, G., Wang, J., et al. 2011, MNRAS, 415, 61

Salpeter, E. E. 1955, ApJ, 121, 161

Sanchez, S. F. 2020, ARA&A, 58, 99

Sanchez, S. F., Barrera-Ballesteros, J. K., Colombo, D., et al. 2021, MNRAS,
503, 1615

Sanchez, S. F., Kennicutt, R. C., Gil de Paz, A., et al. 2012, A&A, 538, A8

Sanchez, S. F., Pérez, E., Sanchez-Blazquez, P., et al. 2016a, RMxAA, 52, 21

Sénchez, S. F., Pérez, E., Sanchez-Blazquez, P., et al. 2016b, RMxAA, 52, 171

Sanchez, S. F., Rosales-Ortega, F. F., Iglesias-Paramo, J., et al. 2014, A&A,
563, A49

Sanchez, S. F., Walcher, C. J., Lopez-Coba, C., et al. 2021, RMxAA, 57, 3

Sanders, D. B., Scoville, N. Z., & Solomon, P. M. 1985, ApJ, 289, 373

Sandstrom, K. M., Leroy, A. K., Walter, F., et al. 2013, ApJ, 777, 5

Schruba, A., Kruijssen, J. M. D., & Leroy, A. K. 2019, ApJ, 883, 2

Schruba, A., Leroy, A. K., Walter, F., et al. 2011, AJ, 142, 37

Semenov, V. A., Kravtsov, A. V., & Gnedin, N. Y. 2017, ApJ, 845, 133

19

Villanueva et al.

Shapiro, K. L., Gerssen, J., & van der Marel, R. P. 2003, AJ, 126, 2707

Shi, Y., Helou, G., Yan, L., et al. 2011, ApJ, 733, 87

Silk, J. 1997, ApJ, 481, 703

Sorai, K., Kuno, N., Muraoka, K., et al. 2019, PASJ, 71, S14

Speagle, J. S., Steinhardt, C. L., Capak, P. L., & Silverman, J. D. 2014, ApJS,
214, 15

Sun, J., Leroy, A. K., Ostriker, E. C., et al. 2020, ApJ, 892, 148

Tamburro, D., Rix, H. W., Leroy, A. K., et al. 2009, AJ, 137, 4424

Toomre, A. 1964, ApJ, 139, 1217

Utomo, D., Bolatto, A. D., Wong, T., et al. 2017, ApJ, 849, 26

Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020, NatMe., 17,
261

Walcher, C. J., Wisotzki, L., Bekeraité, S., et al. 2014, A&A, 569, Al

Walter, F., Brinks, E., de Blok, W. J. G, et al. 2008, AJ, 136, 2563

Waskom, M. L. 2021, JOSS, 6, 3021

Wisnioski, E., Forster Schreiber, N. M., Wuyts, S., et al. 2015, ApJ,
799, 209

Wolfire, M. G., Hollenbach, D., & McKee, C. F. 2010, ApJ, 716, 1191

Wong, T., & Blitz, L. 2002, ApJ, 569, 157

Young, J. S., Xie, S., Tacconi, L., et al. 1995, ApJS, 98, 219


https://doi.org/10.1093/mnras/stz3367
https://ui.adsabs.harvard.edu/abs/2020MNRAS.491.4843R/abstract
https://doi.org/10.1046/j.1365-8711.2002.05285.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.332..283R/abstract
https://doi.org/10.1086/429877
https://ui.adsabs.harvard.edu/abs/2005PASP..117..620R/abstract
https://doi.org/10.3847/1538-4365/aa97e0
https://ui.adsabs.harvard.edu/abs/2017ApJS..233...22S/abstract
https://doi.org/10.1111/j.1365-2966.2011.18823.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.415...61S/abstract
https://doi.org/10.1086/145971
https://ui.adsabs.harvard.edu/abs/1955ApJ...121..161S/abstract
https://doi.org/10.1146/annurev-astro-012120-013326
https://ui.adsabs.harvard.edu/abs/2020ARA&A..58...99S/abstract
https://doi.org/10.1093/mnras/stab442
https://ui.adsabs.harvard.edu/abs/2021MNRAS.503.1615S/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.503.1615S/abstract
https://doi.org/10.1051/0004-6361/201117353
https://ui.adsabs.harvard.edu/abs/2012A&A...538A...8S/abstract
https://ui.adsabs.harvard.edu/abs/2016RMxAA..52...21S/abstract
https://ui.adsabs.harvard.edu/abs/2016RMxAA..52..171S/abstract
https://doi.org/10.1051/0004-6361/201322343
https://ui.adsabs.harvard.edu/abs/2014A&A...563A..49S/abstract
https://ui.adsabs.harvard.edu/abs/2014A&A...563A..49S/abstract
https://doi.org/10.22201/ia.01851101p.2021.57.01.01
https://ui.adsabs.harvard.edu/abs/2021RMxAA..57....3S/abstract
https://doi.org/10.1086/162897
https://ui.adsabs.harvard.edu/abs/1985ApJ...289..373S/abstract
https://doi.org/10.1088/0004-637X/777/1/5
https://ui.adsabs.harvard.edu/abs/2013ApJ...777....5S/abstract
https://doi.org/10.3847/1538-4357/ab3a43
https://ui.adsabs.harvard.edu/abs/2019ApJ...883....2S/abstract
https://doi.org/10.1088/0004-6256/142/2/37
https://ui.adsabs.harvard.edu/abs/2011AJ....142...37S/abstract
https://doi.org/10.3847/1538-4357/aa8096
https://ui.adsabs.harvard.edu/abs/2017ApJ...845..133S/abstract
https://doi.org/10.1086/379306
https://ui.adsabs.harvard.edu/abs/2003AJ....126.2707S/abstract
https://doi.org/10.1088/0004-637X/733/2/87
https://ui.adsabs.harvard.edu/abs/2011ApJ...733...87S/abstract
https://doi.org/10.1086/304073
https://ui.adsabs.harvard.edu/abs/1997ApJ...481..703S/abstract
https://doi.org/10.1093/pasj/psz115
https://ui.adsabs.harvard.edu/abs/2019PASJ...71S..14S/abstract
https://doi.org/10.1088/0067-0049/214/2/15
https://ui.adsabs.harvard.edu/abs/2014ApJS..214...15S/abstract
https://ui.adsabs.harvard.edu/abs/2014ApJS..214...15S/abstract
https://doi.org/10.3847/1538-4357/ab781c
https://ui.adsabs.harvard.edu/abs/2020ApJ...892..148S/abstract
https://doi.org/10.1088/0004-6256/137/5/4424
https://ui.adsabs.harvard.edu/abs/2009AJ....137.4424T/abstract
https://doi.org/10.1086/147861
https://ui.adsabs.harvard.edu/abs/1964ApJ...139.1217T/abstract
https://doi.org/10.3847/1538-4357/aa88c0
https://ui.adsabs.harvard.edu/abs/2017ApJ...849...26U/abstract
https://doi.org/10.1038/s41592-019-0686-2
https://ui.adsabs.harvard.edu/abs/2020NatMe..17..261V /abstract
https://ui.adsabs.harvard.edu/abs/2020NatMe..17..261V /abstract
https://doi.org/10.1051/0004-6361/201424198
https://ui.adsabs.harvard.edu/abs/2014A&A...569A...1W/abstract
https://doi.org/10.1088/0004-6256/136/6/2563
https://ui.adsabs.harvard.edu/abs/2008AJ....136.2563W/abstract
https://doi.org/10.21105/joss.03021
https://ui.adsabs.harvard.edu/abs/2021JOSS....6.3021W/abstract
https://doi.org/10.1088/0004-637X/799/2/209
https://ui.adsabs.harvard.edu/abs/2015ApJ...799..209W/abstract
https://ui.adsabs.harvard.edu/abs/2015ApJ...799..209W/abstract
https://doi.org/10.1088/0004-637X/716/2/1191
https://ui.adsabs.harvard.edu/abs/2010ApJ...716.1191W/abstract
https://doi.org/10.1086/339287
https://ui.adsabs.harvard.edu/abs/2002ApJ...569..157W/abstract
https://doi.org/10.1086/192159
https://ui.adsabs.harvard.edu/abs/1995ApJS...98..219Y/abstract

	1. Introduction
	2. Data Products
	2.1. The EDGE and CALIFA Surveys
	2.2. edgepydb Database

	3. Methods
	3.1. Stacking of the CO Spectra
	3.2. Extracting Fluxes from Stacked Spectra
	3.3. Basic Equations and Assumptions

	4. Results and Discussion
	4.1. Exponential Scale Lengths
	4.2. SFE and Local Parameters
	4.2.1. SFE and Galactocentric Radius
	4.2.2. SFE versus Stellar and Gas Surface Density
	4.2.3. SFE, Pressure, and SFR
	4.2.4. SFE and Orbital Timescale
	4.2.5. Gravitational Instabilities


	5. Summary and Conclusions
	References



