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The EDGE-CALIFA Survey: Star Formation Efficiency and Galaxy Quenching across 62 Main
Sequence, Green Valley, and Red Galaxies
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ABSTRACT

We present GBT-EDGE, a new CO (1-0) survey using the Green Bank Telescope to map 62 nearby
(10-140 Mpc) galaxies spanning the star-forming main sequence (SFMS), green valley, and red se-
quence. The galaxy sample is selected from the CALIFA survey with integral field spectroscopy (IFS),
which provides a representative census of local galactic environments. Combining the CO dataset with
CALIFA’s optical IFS measurements, we derive molecular gas masses, star formation rates (SFR),
metallicities, and stellar mass densities to measure star formation efficiency (SFE) and investigate the
physical drivers of galaxy quenching. We obtain a median molecular gas depletion time of 2.10f?:§?,
6.90737%90 and 127.7739%% Gyr for our sample of main sequence, green valley, and red galaxies, re-
spectively, assuming a Galactic CO-to-Hs conversion factor. By applying various conversion factor
prescriptions, we also confirm a systematic decrease of SFE with galaxy’s offset below the SFMS,
regardless of the adopted prescription. This suggests that the low SFR in some quenched galaxies
is primarily driven by suppressed SFE rather than an absence of molecular gas. Our results provide
evidence that galaxies below the main sequence can retain substantial molecular gas reservoirs com-
parable to star-forming galaxies, but they exhibit longer depletion times and form stars inefficiently,
possibly due to the combined effects of low gas density and morphological quenching mechanisms.
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1. INTRODUCTION

Galaxy evolution is driven by variations in the level of
star formation activities within galaxies. Observational
studies on nearby galaxies over the past two decades
have confirmed a strong correlation between a galaxy’s
star formation rate (SFR) and its stellar mass (Mgtay),
namely, the star formation main sequence (SFMS; J.
Brinchmann et al. 2004; S. Salim et al. 2007; M. Cano-
Diaz et al. 2016; A. Saintonge et al. 2016). This relation
has also been found to hold for spatially resolved ob-
servations down to kpc scales, and thus the relation is
sometimes expressed in terms of surface densities (Xgpr
and Ygiap; €.g., L. Lin et al. 2019a; S. F. Sanchez et al.
2021). The established SFMS relation has further led
to a common galaxy classification based on the offset
from the SFMS relation: main sequence (MS) galaxies
are those aligned with the SFMS, red galaxies (RGs)
are those falling on the “red cloud sequence” which is
substantially below the SFMS (e.g., T. K. Wyder et al.
2007), and green valley (GV) galaxies are those in be-
tween, which implies a transitioning stage where star
formation begins to shut down (S. Salim et al. 2007).
As a result, the offset from the SFMS (or many stud-
ies also use “specific SFR”, which is defined as sSFR
= SFR/Mjtar) has been widely adopted to indicate a
galaxy’s evolutionary stage in terms of its star forma-
tion level (e.g., A. Saintonge et al. 2017; D. Colombo
et al. 2020; S. Salim et al. 2023).

To probe the reasons for the rise and fall of star for-
mation in galaxies, it is critical to study the cold molec-
ular interstellar medium, which is the birthplace of stars
and thus determines the capacity for star formation in
a galaxy. Specifically, star formation is governed by the
amount of molecular gas as well as how efficiently molec-
ular gas is converted into stars (R. C. Kennicutt & N. J.
Evans 2012; A. Saintonge & B. Catinella 2022). Pre-
vious studies have revealed a roughly constant star for-
mation efficiency (SFE = SFR/ M1, where My, repre-
sents the molecular gas mass) in nearby MS galaxy disks,
where the molecular gas depletion time (tgep = SFE™!)
is around 2 Gyr, despite variations found between galaxy
centers (e.g., F. Bigiel et al. 2008; A. Saintonge et al.
2011; A. K. Leroy et al. 2013; D. Utomo et al. 2017; K.
Muraoka et al. 2019; J. Sun et al. 2023; Y.-H. Teng et al.
2024). The SFE in star-forming galaxy centers is some-
times found to be higher than the value in their disks,
which would enhance star formation and support cen-
tral starbursts (e.g., D. Utomo et al. 2017; S. L. Ellison

et al. 2020a). SFE in centers may also be lower than in
the disks, which can indicate galaxy quenching due to
feedback from active galactic nuclei (AGN; M. J. Page
et al. 2012) or morphological quenching driven by bars
or bulges (M. Martig et al. 2009; A. Saintonge et al.
2012; D. Colombo et al. 2018; F. Maeda et al. 2023).
While these SFE estimations are known to be sensitive
to the choices of SFR indicator and CO-to-Hs conver-
sion factor (aco; A. D. Bolatto et al. 2013), measure-
ments and/or prescriptions for SFR and aco are rela-
tively well-developed for MS galaxies (e.g., Y.-H. Teng
et al. 2023, 2024; 1.-D. Chiang et al. 2024; E. Schinnerer
& A. K. Leroy 2024; J. Sun et al. 2025), and thus re-
cent SFE studies are able to account for such systematic
variations (e.g., J. Sun et al. 2023; M. Querejeta et al.
2024; Y.-H. Teng et al. 2024; D. Colombo et al. 2025a).

On the other hand, SFE across quenched galaxies, in-
cluding GV galaxies, and especially RGs, remains under-
explored. This is because obtaining high-quality molec-
ular gas observations (usually via CO rotational line
emission) in such environments requires significant inte-
gration time, given the sensitivity of current millimeter-
wave telescopes. Therefore, current molecular gas stud-
ies are limited to a small sample of GV galaxies and
tend to focus only on the transition from MS to GV
rather than extending to a comparable sample of RGs.
The sensitivity limitation also makes measuring accu-
rate gas mass and aco even more challenging in the
GV and RGs, and thus most studies on these systems
still rely on assuming a constant Galactic-like aco value
to determine molecular gas-related properties (e.g., K.
Alatalo et al. 2013; T. A. Davis et al. 2014; L. Lin et al.
2022; V. Villanueva et al. 2024). Furthermore, while
both molecular gas fraction and SFE are known to play
a role in galaxy quenching, there is not yet a consensus
about whether one of these factors dominates, and how
they might change across different galaxy evolutionary
stages (A. Saintonge et al. 2017; D. Colombo et al. 2020;
S. Brownson et al. 2020; S. L. Ellison et al. 2020b; G. G.
Kacprzak et al. 2021; L. Lin et al. 2022; H.-A. Pan et al.
2024; V. Villanueva et al. 2024).

The physical cause of a reduced molecular gas fraction
or SFE in quenched galaxies is also under debate. Previ-
ous studies have found that galaxies below the MS tend
to be associated with early-type morphologies (e.g., big-
ger bulges; M. Cano-Diaz et al. 2019) and they are more
likely to host AGN (e.g., J. Aird et al. 2019; E. A. D.
Lacerda et al. 2020). Such structural differences can
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affect the local star formation processes but also com-
plicate explanations of different quenching mechanisms.
For instance, the existence of AGN could either indicate
increased gas availability due to black hole accretion and
its co-evolution with the galaxy (T. M. Heckman & P. N.
Best 2014; S. R. Ward et al. 2022), or it may lead to a
strong depletion of gas via AGN feedback processes (A.
Saintonge et al. 2017; S. L. Ellison et al. 2021). Similarly,
bar-driven inflows are known to bring in more gas and
boost star formation (K. Sakamoto et al. 1999; K. Sheth
et al. 2005; N. Kuno et al. 2007; R. Chown et al. 2019;
R. G. Tress et al. 2020; S.-Y. Yu et al. 2022), whereas
the gas stabilization from bulge potential or bar-induced
shear can support the presence of substantial quiescent
gas reservoirs (M. Martig et al. 2009; T. A. Davis et al.
2014; J. Gensior et al. 2020; F. Maeda et al. 2023).

In this paper, we present new CO J=1-0 observations
with the Robert C. Byrd Green Bank Telescope (GBT)
toward 62 nearby galaxies with M., between 3 x 103
to 3 x 10* Mg. Our targets include GV and RGs in
a similar sample size (~10 galaxies each), along with
a sizable sample of MS galaxies to be compared with.
With optical integral field unit (IFU) data available from
the Calar Alto Legacy Integral Field Area (CALIFA)
survey (S. F. Sdnchez et al. 2012, 2016a), this sample
allows a comprehensive study of SFE variations across
galaxy populations with varying locations in the SFMS
relation. We estimate M, and SFE with multiple aco
treatments and investigate their roles in the quenching of
star formation throughout different galaxy evolutionary
stages.

The paper is structured as follows. Section 2 describes
our sample, observations, data processing, and ancil-
lary data. Section 3 presents our analyses and results,
including the derivation of data products and various
galaxy-integrated properties. In Section 4, we discuss
implications from our results on galaxy quenching mech-
anisms and compare them to those from the literature.
The conclusions are summarized in Section 5. In this
work, we assume a flat ACDM cosmology with Hy = 70
km s~! Mpc™!, Q,, = 0.27, and Q, = 0.73.

2. OBSERVATIONS AND DATA
2.1. The GBT-EDGE Sample

We use the GBT to observe CO (1-0) across 62 galax-
ies selected from the CALIFA survey (S. F. Sénchez
et al. 2012), aiming to complement previous Extra-
galactic Database for Galaxy Evolution (EDGE) surveys
(A. D. Bolatto et al. 2017; D. Colombo et al. 2020; V.
Villanueva et al. 2024; T. Wong et al. 2024). The selec-
tion criteria of our parent sample, the CALIFA galaxies,
include redshift (0.03 > z > 0.005), Galactic latitude
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Figure 1. The relation between global star formation rate
(SFR) and stellar mass (Mstar) for our GBT sample (black
points; 62 galaxies), the CARMA sample (gray stars; A. D.
Bolatto et al. 2017), and the full CALIFA sample (contours;
S. F. Sanchez et al. 2016a). The blue (upper) and red (lower)
dashed lines indicate best linear fits from M. Cano-Diaz et al.
(2016) for the main sequence and red galaxies, respectively.
The GBT-EDGE sample is representative of the z = 0 galaxy
population with Mgtay = 1085115 Mg.

(|b] > 20°), declination (> 7°), and cuts in the angu-
lar isophotal diameter (45" — 79.2”) and flux (< 20 in
Petrosian magnitudes) in the SDSS r-band images (C. J.
Walcher et al. 2014; S. F. Sanchez et al. 2016a). We note
that the cut on low redshift effectively excluded objects
with distance < 20 Mpc, which avoided the sample to be
overwhelmed by dwarf galaxies and/or compact objects
in the local Universe. In addition, the imposed flux limit
excluded many low surface brightness objects. These se-
lection criteria also indicate that the largest and most
massive galaxies in the sample are more distant than
the smallest and least massive galaxies. To select our
GBT-EDGE sample from CALIFA, we further impose a
declination cut of § > 10° and avoid any overlap with the
published CARMA-EDGE sample (A. D. Bolatto et al.
2017). This results in our proposed sample of 150 galax-
ies for GBT observations. However, 79 of the galaxies
were not observed and 9 of the observed galaxies were
further removed due to severe artifacts, leaving us with
the final sample of 62 galaxies (see Section 2.2 for more
details).

Figure 1 shows the SFR—Mgta, (or SFMS) relation of
the 62 observed galaxies, with comparison to the full
CALIFA sample and a previously published sub-sample
using the Combined Array for Research in Millimeter-
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Figure 2. SDSS g (blue channel), r (green channel), and 7 (red channel) composite images for all 62 galaxies in our GBT-EDGE
sample. Green valley (GV) and red galaxies (RGs) are labeled by a letter ‘G’ and ‘R’, respectively, in the top-right corners of
their panels. These galaxies cover a variety of morphologies and galaxy environments, which constitute a representative sample
of the local Universe (Figure 1) and enable comprehensive studies on the galaxy quenching proce
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wave Astronomy (CARMA; A. D. Bolatto et al. 2017).
Our sample of galaxies is representative of the galaxy
population with Mg, = 10557115 Mg in the local
Universe, spanning distances from 10-140 Mpc (see Ta-
ble 1). Figure 2 presents the optical composite im-
ages of these galaxies from the Sloan Digital Sky Survey
(SDSS), which show diverse morphological and environ-
mental conditions. The basic properties of the entire
galaxy sample are listed in Table 1.

Our GBT sample selection does not overlap with that
of the CARMA observations and extends to lower Mgy,
covering 43 galaxies on the main sequence, 11 galaxies in
the green valley, and 8 galaxies on the red cloud. In this

work, we define main sequence (MS) galaxies as those
with SFRs between -0.5 and 0.7 dex from the best-fit
relation in M. Cano-Diaz et al. (2016):

log(SFR)ms = 0.81log(Mgtar) — 8.34 , (1)
where M, and SFR are in units of My and Mg yr—!,
respectively. We also define GV as galaxies with SFRs
between -0.5 and -1 dex from Equation 1. Similarly, RGs
are defined as those having SFR < —1 dex from Equa-
tion 1. These boundary definitions are consistent with
previous studies showing similar ranges for these galaxy
populations (M. Cano-Diaz et al. 2016; S. F. Sanchez
et al. 2018; D. Colombo et al. 2020; L. Lin et al. 2020;
V. Villanueva et al. 2024).

Table 1. Basic Properties of the GBT-EDGE Sample

Galaxy R.A. Decl. Dist. log(das) P.A. Incl. vmaxg log(SFR) log(Msar) Type
[deg] [deg] [Mpc] [0.1 arcmin] [deg] [deg] [kms™'] [Mg yr™!] [Mg]
(1) (2) ) (4) (5) © (™ (8) 9) (10) (11)
NGC0001 1.816000  27.708250 64.1 1.2 110.5 48.8 146 0.71 10.88 MS
NGC0014 2.192375  15.815750 12.0 1.18 23.1  55.7 35.2 -1.32 8.73 MS
NGC0169 9.215500  23.990361 65.3 1.18 925 69.8 278 0.56 11.34 MS
NGCO0776 29.977083  23.644389 69.4 1.13 50.0 18.3 60 0.57 11.02 MS
NGC0932 36.977833  20.332500  57.7 1.3 40.0 244 90 -0.46 11.06 RG
NGC1056 40.701625 28.574111  21.9 1.27 162.5 46.7 124.2 0.15 10.31 MS
NGC2449 116.834542 26.930306  69.6 1.16 135,56  73.7 101 0.02 10.94 MS
NGC2540 123.193500 26.361833  89.4 1.094 123.3 60.4 153 0.52 10.63 MS
NGC2596 126.860250 17.283972  84.5 1.14 63.9 74.2 203.2 0.67 10.87 MS
NGC2691 133.693083 39.538778  56.1 1.1 166.0 47.9 182 0.33 10.59 MS
NGC3057 151.416583 80.284972  21.2 1.16 8.0 58.3 100 -0.65 9.27 MS
NGC3106 151.021833 31.185472  88.8 0.95 150.0 26.0 102 0.09 11.22 GV
NGC3353 161.343042 55.960306  13.6 1.13 75.7  45.5 41.4 -0.28 9.20 MS
NGC3395 162.458792 32.982889  22.3 1.2 40.5 578 86.1 0.09 9.72 MS
NGC3406NEDO01 162.932542 51.023083 107.0 1.16 844 62.3 150 -0.71 11.22 RG
NGC3614 169.588833 45.747972  32.7 1.4 87.7 47.0 131.5 -0.19 10.11 MS
NGC3619 169.839792 57.758111  21.8 1.59 25.0 424 165.1 -0.89 10.40 GV
NGC3896 177.234792  48.674639  12.7 1.15 128.4 554 110.6 -1.53 8.44 MS
NGC4003 179.495958 23.124917  93.5 1.02 159.7 65.2 150 0.26 11.08 MS
NGC5157 201.820208 32.030778 105.0 1.12 115.5 354 241 -0.23 11.10 GV
NGC5216 203.028625 62.700694 41.3 1.23 54.0 83.9 150.1 -1.02 10.42 RG
NGC5267 205.166417 38.794194  84.8 1.19 53.3 75.1 69.8 0.23 11.08 MS
NGC5376 208.816875 59.506611  29.5 1.17 66.3 54.8 135 -0.14 10.35 MS
NGC5402 209.569000 59.815000  42.8 1.05 166.0 81.2 122.2 0.07 9.99 MS
NGC5631 216.638542 56.582528 27.4 1.29 150.0 0.0 165.4 -0.97 10.54 RG
NGC5720 219.638625 50.815222 111.0 1.28 132.0 52.0 194.8 0.31 11.09 MS
NGC5H888 228.280500 41.264694 125.0 1.12 156.7 54.6 150 0.44 11.34 MS
NGC5929 231.526625 41.671667 35.3 0.96 38.2 244 111.8 0.06 10.70 MS
NGC5954 233.645500 15.200167  27.0 1.01 19.2  63.6 111.4 0.22 9.98 MS

Continued on next page
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Galaxy R.A. Decl. Dist. log(das) P.A. Incl. vmaxg log(SFR) log(Msar) Type
[deg] [deg] ~ [Mpc] [0.1arcmin] [deg] [deg] [kms™'] [Moyr™']  [Mo]
(1) (2) 3) (4) () ©) (™ (8) (9) (10) (11)
NGC6132 245911708 11.787194 71.0 1.11 126.5 79.9 154.6 0.28 10.40 MS
NGC6150B 246.435167 40.475667 137.0 0.96 142.9 78.8 150 0.50 11.03 MS
NGC6154 246.377000 49.840306 85.2 1.15 149.6 47.9 59.3 0.11 11.06 GV
NGC6338 258.845708 57.411361 118.0 1.24 16.0 66.0 150 0.25 11.56 GV
NGC6497 267.824792 59.471000 86.2 1.16 110.3 67.1 150 0.25 11.05 MS
UGC01659 32.487042 16.032500 118.0 1.14 38.0 694 196 0.49 10.95 MS
UGC01938 37.092167  23.214639  90.0 1.07 155.0 81.9 186.1 0.41 10.69 MS
UGC02134 39.715833  27.847500  64.9 1.21 106.0 71.8 150 0.39 10.88 MS
UGC02222 41.291750  32.988417  70.1 1.12 103.0 67.6 150 -1.43 11.04 RG
UGC02239 41.648500  32.449556  68.0 1.12 14.0 86.2 150 -0.04 10.43 MS
UGC03960 115.094708 23.275000 31.4 1.1 46.7 724 150 -2.57 9.90 RG
UGC04136 119.976833 47.413306  95.3 1.2 141.5 89.9 296 0.12 11.12 GV
UGC04245 122.190750 18.194167 73.6 1.15 107.7 78.5 163 0.31 10.66 MS
UGC04262 124.764292 83.266417  81.1 1.3 151.7 40.6 188 0.20 10.84 MS
UGC04659 133.668333 47.105139 24.2 1.15 108.5 80.0 79 -1.37 8.93 MS
UGC04730 135.493292 60.151750  46.6 0.99 89.3 67.5 100 0.41 10.45 MS
UGC05326 148.852000 33.262889  18.5 0.97 146.1 16.9 60 -1.05 8.79 MS
UGC05396 150.418708 10.756389  76.7 1.17 155.9  69.9 152.6 -0.07 10.53 MS
UGC08004 192.908208 31.352944  88.3 1.04 5.6  68.7 133.9 -0.01 10.30 MS
UGC08231 197.156250 54.074611  34.8 1.17 74.9 744 96.8 -0.39 9.44 MS
UGC08234 197.193792 62.271694 117.0 1.21 142.1  80.2 150 -1.09 11.23 RG
UGC08322 198.753875 12.725278  109.0 1.05 36.1  73.0 238.1 -0.02 11.19 GV
UGC08733 207.162458 43.412444  32.8 1.29 6.3  62.2 80.9 -0.63 9.40 MS
UGC08781 208.094708 21.539444 108.0 1.2 161.8 57.1 238.6 0.23 11.14 MS
UGC09598 223.787833 43.818639  79.9 1.21 122.1  71.2 177 -0.02 10.62 MS
UGC09629 224.296875 52.346167 112.0 1.18 153.5 76.6 100 -0.57 11.16 RG
UGC10097 238.930250 47.867306  85.2 1.15 123.9 48.2 150 0.18 11.29 GV
UGC10905 263.526625 25.344028 111.0 1.18 171.7  68.4 150 0.31 11.35 GV
CGCG163-062 217.298625 30.077361 61.3 0.83 132.0 12.0 13.9 -0.64 9.91 MS
CGCG536-030 20.288542 40.470722  85.1 0.87 30.5 513 200 0.08 9.99 MS
1C0674 167.776542 43.633056 108.0 1.14 121.0 85.3 241.9 0.03 11.08 GV
1C3598 189.337792  28.208222 110.0 1.15 139.1 76.0 225.8 -0.13 11.00 GV
Mrk1418 145.112500 48.337528 9.5 0.82 15.8 35.6 47.1 -1.30 8.52 MS

Note. (1) Galaxy name; (2, 3) central position of the galaxy in J2000 coordinates; (4) luminosity distance (S. F. Sanchez
et al. 2016b); (5-8) log of apparent diameter in 0.1 arcmin, position angle, inclination, and apparent maximum rotation
velocity of gas, all from HyperLeda®' (D. Makarov et al. 2014); (9, 10) log of star formation rate and stellar mass (S. F.
Sénchez et al. 2016a; T. Wong et al. 2024); (11) galaxy classification as main sequence (MS), green valley (GV), or red galaxy

(RG), as defined in Figure 1 via Equation 1.

2.2. GBT CO (1-0) Observations

For each galaxy in the selected sample, we mapped
CO (1-0) at a rest frequency of 115.27 GHz across a field
of view of 2.5" x 2.5’ centered on the galaxy. We used the
Argus array receiver (M. Sieth et al. 2014) on the GBT
with an on-the-fly mapping technique (J. G. Mangum
et al. 2007). The Argus receiver consists of 16 single-

polarization beams, which form a 4 x 4 square array with
a side length of 1.52" and a spacing of 30.4” between
beams. This square array also aligns with the eleva-
tion and cross-elevation axes of the GBT. The 16 beams
on Argus are connected to the 16 banks provided by
the VEGAS backend (J. Chennamangalam et al. 2014).
Each bank is configured to provide an effective band-
width of 1.25 GHz with 1024 channels and a spectral res-
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olution of 1.465 MHz, which corresponds to 3.8 km s~!
at the frequency of CO (1-0). The angular resolution of
our final maps is 8.3” (see Section 2.3 for further details).

The observations were carried out from November
2021 to March 2025 (project code: GBT21B-024; PIL:
Bolatto), with a total observing time of 344 hours where
71 galaxies were observed. However, nine of these galax-
21 were dropped due to poor data quality with severe
artifacts®?, leaving us with a sample of 62. We note
that the originally proposed sample includes a total of
150 galaxies, but our observing strategy was to follow
up on galaxies that showed hints of detection in order
to obtain good maps. Therefore, our final sample of 62
galaxies are possibly biased toward successful detections.

For each observing session, we started with out-of-
focus (OOF) holography scans of a bright source, using
either the Ka-band, Q-band, or Argus receiver. The
OOF procedure re-aligns the surface panels of the GBT
to correct for any residual thermal misalignment, and
it typically takes 30—40 minutes. The OOF source was
also chosen to be an ALMA flux calibrator??, so we also
used it to take flux calibration scans at our observing fre-
quency after pointing and focusing. Finally, we pointed
and focused on a pointing calibration source near our
science target to remove residual errors from the tele-
scope pointing model. We then carried out our target
observations by alternating mapping scans in the Right
Ascension (R.A.) and Declination (Decl.) directions.

To ensure a consistent pointing and focus throughout
our observations, we pointed and focused every 3040
minutes between each R.A. or Decl. mapping scans. For
calibration, we employ a vane observation, which uses an
ambient temperature load for calibration of the antenna
temperature. In Section 2.3, we describe our calibration
and imaging processes in detail.

ies

2.3. GBT CO (1-0) Data Reduction

The data calibration and gridding are done using an
adapted version of gbtpipe?, a Python-based pipeline
for processing spectral line data and making maps
from Argus observations. Our data reduction pipeline
code is available in a public GitHub repository, GBT-

21 NGC 0495, NGC 5987, UGC 04054, UGC 04258, UGC 04425,
UGC 09777, UGC 8909, UGC 9663, and UGC 9837

22 For data taken in the first year, we identified pointing issues
caused by unaccounted movements of GBT’s secondary mirror.
While this problem was fixed in later observations and we have
excluded some of the early sessions, nine of the galaxies are
still badly affected and thus are not presented in this paper.

23 https://almascience.nrao.edu/sc/

24 https://github.com/GBTSpectroscopy/gbtpipe

EDGE??, where the method and procedure for running
the pipeline are also documented. We summarize our
data reduction process below and refer readers to D. T.
Frayer et al. (2019) and the GitHub pages for more de-
tails.

First, we retrieve the observed ON, OFF, and vane
calibration scans for each galaxy and compute the beam
brightness temperature (7% ) following recommendations
in D. T. Frayer et al. (2019):

Teal Con(v) — Corr(v)
Cvvame/C'OFF (t) -1 COFF(V) ’

where Con, Corr, and Cyane are instrumental counts
from the ON, OFF, and vane calibration (which mea-
sures the ambient temperature) scans. The left factor
represents the time-dependent effective system temper-
ature, which was computed as a scalar for each scan leg,
and in the right factor are vector quantities as a function
of frequency, computed in this way to improve baseline
performance.
The calibration temperature T, is given by

5 =

(2)

Tcal = (Tatm - Tbg) + (Tamb - Tatm) eXP(TO : A)a (3)

where T,y is the atmospheric temperature, Tig is
the temperature of the cosmic microwave background
(2.73 K), Tamb is the ambient temperature measured
from the vane observation, 7y is the atmospheric opacity
at zenith, and A is the air mass determined from eleva-
tion information. Both the T, and 7y are derived from
the online GBT weather models?®. The uncertainty on
Teca is negligible in comparison to other observational
uncertainties, and Tea & Tamp within 2% for the obser-
vations.

In observing near ~ 115 GHz, the Argus instrument
shows variations in bandpass power that change signifi-
cantly over the course of a pass of the receiver over the
target galaxy. Using off-galaxy lines of sight to mea-
sure the OFF would require making large maps or ded-
icating a substantial fraction of the observing time to
OFF measurements. Moreover, with the instability of
the bandpass, such observations may not apply to the
actual ON component of the spectrum. We thus de-
velop an empirical model for the OFF that can account
for time variation over the course of a scan.

We first define a rectangular region on the sky match-
ing the CALIFA field of view?” that should contain all

25 https://github.com /teuben/GBT-EDGE

26 https://www.gb.nrao.edu/~rmaddale/Weather /index.html

27 The CALIFA field of view is a hexagon, and the matched
rectangular region is the smallest rectangle that covers that
hexagon.
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galactic emission. For each Argus receiver, we retrieve
all position samples in a scan set outside this rectangular
zone of exclusion to build an OFF model. We then apply
Principal Component Analysis (PCA) to this set of spec-
tra to find a set of eigenspectra that represent the band-
pass variations. The model retains only those compo-
nents such that o7 /07, ; > 1.2 where o7 is the variance
explained by the ith component. We set the 1.2 thresh-
old empirically to exclude noise-dominated components.
We typically include 3 to 5 components to represent the
OFF. We then fit all the spectra with these eigenspec-
tra, both inside and outside the zone of exclusion, to
generate a model of the OFF and apply Equation 3.
Finally, we fit each spectrum with a ninth-order Legen-
dre polynomial baseline to remove residual variations in
the spectrum, excluding the velocity range where CO
emission is expected. Figure 3 demonstrates our PCA-
based OFF reconstruction, comparing between the best-
fit OFF models (black) and our background OFF data
(gray) measured in the start/end of our observing scans.
We note that this method allows us to track and remove
a time-variable spectral response better than traditional
OFF techniques, while the resulting maps are still af-
fected by artifacts likely due to baseline instability at
the faint levels (see Section 3.1 for more details).

After calibration, we produce a spectral line data cube
by gridding the data. We first reject bad spectra. For
each spectrum, we determine an empirical noise mea-
surement as op = (T7% (i) — T (i +2))/v/2 where i repre-
sents the ith channel of the data. Using a two-channel
lag avoids the channel-to-channel correlation in the spec-
trometer. We reject those calibrated spectra that 1)
show empirical noise values that are a factor of 1.3 times
larger than that expected from the radiometer formula
at the measured system temperature, 2) have large-scale
baseline ripples with a magnitude 1.3 times larger than
the noise, and 3) show any single-channel spikes larger
than 5 times the empirical noise. These thresholds typ-
ically reject ~ 1% of the data. The retained scans are
then gridded into a data cube using the Bessel function
gridding kernel given in J. G. Mangum et al. (2007). Fi-
nally, we subtract a seventh-order baseline from each po-
sition in the resulting cube, excluding the velocity chan-
nels within 400 km s~! of the galaxy’s central velocity.
We note that a seventh-order baseline fit is necessary for
GBT spectra, as the fitting is done across the entire ve-
locity range of ~3000 km s~! which is much wider than
the galaxy emission scale of ~300 km s~*.

To achieve a higher signal-to-noise ratio (S/N) with-
out losing the resolution needed to resolve gas distri-
butions, we apply a factor-of-1.3 smoothing in the spa-
tial dimensions as well as a factor-of-4 smoothing in the

spectral axis using a Hanning window function. Lastly,
the final data cube is converted from the 77 scale to
the main-beam antenna temperature Typ =~ T4 /Mmb,
where nup = 23% £ 3% is the main-beam efficiency.
We derive 7, based on measurements of the calibra-
tors 3C84, 3C279, and 3C454.3 during our observing
sessions. First, the aperture efficiency of the GBT is
estimated via 7, = 0.35 TX/S,, where T is measured
from the amplitude of peak scans and .S, is the flux den-
sity of the calibrator source, which we obtain from the
ALMA Calibration Catalog. We derive a mean 7, of
12.5% =4 2.2%, which corresponds to a surface rms error
of 280 pum based on the Ruze equation (J. Ruze 1966).
Then, with 77, and assuming a Gaussian beam, 7, can
be derived as

D\ 2
Nmb = 0.89 7, (GFWHMA) ) (4)

where Opwun is the beam size in radians measured from
the FWHM of peak scans, the GBT dish size D is 100 m,
and the wavelength A is 2.6 mm for the CO (1-0) line.
More details on these equations and derivations can be
found in D. T. Frayer et al. (2019).

Our final data cubes have a spectral resolution of
15.2 km s~! and a spatial resolution of 8.3”, which cor-
responds to ~2 kpc for a typical distance of 60-70 Mpc
across our sample. The 8.3” beam size can be derived
via 1.18 x 1.3 x A\/D, where 1.18 comes from the GBT
optics, and 1.3 is the post-gridding smoothing. We note
that due to the uneven integration coverage inherent to
the Argus beam layout, the outer regions of our mapping
area naturally receive less integration time and therefore
have higher noise. Thus, in Section 3, our map products
are produced with S/N-based masking, and our results
only focus on inner mapping areas around the galaxies.

Figure 4 shows a compilation of all the peak S/N maps
derived from the final data cubes. In these maps, we
smooth the channel widths to be 6 times wider (~90
km s™1) so that they better reflect molecular gas features
with line widths on a similar scale. The cross section of
each galaxy’s projected Ros radius (derived from das,
inclination, and P.A. in Table 1) and the CALIFA field
of view is overlaid as cyan contours, which define the
areas for our analysis on galaxy-integrated quantities
(e.g., star formation rates, molecular gas masses, and
depletion times) in Section 3.

As a check on our data reduction procedure, we
compare the galaxy-integrated CO line fluxes from
the GBT to those from V. Villanueva et al. (2024),
where nine of their galaxies overlapped with our sam-
ple and were observed in CO (2-1) with the ALMA
ACA array at 12" resolution. These nine galaxies
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Figure 3. An example of our background measurements
(gray) and empirical OFF model construction (black), rep-
resented by the start (top panel) and end (bottom panel)
of selected observing scans. These OFF models are used to
remove variations in the background signals (Equation 3).
This figure exemplifies the changes occurring in the spectral
baseline during a leg of the on-the-fly map, caused by a com-
bination of atmospheric and instrument instabilities.

are NGC 0001, NGC 0169, NGC 1056, NGC 2540,
NGC 2596, UGC 04245, UGC 05396, UGC 08322, and
UGC 08781, all of which are MS galaxies except for
UGC 08322 (see Table 1). For a consistent compari-
son, we also convolve the GBT data of these galaxies
to 12”. As shown in Figure 5, the CO (2-1)/(1-0) line
ratios (Ra1) of these galaxies generally fall between 0.5—
1.0, having a median and standard deviation of 0.70 and
0.27, respectively. This is consistent with the Rs; val-
ues observed across nearby MS galaxies (J. S. den Brok
et al. 2021; Y. Yajima et al. 2021; A. K. Leroy et al.
2022).

2.4. Optical IFU Data from CALIFA

Our analyses also make use of various properties mea-
sured by the CALIFA survey (S. F. Sédnchez et al. 2016a,
2023), which obtained optical IFU spectroscopy with the
Potsdam Multi Aperture Spectograph/PPak instrument
mounted on the 3.5-m telescope at the Calar Alto Obser-
vatory. These optical IFU data have an effective spatial
resolution of ~1.5”, a field of view of 74” x 64", and
uncertainties of ~9% in the absolute photometric cali-
bration and ~4% in the blue-to-red spectro-photometric
precision (S. F. Sdnchez et al. 2023).

We use the data products generated by Pipe3D (S. F.
Sénchez et al. 2016b,c¢), which is a widely used pipeline
for analyzing the spectroscopic properties of stellar pop-
ulations and ionized gas measured from optical IFU sur-
veys. For our galaxy sample, we adopt the latest Pipe3D

data products from the extended data release (eDR;
S. F. Sanchez et al. 2023). However, an exception is
NGC 2596, which is excluded in eDR due to technical
issues in its image reconstruction. Therefore, we use an
earlier data product release from DR3 (S. F. Sénchez
et al. 2016a) only for this galaxy.

From these Pipe3D data products we obtain multi-
ple emission line-related properties used in this work,
including their fluxes, velocities, equivalent widths,
and associated errors. We also obtain resolved dust-
corrected stellar masses (Mgar) and star formation his-
tories (SFH), which provide luminosity fractions across
various bins of age and metallicity from the stellar popu-
lation. We refer readers to Section 3.2 and S. F. Sanchez
et al. (2016b) for more details on these quantities.

3. RESULTS

In this section, we present the procedure and results
of our map products and scientific analyses. We publish
all the reduced GBT data cubes and maps online®®. We
also release all of our calculations and analysis code in
a public GitHub repository?’.

3.1. CO Moment Maps and Error Estimation

From the GBT CO (1-0) data cubes, we derive mo-
ment maps for all 62 observed galaxies. These maps
include the integrated intensity (moment-0), intensity-
weighted velocity (moment-1), and the velocity disper-
sion (moment-2). For almost all of our sample (except
for Mrk1418), we use two different methods to create sig-
nal masks. These signal masks are used to select the pix-
els and channels within the data cubes for moment map
productions. We then include pixels and channels cov-
ered by either or both (i.e., the logical “inclusive OR”) of
these signal masks for creating the final moment maps.

First, we create the ‘Ha masks’. Assuming that CO
and Ha have similar kinematics (R. C. Levy et al. 2018;
Y.-C. Su et al. 2022), we construct a signal mask based
on the Ha velocity field obtained from the extended
CALIFA data release (S. F. Sédnchez et al. 2023). Based
on the CALIFA Pipe3D data, we select regions with well-
detected central Ha velocity (vg) and include a spectral
range of vg£FWHM, where FWHM follows a radial-
dependent relation found across a sub-sample of CAL-
IFA galaxies based on CO (1-0) data from CARMA (V.
Villanueva et al. 2021). Finally, we re-project the mask
onto the GBT data grid, using nearest-neighbor match-
ing implemented in the Astropy-affiliated reproject

28 https://doi.org/10.5281/zenodo.20707368
29 https://github.com/ElthaTeng/gbt-edge-analysis and Zenodo:
https://doi.org/10.5281 /zenodo.20707910
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Figure 4. The peak signal to noise (S/N) maps of all 62 galaxies, integrating over a channel width of 90 km s™! to highlight
gas structures with line widths at that scale. GV and RGs are labeled by ‘G’ and ‘R’, respectively, on the top-right corner. The
color scale (bottom-right panel) ranges from S/N = 1-15. Each panel shows the entire GBT field of view of 2.5 x 2.5’ and
the common beam size of 8.3" (~2 kpc for our sample) is shown on the top-left panel. The overlaid cyan contours indicate the

intersection between each galaxy’s Ros radius and CALIFA’s field of view, which defines the area for computing galaxy-integrated
quantities (Section 3).
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Figure 5. Comparison of the GBT CO (1-0) integrated line
fluxes with those from the ALMA ACA CO (2-1) data (V.
Villanueva et al. 2024) for the nine galaxies that overlap be-
tween both samples. They show a CO (2-1)/(1-0) line ratio
(R21) of 0.70 + 0.27. Galaxies with the highest and lowest
R21 tend to have higher uncertainties in the GBT data.

package. This masking approach is similar to the Ha
mask adopted in V. Villanueva et al. (2024), and it has
the advantage of providing a robust kinematic guidance.

Next, we create the ‘CO-dilated masks’. Based on
the reduced CO data cubes, we initially include all
position-position-velocity (ppv) spaces with emission
above 2.50%°. Then, we expand the mask coverage
by twice the beam size in the spatial directions and
430 km s! in the spectral direction (i.e., two adja-
cent channels). We also exclude spectral regions outside
+2xvmaxg®!, which ensures covering only the spectral
range within the observed maximum rotation velocity of
atomic gas. For 12 of the galaxies in our sample with-
out a measured vmaxg, we assume a conservative vmaxg
value of 150 km s~! that is slightly larger than the MW
value where 2xvmaxg ~ 250 km s~! (J. Bland-Hawthorn
& O. Gerhard 2016; M. J. Reid & T. M. Dame 2016).
This CO-dilated masking procedure is very similar to
that adopted in A. D. Bolatto et al. (2017, see also E.
Rosolowsky & A. Leroy 2006; T. Wong et al. 2024).

By adopting both the Ha and CO-dilated masks for
moment map creation, our selections of pixels and chan-
nels avoid biases from only the Ha or CO data. For
Mrk 1418, however, we use an alternative signal mask
(i-e., the ‘block mask’) due to poor S/N in its He and

30 The CO-dilated mask starting with 2.5¢ is found to result in
most consistent fluxes between the GBT and ALMA ACA data,
as shown in Section 2.3

31 reported in HyperLeda: http://leda.univ-lyonl.fr/

CO data. To obtain the block mask, we simply select
all pixels within the Rgss radius and include all chan-
nels within +2xvmaxg. While the block mask is model-
independent, it results in high noise because of its broad
coverage.

We apply all the above-mentioned signal masks and
create corresponding moment 0, 1, and 2 maps using
the spectral-cube package. Figure 6 presents the mo-
ment maps for NGC 0001 and NGC 0014 as a demon-
stration of the overall data quality. While we have ob-
tained high-quality data with reliably detected signals
in some galaxies (e.g., NGC 0001), we also note that
a few galaxies show somewhat dubious emission out-
side the galaxy’s Ros (e.g., NGC 0014)%2. Inspection
of the spectra in those regions shows that most of the
emission outside Rgs is spurious, likely due to remain-
ing baseline variations across the data cubes that falsely
boost S/Ns at certain ppv locations. We do not include
those regions in the analysis, and we account for simi-
larly spurious emission within Ras (i.e., our regions of
interest) in our uncertainty estimates, as described in
the following paragraphs. The galaxies with spurious
emission tend to have higher flux uncertainties, which
can make estimated total fluxes become upper limits
(e.g., see NGC 0014 in Table 2).

The moment maps for all GBT-EDGE galaxies are
presented in Appendix B as a figure set. Overall, the
moment-0 maps reveal extended molecular gas struc-
tures across all galaxies, strengthening many gas fea-
tures seen in Figure 4. In addition, these moment-0
maps show that CO emission concentrates not only to-
ward galaxy centers, but a significant amount of gas is
also found throughout the outer disks. The moment-1
maps reveal clear signatures of rotation across many of
the spiral or disk galaxies. The moment-2 maps show
CO velocity dispersion up to 100-150 km s~! across the
sample, which is expected for molecular gas observations
at > kpc scales (e.g., A. D. Bolatto et al. 2017; L. Lin
et al. 2020).

For all the maps, we also produce their respective un-
certainty maps. First, we estimate the rms noise (oyms)
for each pixel by calculating the standard deviation of
all the signal-free channels. Here we approximate signal-
free channels as those with nothing above three times the
rms value across the entire spectrum. Then, the inte-
grated uncertainty o,y per pixel is calculated via Gaus-
sian error propagation: iy = Opms - Av - VN , where
Av is the channel width (~15 km s™!) and N is the
number of channels integrated with different masking

32 excluding the cases of NGC 0169, 5929, and 5954 since they
are interacting galaxies
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schemes. Summing oj,; over the Ros of each galaxy, the
integrated flux uncertainty (oaux) is typically ~20% of
the total flux, with a 16*"-84*"" percentile range of 16—
29% across our sample. This oguy is an estimate of the
formal error, but it does not include the effect of baseline
and mask production systematics.

In addition to ogux, We also evaluate the uncertainties
induced by our masking procedure as well as baseline
variations across our data cubes, 0,qq. We assess 0aqq
by comparing measured fluxes after a ‘fake source’ is
added to a series of random locations in our data cubes.
For each galaxy, we start by selecting a random ppv po-
sition within the defined ‘block’ mask. At that position,
we insert a simulated Gaussian emission structure with
a peak intensity of 1 K, a size of the beam size, and a
typical line FWHM of 60 km s~!. We adopt this set of
characteristics for the fake source because it is represen-
tative of the spurious emission seen outside Rg5. Next,
we run our Ha + CO-dilated masking routine and mea-
sure the total flux including both the original and artifi-
cial sources. Then, we subtract the originally measured
flux (without the inserted source) from the measured to-
tal flux. The above procedure is repeated for 100 times
per galaxy. Finally, we compare the average measured
flux to the known flux of the inserted source to estimate
0add in terms of percentage for each galaxy. We obtain
a median o,qq of 51% across all 62 galaxies, while the
16184 percentile values span from 16-144% depend-
ing on the data quality of individual galaxy.

To obtain our final error estimation, we add the addi-
tional uncertainty o.qq quadratically to the previously
derived opux, namely, Ofnal = \/07, + 02qq. For 15
of the galaxies in our sample, their final uncertainties
exceed 100% of the measured fluxes, and thus their in-
ferred CO luminosities are presented as upper limits (see
Table 2). We note that 0,44 and og,ux are not indepen-
dent, as our 0,qq estimates likely contain contributions
from ogux. This means that our final uncertainty ogpai
could be overestimated and be overly conservative.

3.2. Derwation of Fundamental Quantities

To study the molecular gas depletion time (tgep =
Mo / SFR) or star formation efficiency (SFE = 1/tqep)
across our galaxy sample, we derive the star formation
rates (SFR) and molecular gas masses (Mpe)) for all
galaxies. In this subsection, we describe the methods
and prescriptions adopted to estimate these quantities.
We then compare the resulting ¢4, and discuss their
implications in Section 3.3.

3.2.1. Star Formation Rates

Based on the Balmer decrement and assuming the ex-
tinction curve from J. A. Cardelli et al. (1989), the ex-

tinction of Ha can be estimated via

FHoz
Apo = 5.86 1 _— 5
1o =550 log g ). )
where Fg, and Fgpg are the corresponding Balmer line
fluxes, and 2.86 represents their nominal flux ratio for
case-B recombination. The extinction-corrected SFRs
in units of Mg yr~! can then be computed by

SFR = 7.9 x 10742 . Fy,, - 104H/25 (6)

where a E. E. Salpeter (1955) initial mass function
(IMF) is assumed (D. Rosa-Gonzdlez et al. 2002, and
following e.g., D. Colombo et al. 2020; S. F. Sanchez
et al. 2023).

With Equations 5 and 6, we use the measured Balmer
line properties from the CALIFA Pipe3D products and
derive resolved Ha-based SFR maps for our galaxies.
We exclude non-star-forming pixels where the Ha equiv-
alent width is less than 6 A (e.g., E. A. D. Lacerda et al.
2020; S. F. Sénchez et al. 2021). To avoid unrealistic
SFR values from low S/N measurements, we also set
Ag. = 3 mag for all pixels with derived Ay, > 3 mag
(e.g., A. D. Bolatto et al. 2017). Finally, to obtain an
integrated SFR value for each galaxy, we co-add the
resolved SFRs over all pixels within the Ros radius.
We also error propagate the uncertainties and obtain
a < 0.1 dex error for these global SFR values. Such
level of error is also consistent with the CALIFA global
table in T. Wong et al. (2024).

Since our galaxy sample includes a significant fraction
of quenched galaxies with low levels of star formation,
the Ha-inferred SFRs in these systems could be overes-
timated due to possible ionization from old stars, AGNs,
or shocks (e.g., review by R. C. Kennicutt & N. J. Evans
2012). Therefore, in addition to He, we also use a simple
stellar population (SSP) analysis to derive SFRs based
on the young stellar population. In Appendix A, we
show that SFRs estimated from both methods agree well
for MS and GV galaxies. For RGs, however, we find that
Ha-based SFRs provide significantly better constraints
(i.e., stricter upper limits in SFRs) than using the SSP
analysis.

In summary, while we find that SSP does not provide
improved constraints on SFRs across our RG sample,
the consistency seen across the MS and GV sample sug-
gests that Ha as a SFR indicator can be extended to
GV galaxies and may still be useful for RGs compared
to using SSP. Thus, we adopt Ha-based SFRs in all our
following analyses and results. We caveat that the Ha-
based SFRs are likely still overestimated for quenched
galaxies, and we will discuss in Section 4.1 how such un-
certainties may impact our results and interpretations.
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Figure 6. Examples of the moment 0 (left), 1 (middle), and 2 (right) maps, based on Ha + CO-dilated masking (see Section 3.1).
The white contours show S/N > 5 based on the moment-0 maps. The common beam size and cyan contours are the same as in
Figure 4. Some galaxies show high-quality detection in moment 0 and clear velocity gradients indicative of galaxy rotation (e.g.,
top row, NGC 0001), while some galaxies show spurious emission outside their R2s radii due to baseline variations, leading to
high flux uncertainties (e.g., bottom row, NGC 0014). Our analysis only includes regions within the Ras radii, as enclosed by
the cyan contours. The integrated spectra of S/N > 5 regions within the cyan contours are inserted into the middle panel.

3.2.2. Molecular Gas Masses

The common approach to measure molecular gas in
galaxies is to convert observed CO (1-0) line fluxes to
the total Ho mass via assuming a CO-to-Hy conversion
factor (aco). The value of aco in the Milky Way (MW)
disk has been found to be ~ 4.35 M, (K km s=! pc?)~!
(see review by A. D. Bolatto et al. 2013), and thus many
past studies simply adopt this constant value to obtain
the amount of molecular gas in galaxies. However, aco
does vary within and between galaxies (K. M. Sand-
strom et al. 2013; Y.-H. Teng et al. 2022, 2023; J. S.
den Brok et al. 2023; J. den Brok et al. 2025; A. Ya-
suda et al. 2023; I.-D. Chiang et al. 2024), and its value
depends heavily on local gas conditions such as metallic-
ity, temperature, density, and dynamical properties (D.
Narayanan et al. 2012; P. P. Papadopoulos et al. 2012;
A. D. Bolatto et al. 2013; F. Renaud et al. 2019; M.
Gong et al. 2020; Y.-H. Teng et al. 2023).

To account for the variations in aco, recent studies
have proposed various aco prescriptions which include
the environmental dependence of aco and can predict
aco based on observable quantities such as metallicity,

stellar mass surface density, and CO-line related proper-
ties (A. D. Bolatto et al. 2013; G. Accurso et al. 2017; M.
Gong et al. 2020; E. Schinnerer & A. K. Leroy 2024; Y .-
H. Teng et al. 2024). These prescriptions can be applied
to large galaxy samples, which have revealed systematic
effects on SFE or other star formation-related quanti-
ties across galaxies that were previously unknown due
to adopting a constant aco (S. L. Ellison et al. 2020a;
M. Querejeta et al. 2023; J. Sun et al. 2023; Y.-H. Teng
et al. 2024).

In this work, we derive molecular gas masses (Mpo1)
using four different aco treatments, aiming to reduce
possible biases caused by aco variations in our molec-
ular gas measurements. In other words, we will obtain
four estimates of My, using four versions of aco based
on the following equation:

Mot = aco - Looi—o) = aco - Icoa—o) - Apez s (7)

where L/CO(l—O) is the line luminosity of CO J=1-0 (in
units of K km s™! pc?) and can be determined by in-
tegrating our moment-0 maps (ICO(l—O)) over a surface
area in pc? (Apc2, which depends on the target’s dis-
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tance, see Table 1 and Equation 3 in A. D. Bolatto
et al. 2013). The derived LICO(lfO) and aco values are
listed in Table 2, which together provide our M, es-
timates via Equation 7. The associated uncertainty for

each galaxy is error propagated from the final flux uncer-
tainty (0gna1) as described in Section 3.1. The statistics
of aco and My, among MS, GV, and RG groups are
presented in Table 3. We present the details for our aco

implementations in Section 3.2.3.

Table 2. Derived Global Properties of the GBT-EDGE Galaxies

M

Name a b log Leo—0) @co [gigm et pez] tacp [Gyr]

[K km s™' pc®] B13 SL24 T24* MW B13 SL24 T24*
(1) (2) () (4) ®) 6) @) (8) 9) (10) (11)
NGC0001 -0.00397  0.101  9.26 £ 0.17 3.77 3.64 1.95 2.10+0.28 1.82+0.25 1.76 4+ 0.25 0.94 + 0.15
NGC0014 0.0017  -0.146 <6.88 485637 594 0954025 1.05+028 1.39+0.37 1.29 +0.36
NGC0169 -0.00286  0.0711  9.59 £ 0.14 3.65 5.10 1.61 8.82+£1.04 7.39£0.96 10.30 £ 1.29 3.25 + 0.43
NGC0776 -0.00254 0.0831  9.24 £ 0.09 3.85 3.77 2.26  2.56 = 0.46 2.27 £ 0.40 2.22 +0.39 1.33 £ 0.27
NGC0932 -0.000521 -0.0331  8.84 £ 0.28 4.00 4.56 1.88  7.05 4+ 1.31 6.48 £ 1.19 7.38 £ 1.35 3.04 £ 0.64
NGC1056 -0.00219 -0.00685 <818  4.01479 206 0.6140.10 056+ 0.10 0.67 +£0.12 0.29 £ 0.05
NGC2449 -0.0036  0.0732  9.01 £ 0.09 4.17 417 1.94 6.56 = 1.09 6.28 = 1.03 6.30 & 1.04 2.92 & 0.57
NGC2540 -0.00429  0.0726  9.20 & 0.13 4.31 4.58 1.89  2.45 4+ 0.47 243 £ 0.46 2.58 £ 0.49 1.07 + 0.25
NGC2596 -0.00778  0.185 <919  3.04352 402 1174019 0.8240.13 0.95+0.16 1.08 + 0.16
NGC2691 -0.00297  0.0504  8.93 £ 0.21 4.06 4.18 1.40  2.46 £ 0.39 229 £ 0.37 2.36 £ 0.38 0.79 £ 0.14
NGC3057 0.000182  -0.165 <766 517758 343 1354032 1.60+0.39 2344 0.56 1.06 + 0.31
NGC3106 -0.000901 -0.017  8.84 +£0.26 4.29 4.83 2.54 4414+ 1.20 4.36 + 1.19 4.89 + 1.33 2.57 £ 0.73
NGC3353 0.00469  -0.307 <7.03 536923 497 0.1040.03 0.1240.03 0214+ 0.06 0.11 +0.03
NGC3395 -0.000502 -0.0821 <798 458584 238 0634012 066+ 0.13 0.84 +0.16 0.34 £ 0.08
NGC3406NEDO1 -0.00144  0.00597 <910  3.954.29 3.7 84.30 4 16.8076.40 + 15.30 82.90 + 16.70 61.20 + 14.20
NGC3614 -0.00161 -0.000114 < 874  3.76 4.36 148  4.32 £0.67 3.74 £ 0.55 4.32 4+ 0.63 1.47 + 0.31
NGC3619 0.0000423 -0.0353 <738 295326 391 1914050 1.304+0.32 143 +£0.35 1.72 £ 0.48
NGC3896 -0.000233 -0.0891 <6.68  4.70 6.03 5.82 1.134+0.31 1.2240.33 1.57+£043 1.52 +0.44
NGC4003 -0.00155 -0.00594 9.09 + 0.19 4.15 4.68 1.59  6.06 = 1.13 5.79 & 1.09 6.52 + 1.23 2.22 + 0.45
NGC5157 -0.00149  0.0212 882+ 0.16 4.08 444 2.76 5.00 £1.79 4.68+ 1.69 5.10 4+ 1.83 3.17 + 1.02
NGC5216 0.000111 -0.0629  7.76 & 0.09 4.55 5.34  5.13  171.0 & 34.4 180.0 & 35.9 210.0 & 42.1 202.0 &+ 52.4
NGC5267 -0.00158  0.0522  8.81 £ 0.15 4.07 4.00 4.35 3.52+£1.02 3.294+0.97 3.2340.95 3.52 + 1.00
NGC5376 -0.00287  0.103 856 £ 0.23 3.71 3.52 2.03 240+ 0.39 2.05+0.34 1944032 1.1240.21
NGC5402 -0.00212 -0.00142 8.02 £ 0.19 4.08 4.58 3.56  0.41 £0.10 0.38 £0.10 0.43 & 0.11 0.33 &+ 0.08
NGC5631 -0.00529  0.128 <790  4.07 441 233 1150 £ 218 1080 £ 193 1160 £ 213 615 + 154
NGC5720 -0.00195 0.00651 9.22 + 0.11 4.29 4.90 2.28  2.86+£0.79 2.83+0.78 3.23 +0.89 1.50 + 0.40
NGC5888 -0.00332 0.0981 898 £ 0.12 4.04 3.78 3.87 1.92+0.59 1.78+0.55 1.67+0.52 1.71 + 0.56
NGC5929 0.000127 -0.058  8.83 £ 0.29 4.22 501 0.92 122 +0.13 1.18+£0.13 140+ 0.15 0.26 & 0.03
NGC5954 -0.0026  0.0669  8.44 +0.27 3.833.79 270 0.85+0.08 0.74+0.08 0.73 £0.08 0.52 + 0.06
NGC6132 -0.0071  0.0551 8914+ 022 3.664.32 335 0.93+£0.22 0.78+0.17 093 4+020 0.7240.16
NGC6150B -0.00555  0.0667  9.40 £ 0.26 3.67 3.78 2.02 2.88 £0.35 2424031 2494033 1.33 +£0.17
NGC6154 -0.00313  0.0795  8.81 £0.12 3.954.07 3.71 250+ 0.72 2.28+0.67 2354069 2.14 + 0.57
NGC6338 -0.001  -0.0277  9.16 = 0.09 3.97 4.76 3.29  18.10 & 3.85 16.50 & 3.46 19.70 & 4.18 13.70 % 2.90
NGC6497 -0.00368  0.0991  9.14 £ 0.18 3.99 3.92 2.05 4.79 £ 0.99 4.40 £ 0.92 4.33 £0.90 2.27 + 0.50
UGC01659 -0.00234 0.00211  9.09 + 0.13 4.37 4.84 245 1.744+0.36 1.754+0.37 1.94 £ 0.41 0.98 + 0.25
UGC01938 -0.0021  -0.032  8.90 4+ 0.20 4.33 526 3.59 121 +0.35 1.21 +£0.35 1.46 +0.43 1.00 + 0.28
UGC02134 -0.00259  0.0409  9.31 +£0.05 3.954.25 1.91  4.06 &£ 0.51 3.69 & 0.46 3.96 + 0.49 1.78 + 0.23
UGC02222 -0.0000146 -0.0554  8.44 £ 0.21 4.57 5.25 2.63  330.0 & 60.4 346.0 & 62.4 399.0 & 72.3 199.0 & 43.8

Continued on next page
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Mo

Name a b log Looi—0) @co [gimeor el tdep [Gyr]

[K km s™' pc?] B13 S1.24 T24* MW B13 SL24 T24*
(1) (2) (3) (4) (5) ) (7 (8) 9) (10) (11)
UGC02239 -0.00112 -0.0195 8.80 4+ 0.07 4.07 4.76 4.97 3.144+0.41 2.94 +£0.40 3.43 +£0.46 3.59 &+ 0.57
UGC03960 -0.000335 -0.0486 < 7.20 4.20 4.89 9.25 34.60 & 10.20 33.50 & 9.34 39.00 + 10.90 73.90 + 21.40
UGC04136 -0.000849 -0.0188 8.48 4+ 0.30 4.04 4.64 10.70 12.90 £ 2.68 12.00 + 2.49 13.70 £ 2.84 31.50 + 6.19
UGC04245 -0.00392 0.0508 893 £ 0.17 4.10 4.38 255 2.08 +£0.38 1.96 +£0.34 210+ 0.37 1.22 + 0.22
UGC04262 -0.002  0.0145 9.39 £0.24 4.22463 159 7.61+156 7.38+1.49 812+1.66 2.77 +0.63
UGC04659 -0.00119 -0.104  7.05 4+ 0.19 4.63 6.49 533 2594+ 0.52 2.77 £0.52 3.89 +£0.73 3.19 + 0.93
UGC04730 -0.000281 -0.0814 7.55 £ 0.26 4.05 5.38 5.53  0.04 £0.02 0.03 4+ 0.01 0.05 £ 0.02 0.05 £ 0.02
UGC05326 0.00105  -0.212 < 6.68 543 854 445 0.354+0.09 0.44 4+ 0.12 0.69 &+ 0.18 0.36 & 0.10
UGC05396 -0.00102 -0.035 818 £ 0.17 4.56 526 3.58 0.96 + 0.39 1.01 £0.41 1.16 +0.47 0.79 &+ 0.26
UGC08004 -0.00271 -0.0222 859+ 0.16 4.70 5.86 2.70 221 £ 0.69 240+ 0.74 298 +0.92 1.38 + 0.39
UGC08231 0.00226  -0.262  7.90 +£ 0.23 548 886 3.50 1.324+ 024 1.67+0.30 2.70 £0.48 1.07 + 0.24
UGC08234 -0.00092 -0.0075 8.73 4+ 0.11 3.97 4.32 6.99 324.0 + 83.1 295.0 + 74.3 321.0 & 81.3 520.0 &+ 135.0
UGC08322 -0.00178 0.0165 8.89 4+ 0.17 4.11 461 3.31  9.90 + 2.62 9.36 £ 2.47 10.50 + 2.74 7.52 + 1.75
UGC08733 -0.00101  -0.0859 < 8.05 461 6.12 230 3.08+0.51 3.27+0.54 4.33+071 1.63+0.32
UGC08781 -0.000444 -0.0299 9.32 £ 0.10 4.27 4.79 224 648 £ 156 6.36+ 1.51 7.14 £ 1.69 3.34 + 0.82
UGC09598 -0.00398 0.0602 8.80 + 0.16 4.24 459 3.00 3.01 +0.87 2.93 +£0.86 3.17+0.92 2.08 + 0.53
UGC09629 -0.000801 -0.0171 847 +£0.13 4.19 4.70 6.08 11.50 & 2.54 11.00 + 2.43 12.40 + 2.75 16.00 + 4.02
UGC10097 0.00022  -0.0642 < 8.63 297 3.75 349 6.90+ 1.77 471 +125 5944+ 159 5524+ 1.54
UGC10905 -0.000319 -0.0306 8.58 +£0.12 3.95 4.56 3.53 32.60 & 8.58 29.60 + 7.53 34.30 + 8.83 26.50 & 7.12
CGCG163-062  -0.000584 -0.0603 7.90 & 0.20 4.63 549 3.55 1.334+0.44 1.41 4047 1.67 +0.56 1.08 &+ 0.32
CGCG536-030 -0.0014 -0.0512 9.75 + 0.26 4.65 5.63 0.71 11.20 £+ 1.10 11.90 + 1.18 14.50 + 1.43 1.83 + 0.21
IC0674 -0.00283 0.0177  9.17 £ 0.16 4.22 473 512 34.00 + 7.54 33.00 & 7.34 37.00 £ 8.27 40.10 + 9.28
IC3598 -0.000973 -0.0178 8.14 4+ 0.16 3.653.99 545 3.71 +1.53 3.11 4+ 1.34 3.41 4 1.47 4.65+ 1.54
Mrk1418 0.00509 -0.276  6.18 £0.19 5.37 843 221  0.19+0.11 0.23+£0.13 0.37 £0.20 0.10 £ 0.04

Note. (1) Galaxy name; (2, 3) best-fit coefficients for metallicity gradient (Equation 11); (4) integrated CO luminosities with
errors propagated from oganal as described in Section 3.1; all the upper limits have > 0.3 dex uncertainty; (5-7) integrated
aco values using B13, SL24, and T24* prescriptions (Equations 8-10), with expected aco uncertainties of 0.2-0.3 dex; (8-11)
global gas depletion time based on aco assumptions of MW (aco = 4.35 Mg (K km s ! pc?)™1), B13, SL24, and T24*,
respectively. The errors in tqep are propagated from the flux error (oaux) in Section 3.1.

3.2.3. Variable CO-to-H> Conversion Factors

In addition to a constant MW aco assumption as used
in most previous studies, we also adopt three other aco
prescriptions in recent literature. The first two prescrip-
tions are both functions of the normalized metallicity to
the solar value (Z’) as well as the stellar mass surface
density (Xgstar). One of these prescriptions originates
from A. D. Bolatto et al. (2013, hereafter B13):

0.4 Zstalr -
aco = 2.9 exp (Z’) (1001\/[@1)(:2) ) (8)

where v = 0.5 if Xy > 100 Mg pc~2 and v =0
otherwise. Here we simplify the Yiotal = Ygtar + Lgas
term in B13 into Yga, alone, as Ygiay is generally found

to be an order of magnitude higher than . in the
EDGE-CALIFA sample (D. Colombo et al. 2025b). The

other similar prescription is suggested by E. Schinnerer
& AL K. Leroy (2024, hereafter SL24):

Zstar -
e ) )
100 M@ pC_2

where v = 0.25 if Yoy > 100 M pc~2 and v = 0 other-
wise (I.-D. Chiang et al. 2024). Both the B13 and SL24
prescriptions suggest at least a £0.3 dex uncertainty,
based on the aco measurements adopted in their cali-
brations.

aco = 4.35 (ZI)_1'5 (

To distinguish from Equations 8 and 9 which rely on
indirect (or non-CO) tracers, we also implement a new
aco prescription based on inclination-corrected CO ve-
locity dispersion (Y.-H. Teng et al. 2024, and in prepa-
ration, hereafter T24%*):

log aco = —0.96 log(Av)akpe + 1.77 (10)
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Table 3. Statistics for aco, log(Mmol), and tdep
th /zth /g th :
Statistics Mean =+ Std 16*"/50*" /84" Percentile Values
MS GV RG MS GV RG
aco(B13) [ﬁ?lp&] 4294052 3.83+044 4.194+0.23 3.81/4.22/4.70 3.38/3.97/4.15  3.97/4.13/4.51
aco(SL24) [ﬁ} 519+ 1.44 4.33£0.48 4.72+0.38 3.88/4.79/6.19 3.89/4.56/4.74  4.33/4.63/5.21
aco(T24%) [%] 2.93+1.33 4.35+2.18 4.68+2.46 1.81/2.45/4.38 3.08/3.53/5.25  2.37/4.15/6.88
log(Mmo,mw [Mo]) 9.13+0.88 9.27+£0.49 8.944+0.60 8.27/9.45/9.88 8.98/9.45/9.64  8.41/9.09/9.47
log(Mmo1,313 [Moe]) 9.13+0.84 9.21 £0.53 8.93+0.58 8.31/9.43/9.84 8.93/9.40/9.61 8.43/9.10/9.43
log(Mmol,s1.24 [Mo]) 9.20+0.80 9.26 +0.53 8.98+0.58 8.47/9.47/9.88 8.98/9.42/9.67  8.49/9.15/9.49
log(Mmor,T24« [Mo)) 8.92+0.77 9.23+0.48 8.91+0.53 8.26/9.28/9.59 9.02/9.26/9.58  8.29/8.99/9.53
taep(MW) [Gyr] 2.69 £ 2.4311.99 £ 11.05 264.1 £ 356.4 0.79/2.10/4.45 3.23/6.90/23.90 14.27/127.65/329.28
taep(B13) [Gyr] 2.59 £ 2.36 10.99 £ 10.53 253.5 £+ 335.10.72/1.96/3.92 2.78 /4.71/21.74 13.70/128.20/339.88
taep(SL24) [Gyr] 2.99 £+ 2.8212.57 £ 12.05 279.0 £ 360.2 0.81/2.22/4.33 2.99/5.94/25.54 15.59/146.45/389.64
taep(T24%) [Gyr] 1.42 £ 0.97 12.64 + 13.02 211.3 + 218.4 0.35/1.22/2.41 2.40/5.52/28.50 21.42/136.45/481.84
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Figure 7. Comparison of aco values estimated via different prescriptions (B13, SL24, and T24*, which represent Equa-
tions 8-10). The dashed lines indicate a one-to-one relation, and the thick dotted lines label the Galactic aco value of

4.35 Mg (K km s™* pc?)~'. While the predicted aco values do not agree well and show no systematic trend among different
populations, the overall aco variations are limited to a factor of two within and among prescriptions. The fractional aco un-
certainty in these prescriptions is within 0.2 dex for T24* and +0.3 dex for B13 and SL24.

where (Av)akpc is measured at 2-kpc scales, in units of
km s~!, and corrected for galaxy inclination by applying
av/cosi factor (see Appendix in J. Sun et al. 2022). This
prescription (Equation 10) is a modified version with
slightly different coefficients from Equation 2 in Y.-H.
Teng et al. (2024), where they use (Av)150pc instead of
(Av)akpe. In a follow-up work (Y.-H. Teng et al. 2026,
in preparation), it is found that the anti-correlation
between aco and Av can be extended up to 2-kpc
scales with a < 0.2 dex scatter, because the value of
(Av)akpe is still dominated by (Av)isope, thereby lead-
ing to strong correlations among cross-scale Av across

the same galaxy sample as in Y.-H. Teng et al. (2024).
Therefore, here we apply the modified (Av)akpc-based
prescription to match our GBT resolutions of ~2 kpc.
To obtain Z’ required by Equations 8 and 9, we as-
sume 12 4+ log(O/H)p = 8.69 (M. Asplund et al. 2009)
and employ the O3N2 metallicity calibration from M.
Curti et al. (2017). We note that the choice of metal-
licity calibration can vary the derived metallicity val-
ues by a factor of 2-3 (P. De Vis et al. 2019; Y.-H.
Teng et al. 2024), and both the B13 and SL24 aco pre-
scriptions are sensitive to the choice of calibration. In
B13, the metallicity-dependent term in exponential form
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is motivated by theoretical derivations (M. G. Wolfire
et al. 2010), while the power-law metallicity dependence
in SL24 is based on observational measurements using
various metallicity calibrators, including M. Pettini &
B. E. J. Pagel (2004) and the L. S. Pilyugin & E. K.
Grebel (2016) S-calibration. However, we find that us-
ing those calibrations result in sub-solar metallicity val-
ues for the majority of our sample, which would predict
unrealistically high aco values based on B13 and SL24.
On the other hand, the M. Curti et al. (2017) calibration
is widely tested and accounts for corrections from previ-
ous calibration methods (see review by R. Maiolino & F.
Mannucci 2019), and it results in near-solar metallicity
for most galaxies in our sample.

Therefore, based on M. Curti et al. (2017), we derive
Z' on a pixel-by-pixel basis, using [OIII], [NII], He, and
Hp line maps in the Pipe3D data products. We compute
log(O/H) values only for pixels that fulfill the criteria of
being compatible with star formation ionization (i.e., Ha
equivalent width > 6A and S/N > 1 for all emission lines
involved in the classical O3-N2-BPT diagram, below the
L. J. Kewley et al. 2001 curve). As the resulting Z’
measurements can be sparse in many regions of galaxies,
we fit a Z’ radial gradient for each galaxy to infer a Z’
value for every pixel:

logZ' = a-log Rga1 + b , (11)

where Z' is in units of Zg and Rga is the de-projected
galactocentric radius in arcseconds. The best-fit a and b
values for each galaxy are listed in Table 2. The resolved
Z' map together with the X, map from CALIFA then
allows us to obtain a resolved aco map for each galaxy.
As for implementing Equation 10, we simply use the
derived CO velocity dispersion maps and multiply them
with a v/cosi factor to correct for galaxy inclination (J.
Sun et al. 2022; Y.-H. Teng et al. 2024).

To obtain a spatially-weighted global aco value for
each galaxy, our procedure is as follows. First, we com-
pute aco values pixel by pixel based on the GBT maps
using Equations 8-10, respectively. Next, we multiply
these derived aco maps by the moment-0 maps (see Fig-
ure 6 and Appendix B) to obtain resolved M, maps.
Then, we compute the integrated M, and CO intensity
by summing both the moment-0 maps and the derived
M1 maps over regions within the Ros radius. Lastly,
we obtain a global aco value for each galaxy by divid-
ing the total My, by the integrated CO intensity. The
derived aco values and their statistics under different
prescriptions are listed in Tables 2 and 3 .

Figure 7 presents comparisons between our derived
aco values for all galaxies using Equations 8 (B13), 9
(SL24), and 10 (T24%*), respectively. Comparing be-

tween B13 and SL24 that are both metallicity depen-
dent, we find consistent predictions only for MS galax-
ies with near-solar metallicities, which show aco values
slightly lower than the Galactic value of 4.35 (i.e., the
blue points that align well with the 1-to-1 relation in
the left panel of Figure 7). For galaxies with sub-solar
metallicities, the power-law term in SL24 can easily lead
to higher aco values than the exponential term in B13,
which explains the deviation from the 1-to-1 relation be-
yond the Galactic aco. On the other hand, the Ygpar
term in B13 has a steeper slope than that in SL24, ex-
plaining why aco(B13) is lower for many non-MS galax-
ies that typically have higher stellar masses and densi-
ties. Finally, as shown in the right panel of Figure 7,
T24* depends purely on the CO velocity dispersion and
predicts ~2 times lower-than-Galactic aco for most MS
galaxies. For GV and RG, T24* gives similar aco pre-
dictions to B13 and SL24, all showing a mean aco ~4
(see Table 3). We note that UGC 04136 is excluded in
the figure, as its edge-on inclination (i ~ 90°) would lead
to unrealistically high aco estimates due to the v/cosi
correction of (Av)akpe in Equation 10.

Overall, the tested aco prescriptions predict diverse
aco distributions across our galaxy sample, and no sys-
tematic aco dependence is found for different galaxy
types. These aco variations are typically within a fac-
tor of 2-3 among different prescriptions (see also Ta-
ble 3). For MS galaxies, the two Z’-dependent prescrip-
tions (B13 and SL24) tend to give higher aco than the
CO-based prescription (T24*). This is partially because
of significant Z’ variations across galaxies which do not
affect T24*, but it also suggests that CO velocity disper-
sion as a “starburst emissivity term” (e.g., E. Schinnerer
& A. K. Leroy 2024; J. Sun et al. 2025) in aco predic-
tions tends to give lower values than using Y., in B13
and SL24. Compared to MS galaxies, ago predictions
for GV and RG are more consistent among the three pre-
scriptions. We caveat that these aco prescriptions were
developed based on MS galaxies, and thus they might
not be appropriate for quenched systems below the MS.
However, applying these prescriptions is the best ap-
proach currently available. To obtain reliable aco pre-
dictions for GV and/or RGs, systematic and spatially
resolved aco measurements in such environments are
needed.

3.3. Gas Depletion and Star Formation Efficiency

Based on the derived star formation rates (SFR) and
molecular gas masses (M) in Section 3.2, we inves-
tigate the SFR—M,0 relation (J. S. Young et al. 1996)
and study the molecular gas depletion time (tqep; Or star
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Figure 8. (a) The SFR—My,q1 relation across all 62 galaxies, using Ha-based SFR estimates and Mo derived via a Galactic
aco. The dotted lines show constant molecular gas depletion times (tdep) of 0.1, 1, and 10 Gyr. (b) The derived tqep increases
systematically as galaxies go from MS to GV and to RG, suggesting that low SFRs in quenched galaxies are mostly caused by
suppressed star formation efficiency (SFE) rather than the lack of molecular gas. The light gray points and pluses are from the
xCOLD GASS survey (A. Saintonge et al. 2017) and the iEDGE APEX data (D. Colombo et al. 2025b), respectively, which
align with an expected slope of -1 (blue, dashed-dotted line). Our GV and RG sample reveals an increased tqep with a best-fit
slope of -0.5 (red, dashed line). The color-coded molecular-to-stellar mass ratio shows higher values in MS but remains similarly
low across GV and RGs, implying a dominant SFE-driven quenching from the GV to RG populations.

formation efficiency SFE = tgelp) across our galaxy sam-
ple.

Figure 8a shows the SFR-My,, relation across all
62 galaxies, assuming a constant MW aco. The MS
galaxies span a wide range of My, from 107 — 1010
Mg, and their typical {qep value is around 2 Gyr. On
the other hand, all GV and RGs are found to have
Mo 2 108 Mg, which suggests even larger molecu-
lar gas reservoirs than some MS galaxies. Thus, com-
bined with the low SFRs for GVs and RGs, such a good
amount of molecular gas in those galaxies leads to sig-
nificantly longer t4¢p than most of the MS galaxies. It is
also clear from Figure 8a that most RGs have substan-
tially longer t4ep beyond a few tens of Gyr, causing a
clear gap from all other galaxies.

To verify whether ¢qep changes systematically across
MS, GV, and RG populations, we examine the relation
of t4ep With the galaxy’s offset from SFMS, defining that
ASFMS = log(SFR/SFRuys), where SFRys is specified
in Equation 1. As shown in Figure 8b, we find a steady
increase of tqep as ASFMS decreases, which clearly de-
viates from the scenario of a constant gas depletion and
indicates more amount of molecular gas than expected in
quenched galaxies. We note that while ASFMS and ¢qep
are both functions of SFR, their intrinsic anti-correlation
can only cause a linear change between ASFMS and
log(tdep), which is not sufficient to explain the 4 dex

increase of tqep over just 2.5 dex of SFR range in Fig-
ure 8b, and thus SFE must play a significant role in this
systematic change with ASFMS.

By comparison, the detections in the xCOLD GASS
survey (i.e., gray points in the background of Figure 8b;
A. Saintonge et al. 2017), shows a roughly linear trend
that could be caused by the intrinsic correlation between
ASFMS and tqep (see the blue dashed-dotted line in Fig-
ure 8b which has a slope of -1). These data points are
based on aperture-corrected measurements reported in
A. Saintonge et al. (2017, Table 3), using a MW aco to
ensure a consistent comparison with our data. Our MS
sample aligns well with that of xCOLD GASS, which
suggests a consistent SFE among MS galaxies. While
xCOLD GASS also includes a small number of detected
GV and RGs, the iEDGE survey using the Atacama
Pathfinder Experiment telescope (APEX) detected a
larger sample of GV and RGs at S/N > 5 (gray pluses
in Figure 8b; D. Colombo et al. 2020, 2025b), and they
found a generally longer t4¢, in those galaxies. To com-
pare with our galaxy-integrated measurements, here we
extract the aperture corrected global quantities (SFR,
Mstar, Mmo1, and SNR) provided in D. Colombo et al.
(2025b) and apply a cut at S/N = 5.

Overall, we find our GV and RG sample agrees
well the iIEDGE APEX survey, and three of our RGs
(NGC 5216, UGC 02222, and UGC 08234) show an
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even further increase in tqep beyond 100 Gyr. We have
checked that such long tqep in these three galaxies is
unlikely to be caused by underestimated uncertainties,
as we have done an additional ‘fake source’ test (as de-
scribed in Section 3.1) customized to the detected CO
features in those galaxies and obtained similar uncer-
tainties within 40%. The best-fit relation for our de-
tected GV/RG sample is ASFMS = —0.5log(tgep) — 0.3
(i.e., red dashed line in Figure 8b), indicating a sub-
stantial drop in SFE compared to the MS sample with
a slope of -1. In summary, our finding of a significant
tqep increase across GV and RGs suggests that the star
formation quenching process in the galaxies detected in
CO is primarily driven by a decline in SFE rather than
molecular gas exhaustion (see Section 4 for further dis-
cussions).

In Figure 8b, the color coding shows that there
is a clear drop in the molecular-to-stellar mass ra-
tio (Mmol/Mstar) from MS galaxies (where the me-
dian log[ M1/ Mstar] ~ —1) to those below MS (where
log[Mmo1/Mstar] ~ —2). This suggests that in addition
to SFE effects, the reduction in molecular gas plays an
important role for the transition from MS to GV. On
the other hand, the transition from GV to RG shows
no accompanying drop in Mo/ Mgtar, which suggests
that this evolution is dominated by a decrease in SFE.
Furthermore, for MS galaxies we observe a system-
atic change in Mp,01/Mstar across (orthogonal to) the
ASFMS—tqep relation, with higher Myo1/Mstar values
(red-orange) on the right side and lower (yellow-green)
on the left side of the main relation. This change is
due to the intrinsic correlation of the Mo /Mstar ratio
with ASFMS (~SFR/Mjgar) and tqep, indicating that
the SFE (SFR/Mpo1) shows little variation across the
population of MS galaxies — because large variations
would cancel the correlation (A. Saintonge et al. 2016,
2017; D. Colombo et al. 2020, 2025a,b). However, this
same correlation disappears for the detected galaxies be-
low the MS, which means that SFE must vary substan-
tially across our detected GV and RG sample. In Ap-
pendix C, we show that aco choices have no impact on
the qualitative results in Figure 8.

Figure 9 compares the derived tq., distributions and
values using different aco prescriptions. We find that
all four prescriptions reveal a gradual increase in the ¢gep
range from the MS to GV and an even more substantial
increase toward RGs. In Table 3, we report the mean,
standard deviation, median, and the 16th and 84th per-
centile values of ¢4y, for each galaxy type. With the MW
oo, the median t4cp, derived for MS, GV, and RGs are
2107335 6.9073%20 ) and 127.77792% Gyr, respectively.
Other prescriptions also follow a similar trend. For all

galaxy types, the differences in tqep, among these pre-
scriptions are generally within a factor of 2, while there
is a tendency for SL24 to predict longer tgep and T24*
to predict shorter t4ep, for MS galaxies due to the nature
of those prescriptions (see Section 3.2.3).

4. DISCUSSION

Our new CO (1-0) nearby galaxy survey, GBT-EDGE,
has revealed a comparable amount of molecular gas
across a sample of galaxies at different evolutionary
stages, with galaxy-integrated molecular gas masses
spanning from 10871 M, for either main sequence
(MS), green valley (GV), or red galaxies (RGs). The CO
datasets, combined with existing optical IFU measure-
ments, further uncover a smooth and significant increase
in molecular gas depletion time (fqep) as galaxies evolve
from MS toward quenched stages. These results suggest
that the decline of star formation in quenched galaxies
is mainly due to reduced star formation efficiency (SFE)
of their molecular gas, rather than a lack of molecular
gas reservoir in those galaxies.

4.1. SFR and aco Uncertainties

The scenario of suppressed SFE in quenched galax-
ies strengthens when we account for possible biases or
uncertainties in the estimation of SFR and molecular
gas mass. Inferring SFRs in quenched galaxies, either
using Ha or stellar synthesis analyses only provides an
upper limit of SFR, as Ha emission can be contributed
by ionization sources unassociated with star formation
(S. Salim et al. 2007; R. C. Kennicutt & N. J. Evans
2012; C. Catalan-Torrecilla et al. 2015; E. A. D. Lac-
erda et al. 2020). With our SFR estimates being upper
limits, all the derived t4cp are therefore lower limits, in-
dicating that the long t4e, we found in quenched galax-
ies may be even longer, which remains supportive of the
reduced SFE scenario.

The major uncertainty in molecular gas mass estima-
tion arises from the variation of the CO-to-Hy conver-
sion factor, aco. While there is a lack of systematic
aco measurements for quenched galaxies, recent studies
using MS-calibrated aco prescriptions have suggested
lower aco values for galaxies below the MS (G. Accurso
et al. 2017; E. Schinnerer & A. K. Leroy 2024; J. Sun
et al. 2025). By implementing four aco prescriptions
from current literature (Equations 8-10 and MW «aco),
we find that galaxy-integrated aco variations are overall
limited to a factor of 2 across our sample (Figure 7 and
Table 2), which is incapable of explaining the > 2 dex
change in t4ep spanned by our GV and RG sample (Fig-
ures 8 and 9). We note that our RG sample showing
Mol 2 108 Mg, is also consistent with previous studies
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Figure 9. Histograms of the derived gas depletion times under four different aco treatments: constant MW value, a CO
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prescriptions reveal distinct tqep distributions for MS, GV, and RG groups, showing longer tq.p in more quenched galaxies.

of CO-rich early-type galaxies at similar distances (e.g.,
L. M. Young et al. 2011; K. Alatalo et al. 2013).

In addition, we do not observe a significant difference
in the global aco values among MS, GV, and RG groups
using any of the prescriptions (Table 3 and Figure 7).
This is contrary to the result in J. Sun et al. (2025),
where they apply the SL24 prescription to local massive
galaxies and find systematically lower global aco values
for galaxies below the MS. As discussed in J. Sun et al.
(2025), this discrepancy may be due to their weight-
ing being biased toward the central regions in those
galaxies. To further confirm if aco varies systemati-
cally with galaxy’s offset from the SFMS, future molec-
ular gas and aco measurements on a larger sample of
quenched galaxies will be crucial.

4.2. The Drivers of Reduced SFE

Our finding of a systematic tqep (or SFE) variation
with the offset from SFMS (i.e., ASFMS, or “specific
SFRs” as used in some studies) is consistent with pre-
vious galaxy-integrated molecular gas surveys in the
low-redshift Universe (R. Genzel et al. 2015; A. Sain-
tonge et al. 2017; D. Colombo et al. 2020; L. Lin et al.
2020; J. K. Barrera-Ballesteros et al. 2025). In partic-
ular, D. Colombo et al. (2020) also suggests that low
SFE (instead of low molecular gas fraction) dominates
the quenching from GV to RG, which is in line with
our result in Figure 8b. Moreover, previous studies on
the SFR—M o relation of quenched galaxies, including

early-type, GV, and RGs, have reported a significantly
lower intercept than that of star-forming galaxies (T. A.
Davis et al. 2014; L. Lin et al. 2022; D. Colombo et al.
2025a), showing lower SFE than MS galaxies as indi-
cated in Figure 8a.

Recent spatially-resolved studies have further shown
similar trends to those in Figure 8, particularly in the
inner regions of galaxies where SFE is found to be sup-
pressed (Y. Garay-Solis et al. 2023; H.-A. Pan et al.
2024; V. Villanueva et al. 2024; D. Colombo et al.
2025b). While these studies tend to classify SFE-driven
or gas-driven quenching within different regions of galax-
ies, it has been shown that the resolved and global clas-
sifications on quenching modes are generally in good
agreement, and that a low global SFE value can be a
strong indicator of SFE-dominated quenching (L. Lin
et al. 2026).

Given various supporting evidence for reduced SFE in
quenched galaxies, some questions remain: What pre-
vents the molecular gas from forming stars? How do
different physical processes control SFE and drive the
quenching of active disk galaxies? While it is known
that galaxy interactions such as ram pressure stripping
or frequent high-speed encounters can cease star forma-
tion by removing gas from galaxies (i.e., environmen-
tal quenching; B. Moore et al. 1996; M. G. Abadi et al.
1999; Y.-j. Peng et al. 2010; V. Villanueva et al. 2022; Y.
Garay-Solis et al. 2023), our results suggest that reduced
SFE can play a more dominant role than gas removal in
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driving the low SFR of quenched galaxies (Figure 8b).
Additionally, the only three galaxies in close interact-
ing pairs (NGC 0169, 5929, and 5954) in our sample
also span a wide range of tqep (see Table 2), while their
Mol /Mstar ~ 0.1 are similar to the average of our MS
sample.

Alternatively, feedback processes from AGNs may also
disrupt surrounding gas via radiative or shock-induced
heating, thereby preventing the gas from gravitational
collapse (E. L. Lambrides et al. 2019; E. A. D. Lacerda
et al. 2020; A. F. L. Bluck et al. 2023). In our sample,
however, only two galaxies are reliably identified to host
a weak or strong AGN (NGC 5216 and 5929; V. Kali-
nova et al. 2021). For NGC 5216 (classified as an RG),
only a low amount of CO is located on its galaxy disk
(Figure 11), and thus AGN feedback is unlikely to have
a significant impact on that gas. A recent study on the
EDGE-CALIFA sample has also reported limited effects
of AGN feedback on quenched galaxies (Z. Bazzi et al.
2025).

Morphological quenching is another possibility to pre-
vent star formation, which can happen even with sub-
stantial amount of gas being present (M. Martig et al.
2009). Such process includes the development of bars,
bulges, or spheroids to stabilize galaxies’ gas disks (A.
Saintonge et al. 2012), and thus morphological quench-
ing is found to be critical in galaxy centers and provides
evidence for an inside-out galaxy quenching scenario (L.
Lin et al. 2019b; V. Kalinova et al. 2021; A. Lu et al.
2022; F. Maeda et al. 2023; H.-A. Pan et al. 2024; J. K.
Barrera-Ballesteros et al. 2025). It is also possible that
CO (1-0) is tracing gas that is not dense enough to form
stars, since its critical density is only ~ 103 em =3 (Y. L.
Shirley 2015; Y.-H. Teng et al. 2022). If our CO detec-
tions mostly come from low-density gas, it could explain
why the gas does not form stars efficiently, and why the
derived SFE based on CO is low.

Given that we observe CO emission near Rss; in many
galaxies (Figure 11), morphological quenching likely has
limited influence in those regions. As that gas lies in the
outer disks, it could be relatively diffuse, compared to
typical star-forming galaxies with molecular gas concen-
tration toward the centers of galaxies. To further exam-
ine if our observed CO indeed traces low-density gas
and leads to underestimated SFE in quenched galaxies,
future observations with dense gas tracers can be help-
ful (e.g., HCN; L. Lin et al. 2024; L. Neumann et al.
2025). Resolved studies with constraints from multiple
CO isotopologue lines (e.g., Y.-H. Teng et al. 2023) in
GV and RGs will also be critical to discern what specific
gas conditions regulate SFE and how they affect galaxy
quenching at various evolutionary stages.

5. CONCLUSIONS

We present GBT-EDGE, a new CO (1-0) survey
across 62 nearby massive galaxies, covering a sample
of 43 main sequence (MS), 11 green valley (GV), and
8 red galaxies (RGs) in the local Universe with stellar
masses above 3 x 102 My. By combining the CO ob-
servations with optical IFU data from the CALIFA sur-
vey, we estimate star formation efficiencies (SFE) across
the sample and study possible mechanisms for galaxy
quenching. Our main results are summarized as follows:

1. We produce moment maps for all galaxies, using
signal masks based on CO data dilation and con-
straints from Ha velocity field. The moment-0
images reveal diverse and extended molecular gas
structures across entire galaxies, including some
galaxies with significant emission in their outer
radii. The moment-1 images generally show clear
rotation features for well-detected disk galaxies.

2. We determine global SFRs via two approaches:
1) extinction-corrected He line fluxes and 2) star
formation history within an age of 33 Myr. We
find that both methods give consistent results for
MS and GV galaxies (Figure 7a). For RGs where
both are likely overestimates, using star formation
history leads to substantially overestimated SFRs
(even higher than using Hea), likely due to large
uncertainties in the luminosity fractions assigned
to different age bins.

3. We derive and compare galaxy-integrated molecu-
lar gas masses (M,01) using different assumptions
for the CO-to-Hy conversion (Table 2), including
prescriptions from A. D. Bolatto et al. (2013), E.
Schinnerer & A. K. Leroy (2024), and Y.-H. Teng
et al. (2024). In addition, we employ metallicity
calibration from M. Curti et al. (2017) and com-
pute a best-fit metallicity gradient for each galaxy.
Overall, the global aco values and thus My, are
found to vary by a factor of 2 within and among
prescriptions (Figure 7 and Table 3). We obtain
comparable Mo spanning 103719 M, across our
sample, regardless of galaxy types (MS, GV, or
RG).

4. The SFR—M,, relation reveals a distinct gap be-
tween detected RGs and other galaxies, indicating
a substantially longer gas depletion time (fgep) in
such retired environments (Figure 8a). Assuming
a Galactic aco, the median t4ep for MS/GV/RG
is 2.1073:3% / 6.90737%20 / 127.773928 Gyr, respec-
tively. The gradual increase of ¢, from MS to GV
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and to RG is consistently shown across all aco
choices (Figure 9).

5. We find that t4ep, increases systematically with the
distance from the MS (ASFMS) across our entire
sample (Figure 8b). Both the molecular-to-stellar
mass ratio (Mpe1/ Mstar) and SFE drop as galax-
ies transit from MS to GV. However, for GV and
RGs, neither does My,o1 nor Myo1/ Mitar show cor-
relation with ASFMS. These results show that for
CO-detected objects, galaxy quenching from GV
to RG is primarily driven by low SFE rather than
a deficit in molecular gas.

6. As CO is detected near the Ros radius in many
quenched galaxies, we do not expect morphological
quenching or AGN feedback to be the dominant
quenching mechanisms for our sample. We suspect
that low gas density can be a major reason for
reduced SFE, but additional observations of dense
gas tracers such as HCN or CO isotopologues will
be needed to clarify the situation.

Our results show that galaxies that are more quenched
tend to have longer molecular gas depletion times, sug-
gesting that galaxy quenching is not only driven by ex-
haustion of gas supply but also a decline in star forma-
tion efficiency. In particular, our results are consistent
with low SFE being the dominant driver for the stages
from green valley to red galaxies, while the transition
from main sequence to green valley is caused by a de-
crease of both molecular gas fraction and SFE. There-
fore, it is likely that gas depletion is important in the
initial stages of galaxy quenching, whereas a strong sup-
pression of star formation efficiency then takes over to
drive a deeper quenching into red galaxies.
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APPENDIX

A. SFR ESTIMATES FROM SIMPLE STELLAR
POPULATION ANALYSIS

By leveraging the simple stellar population (SSP) and
star formation history (SFH) tables in the CALIFA

Pipe3D products, we compute the mass fraction of stars
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Figure 10. Comparison between SFRs estimated via Ha
(Section 3.2.1) and the simple stellar population (SSP) anal-
ysis. The dashed line indicates a one-to-one relation. For
the MS and GV populations, SFRs inferred from Ha are
consistent with those inferred from the SSP analysis with
t < 33 Myr. For RGs, however, Ha-based SFR generally
provides better upper limits than using SSP. A typical error
bar of o, = +0.1 dex for SFR(Ha) and oy, = £0.3 dex for
SFR(SSP) is shown in the lower right corner.

younger than 33 Myr (faryoung)> within each galaxy
and derive an integrated SFR via

SFR [MQ yril] = Mstar,tot : fMyoung / 33 MyI' y (Al)

where Mgiar ot is the total stellar mass of a galaxy, and
we define young stars as those younger than 33 Myr,
following previous optical IFU surveys (R. M. Gonzélez
Delgado et al. 2016; J. K. Barrera-Ballesteros et al. 2021;
S. F. Sanchez et al. 2022). These studies find that SSP-
inferred SFRs using ¢ < 30 Myr aligns best with the
gold-standard SFRs obtained from the dust-corrected
Ha luminosity, while using a shorter timescale would
lead to a systematic deviation. Indeed, we have checked
on our sample that using e.g. ¢t < 12 Myr for the SSP
analysis generally increases the resulting SFRs by ~0.2
dex, which is consistent with the finding in S. F. Sdnchez
et al. (2022). As our goal here is to cross-compare SFR
estimates from different tracers, we present only the SSP
results using 33 Myr which align best with the Ha-based
SFR estimates.

In detail, we derive the young mass fraction following
these steps: 1) convert the luminosity fractions to mass
fractions for each age-metallicity bin via SSP-computed
mass-to-light ratios and the V-band image, 2) correct

33 Limited by the discrete age bins in the star formation history
measurements from CALIFA, 33 Myr is used as the best ap-
proximation to a 30-Myr time scale.

the pixel-by-pixel mass fractions for stellar dust attenu-
ation via 104v/2% using the Ay map, 3) sum up all the
masses contributed from age < 33 Myr over all pixels
within the Ros radius, and 4) divide that mass contri-
bution by the (also Ay-corrected) integrated mass over
all age-metallicity bins and within the Rgs radius.

Figure 10 shows the comparison between the SSP- and
Ha-derived SFRs for all galaxies in our sample. For MS
and GV galaxies, we find consistent SFR estimates with
both methods, which is in good agreement with previous
studies (S. F. Sanchez et al. 2022, 2023). For RGs, how-
ever, it is clear that SSP-based SFRs are much higher
than those using Hey, indicating even weaker upper lim-
its than Ha-based SFRs. We consider the recombina-
tion line based SFRs more reliable and interpret this
disagreement to indicate that the SSP analysis results
in overestimates of SFRs in these galaxies.

Neither the SSP- nor the Ha-inferred SFRs are model
independent, even though this fact is frequently over-
looked. Both methods try to estimate the amount of
stars, quantified by Mgy, that are formed in a recent
time period, i.e., AMg. in a certain At, as described
before. In the case of the SSP-method this estimation
is based on the derivation of the fraction of light corre-
sponding to a population younger than a certain time-
scale. Underlying this method it is assumed (i) a certain
set of isochrones that traces the stellar evolution, (ii)
an initial mass-function and the corresponding evolving
mass-function, (iii) an adopted stellar library to gener-
ate the SSP spectra and (iv) a dust-attenuation law and
scenario (screen-model in our particular case). Modi-
fying any of these assumptions would alter the derived
SFRSSP.

In many cases most of the weight in the discrepancy
between both methods is placed on these assumptions,
minimizing those required to derive the SFR based on
Ha. Following the seminal exploration by R. C. Kenni-
cutt (1998), the SFRy,, requires, in addition to the very
same assumptions needed to evaluate SFRgsp, to as-
sume (i) a particular shape for the recent star-formation
history, (ii) the amount of ionizing photons produced
by short-lived OB-stars (¢ < 10 Myr), that requires to
assume a certain shape for their spectra in the highly
uncertain far ultraviolet wavelength range, and (iii) a
photionization model that links the number of these
stars of a particular chemical composition with a cer-
tain Ho luminosity. The number of physical parameters
and assumptions regarding the ionized nebula behind
the third assumption is indeed large and again broadly
overlooked.

As a result, any attempt to match both measurements
in the literature has consistently provided with signifi-
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cantly strong, linear and almost slope-one correlations,
both integrated galaxy-wide or spatially resolved down
to ~1 kpe for star-forming galaxies or regions (S. F.
Sénchez 2020). It has been also shown that in general
there is a scaling factor between both quantities (an off-
set in logarithm scales). This indicates that (i) both
methods are indeed somehow tracing the same physical
quantity, i.e., the SFR, and (ii) all differences in the con-
sidered assumptions are translated somehow into a scal-
ing factor that can be understood as time-scale renor-
malization: from ¢ ~ 10 Myr, in the case of Ha- to
t ~ 33 Myr, in the case of SSP-based SFR. However,
it is important to remind that indeed we do not know
the weight of each of these assumptions into this scaling
factor or time-scale readjustment.

For this reason, the described offset between SFRggp
and SFRy, and the highly overestimated SSP-based
SFRs in RGs are likely due to a combination of reasons,
and not a single one. First, previous results have re-
ported the existence of a minimum threshold in the abil-
ity to recover a certain young stellar fraction when using
similar stellar synthesis codes (e.g., ~3% R. M. Gonzélez
Delgado et al. 2014). If this is the case, there would
be a corresponding minimum SFR based on the SSP
of 0.03xMgtar tot/33, that may affect the SFR derived
for RGs (i.e., those with the lower values of faryoung)-
Even if this limit is somehow overcome due to the most
reliable recovery of low fractions of young stellar popu-
lations by Pipe3D (E. A. D. Lacerda et al. 2022), there is
still an expected mismatch with the values derived based
on the Ha luminosity: on one hand, a severe mask was
applied to the spaxel-wise Ha intensity (S/N>3), which
for RGs may have removed a significant fraction of the
spaxels in which the Ha has a S/N of 1-2 (e.g., J. M.
Gomes et al. 2016); on the other hand, this mask was not
applied to the SSP-based SFR estimates, and thus the
integrated regions are also slightly different. Therefore,
the reported SFR differences are expected based on the
differences between the analyses, which affects more the
RGs, i.e., those with low Ha intensities and furyoung-

B. ADDITIONAL MOMENT MAPS

While the analysis of this work is focused on global
galaxy quantities, we present in Figure 11 the spatially
resolved moment maps for all 62 galaxies in our GBT-
EDGE sample. The color scale of the moment-0 maps
represents a linear variation from 0 to 50 K km s~!

for most galaxies, but to 100/200 K km s~! for
NGC0169/CGCG536-030. For the moment-1 maps, the
color scale ranges from the 5% to 95" percentile velocity
values of each galaxy. The color scale of moment-2 maps
ranges from 0 to 150 km s~! for all galaxies. Regions
outside the galaxy Ras are excluded in the moment 1
and 2 maps to highlight velocity fields within the galax-
ies. A general description of these moment maps and the
methods for map creation can be found in Section 3.1.
We caveat that regions outside the Rgs radii (cyan
contours) may include spurious artifacts in the moment-
0 maps. In our public data release, the masked
moment maps that exclude regions outside Ros are
provided along with the reduced data cubes. The
GBT-EDGE dataset is available on Zenodo under
an open-source Creative Commons Attribution li-
cense:  doi:10.5281/zenodo.20707368, and our anal-
ysis code is also available on GitHub and Zenodo:
doi:10.5281/zenodo.20707910.

C. ADDITIONAL SFE RESULTS WITH VARYING
aco PRESCRIPTIONS

The SFR—My,0 relation and the relationship between
ASFMS and molecular gas depletion time (fgep) pre-
sented in Figure 8 are based on a constant aco assump-
tion. Here we provide the same set of figures that use
different aco prescriptions, including B13 (A. D. Bo-
latto et al. 2013), SL24 (E. Schinnerer & A. K. Leroy
2024), and T24* (Y.-H. Teng et al. 2024, and in prepara-
tion) which are implemented and discussed in Section 3.
The derived Mo, tdep, and their associated uncertain-
ties based on these aco prescriptions are all provided in
our GitHub repository?’ (see Section 3.1).

As shown by Figure 12, the systematic increase of ¢4ep
from MS to GV and to RGs remain consistent regardless
of the aco choice. In particular, T24* even strength-
ens the anti-correlation across MS galaxies, showing the
least scatter and exacerbating the tqep deviation of GV
and RGs from MS galaxies. The choice of aco does not
alter the ASFMS—t4cp trend, since the aco variations
among these prescriptions are generally within a factor
of two (see Table 3 and Figure 7), which is almost neg-
ligible compared to the 2-3 dex range of Mo and tqep
spanned by our galaxy sample. Therefore, we conclude
that aco variations are unlikely to have much impact
on our results, while future aco measurements across
quenched galaxies will be needed for a solid verification.
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