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ABSTRACT

We present Atacama Large Millimeter/sub-millimeter Array (ALMA) observations towards 27 low-redshift (0.02 < z < 0.2) star-
forming galaxies taken from the Valparaiso ALMA/APEX Line Emission Survey. We perform stacking analyses of the '>?CO(1—
0), 3CO(1-0), and C'*O(1-0) emission lines to explore the L ['>CO(1-0)]/L ['*CO(1-0)] [hereafter L ('>CO)/L (**CO)]
and L [3CO(1-0)]/L’ [C'80O(1-0)] [hereafter L (3CO)/L’ (C'80)] line luminosity ratio dependence as a function of different
global galaxy parameters related to the star formation activity. The sample has far-IR luminosities of 10'%!-119 L and stellar
masses of 10”3109 My, corresponding to typical star-forming and starburst galaxies at these redshifts. On average, we find an
L (>CO)/L' (*CO) line luminosity ratio value of 16.1 £ 2.5. Galaxies with pieces of evidence of possible merging activity
tend to show higher L' (*2CO)/L ('3CO) ratios by a factor of 2, while variations of this order are also found in galaxy samples
with higher star formation rates (SFRs) or star formation efficiencies (SFEs). We also find an average L (BCO)/L (C'®0) line
luminosity ratio of 2.5 4 0.6, which is in good agreement with those previously reported for starburst galaxies. We find that
galaxy samples with high Lig, SFR, and SFE show low L' ('*CO)/L (C'®0) line luminosity ratios with high L' (">?CO)/L (**CO)
line luminosity ratios, suggesting that these trends are produced by selective enrichment of massive stars in young starbursts.

Key words: methods: statistical — techniques: interferometric — galaxies: star formation — galaxies: ISM.

1 INTRODUCTION

Stars are mostly formed within Giant Molecular Clouds (GMCs),
cold dense regions of the interstellar medium (ISM), which are char-
acterized by high densities (ny, > 10* cm™3; Gao & Solomon 2004;
Bergin & Tafalla 2007) and low temperatures (10-20 K; Evans 1999)
that favour the formation of stars. In these regions, the most abundant
molecule is molecular hydrogen, H,; however, its lack of a permanent
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electric dipole makes it difficult to observe in emission. After Hy, the
next most abundant molecule is carbon monoxide, 2C!°0 (hereafter
CO), which easily emits photons from low-level rotational transitions
in similar ISM conditions as those in which the H, molecule resides.
Therefore, the CO emission from low-J rotational transitions has
become the workhorse tracer of the H, gas mass in the Local Universe
and beyond (Bolatto, Wolfire & Leroy 2013).

Since the CO emission is mostly optically thick within GMCs,
optically thin CO isotopologues are usually used to look deeper into
the densest regions of GMCs. Since 12¢, 160, and their isotopes, B¢
and '80, are mainly products of primary and secondary stellar nucle-
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osynthesis processes, they are powerful tracers of the evolutionary
state of a galaxy, and represent excellent tools to characterize the
physical conditions and the chemical processes of the ISM (Wilson
& Rood 1994; Milam et al. 2005; Romano et al. 2017). Narayanan &
Krumholz (2014) showed that alongside gas density and temperature,
the optical depth from low-J CO lines is well correlated with the
star formation rate (SFR) surface density of GMCs. Moreover,
it is possible to trace different stellar nucleosynthesis scenarios,
by comparing '>CO, '*CO, and C'*0 abundance variations. For
example, Henkel & Mauersberger (1993) showed that dense regions
that recently experienced a star formation event are expected to have
higher abundances of C'®0 and '>CO compared to '*CO. The '2C/'3C
abundance ratio reflects the relative degree of primary to secondary
nucleosynthesis processing, while the '#0/!°0 abundance ratio traces
differences in the initial mass function (IMF; Milam et al. 2005;
Romano et al. 2017). In practice, albeit the optical depth effects, we
could assume that the '2C/!*C and '80/'°O abundance ratios can be
traced by the molecular 7 (*>CO)/I ('*CO) and I ('*CO)/I(C'30) line
intensity ratios, respectively.

After the first detection of '2CO and its isotopologues in the Milky
Way (Wilson, Jefferts & Penzias 1970; Penzias, Jefferts & Wilson
1971), several works have repeated their detection in nearby galaxies
(Rickard et al. 1975; Encrenaz et al. 1979; Rickard & Blitz 1985;
Young & Sanders 1986). More recently, several works have proven
successfully the usage of I (>CO)/I ('*CO) and I (*3CO)/I (C'30) line
ratios in nearby galaxies (Jiménez-Donaire et al. 2017; Sliwa et al.
2017; Cormier et al. 2018; Brown & Wilson 2019) and lensed high-
redshift galaxies (Henkel et al. 2010; Danielson et al. 2013; Spilker
et al. 2014; Zhang et al. 2018).

An environmental dependence for '?C/'*C has been shown by
Alatalo et al. (2015), who found that 17 early-type galaxies (ETGs)
located in the Virgo cluster and groups showed a line intensity ratio
about two times lower than that of field galaxies. They proposed
three different scenarios in which the observed variations could
be explained: an extra low-mass stellar enrichment taking place
in Virgo cluster galaxies, an increased mid-plane pressure effects
of the intracluster medium (ICM), or the survival of only the
densest clumps of molecular clouds as galaxies enter the ICM.
Additionally, Davis (2014) showed a systematic dependence of the
I(2COYI(3CO) line intensity ratio on the SFR surface density
(Xsrr) and the molecular gas surface density (Xy,) using a sample
of nearby starburst and ETGs. They suggest that the observed corre-
lations are caused by the combined action of massive stars heating
and/or inducing turbulence in the gas phase of those galaxies with
higher ¥gpg.

Recent works have reported I('*CO)/I(C'80) line intensity ra-
tios for different galaxy types. Danielson et al. (2013) showed a
low I("3CO)/I(C'0) line intensity ratio (~1) in a high-redshift
lensed galaxy suggesting the presence of a significant fraction of
high-mass stars. Sliwa et al. (2017) reported a simultaneous high
I(2COYI(3CO) (>>60) intensity ratio with a low I ('*CO)/I(C'*0)
(<1) intensity ratio consistent with an ISM enrichment by the
presence of a young starburst, a top-heavy IMF, or their combined
action. Jiménez-Donaire et al. (2017) presented an / ('3CO)/I (C'*0)
line intensity ratio dependence with X sgr and galactocentric distance
in nine nearby spiral galaxies due to the selective enrichment of the
ISM by massive stars. More recently, Zhang et al. (2018) showed
high 1(*2CO)/I (**CO) line intensity ratios with a simultaneous low
I(3CO)/I(C'®0) line intensity ratio in four gravitationally lensed
sub-millimetre galaxies (SMGs) at z ~2-3, and claimed this to be
caused by a change of the IMF where there is a higher number of
massive stars in high-z starburst galaxies than in typical galaxies.
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For galaxies beyond the Local Universe, the observation of
faint emission lines as '*CO or C'®0 is usually challenging. The
abundances of 3CO and C'#0 are typically 50 and 500 times lower
than those of >CO (Jiménez-Donaire et al. 2017) and their flux
density ratios usually range between 20 and 100 for I(}2CO)/I('3CO)
and between 20 and 140 for /('>’CO)/I(C'80) (Aalto et al. 1991;
Casoli, Dupraz & Combes 1992b; Konig et al. 2016; Sliwa et al.
2017). For individual detections in nearby local ultra-luminous
infrared galaxies (ULIRGs), '*CO and C'®0 observations need to
be at least four times deeper than '>CO observations to yield line
detections (Sliwa et al. 2017; Brown & Wilson 2019). In this work,
we propose an alternative way to overcome sensitivity limitations
by stacking the signals of the '?CO(1-0), '*CO(1-0), and C'30(1-
0) lines (vizcoi-gy = 115.271 GHz, viscgg) = 110.201 GHz, and
Veisoq_g) = 109.782 GHz rest-frame frequencies, respectively) from
individual star-forming galaxies to produce a statistically robust
study for the content of these isotopologues up to z = 0.2.

This paper is structured as follows. In Section 2, we present the
Atacama Large Millimetre/sub-millimetre Array (ALMA) data used
in this work. Section 3 details the way we modelled the stacked
12CO, BCO, and C'80 fluxes as well as their errors. Section 4
presents the '2CO(1-0)/'3*CO(1-0), and '3CO(1-0)/C'3O(1-0) [here-
after, L' (>CO)/L (*CO) and L (*CO)/L’ (C'*0)] line luminosity
ratio measurements and their dependence as a function of global
galaxy parameters, while Section 5 presents the discussion. Finally,
our conclusions are shown in Section 6. Throughout this work, we
assume a lambda cold dark matter cosmology adopting the values
Hy=70kms™' Mpc™!, Qy = 0.3, and 2, = 0.7 for the calculation
of luminosity distances and physical scales.

2 DATA

2.1 Sample

In this work, we present *CO(1-0) and C'80(1-0) line measure-
ments for 27 and 24 galaxies, respectively, which were previously
detected by Herschel in [C11] (Ibar et al. 2015) and with ALMA in
12CO (Villanueva et al. 2017). The sample is part of the Valparaiso
ALMA/APEX Line Emission Survey (VALES; Villanueva et al.
2017; Cheng et al. 2018) designed to characterize the CO emission
line of low-J transitions from typical star-forming and starburst
galaxies up to z=0.35. The parent population comes from dusty
galaxies taken from the equatorial fields of the Herschel Astrophys-
ical Terahertz Large Area Survey (Eales et al. 2010). Galaxies were
selected using a spectroscopic redshift at 0.02 < z < 0.2, and a
Herschel detection near the peak of the spectral energy distribution
(SED) of a normal star-forming galaxy (Sigoum > 150 pwJy). All
galaxies have an unambiguous optical counterpart in the Sloan
Digital Sky Survey (SDSS; Adelman-McCarthy et al. 2008), have
high-quality spectra from the Galaxy and Mass Assembly survey
(GAMA;'! Liske et al. 2015; Driver et al. 2016; ZquaL = 3), and show
a Petrosian SDSS radius smaller than 15 arcsec (see Ibar et al. 2015,
for more details).

2.2 ALMA *CO(1-0) and C'80(1-0) observations

Observations with ALMA in band-3 were performed as part
of project 2013.1.00530.S (P.I.E. Ibar), targeting the redshifted
2CO(1-0), 1*CO(1-0), and C'¥O(1-0) emission lines for 27 VALES

Uhttp://www.gama-survey.org/
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Table 1. New ALMA '3CO(1-0) and C'80(1-0) observations (Project ID: 2013.1.00530.S) presented in this work. ‘PWV" is the average PWV
estimate for the observations. All data were taken using 32 12-m ALMA antennas. One observation taken on 2015 January 24 failed to run
through the pipeline due to unknown reasons, so we have arbitrarily removed it from this work. Note that '>CO(1-0) observations can be found

in Villanueva et al. (2017).

Target names Observation Flux Bandpass Phase PWV
HATLAS date calibrator calibrator calibrator (mm)
J085340.7+013348, J085405.9+011130 2015 January 24 (1/3) Ganymede J1058+-0133 J0909+0121 5.9
J085356.4+001255, J083601.5+002617 - - - - -
JO85112.9+010342, J090949.6+014847 2015 January 24 (2/3) - - - 5.2
J085450.2+021208, J091205.84002655 - - - - -
J085346.4+001252, J084428.4+020350 205January24-3/3) - - - 4.5
J090005.0+000446, J090532.6+020222 - - - - -
JO85111.4+013006, J083745.1—-005141, 2015 January 25 - - - 4.5
J085828.6+003813, J085233.9+013422 - - - - -
J084350.8+005534, J083831.8+000044 2015 January 23 (1/2) JO750+125 J0909+0121 J0901—-0037 3.8
J084305.1+010855 J084907.1—-005138 - - - - -
J084217.94021223 J084139.64+-015346 2015 January 23 (2/2) - - - 3.9
J085748.0+004641, J084428.4+020657 - - - -
J090750.0+010141, J085836.0+013149 2015 January 23 J08544-201 JO750+1231 J0901-0121 3.8

J084630.9+005055 -

galaxies. The '>?CO(1-0) observations reached a root mean square
(rms) of 2mJybeam™! at a spectral resolution of 30kms~! and are
presented in Villanueva et al. (2017). The simultaneous '3CO(1-0)
and C'*0(1-0) observations were taken between 2015 January 23
and 25, in compact configuration (maximum baseline of ~300m)
with precipitable water vapour (PWV) conditions in the range ~4—
6 mm. The observational strategy consisted of grouping sources in
terms of redshift, such that we could observe all 27 galaxies using
just three spectral set-ups (each one using four spectral windows
to cover 7.5 GHz of bandwidth). The grouped sources are shown
in Table 1, including the different executions performed by ALMA
to reach the requested sensitivity. Unfortunately, the spectral set-up
missed C'*O(1-0) coverage in three galaxies.

Data reduction and imaging were performed using the same
procedure as in Villanueva et al. (2017), where we developed a
common pipeline within the Common Astronomy Software Appli-
cations (CASA version 4.4.0) to process all of the science goals. Each
source was imaged with the TCLEAN task using a natural weighting.
This yielded a restoring beam between 3 and 4 arcsec; nevertheless,
for the purposes of this work, we fixed the restoring beam to a
common value, at 475, for all sources. The *CO(1-0) and C'30(1-
0) observations reached an rms noise of 0.9 mJy beam ™' at 30 km s~!
channel width (~2x deeper than '2CO observations). We note that
~110 GHz continuum emission is undetected at 5o significance in

all sources down to an rms noise of 4 uJy beam~".

3 ANALYSIS

Out of the 27 galaxies, 26 have been previously spectrally detected
at >50 significance (signal-to-noise ratio, SNR) in '>CO(1-0)
(Villanueva et al. 2017). The '3CO line was visually inspected for any
individual detection. There were no confident *CO(1-0) emission
lines from individual spectra for any of the 27 galaxies. Nevertheless,
using the information of the '>CO line widths as priors, we created
moment-0 maps by collapsing the cube around +1 x FWHMiz¢(q
(full width at half-maximum) of the expected '*CO frequencies. In
the collapsed images, we identify seven galaxies with SNR > 5. The
remaining 21 galaxies have not been detected above a 5o significance
in their moment-zero maps. Table 2 shows the SNRs, velocity-

Table 2. '3CO(1-0) detections from collapsed spectral images using
+FWHM '2CO kms~! line width around '3CO(1-0) expected frequencies.
(Col. 1) ID taken from Villanueva et al. (2017), (col. 2) observed SNR in
moment-0 maps, (col. 3) velocity-integrated line flux densities with error
measurements, and (col. 4) '>CO(1-0) luminosity with error measurements.

ID SNRi3¢ Si3c0Av L5

HATLAS mlJykms™'  Kkm = pc?
J090949.6+014847 5.6 490 + 90 68.0 + 12.1
J085346.4+001252 5.7 225 440 29£05
J084139.6+015346 6.1 206 + 33 54409
J084350.8+005534 6.2 458 £ 73 11.94+20
J083831.8+000044 6.4 147 +22 43407
J085748.0+004641 59 343 + 58 89+ 15
7090633.6+001526 7.0 710 % 100 9.6 + 1.4

integrated line flux densities, and luminosities of these individual
13CO detections. With respect to the C'®O emission line, we do not
identify any detection in the spectra nor in the individual moment-0
maps using the same approach mentioned above.

Different techniques have been proposed to detect the emission of
faint emission lines, falling below the detection limits. For example,
Loomis et al. (2018) proposed a matched filtering method that uses
a previously identified high signal-to-noise emission line as a kernel
for filtering the uv signal and thereby facilitates the detection of
any contiguous faint emission line. Similarly, Yen et al. (2016)
proposed an image-plane line detection technique tailored to boost
the SNR of faint emission lines in Keplerian discs. An independent
approach has been the development of stacking techniques. This
has been successful to detect the combined signal of faint emission
coming from multiple objects of the same population over the
electromagnetic spectrum, including the X-ray (Bartelmann & White
2003; Rodighieroetal. 2015; Yangetal. 2018), UV (Berry etal. 2012;
Rigby et al. 2018), infrared (Dole et al. 2006; Duivenvoorden et al.
2020), sub-mm (Webb et al. 2003; Knudsen et al. 2005; Ibar et al.
2013; Millard et al. 2020), and radio (Miller et al. 2013; Bera et al.
2018; Perger et al. 2019) regimes. Moreover, stacking techniques
have proven to be a robust method for line and continuum detections
of high-redshift galaxies (Lehmer et al. 2007; Schinnerer et al. 2007;
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Scoville et al. 2007; Miller et al. 2008). In order to compute stacked
line ratios, in this study we explore three different techniques: two
of them in the image plane: (i) stacking all the moment-0 maps
and (ii) stacking all the frequency channels of all sources following
a channel-by-channel basis, and additionally by (iii) stacking the
individual uv-plane average signals.

3.1 Image stacking

3.1.1 2D-moment-0 stacking

Based on the previously detected '>CO line widths and intensity
peaks, we collapsed the data sets to create moment-0 maps. For
this, we measure '>CO line widths using 20 kms~' channel for
all galaxies. Using the IMMOMENTS CASA task, we collapse each
galaxy cube to create moment-0 maps for all >CO, 3CO, and
C!80 data sets, around (£1 x FWHM2¢) the 12Co, 3CO, and
C"0 expected frequencies. We visually inspected all of the 27
collapsed '2CO images to correct for any possible spatial offsets
with respect to the intensity peak. Such offsets exist; optical and
sub-mm observations trace the stellar and molecular gas content
of galaxies, respectively, and thus the location of the peaks does
not necessarily match. Given that the reference coordinates of our
ALMA observations were obtained from optical images, we apply
astrometric corrections to our '2CO intensity maps, in order to correct
any discrepancy between optical and '2CO images. These corrections
are on average of the order of ~174 in random directions (smaller
than the synthesized beam of 4”5). Finally, using a stacking code that
we developed, these images were stacked to obtain final collapsed
signals reaching rms values of 108 mJy beam~! kms~! for the >CO
line and 18 mJybeam™' kms~' for the *CO and C'®0 emission
lines. We note that these stacked values are ~ 5 times deeper than
individual moment-0 images.

To extract velocity-integrated line flux densities from the stacked
signals, we create 30arcsec x 30arcsec stamps and model the
sources with a 2D Gaussian profile, assuming that the stacked signals
are point-like with an FWHM of 4’5.

3.1.2 3D-image stacking

In this approach, for processing the data cubes, we consider a
common spectral channel width for '>CO, *CO, and C'®0 emission
lines. To determine the best common spectral channel width to use,
we kept in mind the idea of optimizing the SNR of the final stacked
data cubes detections of both lines. For this, data cubes for all of
the 27 galaxies were created using the CASA task TCLEAN assuming
different velocity bin widths: [20, 40, 50, 80, 100, 125, 160, 200,
250, 400, 500, 800] kms~!. After this, we obtained a 3D stacked
cube by combining the individual galaxy cubes following a channel-
by-channel and pixel-by-pixel basis. We then obtained the SNR by
measuring the peak at the central image pixel and central velocity
channel (0 kms~'). We measured the noise in the image excluding
the central region. Peak flux densities were recorded for both the
mean and median stacked cubes with different velocity width bins
and for '2CO, '*CO, and C'80 data sets. Fig. 1 shows this central
channel SNR as a function of channel velocity width. We find that
the '2CO signal maximizes at a channel width of 200kms~"' for
both the median (SNR~105.7) and mean (SNR~96.6). The stacked
13CO line maximizes at 125kms~! (SNR~8.0) and 500kms~!
(SNR~10.1) for the median and mean, respectively. Finally, the
C!80 line maximizes at 125 kms~! for both the median (SNR~4.7)
and mean (SNR~5.5) stacks. Based on these results, we decided to

MNRAS 497, 2771-2785 (2020)

100+ ¥ 12¢0 avg
i **5* * LI 12C0 med
£ 13Co avg
13CO med
* C!®0 avg
* C80 med
o I
&
10+ ° e o 1
r { ]
i 155.)608 © °© °
I e
©
P

0100 200 300 400 500 600 700 800
Channel Velocity Width [kms~1]

Figure 1. Stacked SNRs obtained from 12O (stars), 13CO (circles),
and C'80 (crosses) using different velocity channel widths, from 20 to
800km s~ !. Filled symbols correspond to average SNR values while empty
symbols correspond to median SNR values. These measurements are used to
identify the best spectral channel width for 3D stacking (see Section 3.1.2).

use a common spectral channel width of 125 km s~ for '2CO, '3CO,
and C'80 to image all data cubes in order to optimize the SNR in the
final stacked images. We note that the same astrometric offsets used
for moment-0 stacking, and described in Section 3.1.1, have been
applied here, while velocity offsets based on the peak observed in
12CO are applied to all of the independent cubes in order to re-centre
the signal. These offsets originate from small differences between
the optical and sub-mm redshifts that trace different phases of the
ISM.

Using a common channel width of 125 km s™", a spectral coverage
of £2000kms~', and a restoring beam with an FWHM of 45,
we created the individual data cubes that are then stacked to get a
cube containing the average '>CO, '*CO, and C'80 signals. In order
to measure velocity-integrated line flux densities, we first created
spectral line profiles using a fixed aperture of 15 arcsec radius (23 x
synthesized beam), centred at the source position. Thereby, we fitted
a 1D Gaussian profile to obtain the global stacked velocity line width
FWHM (see Fig. 2 lower panel). Hence, we took the central channel
(Okms~!, where the peak in the spectral line profile is located) to
fit a 2D Gaussian profile assuming that the signal is point-like (see
Fig. 2 upper right panel). Finally, the amplitude of the 2D Gaussian
fit together with the line width is used to calculate velocity-integrated
line flux densities.

—1

3.1.3 Systematic errors

In order to compute the systematic errors for our stacked velocity-
integrated line flux density measurements, we ran Monte Carlo
simulations using data cubes with the same physical scales (pixel
size, synthesized beam, and primary beam) as those covered by the
ALMA Band-3 observations.

‘We model each source as point-like (spatially) using a 2D circular
Gaussian profile and spectrally by a 1D Gaussian profile centred at
Okms~'. We simulate a spectral coverage of +2000kms~'. These
sources are added to a random, normally distributed background
noise that has been convolved to the scale of the synthesized beam.

To simulate the stacking, we take 27 data cubes with sources
at fixed signal-to-noise ratios (<SNR;,>) and fixed velocity line
widths. We stacked them and compute the velocity-integrated line
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Figure 2. Velocity-integrated flux density measurements on a 3D stacked
data cube. Upper left panel: 3D stacked image cube showing the central chan-
nel (green) at which the peak of the line is located, the channels covered by the
fit FWHMy line width highlighted in yellow, and the 15 arcsec radius aperture
(black) used to generate the spectral line profile shown below. The bottom
panel shows the spectral line profile (solid black line) and shows the 1D Gaus-
sian fit (red line) to obtain the stacked velocity line width FWHM¢ highlighted
in yellow. The upper right panel shows the central channel where a 2D Gaus-
sian profile is fitted (white) to obtain the amplitude of source. Both line width
and amplitude are used to compute the velocity-integrated line flux densities.

flux densities as described in Sections 3.1.1 and 3.1.2. We repeat
this process 1000 times, where amplitudes and velocity widths are
simulated to take fixed values between 0 and 100 times the rms
and line FWHMs between 50 and 500kms~', respectively. The
extracted velocity-integrated line flux densities (S,y) are measured
and compared to the input values. Fig. 3 shows the <Si,>/Soy ratio
of 1000 simulated stacked data cubes for both, 2D-moment-0 (open
stars) and 3D-image (open circles) stacking methods, and the average
binned < Si, > /Sou ratios (filled symbols ) as a function of SNR,
of the composite stack images in the range between zero and 520
(=100 x +/27). We note that the stacked images have SNRs,,, that
are ~+/27 times larger than the average <SNR;,> of the individual
images given by Poisson factor gained by the stacking approach. For
example, if the '3CO stack has a measured SNR,; ~ 9, then this is
produced by individual data cubes with an average <SNRj,>~1.73.
Fig. 3 shows vertical lines indicating three different SNRs values ~6,
~13, and ~18 at which our 3D stacks show systematic errors of 8, 3,
and 2 per cent while 2D-moment-0 stacks show 5, 3, and 1 per cent.
These results show how typically 2D stacks show smaller systematic
errors than 3D stacks. These differences tend to become negligible
at SNRs>15.

3.2 uv stacking

Interferometric telescopes provide data that sample the brightness
distribution of an observed source in Fourier space, where a point
measurement per integration time is provided by a pair of antennas.
The location of every point (visibility) in the Fourier space (uv
plane) is determined by the separation of a pair of antennas as they
trace the track of the source in the Fourier space during integra-
tion. The imaging process considers a deconvolution that assumes
interpolations made on the uv plane that could lead to artefacts in
the extracted images due to the intrinsic non-continuous sampling
nature of interferometric data sets (Condon & Ransom 2016).
Interferometric stacking analyses are usually performed using these
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Figure 3. Simulated accuracy of the velocity-integrated flux density mea-
surements (<Si,>/Sou) after stacking 27 galaxies. Stacked detections with
high SNR,y: have clearly better accuracy for the velocity-integrated flux
density measurements. <Sj,> refers to the average velocity-integrated flux
densities of the simulated sources used for the stacks, while Sqy refers to the
measured velocity-integrated flux density on the composite stacked images.
3D stacks are shown as open circles, 2D moment-0 stacks are shown as
open stars, and filled symbols indicate the average < Siy > /Sou binned by
SNRyy. Vertical lines indicate the location of our 2CO, 13CO, and C'*0O
SNRgy stacked detections at ~6 (dashed—dotted), ~13 (dashed), and ~18
(dotted) where 3D-image stacks show systematic errors of 8, 3, and 2 per cent
while 2D-moment-0 stacks show 5, 3, and 1 per cent, respectively.

reconstructed images. Lindroos et al. (2015) developed stacker,” a
tool that directly stacks interferometric continuum data sets in the uv-
plane providing typical SNRs that are 20 per cent higher compared
with continuum image stacking. Stacker was designed to perform
the stacking analysis for continuum uv data; therefore, we mimic
continuum maps as the average single channel maps of the '>CO,
13CO, and C'®0 emission line intensity data of the galaxies. To create
individual single channel maps, we use the CASA task SPLIT to obtain
an average uv data of the channels around the '>CO line observed
frequency (£1 x FWHMucq). As described in Section 3.1.1, '>CO
line widths were measured using a 20 kms~! resolution, and these
widths were also used to create the individual single channel maps for
the '*CO and C'®0 data sets. Similarly to previous approaches, we
note that we have applied the same astrometric offset corrections to
generate the single channel uv maps. To measure velocity-integrated
line flux densities from the uv stacks, we create images using the CASA
task TCLEAN following a similar approach as the images used for 2D-
and 3D-image stacking procedures. Then as in 2D stacks, we model
the sources with a 2D Gaussian profile and measured the velocity-
integrated line flux densities from 30 arcsec x 30 arcsec stamps.

3.3 The differences between the stacking approaches

In this section, we discuss the stacking approaches described above
in order to decide the most suitable one for our work. As mentioned
before, each method is based on different assumptions; therefore, a
direct comparison is not entirely trivial. For example, the images
obtained from 2D stacking are generated using the CASA task
IMMOMENTS that basically sums the intensities of the channels around
+1 x FWHMu( for the 12CO observed frequency, while the 3CO

Zhttps://www.oso.nordic-alma.se/software-tools.php
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Figure 4. Final composite 30 arcsec x 30 arcsec stamps stacks (top) and
residuals (bottom) from the corresponding flux modelling (see Section 3)
for 2CO (upper panels), '*CO (middle panels), and C'30 (lower panels)
emission lines from 2D-moment-0 stack (left column), 3D-image stack
(middle column), and uv stack (right column).

and C'80 lines are blindly extracted at the expected frequencies using
the derived '2CO redshifts. The 3D approach concentrates mainly on
highlighting the intensities from the central channel of data cubes,
where the velocity peak of the flux density profile is located. The case
for the stacks obtained from a uv approach is constructed starting
from the CASA task SPLIT that averages the uv intensities of the chan-
nels where the lines are located; these channels are exactly the same
as those channels used to create the moment-0 maps for 2D stacking.

In Fig. 4, we show 30arcsec x 30arcsec image stacks and
residuals after point-source extraction for the three methods ex-
plored in this work. All three different approaches result in similar
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Table 3. SNR detection for '2CO, '3CO, and C!30 stacked line emission,
obtained from three different stacking methods explored in this work: (1)
2D-moment-0 stacking, (2) 3D-image stacking, and (3) uv stacking.

SNR Moment-0 uv stacking 3D stacking
2co 41.9 71.1 105.3
3co 15.1 12.9 9.5
c'®0 5.0 52 5.4

velocity-integrated line flux densities within the errors. However, we
find that for a bright line like '>CO uv stacks show an SNR ~1.6x
higher than that obtained from 2D stacking method (see Table 3).
This result is similar to that found by Lindroos et al. (2015), who
reported that continuum uv stacking SNR was up to 20 per cent
higher than the continuum image stacking. Nevertheless, we find
that for '>CO 3D-image stacking shows to be the method with the
highest SNR, being 2.5 and 1.6 times higher than 2D-moment-0
stacking and uv stacking SNRs, respectively. On the other hand,
the 3D stacking method shows the lowest SNR for the faint lines
like '3CO, while the 2D-moment-0 and uv stacking methods show
similar SNRs. We note that, all the stacking methods applied on C'*O
emission line show similar SNRs. Even though stacker was specially
designed to stack uv continuum data sets and it has been successfully
applied for uv emission line stacking (Fujimoto et al. 2018, 2019;
Carvajal et al. 2020; Fudamoto et al. 2020) using a similar procedure
as described here, this is the first time that uv and image stacking
methods for emission line observations are directly compared. Driven
by the previously available '>CO data presented in Villanueva et al.
(2017), we decide to use the 2D (moment-0) approach to measure
values, as this method yields the highest '*CO stacked SNRs that are
straightforward to interpret and simple to calculate.

3.4 Luminosity measurements

We compute the 2CO, '3CO, and C'"®O luminosities using the
velocity-integrated line flux densities following (Solomon & Vanden
Bout 2005)

Lo =3.25 x 10'SA w2 D 2(1 4 2)73, (1)

where L'co is measured in Kkms~' pc?, SAv is the velocity-

integrated line flux density in units of Jykm s, v, is the observed
frequency of the emission line in GHz, Dy is the luminosity distance
in Mpc, and z is the redshift.

Considering the fact that we are analysing average properties from
galaxies at different redshifts, special consideration should be taken
to convert to intrinsic luminosities. To determine the dispersion of
the stacked luminosity measurements, we have used a Monte Carlo
simulation considering that the error from the velocity-integrated
line flux density measurements is normally distributed, and at the
same time assume a random sampling for the redshift distribution
of the parent stacked sample. Repeating this simulation, we get a
distribution of luminosities from which we can then infer the lo
confidence intervals (CI) of our average luminosity measurements.
Since each galaxy population has a different redshift distribution,
their CIs are independent from one population to another. We
note that the differences between intensity and luminosity ratio
measurements are negligible. The luminosity ratio of any pair of
lines (L), L) comes from converting their fluxes into luminosities
following equation (1). Given that the redshifts (z;, z») for both
lines are the same, the redshift and luminosity distance dependences
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vanish leading to equation (2).

Ly _ Sidvv DA 4z @
Ly SAwIDE(1+2)73 Ly’

In particular, L' (*2CO)/L (*CO) = 0.91 x I(*>C0)/I(*CO) and
L (BPCO)/L (C'*0) = 0.99 xI('3CO)/I(C'*0), which enable us to
make direct comparisons between our results and different intensity
and luminosity ratios available in the literature.

4 RESULTS

4.1 The L' (>CO)/L' (3CO) ratio
The VALES survey provides a wide range of global galaxy properties

12C0, BCO, and C80 in star-forming galaxies 2777
L Y T T N=57"
350 * °COdetections X Y Q!ID, BC, DC No2s
I 4 avg stacked 2: BC, DC N=8
[ 4% med stacked 3:B,D N=16 1
_. 30 4: M N=3 ]
o | ]
o
= 25¢ ]
= ¢ Al
O 20+ 1
S 20? g} % ]
T1sf %3 } I 1
10F * 1
[ * ]
| S 1 1 1 1
0 1 2 3 4
Morphology

such as stellar masses, SFRs, morphologies, luminosities, etc. In
this section, we present the measured L (‘2CO)/L’ ('*CO) luminosity
ratios to search for possible dependences on different global galaxy
parameters.

4.1.1 Morphological and environmental dependence

A morphological and environmental dependence of the
I1("2CO)/I("3CO) line intensity ratio has been reported by previous
studies. While merger systems show a higher I1('2CO)/I(!3CO)
intensity ratio when compared with normal spiral galaxies (Casoli
et al. 1992b; Taniguchi & Ohyama 1998; Taniguchi, Ohyama
& Sanders 1999), galaxies in dense environments show a lower
I1(>COY/I(*CO) intensity ratio (Alatalo et al. 2015). Initially, we
explore the morphological and environmental classification available
for our sample, according to the most prominent morphological fea-
tures: bulge (B), disc (D), merger-irregular (M), and (C) that denotes
if the source has multiple projected neighbouring systems (‘compan-
ions’), as based on a visual inspection presented by Villanueva et al.
(2017) to multiwavelength imaging from the GAMA survey.

We split our sample into five different subsets: (0) all galaxies
(n = 27; open symbols); (1) all galaxies excluding clear mergers
(B, D, BC, DC; n = 24); (2) bulge- and disc-dominated galaxies
with projected companions (BC, DC; n = 8); (3) bulge- and disc-
dominated galaxies without any companion (B, D; n = 16); and (4)
mergers (M; n = 3) (see Fig. 5).

In Table 4, we present the measured average L ('>’CO)/L ('3CO)
line luminosity ratio and average <SFR>, <SFE>, and <Lj>
values for the five different morphological galaxy populations ex-
plored in this work. Using all of the 27 galaxies, we find an average
L (">CO)/L (**CO) line luminosity ratio of 16.1 & 2.5. This value
is in agreement with the values for mergers (12 £ 3) and interacting
ETGs (15 £ 5) reported by Alatalo et al. (2015), and to the ratio of
nearby spirals, starburst, and ETGs (excluding those belonging to the
Virgo Cluster used by Alatalo et al. 2015) reported by Davis (2014)
(12 £ 1.0). Mergers and galaxies with a visible companion tend to
show higher L' (**CO)/L’ (*3CO) line luminosity ratios. In particular,
mergers show the highest <SFR>, <SFE>, and <Ljr> average
values among the different morphological classifications, and also
show an L (2CO)/L’ (*CO) line luminosity ratio 2 times higher
than that found in galaxies without a companion. These findings,
however, are at low significance (mainly due to the low number
statistics). Besides, these ratios are in good agreement with the ratios
reported by Alatalo et al. (2015), who found that group galaxies
present L' (2CO)/L’ ('*CO) line luminosity ratios 2 times higher than
those of field galaxies.

Figure 5. Average (red triangles) and median (blue crosses) stacked
r ('ZCO)/L’ (3CO) line luminosity ratio values as a function of optical
morphological properties as presented in Villanueva et al. (2017): 0) all
galaxies (n = 27), open symbols; (1) all galaxies excluding mergers (B,
D, BC, DC; n = 24); (2) bulge- and disc-dominated galaxies with projected
companions (BC, DC; n = 8); (3) bulge- and disc-dominated galaxies without
any companion (B, D; n = 16); and (4) mergers (M; n = 3). Error bars
correspond to 1o Cls for average ratios.

4.1.2 The star formation activity

Villanueva et al. (2017) derived various global galaxy properties,
including SFR, star formation efficiency (SFE), molecular gas
surface density (Xp,), SFR surface density (Xgpr), stellar mass
(M,), gas depletion time (7), and projected size (Rpwym)- The total
IR Iuminosity was obtained as described in Ibar et al. (2015) by
integrating the best-fitting SED between 8 and 1000 pm using pho-
tometry from IRAS, Wide-field Infrared Survey Explorer (WISE),
and Herschel. The SFR was estimated following SFR (M, yr~!) =
1071 x Lig assuming a Chabrier (2003) IMF. The molecular gas
mass was computed using L, and assuming an oo conversion
factor dependent on the morphological classification («¢co = 4.6 K
km s~! pc2 for B- and D-dominated galaxies and oco = 0.8 K km
s~! pc? for mergers/interacting galaxies). The SFR and My, surface
densities were estimated by dividing the measured values by the area
of a two-sided disc (ZﬂRl%WHM), where Rpwnnm 18 the deconvolved
FWHM along the semimajor axis obtained through fitting elliptical
Gaussian profiles to the 2CO (1-0) moment-0 maps using the CASA
task IMFIT. We consider the CO emission to be spatially resolved if the
fitted semimajor axis is at least +/2 times larger than the semimajor
axis of the synthesized beam. A more detailed discussion about the
computations of these parameters can be found in Villanueva et al.
(2017). With these in hand, we looked for possible dependences
of L' (*CO)/L’ (*CO) luminosity line ratio on these global galaxy
properties by splitting our sample into two bins for each parameter.
Fig. 6 shows the redshift, Lir, SFR, SFE, Xsrr, and Xy, distributions,
split by low and high values. We find that the most significant trends
for the L ('2CO)/L (3*CO) ratios are with Lz, SFR, and SFE (see
Figs 7 and 8). Table 5 shows the average L (2CO)/L ('*CO) line
luminosity ratios for low and high Lz, SFR, SFE, Xgg, and Xy,
populations.

Fig. 7 shows a trend of L ('>CO)/L ('3CO) line luminosity ratio
with Lz similar to that shown by Taniguchi & Ohyama (1998),
who used '2CO and '3CO line data taken from the literature
for 61 nearby galaxies, including 8 luminous starburst galaxies.
They found a correlation between Lgg and L' (">CO)/L (*CO) line
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Table 4. Average L (IZCO)/L/ ('3CO) line luminosity ratio and average <SFR>, <SFE>, and <Lig> values for
different morphological classifications explored in this work (Villanueva et al. 2017; see Section 4.1.1 for more

details).
ID Group N L'(12coy/L (13co) <SFR> <SFE> <log[Lir/Lo]>
Mg yr~! Gyr~!
0 All 27 161425 149 + 3.8 19405 10.9+0.5
1 BC,DC,B,D 24 155425 127442 0.9+0.1 108+ 0.5
2 BC, DC 16 19.444.0 17.6 £ 5.9 1.0+0.1 11.0+0.5
3 B.D 8 10.7 +2.4 34405 0.8 +0.1 10.540.2
4 M 3 22.1+8.6 34469 9.6+0.8 115402
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Figure 6. Redshift, Lir, SFR, SFE, Xsrr, and Xy, distributions of the galaxies used in the 12C0O and 3CO stacking analysis (solid black line), split by low
(purple bars hatched with stars) and high (yellow bars hatched with circles) values.

ratio, where starburst galaxies with high infrared luminosities show
higher [L' (2CO)/L’ (**CO) > 20] line ratios compared with normal
galaxies. They dismissed physical gas properties such as density, tem-
perature, or velocity gradients as responsible for the observed high
L (2CO)/L ("3CO) abundance ratio in starburst galaxies and con-
clude that the only possible mechanism behind the high '>?CO/'*CO
abundance ratio in starburst galaxies is an underabundance of *CO
with respect to >CO. Our stacks (see Fig. 7) show a trend in which
the high Ljg sample falls in the starburst region, while the low Ljr
sample shows an average L (">CO)/L’ (*CO) line luminosity ratio
similar to that found in normal galaxies.

MNRAS 497, 2771-2785 (2020)

To test the significance of the L' (2CO)/L ('*CO)-Lr variations,
we applied a Student’s t-test to determine the probability that
the L (">CO)/L (*CO) line luminosity ratio variations between
the low- and high-Ljg populations are not statistically significant.
A large p-value indicates that the differences between the two
sample means are not statistically significant, while a small one
suggests that the differences between the two sample means are
significant. Based on this test, we find that the differences in the
L' (">CO)/L ("3CO)-Lg variations are statistically significant (see
Table 5). We then implemented a Spearman rank test to investigate a
possible L' (*CO)/L (*CO)-Lir correlation, where p-values report
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Figure 7. Average (red triangles) and median (blue crosses) stacked
r ('ZCO)/L’ (3CO) line luminosity ratio for low- and high-Lir subsets
(triangles). A dashed line indicates the boundary between low- and high-
Lir populations. As reference, average and median line luminosity ratios
considering all galaxies in open symbols are included. Error bars correspond
to 1o ClIs for average or median values based on Monte Carlo simulations.
Individual '>CO detections (stars) and L (IZCO)/L/ ('3CO) line luminosity
ratios of normal galaxies (NG open circles) and starburst mergers (SBM filled
circles) scaled by a 1.75 factor to convert from far-IR to IR luminosities (see
appendix E from Herrera-Camus et al. 2015) from Taniguchi & Ohyama
(1998) are also included.

the probability of the lack of correlation between the two samples.
A large p-value indicates that there is no significant correlation,
while a small one suggests a significant correlation. The Spear-
man rank test was computed considering six galaxies (excluding
HATLASJ090949.6 identified as an outlier; see Section 4.1.3) with
individual 3CO detections, for which we could compute individual
L (>CO)/L' (3*CO) luminosity ratios. The Spearman rank test does
not provide evidence (see Table 6 first row) supporting a significant
correlation between L (*2CO)/L' (*CO) and Liz. This might be due
to the reduced number (6) of galaxies with individual >CO detections
covering a small range of Lig. However, if we also consider starburst
galaxies and normal galaxies covering a wider range of Lpr as
reported by Taniguchi & Ohyama (1998), we find (see Table 6
second row) evidence supporting a moderate L ('>?CO)/L’ ('3CO)-
Lir correlation.

Fig. 8 (upper panels) shows L (2CO)/L’ ('*CO) line luminosity
ratio trends with SFR and SFE. Considering that SFRs are derived
from far-IR luminosities, an expected trend in SFR is also identified
(see Fig. 7). We also find that the higher the SFE (SFR/My,),
the higher the L' ("2CO)/L ('*CO) line luminosity ratio, following
an expected similar trend as with SFR. By looking at the stacked
signals, we find significant variations of the L' ('>CO)/L ('3*CO) line
luminosity ratio when we split our sample by low and high SFR
values (see Table 7). We notice that galaxies with high SFR not
only show high L' (2CO)/L (**CO) luminosity ratio, but also show
relatively high reservoirs of molecular gas. Table 7 shows the average
values of redshift, molecular gas mass (Mpy,), molecular gas mass-
to-stellar mass ratio (My,/M,), and molecular gas fraction [ fy, =
My, /(My,+M,)] for our galaxy sample after splitting it into low
and high SFR values. To estimate the significance of the observed
differences between the average properties (My,, My,/M,, fu,) in
the low- and high-SFR populations, we applied a Kolmogorov—
Smirnov (KS) test to compute the probability that low and high (z,
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My,/M,, My,/M,, and fy,) distributions were drawn from the same
parent population. A large p-value indicates that the distributions
are identical, while a small one suggests that the distributions are
different. In all cases, we find evidence to reject the null hypothesis
that the observed properties in the low- and high-SFR populations
were drawn from the same parent population (see Table 7).

We perform a similar analysis to that described by Davis (2014)
that reported a positive correlation of the I(2COYI('*CO) line
intensity ratio with Xspr and Xy,. In our case, only 13 galaxies
are known to be resolved in '2CO, enabling us to derive Xgpr and
Tp,. In Fig. 8 (lower panels), we show the L (2CO)/L (**CO)
line luminosity ratio as a function of Tgrg split in high (107!
10! Mg yr~'kpc™2?) and low (1072°~1072 Mg, yr~! kpc™2) values.
Individual 3CO galaxy detections from Davis (2014) are also
overplotted. Concerning the dependences of L ("2CO)/L ('3CO) as
a function of Ty,, when we split by low (10%3-10'3 Mg, pc2) and
high (10'3-1072 Mg pc~2) values, a moderate trend is found.

We applied a Student’s t-test to evaluate the probability that the
null hypothesis [i.e. that the L' (*2CO)/L’ ('*CO) line luminosity ratio
variations between the low and high SFR, SFE, Xsgr, and Xy, pop-
ulations are not statistically significant] is true. We find supporting
evidence that L' (">CO)/L ('3CO) variations between low and high
SFR and SFE populations are statistically significant. On the other
hand, we do not find evidence that supports that L' (‘>CO)/L’ ('*CO)
variations between low and high Xgrr and Xy, populations are
not statistically significant (see Table 5). The lack of a significant
difference of L' (**CO)/L’ (*3CO) with both Tsgg and Ty, shown in
the lower panels of Fig. 8 is most probably due to the reduced number
of galaxies used for Xspr and Xy, stacks and the relatively small
range of surface densities explored in this work. Finally, we note that
we did not find any significant variations of L' (*2CO)/L’ ('*CO) with
redshift and stellar mass, as with y,. This might be caused by the
relatively small range of redshift [0.025-0.195] and stellar masses
[log(M/Mg)=9.8-10.9] explored in this work.

4.1.3 ¥CO individual detections

We have included the L ('?CO)/L (**CO) line luminosity ratios
of the individual '*CO detections (see Table 2) in Figs 5, 7, and
8. Galaxy J085748.04-004641 is classified as merger (M) while
galaxy JO83831.8+000044 is classified as a galaxy with a projected
companion (DBC); they both show high L ('>?CO)/L ('*CO) line
luminosity ratios, in good agreement with previous findings. On
the other hand, galaxies J085346.4+001252, J084139.6+015346,
J084350.84+005534, and J090633.6+001526 are classified as galax-
ies that do not show any apparent projected companion and present
low L ("*CO)/L’ (*CO) line luminosity ratios, in agreement with
those expected from galaxies with low Ljr values. Finally, galaxy
J090949.6+014847 seems to be a peculiar galaxy showing a low
L (>CO)/L (*CO) line luminosity ratio but with low SFE = 1 Gyr~!
and high Lig = 10'% L, values. Thus, we identify J090949.6+014847
as an outlier and exclude it from the Spearman rank tests in the
previous analyses. Stacking results are robust against the removal of
this peculiar source from the sample.

4.1.4 110.201 GHz stacked continuum emission

As discussed in Section 2.2, we do not detect continuum emission
at ~110 GHz above 50 significance down to an rms noise of
4 uJybeam™! in any of the 27 galaxies of our sample. However,
we could detect a high-signal-to-noise ratio (SNR=13) emission
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Figure 8. Average (red triangles) and median (blue crosses) stacked r (IQCO)/L/ (13CO) line luminosity ratio for low and high SFR (upper left), SFE (upper
right), Xspr (lower left), and Xy, (lower right) subsets (triangles). As reference, average and median line luminosity ratios considering all galaxies in open
symbols and dashed lines indicating the boundary between low and high SFR, SFE, Xggr, and Xy, populations are included. Error bars correspond to 1o Cls
for average or median values based on Monte Carlo simulations. Individual 13CO detections (stars) and I (*2CO)/I ('3CO) line intensity ratio of normal galaxies
(open circles) from Davis (2014) are also included.

Table 5. Average L (IZCO)/L/ (3CO) line luminosity ratio for our sample of galaxies split by high and low Lir, SFR, SFE,
Y sFR» and Xy, values. Column 1: parameter of interest; column 2: range explored; column 3: the number of galaxies in
the explored range; column 4: average value for parameter of interest; column 5: the average stacked r (IZCO)/L’ (Bco)
line luminosity ratio; columns 6 and 7: Student’s t-test statistical reports (#, p) to assess the probability (p) that the
null hypothesis [L ("2cOy/L’ ('3CO) line luminosity ratio variations between the low- and high-SFR populations are not
statistically significant] is true.

Parameter Range N Average r ( 12CO)/L/ 3co) t-test
t P
1 2 3 4 5 6 7
log[Lir/Lo] [10.1-10.9] 14 10.5+ 0.1 13.8+24 -39 0.0006
[11.0-11.9] 13 11.3+0.1 18.7 +3.9 - -
SFR (Mg yr 1) [1.8-9.5] 15 39+0.6 13.3+24 —4.3 0.0002
[10.3-83.4] 12 28.6 = 5.3 18.7 £ 3.8 - -
SFE (Gyr™!) [0.4-0.9] 14 0.6 +0.1 129 +2.7 —4.7 7E-05
[1-11.7] 13 33+0.6 194 +42 - -
log[Ssrr /(Mg yr~! kpe2)] [-2.6 - —1] 13 —1.84+0.1 125+24 - -
[-2.6 - 2] 8 —22+0.1 122+ 3.1 —0.05 0.9
[-2.1-—1] 5 —13+0.1 123 +3.5 - -
log[Zy, /Mg pc=2)] [0.8-2.0] 13 1.3+0.1 125+2.5 - -
[0.8-1.2] 6 1.0+0.1 11.8+3.2 -0.5 0.6
[1.3-2.0] 7 1.6 £0.2 12.8 £3.5 - -

MNRAS 497, 2771-2785 (2020)

20z Iudy 0} uo 1senb AQ £/2898G/| £ /2/E/L6/2I0MME/SEIUW/WO0D dNO"0lWapED.//:SANY WOl POPEO|UMOQ



12C0, B3CO, and C'80 in star-forming galaxies

Table 6. Spearman correlation test statistic (p, p), to assess the null
hypothesis [no significant correlation between L (IZCO)/L/ (13C0) and Lir]
being true, for (1) 6 galaxies with '3CO individual detections for which
we could compute individual r (IZCO)/L, (3CO) luminosity ratios and (2)
6 galaxies with '3CO individual detections plus 61 starburst and normal
galaxies reported by Taniguchi & Ohyama (1998).

Sample N p P
1) Galaxies with '3CO detections 6 071  0.14
2) + Starburst and normal galaxies 67 0.55 4E-6

Table 7. Average values of various galaxy parameters (column 1): red-
shift, molecular gas mass (My,), molecular gas mass-to-stellar mass ratio
(My,/M,), and molecular gas fraction [fn, = My,/(Mu,+M,)] for the
sample after splitting it into low (column 2) and high (columns 3) SFR
values. Columns 4 and 5 contain the KS statistical reports (D, p) to assess
the probability that low and high (z, My,/M,, and fu,) were drawn from
populations with identical distributions.

SFR (Mg yr™ 1)
Parameter Low High KS
N=15 N=12 D p
[1.8-9.5] [10.3-83.4]
1 2 3 4 5
<z> 0.04 £0.01 0.10 £ 0.04 0.8 0.0001
<log[Myu,/Mg]> 8.9+ 0.6 10.1 £ 0.1 0.5 0.03
<My, /M, > 0.17 £ 0.04 0.53 +£0.18 0.6 0.02
<fH,> 0.14 £ 0.06 028 £ 0.15 0.55 0.02

Table 8. '3CO stacked continuum emission split by low- and high-SFR
populations.

SFR (Mg yr™1)
Parameter All Low High
N=27 N=15 N=12
[1.8-9.5] [10.3-83.4]
SNR 13 6 15
Si3coAv [Wykms™'] 82+6 64 £ 10 110+ 7

after stacking the individual continuum emission of our 27 galaxy
sample coming from the '*CO data sets. As with the '>CO, *CO, and
C"80 stacks, we split our sample by low- and high-SFR populations
(see Table 8). Similar to what we found for the L' ('>*CO)/L ('*CO)
ratio, galaxies with higher SFR show the higher continuum emission
compared with galaxies with low SFR. The detected continuum
emission does not show any discrepancy with the expected average
continuum emission at ~110 GHz extrapolated from the SEDs
presented in Villanueva et al. (2017). However, further analyses
(beyond the scope of this paper) at these frequencies are needed
to uncover the origin of the continuum emission (e.g. free—free, dust,
and ionized gas emission) contributing to the SEDs of these galaxies
and its relation with their star formation activity.

4.2 L' (*CO)/L’ (C'30) correlations

Our ALMA Band-3 observations helped with the exploration of the
C'80(1-0) emission line for 24 VALES galaxies. Following a similar
approach as before, in this section we only use these 24 galaxies
with simultaneous C'®0, *CO, and '2CO observations. Figs 9 and
10 show the trends for L (2CO)/L ('*CO) and L (*CO)/L (C'30)
as a function of Lig, SFR, and SFE, respectively, and Table 9
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for average L' (">CO)/L' (*CO) and L' ("*CO)/L (C'*0) values. The
average L ('*CO)/L’ (C'®0) line luminosity ratio found is 2.5 % 0.6,
which is in good agreement with the I (*CO)/I (C'0) line intensity
ratio found for starburst galaxies (3.4 &£ 0.9) but slightly lower than
the average ratio found in nearby normal spiral galaxies (6.0 = 0.9)
reported by Jiménez-Donaire et al. (2017). The central panel of
Fig. 10 shows the L' ('3CO)/L (C'®0) line luminosity ratio as a
function of SFR (see Table 10) and also includes values reported in
the literature gathered by Romano et al. (2017) and split by normal,
starbursts, and ULIRGs.

As with L (2CO)/L (3CO) trends discussed in Section 4.1,
we implemented a Student’s t-test to evaluate the significance of
the L' ("*CO)/L (3CO) and L (*CO)/L (C'#0) variations with Lig,
SFR, and SFE considering the 24 galaxies with C'®0 coverage.
We find that the differences found in the L' (**CO)/L (**CO) and
L (PCO)/L' (C'80) variations between low and high Ly, SFR,
and SFE populations are statistically significant (see Table 9).
We also applied a KS test to assess the probability that the null
hypothesis (low and high SFR, SFE, L, My,/Mg, My,/M,, and
S/, populations were drawn from the same parent population) is
true, considering the reduced 24 galaxy sample with C'30 coverage.
Table 10 shows the average values of redshift, My,/Mq, My,/M.,,
and fy, split by low and high SFR values and the KS statistics
(D, p). We find supporting evidence to reject the null hypothesis
that the low and high SFR populations were drawn from the same
parent population. Therefore, galaxies with high L' (‘>CO)/L’ ('*CO)
ratio (Fig. 9) and low L ('*CO)/L’ (C'*0) ratio (Fig. 10) also show
relatively high Lig, SFR, and SFE and high reservoirs of molecular
gas (see Table 10). These line ratios can be explained by over-
abundances of 2CO and C'®0 (both produced in high-mass stars),
with respect 1*CO, that could be understood as a result of selective
nucleosynthesis where high-mass stars enrich the ISM of these
galaxies.

5 DISCUSSION

The L (*CO)/L (*CO) line luminosity ratios presented in this
work can be affected by optical depth effects or by the different
physical processes that have been invoked to explain large and low
I(2COY/I(3CO) line intensity ratios. The most relevant ones are:
(i) selective photodissociation: '2CO molecules are more abundant
than '*CO molecules and hence due to their higher density they
are self-shielded against strong interstellar UV radiation fields,
unlike less abundant '*CO molecules that are more easily photodis-
sociated, leading to a '3CO underabundance and hence a higher
I(2COYI("3CO) line intensity ratio in regions with strong UV
radiation fields; (ii) chemical isotope-dependent fractionation, where
gas kinetic temperatures elevate '*CO abundance through the isotopic
charge exchange reaction (Watson 1977), where '2CO + 3C*
—12C* 4+ BCO + AE; and (iii) selective nucleosynthesis where
massive stars in star-forming regions produce significantly higher
amounts of '2C compared to *C leading to a high 7 (*?CO)/I (!3CO)
line intensity ratio (Henkel & Mauersberger 1993; Aalto et al.
1995).

The higher L (*CO)/L (*CO) line luminosity ratio found for
galaxies with close companions may be explained by interaction
activity. For example, during the early stages of a merger event,
part of the gas escapes and disperses into the intergalactic medium
(Mirabel & Sanders 1989). The remaining gas shrinks to the centre,
becomes denser, and converted partially into molecular H, gas. This
fresh molecular gas with relatively low metallicity and hence a high

MNRAS 497, 2771-2785 (2020)

20z Iudy 0} uo 1senb AQ £/2898G/| £ /2/E/L6/2I0MME/SEIUW/WO0D dNO"0lWapED.//:SANY WOl POPEO|UMOQ



2782  H. Méndez-Herndndez et al.

S . — E— T " T T ———— F T T LA ————
[ O Taniguchi+98 NG ] [ %, 13CO detections [ * * 13CO detections ]
| @ Taniguchi+98 SBM 1 350 @& avgstacked 1 350 & avgstacked
50¢ % 13CO detections ] t # medstacked | [ # med stacked
| & avg stacked 1 ~30L 1
(@] [ 10 [
40- % med stacked ] [
& 18 &
3 11l :
= 30" =0
o I * 1 020} *]
S 20F [ 19 [ ]
=<l gt ] 1T 15f -
[ X ] [ * ] [ *
= @) © O 3% 1= 1= + ]
100 BRoteks * 1 10 " * 10 o ]
[ @) ] % 1 F % ]
ok [ R T 5n el ‘ e 5t . . ‘ R
8 10 12 10 1 10
log[Lir/Le] SFR (Meyr™1) SFE (Gyr™1)

Figure 9. Average (red triangles) stacked r ('ZCO)/L’ (3CO) line luminosity ratio for low and high Lir (left-hand panel), SFR (middle panel), and SFE
(right-hand panel), subsets (triangles). As reference, average and median line luminosity ratios considering all galaxies in open symbols and dashed lines
indicating the boundary between low and high Lir, SFR, and SFE populations are included. Error bars correspond to 1o CIs for average (or median) values based
on Monte Carlo simulations. L (IZCO)/L/ (13CO) line ratios of normal galaxies (open circles) and starburst mergers (filled circles) scaled by a 1.75 factor to
convert from far-IR to IR luminosities (see appendix E from Herrera-Camus et al. 2015). Data from Taniguchi & Ohyama (1998) and individual '3CO detections
(stars) are also included.
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Figure 10. Average (red triangles) stacked L (]3CO)/L’ (C'80) line luminosity ratio for low and high Lig (left-hand panel), SFR (middle panel), and SFE
(right-hand panel), subsets (triangles). As reference, average line luminosity ratios considering all 24 galaxies with C'O coverage are shown in open symbols
and dashed lines indicating the boundary between low and high Ljr, SFR, and SFE populations are included. Error bars correspond to 1o Cls for average
values based on Monte Carlo simulations. I ('*CO)/I (C'80) ratios reported in the literature and gathered by Romano et al. (2017) split by normal galaxies (NG
open circles), starburst galaxies (SB filled circles), and ULIRGs (stars) as a function of SFR are also included. We note that median L (13CO)/L/ (C'80) line

luminosity stacks are not included in our analyses due to low significance in these values.

12C/13C luminosity ratio will trigger new starburst events boosting
the '2CO/'3CO abundance ratio (Langer & Penzias 1990; Casoli et al.
1992b). On the other hand, the opposite scenario occurs in galaxies
in denser environments, like galaxy clusters, where a deficit in '>CO
is linked to the low I ('>?CO)/I (*CO) line ratios observed. Galaxies
in clusters have lived long enough to enrich the ISM with '3C atoms
from low-mass stellar nucleosynthesis, while at the same time, the
evaporation or stripping of low-density GMCs as galaxies enter into
the cluster moving through the ICM possibly reduces the presence
of new starburst events and therefore would lead to a reduced
I(2COY/I('3CO) intensity ratio (Alatalo et al. 2015). In summary,
the enhanced L (‘?CO)/L (**CO) line luminosity ratios observed
in galaxy mergers (M) and galaxies with a projected companion
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(BC, DC) that got relatively high SFR (34 £ 6.9 and 17.6 + 5.9,
respectively) could be explained by a new starburst activity in these
systems. Galaxies without any projected companion (B, D) with low
SFRs present a relatively low L' (?CO)/L ('*C0O)=3.4 £ 0.5 line
luminosity ratio, which could be explained by '*C enrichment of their
ISM induced by low- and intermediate-mass stars in the absence of
young starburst events.

The trends of L ("2CO)/L ('*CO) with L, SFR, and SFE (see
Figs 7, 8, and 9) found in this work provide the evidence that galaxies
with low SFR, SFE, and L also show low L' (‘2CO)/L’ ('*CO) line
luminosity ratios in agreement to the idea that normal star-forming
galaxies have larger gas consumption times to enrich with *C the
ISM from low- and intermediate-mass stars. On the other hand, galax-
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Table 9. Average r (IZCO)/L, (3CO) and L (13CO)/L/ (C'80) line luminosity ratios for the sample of 24 VALES galaxies with C'80 observations split by
low and high Lir, SFR, and SFE values (see Figs 9 and 10). Column 1: parameter of interest; column 2: range explored; column 3: the number of galaxies in
the explored range; column 4: average value for parameter of interest; columns 5 and 8: the average stacked r (IZCO)/L, (3CO) and r (13CO)/L, (C'80) line
luminosity ratios, respectively. Finally, we provide the Student’s t-test statistical reports (#, p) to assess the probability that the null hypothesis (L' (2coyL’ (*co)
and L (13CO)/L/ (C'80) line luminosity ratio variations between low and high L, SFR, and SFE populations are not statistically significant] is true, located in
columns 6 and 9 (¢ coefficient) and columns 7 and 10 (probability p-value), respectively.

Parameter Range N Average r ( IZCO)/L, 3co) t-test r 3 CO)/L, (C'80) t-test
t p t P
1 2 3 4 5 6 7 8 9 10
log[Lir/Lo] [10.1-11.0] 13 10.5£0.1 13.0£25 —4.4 0.002 33+£08 —2.8 0.01
[11.1-11.8] 11 113+ 0.1 18.8 +£3.7 - - 25+0.6 - -
SFR (Mg yr— 1) [1.3-9.5] 13 37£05 13.0 £ 2.6 —42  0.0003 33+0.8 —2.8 0.01
[10.3-68.5] 11 23.6 4.0 18.8 +3.8 - - 25+0.6 - -
SFE (Gyr™") [0.4-0.9] 11 0.6 £0.1 124 +£28 —4.8 7TE-5 44+12 -59 SE-6
[1.1-11.8] 13 33£0.6 194 +42 - - 2.1+0.5 - -

Table 10. Average values of different parameters (column 1): redshift,
molecular gas mass (My,), molecular gas mass-to-stellar mass ratio
(My,/M,), and molecular gas fraction [ fn, = My,/(Mu,+M,)] considering
24 galaxies with C'80 coverage split by low (column 2) and high SFR values
(column 3) . Columns 4 and 5 contain the KS statistical reports (D, p) to assess
the probability that low and high (z, My,, My,/M,, and fy,) populations
were drawn from populations with identical distributions.

SFR (Mg yr ')
Parameter Low High KS
N=15 N=12 D p
[1.3-9.5] [10.3-68.5]
1 2 3 4 5
<z> 0.04 +£0.01 0.10 £ 0.04 0.8 7E-5
<log[My,/Mg]> 8.8+0.1 9.9+0.1 0.8 0.01
<My, /M, > 0.15 +£0.04 0.36 £ 0.05 0.6 0.02
<fH,> 0.12 +0.07 0.24 + 0.09 0.6 0.02

ies with high SFR, SFE, and Lz presenthigh L' (*2CO)/L’ ('*CO) line
luminosity ratios most probably due to younger starburst activity.
These higher ratios found here are in good agreement with scenarios
in which galaxies with higher fractions of dense molecular gas (see
Tables 7 and 10) show higher Ljr and higher SFE (Solomon, Downes
& Radford 1992; Solomon & Vanden Bout 2005), probably induced
by the triggering of a recent starburst episode after the infall of
unprocessed gas to the central galaxy regions (Casoli, Dupraz &
Combes 1992a; Henkel & Mauersberger 1993; Konig et al. 2016).
Similarly, the 7 (**CO)/I (C'30) line intensity ratios are explained
in terms of either a '3CO deficit or an overabundance of C'%0.
Recently, low 7('3CO)/I(C'®0) line intensity ratios have been
reported for different types of galaxies (Danielson et al. 2013;
Jiménez-Donaire et al. 2017; Sliwa et al. 2017; Brown & Wilson
2019). In all these cases, the low ratios have been attributed to the
presence of massive stars in a recent starburst. Our trends found for
L (3CO)/L (C'*0) (Fig. 10) are in good agreement to previous ratios
reported for starburst galaxies (Jiménez-Donaire et al. 2017; Zhang
et al. 2018). Considering the 24 VALES galaxies with C'30 spectral
coverage, we show moderate trends of L' (*CO)/L' (C'®0) with Ly,
SFR, and SFE. Galaxies with higher Lig, SFR, and SFE are found
to show high L' (2CO)/L ('*CO) (Fig. 9), low L ('*CO)/L’ (C'*0)
(Fig. 10) luminosity ratios, and relatively high reservoirs of molecular
gas (see Table 10). Similar results have been associated with a
top-heavy IMF (Danielson et al. 2013; Sliwa et al. 2017; Zhang
et al. 2018; Brown & Wilson 2019); however, in order to break

the degeneracy between young starburst and top-heavy IMF, an
independent determination of the age of the starburst is needed.

5.1 Optical depth, selective photodissociation, and chemical
fractionation effects

Aalto et al. (1995) pointed out the difficulties from interpreting the
12CO and *CO abundances from I('2CO)/I('3CO) line intensity
ratios as these might be affected by surface density, optical depth,
and gas temperature. They suggested that the high 1 (>CO)/I ('3CO)
line intensity ratios observed in mergers and interacting galaxies
(Casoli et al. 1992b; Henkel & Mauersberger 1993) are produced by
the infalling of unprocessed gas that could affect the gas elemental
abundances, only if the ISM has moderate optical depths (t ~
1). More recently, Zhang et al. (2018) presented how '*CO and
C'80 opacity affects 1('2CO)/I(**CO) and I('*CO)/1(C'30) line
intensity ratios in local thermodynamic equilibrium (LTE) and non-
LTE conditions assuming: representative Galactic abundance ratios
(BCo/C'®0 = 7-10, ">CO/3CO = 70), and typical ULIRG and
SMG conditions (e.g. Tizcog & 2, Txin = 30 K). They found that
the high 1(>CO)/I('*CO) ratios > 30 observed in high-redshift
galaxies would need extremely low optical depths for *CO (r <
0.03), meaning that I ('>CO)/I (**CO) line intensity ratios are affected
by optical depth effects. In order to properly account the optical
depths in I(*2CO)/I (**CO) intensity ratios, multiple line transitions
observations are needed to measure excitation conditions and derive
the optical depths of the ISM in these galaxies, which is beyond the
scope this work and hence, the L ('>CO)/L’ ('*CO) luminosity ratios
reported here should be taken as a lower limit of the '>CO/"*CO
abundance ratio (Henkel et al. 2010; Martin et al. 2019). On the
other hand, Zhang et al. (2018) found that even moderate '*CO
optical depths (T3¢ ~ 0.2-0.5) do not cause the 7 (*CO)/I(C'80)
line intensity ratio to deviate significantly from more typical values
(3CO/C' 0 ~7), meaning that the low I('*CO)/I(C'®0) found
in high-redshift starbursts and local ULIRGs reflect the intrinsic
isotopologue abundance ratios [i.e. I (*3CO)/I(C'®0) ~ *CO/C'*0
~ 13C/180].

If chemical fractionation is the main physical mechanism control-
ling the observed line ratios, the '*CO abundance would be boosted
with respect to '2CO (and C'30) at low temperatures (T =~ 10 K;
Watson, Anicich & Huntress 1976). Nevertheless, considering a
mean temperature 7 > 20 K (Ibar et al. 2015; Hughes et al. 2017) for
our VALES sample, we can reject chemical fractionation as the main
mechanism controlling the L' (*2CO)/L’ (*CO) ratios. On the other
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hand, selective photodissociation can affect the less abundant *CO
and C'®0 molecules compared to '>CO; however, extreme conditions
with high gas densities (>10?° cm™3) are required (Romano et al.
2017; Zhang et al. 2018). However, with an average gas density
of 10*cm™> (Hughes et al. 2017), our sample of galaxies does
not fulfil such conditions. Moreover, knowing that C'#0 is even
more sensitive to selective dissociation than '*CO, C'®0O molecules
would be more dissociated than '3CO molecules, resulting in high
L (BCO)/L (C'80) ratios, which is inconsistent with results shown
in Fig. 10 where galaxies with more intense UV radiation fields
associated with high Lig and SFR show low L ('*CO)/L (C*0)
ratios. Thus, the (L '2CO)/(L'3CO) and (L *CO)/L (C'30) variations
found here are not compatible with a scenario in which selec-
tive photodissociation or chemical fractionation plays a dominant
role.

5.2 Insights from Galactic chemical evolution

Recently, Romano et al. (2017) used Galactic Chemical Evolution
models to compute the abundances of numerous elements including
12¢, 190, 13C, and 'O in the ISM of galaxies, assuming that (i)
stars form from raw material with primordial chemical composition,
(ii) outflows remove stellar ejecta and a fraction of the surrounding
ISM, (iii) star formation follows a canonical Kennicutt—Schmidt law
(Schmidt 1959; Kennicutt 1998), (iv) stars release the synthesized el-
ements during their lifetime, and (v) stellar ejecta are homogeneously
mixed in the ISM, allowing us to follow multiple isotopic ratios
and trace their abundance ratios on different isotopes and different
elements. They have shown that neither selective photodissociation
nor chemical isotope-dependent fractionation can significantly per-
turb globally averaged isotopologue abundance ratios, since these
processes will typically affect only small mass fractions of individual
molecular clouds in galaxies. Using these models, Zhang et al.
(2018) were able to compare the effects of assuming different IMFs
of young starbursts by incorporating the appropriate time-scales at
which different stellar populations enrich the ISM, and conclude that
acanonical IMF cannot reproduce the observed low / (3Coy/1(C'*0)
ratios in ULIRGs and SMGs. Thus, assuming that the velocity-
integrated line flux densities coming from average stacks are not
affected by these two other effects, we propose that these emission
line ratios could be induced by selective nucleosynthesis.

6 CONCLUSIONS

In this paper, we present a stacking analysis of '2CO(1-0), *CO(1-
0) emission lines of 27 galaxies, and C'30 (1-0) in 24 galaxies,
belonging to the VALES survey. We have detected six individual
13CO (1-0) line signals from six galaxies in moment-0 maps, with
SNR > 5. We have successfully demonstrated that it is possible to
detect the signal coming from faint emission lines ('3CO and C'#0) in
low-redshift galaxies through stacking analysis, pushing the current
ALMA detectability limits. Therefore, the analysis presented here
can be applied to detect faint signals from different molecules coming
from low-, intermediate-, and high-redshift galaxies, exploiting radio
interferometric data sets from ALMA.

We have explored three different independent stacking analyses,
two of them in the ‘image plane’ (i) 2D-moment-0 stacking and (ii)
3D-image stacking, while a third one in visibility’s space (iii) uv-
plane stacking. We found that for bright emission line (as the case for
12CO) uv-plane stacks produce the highest signal-to-noise compared
to 2D-moment-0 and 3D-image stacks. Moment-zero stacked maps
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for faint lines, like '*CO, show the highest signal to noise compared
with 3D-image and uv-plane stackings.

We found an overall L ('>CO)/L’ ('*CO) line luminosity ratio of
16.1 £ 2.5. We also found a dependence of L (‘>?CO)/L (*CO)
line luminosity ratio on optical morphology/environment where
galaxies showing a close projected companion and mergers show
boosted L' ('?CO)/L’ ('*CO) line luminosity ratios. Mergers show at
low significance an L' ('>CO)/L’ ('*CO) line luminosity ratio that is
2 times higher than that found in galaxies without a projected com-
panion. We also found positive trends between L (‘2CO)/L’ ('*CO)
line luminosity ratio and SFR, SFE, L, 2y,, and Xgpr.

We also provide C'30 stacking analysis for 24 VALES galaxies.
We detect signal coming from the 2D moment-0 stacked images
at a significance of ~5¢ with an average L ('*CO)/L (C'®0) line
luminosity ratio of 2.5 & 0.6. This average value is in good agreement
to the 1(**CO)/I1(C'30) =3.4 % 0.9 line ratio for starburst galaxies
found by Jiménez-Donaire et al. (2017). We find negative trends of
L (3CO)/L (C'80) as a function of Lz, SFR, and SFE.

We recall that our L' (*2CO)/L’ (*CO) ratios can be affected by
optical depth effects, and hence the L ('>CO)/L’ ('*CO) luminosity
ratios reported here should be taken as a lower limit for the
12CO/3CO abundance ratio. To assess the optical depth effects on
I(2COY/I(3CO) intensity ratios, multiple line transitions observa-
tions are needed to measure excitation conditions and derive the
optical depths of the ISM.

Neither chemical fractionation nor selective photodissociation
is expected to be responsible for the trends found in this work
as the required low temperatures (<10 K) and high densities
(>10% cm™) are not fulfilled by our sample of galaxies. The com-
bined L ('?CO)/L’ (*CO) and L' ("*CO)/L' (C'30) variations provide
additional evidence inconsistent with selective photodissociation as
the responsible agents behind the results shown here. This leaves
selective nucleosynthesis to be the most probable mechanism for the
high L' (2CO)/L' (**CO) and low L (*CO)/L (C'®0) ratios found in
bright far-IR luminosity galaxies. The scenario might be that higher
molecular gas reservoirs can trigger new starburst events where high-
mass stars enrich their ISM.

Future analyses using ALMA observations of these and other CNO
isotopologue molecules (C'70, '>CN, and '*CN) on larger samples,
sampling different galaxy populations covering wider ranges in SFR,
SFE, and molecular gas contents at different epochs, could fill in the
gap of these molecular line observations between nearby galaxies
and lensed galaxies at high redshifts, shedding light on the physical
processes behind their star formation activity.
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