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ABSTRACT

In this work we study CO isotopologue emission in the largest cluster galaxy sample to date:
48 VERTICO spiral galaxies in Virgo. We show for the first time in a significant sample
that the physical conditions within«thexmolecular gas appear to change as a galaxy’s ISM is
affected by environmental processes:.!>QO is detected across the sample, both directly and
via stacking, while C'80 is détected in a smaller number of systems. We use these data to
study trends with global and radial galaxy properties. We show that the 2CO/!3CO line ratio
changes systematically withia variety of galaxy properties, including mean gas surface density,
Hi-deficiency and galdxy morphology. *CO/C'80 line ratios vary significantly, both radially
and between galaxiesy suggesting real variations in abundances are present. Such abundance
changes may beddue. to star formation history differences, or speculatively even stellar initial
mass function, variations. We present a model where the optical depth of the molecular gas
appears to_change as a galaxy’s ISM is affected by environmental processes. The molecular
gas appears.to become more transparent as the molecular medium is stripped, and then more
opaque as\the-tightly bound remnant gas settles deep in the galaxy core. This explains the
variations we see, and also helps explain similar observations in cluster early-type galaxies.
Next generation simulations and dedicated observations of additional isotopologues could thus
provide a powerful tool to help us understand the impact of environment on the ISM, and thus
the-quenching of galaxies.

Key words: galaxies: evolution; galaxies: clusters: individual: Virgo; galaxies: spiral; galaxies:
elliptical and lenticular, cD; ISM: molecules; ISM: abundances

1 INTRODUCTION

Galaxy clusters are extreme environments, that are known to play an

* Elinail> DavisT@cardiff.ac.uk active role in the ongoing evolution of their constituent galaxies. It
+ Scientific associate INAF - Osservatorio Astronomico di Cagliari, Via has long been known that galaxies in clusters are redder, and more
della.Scienza 5, 09047 Selargius (CA), Italy likely to have elliptical and lenticular morphologies, than those
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found in lower density environments (e.g. Oemler 1974; Dressler
1980; Butcher & Oemler 1984). We believe that these changes in
the cluster galaxy population are due to environmental quenching
effects, such as ram pressure stripping, tidal stripping and thermal
evaporation (e.g. Gunn & Gott 1972; Larson et al. 1980; Moore et al.
1996). Depending on the relative strength of these processes they
can remove the circumgalactic medium around galaxies (leading
to strangulation; Cowie & Songaila 1977), or also the colder ISM,
leading to direct quenching of star formation (e.g. Boselli et al.
2014; Zabel et al. 2019; Cortese et al. 2021).

Given the above, it is clearly crucial to understand the im-
pact that different environmental mechanisms have on the cold gas
within galaxies. This allows us to distinguish which mechanisms
are important in different environments, and thus how star forma-
tion is suppressed in dense cluster cores. The atomic gas within
galaxies is well known to be strongly affected by environment (e.g.
Davies & Lewis 1973; Chamaraux et al. 1980; Gavazzi et al. 2005;
Chung et al. 2009). However, this material is less closely linked
to star formation. The cold molecular interstellar medium (ISM)
is the key component within which stars are formed, but is almost
always located deep within the potential well of the galaxy, where
environmental effects are more subtle (Stark et al. 1986; Boselli &
Gavazzi 2006; Vollmer et al. 2008; Boselli et al. 2014; Lee et al.
2017; Zabel et al. 2019; Morokuma-Matsui et al. 2022).

The Virgo Environment Traced in CO (VERTICO; Brown
et al. 2021) program, of which this paper is part, is one of the
most recent efforts to understand the effects of environment on
the cold molecular ISM. VERTICO is an ALMA (Atacama Large
Millimeter/submillimeter Array) Compact Array Large Program
probing the molecular gas content at sub-kpc scales in a statistically
significant number of disc galaxies in the Virgo cluster.

VERTICO allows us to study the effect of the cluster envi-
ronment on the cold gas in galaxies using observations of carbon
monoxide (12CO), the second most abundant molecule after H,.
Initial studies with this dataset have, for instance, revealed the ef-
fects of HI-identified environmental mechanisms on molecular gas
(Zabel et al. 2022; Watts et al. 2023), how star formation proceeds.if
cluster galaxies (Jiménez-Donaire et al. 2023), and the gas distribu-
tion and star-formation efficiency of member galaxies (Villanueva
et al. 2022).

In this work we attempt to unravel the effects, ofithe cluster
environment on the cold gas in galaxies in a different way:"using
the less abundant isotopologues of carbon monoxide; 13CO and
C'80. Isotopologue studies allow us to probe the physical conditions
within the gas, study the enrichment of the ISM, and can even help
in deciphering the star formation history of galaxies (e.g. Sage et al.
1991; Casoli et al. 1992; Wilson,4999; Pineda et al. 2008; Davis
2014; Jiménez-Donaire et al. 2017; Cormier et al. 2018; den Brok
et al. 2022; Cao et al. 2023). Allvof these properties are potentially
altered in dense environments. Déspite this, very few studies focused
on CO isotopologues in cluster environments have been carried out.
Alatalo et al. (2015) is‘one exception, which showed that 13CO-to-
12CO ratios arehigher inycluster early-type galaxies (ETGs) than
those in the field, potentially due to their star formation histories
or differences,in the structure of the ISM. Lee & Chung (2018)
also used this method to study the gas conditions within a single
ram<pressure stripped galaxy. Here we can extend these works to
considenthe impact of the cluster on the ISM of a sample of cluster
spiral galaxies.

Specifically, the Atacama Compact Array (ACA) data from
VERTICO allows us to study the 12CO(2-1) and C!'80(2-1) transi-
tions at sub-kpc scales within 48 spiral galaxies in the Virgo cluster.

13CO(2-1) observations are available for 34 of these objects. The
12CO molecule is the most abundant, and as such is usually opti-
cally thick everywhere within galaxies. 13C0 and C!30, on the other
hand, are significantly less abundant (by factors of ~70; Henkel &
Mauersberger 1993, and ~200; Sage et al. 1991, respectively). This
means these lines are typically optically thin (always for C!30, and
in all but the densest regions in the case of '3CO), allowing us to
estimate the optical depth of the 12¢co emitting molecular mate-
rial, and search for abundance differences which may be caused
by environmental processes. These data can be compared with the
EMPIRE (EMIR Multiline Probe of the ISM Regulating Galaxy
Evolution; Jiménez-Donaire et al. 2019) and CLAWS (CO isotopo-
logue Line Atlas within the Whirlpool galaxy Survey; den Brok et al:
2022) and EDGE-CALIFA (Extragalactic Database for Galaxy Evo-
lution - Calar Alto Legacy Integral Field Area) surveys (Cao'et al.
2023), which also studied these isotoplogues at similar resolution
in nearby (mostly) field spiral galaxies, and the (resolved andyun-
resolved) works on these isotopologues in ETGs (e.g. Kripset al.
2010; Crocker et al. 2012; Davis et al. 2013;,Alatalo et al. 2015;
Topal et al. 2016).

This paper is organized as follows:“in Section 2 we discuss
the data used in this work, and our,methodelogy, including the
new stacking software we have deyveloped. In-Section 3 we present
our results, before discussing thémuin Section 4, and concluding in
Section 5. Throughout we assume a distance of 16.5 Mpc for all
galaxies within the Virgo cluster(Mei et al. 2007).

2 DATA AND METHODOLOGY
2.1 Sample

The full VERTICO! (Brown et al. 2021) sample consists of a total
of 51, Virgo Cluster galaxies, selected by the Very Large Array
ImagingofVirgo in Atomic Gas survey (VIVA, Chung et al. 2009) to
study how the environment may be affecting them, via ram pressure
stripping, starvation, and tidal interaction. These sources cover a
wide range of star formation properties and span two orders of
magnitude in stellar mass (9<log(M./M)<11). We here study the
48 galaxies in the VERTICO survey that are detected in 12CO(2-1)
and where at least one CO isotopologue was in the bandpass.

2.2 ALMA data

The observations for VERTICO were carried out using the ACA
during Cycle 7 (2019.1.00763.L.). Out of the 51 galaxies in the
sample, 36 targets were newly observed, while 15 galaxies were
already surveyed and the data were publicly available in the ALMA
archive (Cramer et al. 2020; Leroy et al. 2021). Total Power (TP)
observations were included to recover extended CO emission at large
angular scales for the most extended 25 out of 36 targets. For each
galaxy, a Nyquist-sampled mosaic was obtained in order to map
their molecular gas disk. The nominal flux calibration uncertainty
of ALMA in Band 6 during Cycle 7 was 5-10% according to the
ALMA Cycle 7 Technical Handbook. A detailed description of the
data reduction and imaging process is available in Brown et al.
(2021).

The data observed as part of the VERTICO program included
spectroscopic observations of the ALMA Band 6 continuum, and
the 12CO (2-1) transition (rest frequency 230.542 GHz), as well as

! https://www.verticosurvey.com/
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Figure 1. 13Co(2-1) and CBO2-1) integrated intensity, (moment \zero)
maps for the three systems where both lines were detected without stack-
ing. The 13CO detection is shown in the left panel, and*G8@in the right
panel. In each case five black contours delineate’the 2CO(2-1) emitting
region, starting at a column density of 5 Mg pei2, and spacéd equally to the
maximum. The isotopologue emission is shown'in orange in ten contours
spaced from 10% of the peak emission,to 100%. The corresponding '2CO
and isotopologue telescope beams are’shown as\black and orange ellipses in
the bottom right and left corner of each image; respectively.

the isotopologues '3CO (2-1). at'a rest frequency of 220.402 GHz
and C!180 (2-1) at.a rest frequency of 219.564 GHz. However, the
data available from the atehive did not include 3CO(2-1), as this
was not possible in previous ALMA cycles. In this work our results
are derived from the original native resolution cubes as delivered
from the, ACA, which have a typical beamsize of ~7’/(~560 pc).
Integrated intensity maps are computed directly from these
final,data products, implementing a masking process described in
Sun et al. (2018). This method employs a spatially and spectrally
varying noise, which we measure in every pixel and channel before
primary beam correction. For that, a mask is generated by combining
a core mask, selecting spaxels with S/N > 3.5 in three consecutive
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channels or more, and a wing mask for spaxels with S/N > 2 in two
consecutive channels or more. Moment maps are then created from
the original datacubes with the mask applied. We refer the reader
to the VERTICO survey paper Brown et al. (2021) for a detailed
description of this procedure.

2.3 STACKARATOR

Isotopologue emission is directly detected in the integrated intensity
maps of a number of our sample galaxies. However, to extend the
sample further we also conduct a stacking analysis, using a newly
developed code called STackARATOR. This code allows image-plane
stacking of spectral-line data, based upon the velocity field obseryed
in another tracer. A full description of this code is includéd in
Appendix A.

Here we use STACKARATOR in two modes. Firstly ave shift the
spectra from every '2CO(2-1) detected spaxel within-each'galaxy to
a common velocity reference according to the 12€0(2-1) moment
one (intensity-weighted mean velocity) maps‘presented in Brown
et al. (2021), before co-adding them. We note that the resulting
spectrum thus loses its normal double-h¢rned shapéed, and becomes
approximately gaussian, with line wingspresent from pixels with
strong velocity gradients. These shifted speetra give a global mea-
surement of the CO isotopologtie fluxes for each system, discussed
in Sections 3.2 to 3.8. We then proeeed to stack the data within con-
centric elliptical beam-width, sized apertures in each system (again
based on the '2CO(2:1),0bseryed velocity maps), allowing us to
study radial gradients in the isotopologues in Section 3.6. We note
that we did attemptyto stack using the velocities observed in the
VIVA Hi datagpas the Hf is often more extended than the 12CO, but
found that this made a negligible difference in the returned isotopo-
loguedine fluxes.”See Villanueva et al. (2022) for an application of
a similar tehcnique for the 12CO in our sample galaxies.

For'each stack (be it a global, or from a single radial bin) we
fitthe spectrum to determine if a line is detected. The stacked '2CO
(and’Sometimes the 13CO) lines are non-gaussian in shape, due to
beam smearing in the inner parts of the galaxy where the rotation
curve is steep. At a given position within the galaxy beam smearing
creates a skewed line profile, however when all lines of sight are
combined the line profile becomes symmetric, but with large wings.
The C'80 lines should in principle have a similar line shape, but
the signal-to-noise on this line is not high enough for this to be well
constrained.

We fit the lines using a two step process, fitting both a sin-
gle gaussian model, and a double gaussian (where the secondary
gaussian is constrained to have the same centre, but a larger ve-
locity width). We note that Gauss Hermite functions would pro-
vide another possible way to fit these profiles, but at the signal to
noise reached here a gaussian approach is sufficient. These models
are fitted to the data using Markov chain Monte Carlo (MCMC)
fitting code GASTiMATOR?. The best fits returned are then com-
pared by computing the Bayesian information criterion (BIC), which
naturally penalises more complex models. The double gaussian
is only assumed where the BIC indicates this is preferable (i.e.
BICouple<BICqingle), in all other cases the single gaussian model
is used. The total model fluxes are then estimated by integrating the
best model. We tested if more stringent criteria (e.g. the difference
in the BIC values needing to be > 10) improved the fits, but this did
not significantly change our results.

2 https://github.com/Timothy ADavis/GAStimator
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Figure 2. 2CO(2-1), 3CO(2-1) and C'80(2-1) stacked spectra (shown in blue, orange and green, respectively) for enfire VERTICO galaxies where at least
two isotopologues were detected. Galaxies without 3CO detections are from archival data where this line was not in\the bandpass. We note that the '2CO
spectra here are not the same as those shown in Brown et al. (2021) because of the stacking procedure used (see.Section.2:3).

Given the correlated non-uniform noise present in stacked
spectra it is important that the uncertanties are correctly estimated.
We do this using a Monte-Carlo "look-elsewhere" technique. We
sum the stacked spectrum at 1000 randomly chosen off-line lo-
cations using a window the same width as the best fit gaussian
full-width at zero intensity. The standard deviation of the result-
ing integrated intensities at these random centroid velocities can
then be used to define the uncertanty in the integrated intensity
measurement, and thus how significantly this emission is detected.

3 RESULTS
3.1 Direct detections

We directly detect both '3CO and C!'30 emissionsin.the moment
zero maps for three of our VERTICO galaxies\(Figure 1). Each plot
has the 13CO detection in the left panel, and C!30,in the right panel.
The isotopologue emission is shown as ten‘erange filled contours,
starting from the 5o level and extending to the brightest integrated
intensity peak, as shown in the colour bars. On each panel we
overplot the '2CO contours astasguide 16 the eye.

We detect and map 3co directly in another 14 systems where
C180 is not detected (see Appendix Figure B1 and B2). NGC4501
has especially bright and well'tesolved '3CO emission, as shown in
Figure B1, panel(h):The spatial distributions of these isotopologues
will be discussed furtherin Section 4.1.

3.2 _Stackedglobal detections

Tofurther enhance our sample size we stack our VERTICO data-
cubes for each system as described in Section 2.3. The resulting
stacked emission lines for galaxies with at least one isotopologue
detected are shown in Figure 2. Each panel of this figure shows
a single galaxy, with the stacked 12¢0, 13CO and C!80 emission

lines in blue, orange and’green respectively. Spectra are arbitrarily
scaled on the y-axis for visibility. Where a 13CO line is not shown
this is because the archival data did not cover this frequency range.
For CISO, on the other hand, lines not shown are not detected at
S5o. We do not detect either isotopologue in seven systems, which
are. thus not shown in this figure. We detect 13CO in our global
stack forjevery other galaxy where data was available. C'30, on
the,other hand, was detected in 9 galaxies. The 12CO, 13CO and
cl®0 integrated intensities of each system retrieved through our
stacking analysis are listed in Table C1. We note that the stacked
line NGC4064 is especially broad, and the 13C0 detection is double-
peaked. The cause of this is unclear, but may relate to the bar, or
known ionised gas outflow (Cortés et al. 2006).

As a cross-check, Figure 3 shows the 12CO(2—1) flux retrieved
from our stacking analysis, versus that measured by Brown et al.
(2021) by standard summation of the observed 12CO©2-1) line pro-
file. The integrated intensities closely follow the one-to-one black
dashed line, suggesting our analysis is successful in retrieving all
the flux. A few individual galaxies scatter low (i.e. having lower
integrated intensities in the stacks than those derived from pure
integration. These tend to be those systems that (as discussed in
Brown et al. 2021) have larger negative sidelobes still present in the
ACA data, and thus the true integrated intensity uncertainties are
likely underestimated (both in Brown et al. 2021 and here).

3.3 12C0/13CO global line ratios

Asdiscussed above, if one makes the common assumption that 13CO
in our galaxies is optically thin, then the 2CO/'3CO ratio contains
information both about the optical depth of the 12¢co emitting gas
(112) and abundance variations as:

2c0o
13Co «

[IZC/13C]
T12

. €]
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Figure 3. '2CO(2-1) integrated line intensities estimated from our
STACKARATOR analysis are shown on the x-axis, and compared with those
measured from the total integrated galaxy spectra on the y-axis. A one-to-
one correlation is indicated with a black dashed line, as a guide to the eye.
Errors in the stacked fluxes are included, but are generally smaller than the
plotting symbol. The 12CO(2-1) fluxes from STACKARATOR compare well
with those estimated in Brown et al. (2021).

In principle the observed line ratio also could depend on the
temperature of the gas, especially as here we are not observing
the ground state. However, the excitation temperatures of the 2—1
transition of 12CO and 13CO are very similar (both ~ 10K), and
thus temperature dependencies are unlikely to play a major role.

When integrating over entire galaxies, the 12CO/!13CO ratio
found in typical field spirals is = 10 (e.g. Jiménez-Donaire et al.
2019; Cao et al. 2023), with values up to 220 found in some
more extreme starburst systems (see e.g. Davis 2014; Brown &
Wilson 2019). With an assumed [12C/13C] of 70 (e.g. Henkel &
Mauersberger 1993), this implies that the 2¢co emitting gas is quite
optically thick in these systems (71 =3.5 - 7).

The '2C0O/13CO values we find here for our cluster spiral'igalax-
ies (listed in Table C2) are more extreme, ranging fromd 0 .43 (see
Section 3.3.1), with some lower limits being even higher{(the most
extreme being 2 62 in one object). These extreme ratios are more
similar to those found in luminous infrared galaxies and are unlikely
to result from errors in the stacking (as the }2CO'dataused to stack is
of high quality, and the isotopologue emission is expected to share
its kinematics). This suggests we may already be seeing signs of
the cluster environment affecting”conditions within the molecular
gas. In the following sections we explorehow the '2CO/'3CO ratio
varies with galaxy properties to attémpt to explain what is driving
these differences. These galaxy \properties are taken directly from
the other VERTICO.papers«(Brown et al. 2021; Zabel et al. 2022;
Jiménez-Donaire €t,al. 2023; Villanueva et al. 2022; Watts et al.
2023). We findho cleat.evidence of 12CO/'3CO variation with stel-
lar mass, the clustef-centric distance, galaxy inclination, or with the
radial extent ofithe-gas (as measured in Brown et al. 2021).

3.3.1%, Gas and star formation surface density correlations

In Figure 4 we show the 12C0O/13CO ratio, plotted as a function of the
mean molecular gas surface density within the molecular gas disc of
each object. This is measured from the VERTICO product database,
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Figure 4. The global '2CO(2-1)/'3CO(2-1) ratio for our VERTICO sources,
plotted as a function of the mean molecular gas surface density in each
galaxy. Galaxies with detections in both lines are shown as:blue points with
associated error bars, and blue arrows denote lower limits (i:€. where the
12CO2-1)/'3CO(2-1) line ratio was not constrained at 5¢7). Uncertainties
in the mean gas surface density measurements aresplotted, but are too small
to be seen (and are dwarfed by the systematic Xcg uncertainty, which is
not plotted). As a guide to the eye we show'with a dashed line the best-
fitting linear correlation for our detected,points. A significant (Spearmans
rank correlation coefficient p = —0.56, p-value of 0.002) negative trend
is present, with higher surface,_density”systems showing lower 2CO(2-
1)/13CO(2-1) ratios.

calculating the arithmetic mean of the molecular gas surface density
of all detected pixels. Galaxies with high average column densities
of molecularmaterial are found to have lower 12CO/!3CO ratios, and
viee versa. In almost all cases, the galaxies that are not detected in
13CE are'those with extremely low average '2CO column densities.
This correlation is significant- with a Spearmans rank correlation
coefficient (for the detected galaxies) of p = —0.56, and a p-value
of 0.002. As a guide to the eye we show with a dashed line the
best-fitting linear correlation for our detected points, fitted using
the LTSFIT package of Cappellari et al. (2013). This best-fitting
line has the equation

12CO

< Zmol >
13Co

= (-4.6£0.5) 1og10(M — ) +(16.8 £0.5). )
pc

Given that a correlation is present between gas surface density
and isotopologue line ratios, it is instructive to consider if a simi-
lar relationship exists with star formation rate surface density. This
parameter is calculated in an analogous way to the mean surface
density, calculating the arithmetic mean of the star-formation rate
surface density for all detected pixels. Figure 5 shows the VERTICO
data in dark blue, along with data from EMPIRE (green points), and
the data compiled by Davis (2014) in red. Unlike the Davis (2014)
data (where a positive trend is seen between the star formation rate
surface density and 12C0o/13CO; seen also at 2CO(1-0) with more
galaxies in Cao et al. 2023), the VERTICO galaxies show no sig-
nificant correlation with star formation rate surface density (Spear-
mans rank correlation coefficient p = —0.11, p-value of 0.6). The
VERTICO objects are clearly less star forming than the starbursts
included in the Davis (2014) sample, but given their '2C0O/13CO
line ratios are significantly higher than the spiral galaxies from that
work (and than the spirals in e.g. EMPIRE, which are reasonably

Gz0z 1snbny (0 uo Jasn pieog YleaH AlISIaAIun [eA pue HipJed) selep) SHN AQ 9ZSE 1 28/0SZ LiIS/Seiull/S601 0 L /10p/3|o1e-a0ueApe/seluw/woo dno olwapese//:sdiy Woll papeojumo(]



6  Timothy A. Davis et al.

T
70 ---- Davis 2014 fit
601 ¢ Davis 2014 _]

¢ VERTICO
50f ¢ EMPIRE _

(@]

< 40} -

o)

QO 30F ¢ * | i
200 ° +++ + b -

LA ™ ° ¢ ¢l
w0 ° '¢:.s‘-\f____*___.f-,--—-;---{»‘-’".‘ D
0..|—‘...'.|....|.'...|....|....

-3 -2 -1 0 1 2
log Zsrr (Mo yr=! kpc=2)

Figure 5. The global 12CO(2-1)/'3CO(2-1) ratio, plotted as a function of the
mean star-formation rate surface density. The VERTICO points are shown
as dark blue circles, with lower limits indicated with arrows. Green and
red points shown compiled literature data from EMPIRE (Jiménez-Donaire
et al. 2019) and Davis (2014), respectively. The best-fit for the Davis (2014)
sample is shown as a grey dashed line. The VERTICO galaxies have higher
global 12CO(2-1)/'3CO(2-1) ratios than both the EMPIRE and Davis (2014)
spiral (e.g. log star-formation rate surface density < —1.5) galaxies.

well mass matched to those in our sample) some other mechanism
is clearly also at play. This is discussed further in Section 4.

3.4 Correlations with morphology

In this paper we have focused our study on the population of spiral
galaxies in the Virgo cluster. In order to determine if the cluster
environment changes the conditions within the gas it is crucial that
we also compare to field samples. In addition, a large fraction=of
galaxies in the cluster are early-type galaxies (ETGs). Thesesystems
have likely been in the cluster longer, and have thus been/even more
strongly affected by environment. We thus include compatisons to
these systems here. We note that the comparison samples available
are small, and thus we cannot formally match, the“properties of the
VERTICO galaxies to the late-type systems in the field. This caveat
is discussed further in Section 4.3.

In Figure 6 we show the 12CO/!3CO lineratios of Virgo cluster
spirals (from this work), and compare these with field spirals from
EMPIRE, and field and Virgo cluster ETGs from the ATLAS?P
survey (Jiménez-Donaire et al, 2019; Alatalo et al. 2015, as intro-
duced in Section 1). The A/ ERTICO systems cover a similar range
of stellar mass to the ETGs'(9.5<log(M./Mp)<11.5), but are not
directly matched in‘this,parameter.

The VERTICO'cluster spiral galaxies have higher average
1200/13CO0 line ratios than those found in field systems (although
their distributions overlap). While the number of ETGs observed
in the elusteris small, it seems that ETGs in the field have higher
120@/13CO line ratios than those in the cluster, reversing the trend
found inspirals. These differences between the median '2CO/'3CO
in each galaxy environment/type group are statistically significant
(see_Table 1 for k-sample Anderson-Darling test results), despite
the low number of systems observed. The cause of this effect is
discussed further in Section 4.3.
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Figure 6. Box and whisker plots showing the distribution of 2CO/'3CO
line ratios in the Virgo cluster and field, for both Late<typeigalaxies (LTGs,
e.g. spirals) and early-type galaxies (ETGs). Coloured boxes (blue LTGs, red
for ETGs) show the interquartile range, with ahorizontal line at the median
line ratio. Outlier galaxies that lie beyond the outer, whiskers are shown as
open circles. The bars show the range of the data, with outliers shown as
open circles. The underlying data is deawn from this work, EMPIRE and the
ATLAS?P survey (Alatalo et al. 2015). LT Gs/have higher line ratios in the
cluster than the field, while the trend is.reversed for ETGs.
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Figure 7. Box and whisker plots showing the 2CO/'3CO line ratios of
early- and late-type cluster galaxies grouped as a function Hi-deficiency. The
number of objects included in each box is indicated along the top of each plot.
Blue boxes show the interquartile range, with a horizontal line at the median
line ratio. Outlier galaxies that lie beyond the outer whiskers are shown as
open circles. Galaxies with the highest Hi-deficiency (defyy > 1) have the
lowest 12CO/3CO line ratios, and galaxies with intermediate deficiencies
show the largest scatter.

3.5 Correlations with Hr deficiency

Given the above result, it is instructive to compare how the environ-
mental mechanisms identified in the more extended Hr gas affect
the isotopologue line ratios in cluster galaxies of all morphologies.
Various works in the VERTICO series have used the H1 deficiency
(Yoon et al. 2017) to quantify the amount of Hr each system has
with respect to field environments, and thus the strength/duration
of environmental effects each galaxy has been subjected to.

Figure 7 shows box-and-whisker plots of Hi deficiency for all
cluster galaxies (both early-and late-type), split by Hi-deficiency
(where the deficiencies are taken from Yoon et al. 2017 and Serra
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Table 1. k-sample Anderson-Darling test results for variation of line ratios
with galaxy type, environment and Hi-deficiency.

Test Performed Statistic ~ p-value

M (@) 3)
Cluster Spirals vs Cluster ETGs 10.769 0.001

Field Spirals vs Field ETGs 2.615 0.027
Field Spirals vs Cluster Spirals 8.416 0.001
Field ETGs vs Cluster ETGs 2.673 0.026
def}.n <0vs def].n > 1 3.764 0.012
0 <defyy < 1 vs defyy > 1 4.198 0.007

Notes: Column 1 describes the test performed. Column 2 contains the
normalized k-sample Anderson-Darling test statistic, and Column 3 the
associated p-value.

et al. 2012). The boxes show the median and interquartile ranges,
and the bars the range of the data (with open circles showing out-
liers). The number of systems within each bin is shown at the top of
the plot. The most Hi-deficient galaxies have the lower 12CO/13CO
line ratios. While this bin contains the majority of early-type sys-
tems, the same trend appears to hold in just the late-type galaxies,
albeit with lower number statistics. These differences are statisti-
cally significant (see Table 1 for k-sample Anderson-Darling test
results). The scatter appears to increase for galaxies at intermediate
deficiencies, although again our statistics are limited. This suggest
an environmentally driven trend, with galaxies of all morphological
types that have higher Hi-deficiencies (i.e. those that are likely to
have been in the cluster longer) having lower line ratios. This will
be discussed further in Section 4.3.

3.6 Radial profiles

Having studied in detail the global line ratio correlations, we now
proceed to stack the data within beam-width sized radial apertures
in each system, allowing us to study radial gradients in the iso-
topologues. Figure 8 shows an example of this radial stacking for
NGC4568.

Figure 9 shows the '2CO/!'3CO line ratios as a function of
radius (normalised by the r-band effective radius of each system)
in the 25 galaxies where they could be well constrained. The'blue
points in each panel, connected by dashed lines, show the line ratios
derived in each radial bin for each system. Theensemble of all radial
points from all galaxies is shown in light grey‘in each panel as a
guide to the eye. A similar plot for the galaxies with constrained
12c0/C180 profiles is shown in the Appendix (Figure D1). The
majority of systems have very flat line-ratio gradients, with small
systematic deviations present in certain-Systems (e.g. the centre of
NGC4388, and an area around'=1.8 R, in NGC4808). This will be
discussed further in Section4.1.

3.7 Tailed galaxies

Some of the galaxies in our sample have Hr tails that suggest they
are being actively environmentally processed. Such systems may
have'differentISM conditions in the tail (where the gas would be
expected.to be more diffuse) versus the leading edge of the system
(where e’g. tidal and ram-pressure stripping would be expected to
compress the gas).

To search for such a signature we stack quadrants of each galaxy
towards and away from the direction of the Hr tail, using the tail
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Table 2. '2CO/'3CO values towards and away from Hr tails.

Galaxy Tail direction ~ Away from tail ~ Enhancement
1200/3C0Oy;  2CO/M3COeua Tail/ Lead
M @) 3
NGC4299 >32.8 42+09 >7.9
NGC4302 11.9+0.6 11.9+04 1.0+ 0.06
NGC4351 144 +23 >52.3 <0.3
NGC4396 >14.6 98+13 >1.4
NGC4501 14.1+0.4 11.8+0.2 1.2 £ 0.04

Notes: Column 1 lists the galaxies. Column 2 and 3 list the '2CO/!3CO
ratios in a specific direction (towards or away from the Hi tail of the
system). Where '3CO is not detected these values are calculated using 3¢
upper limits, making the resulting ratio a lower limit. Column 4 contains
the fractional enhancement of >CO/!3CO in the tail directiof.e.g
(12CO/M3COLiN/(12CO/M3CO eyq). Three systems have clear efihancements
in the tail direction, while one shows no change, and one shows a decreased
line ratio in the tail direction.

angles derived in Lee et al. (2022). We were able to complete this
analysis for five galaxies in our sample. As tabulated in Table 2, three
(NGC4299, NGC4396 and NGC4501) show clear enhancement in
the 12CO/13CO line ratios in quadrant of the galaxy in the direction
of their tails. One galaxy, NGC4302 shows no change in the line
ratio towards or away ftem the nhucleus, and one system (NGC4351)
shows a lower 12€0/!3CO ratio in the direction of its tail. These
results will be discussed further in Section 4.3.

3.8 ».Comparison of 13CO and C'*0

We detect the weaker C'80 line through global stacks in eight of our
galaxies (although due to the use of archival data only four of these
systems were also observed in 13C0). Radial stacking allows us to
detect C'80 in individual regions in twelve galaxies. Comparison
of the bins with detected C!30 in galaxies where the line was not
detected in the global stack show that the total fluxes of the lines
are consistent with the derived global upper limits in Table C1.
This suggests local C!80 enhancements are present which can be
missed in global stacks. Here we compare 13CO and C!30 line
ratios (listed in Table C2) both globally and in radial bins. Figure
10 shows the 2CO/C!80 line ratio plotted as a function of the
13C0/C80 line ratio. Radial bins where both lines were observed
and detected are shown as dark blue circles with error bars, while
global measurements for these same galaxies are shown in lighter
blue. Lower limits are shown as grey points with limit arrows.
Global measurements of galaxies from the EMPIRE survey are
shown in green. Theoretical lines of constant 12¢co optical depth
from Equation 1 (assuming a 13C0O-to-12CO abundance of 70; e.g.
Henkel & Mauersberger 1993) are shown in grey, to guide the eye.

A strong positive trend is observed in the detected points,
whereby galaxies with larger 12co/C!80 line ratios also have larger
13Co/C80 line ratios. While these axes are correlated, and thus
uncertainties in the weaker C!80 line will induce a correlation,
the spread of points is larger than can be explained through this
alone. This suggests real [13C/180] abundance changes (or some
type of isotope dependent fractionation) may be present. This will
be discussed further in Section 4.
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Figure 8. 13CO(2-1) and C'80(2-1) stacked spectra extracted from beam-width radial bins in VERTICO galaxy NGC45683The VERTICO integrated intensity
map of this galaxy is shown on the left of the figure, with coloured ellipses indicating the stacking apertures. The '3CO(2-1)‘and C'80(2-1) stacked spectra in
the right hand plots (presented with an arbitrary y-scale for visibility) are plotted using the colour corresponding to'theaperture from which they were extracted.
In this galaxy each line was well detected in each radial aperture. We note that this object has a close companion\(NGC4567), which has been removed by
masking the portion of the cube containing its emission.
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Figure 9. '2CO/'3CO line ratio radial profiles, in the 25 galaxies where they could be constrained in at least two radial bins. The solid blue points in each
panel; connected by dashed lines, show the line ratios derived in each detected radial bin. Open triangles denote 3o upper limits. The ensemble of all radial
points from all galaxies is shown in light grey in each panel as a guide to the eye.
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Figure 10. The '2CO/C'30 line ratio plotted as a function of the '3CO/C'80
line ratio. Radial bins where both lines were observed and detected are shown
as dark blue circles with error bars, while global measurements for detected
galaxies are shown in lighter blue. Lower limits are shown as grey points with
limit arrows. Global measurements of galaxies from the EMPIRE (Jiménez-
Donaire et al. 2019) survey are shown in green. As expected, a positive trend
is seen in the detected systems, whereby galaxies with lower 2CO/C!30
line ratios also have lower 13CO/C'80 line ratios. The trends expected if
12CO has an optical depth 7 of 2, 5 and 8 and [12C/'*C]=70 are shown as
grey dot-dashed, dotted and dashed lines, respectively. If 13CO and C'30
are both optically thin then ['80] abundance variations would move points
along these lines.

4 DISCUSSION

In this work we have attempted to detect the CO isotopologues 13CO
and C180 both globally, and across the discs of a sample of 48 spiral
galaxies in the Virgo cluster. We mapped at least one isotopologue in
seventeen sources, and detected 13CO globally via stacking in 30/48.
We have shown above that the isotopologue line ratios correlate
with galaxy properties in a variety of ways. We discuss below the
potential physical drivers of the observed correlations.

4.1 The spatial distribution of isotopologues
411 Bco

In some galaxies where the gas is particularly brightwe detect B3co
emission directly in the image plane. As shown in'Figures 1 and B1,
where 13CO is detected directly it tends to be.found in the regions
which also have bright 12C0 - the céntres of the galaxies, and in the
densest knots within the spiral arms. Through stacking we are able to
detect emission in almost all galaxies with < Xgas > 2 1 Mg pc2.
The only exception to this, is NGC4383, a galaxy that is very Hi-
rich and quite dynamically disturbed, and hosts a large ionised gas
outflow (Watts et al¢ 2024). We are able to set strong upper-limits on
the 13CO emission from this galaxy (12CO/13CO = 63). Taken at
face value this would suggest that the 12C0O emission in this system
is nearly optically thin, or that ['2C/13C] is very different from the
value typically assumed (=70).

In the majority of our galaxies the abundance and optical depth
of%2COand 13CO seems to vary little throughout the disc (at least
on ~600pc scales). This is supported by the resolved radial profiles
of out systems in Figure 9. The '2CO/!3CO line ratios typically
vary little with radius (less than a factor of two in almost all cases),
suggesting 13C0 is well distributed without significant variation in
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abundance or gas conditions within our galaxies. A few systems have
enhancements in their 12CO/13CO ratio at certain radii, which seem
to correspond to areas where significant gas flows/disturbances are
expected (e.g. the nuclear disc within the bar of NGC4388, and the
lopsided component in NGC4808).

The surveys of Cormier et al. (2018); den Brok et al. (2022) and
Cao et al. (2023) show that nearby field spiral galaxies have similar
12c0/13CO0 line ratios to those we find here, albeit they sometimes
show (very) mild positive radial gradients in this ratio which we
do reproduce. Cluster galaxies are typically more metal rich (and
these metals are better mixed) due to the time they have spent in
the cluster (e.g. Ellison et al. 2009; Franchetto et al. 2021; Lara-
Lépez et al. 2022), or because the metal poor gas mostly located
in the outer disc is preferentially removed by environmental effects
(Hughes et al. 2013). Thus if the 12CO/13CO gradients ifitfield
spirals are partially due to abundance variations it is expected that
they would be weaker in cluster objects. Alternatively, thethigh tam-
and hydrostatic mid-plane pressure experienced by the molecular
gas in cluster galaxies at some stages of their lives.may compress the
molecular clouds, and thus increase the optical depth.of the 12co
in the outer discs of our systems, again flattening the 2co/3co
gradients.

412 CBo

A somewhat different picture.is present in C180. In the two of the
three galaxies where we'detect €180 directly it avoids the brightest
2¢co peak at the galaxy'eentre, and instead is more common further
out in the dense knots within the galaxy disc. The radial profiles
seen in Figure D1, show a range of behaviours. While we only have
a small sample, and low S/N, a similar effect is seen in several of the
galaxies studied by Jiménez-Donaire et al. (2017), suggesting this
could be a physical effect, perhaps be due to abundance variations,
or changing conditions within our galaxies. Given the lack of radial
gradients in 2CO/13CO we consider abundance variations more
likely, and address the possibility in more depth below.

4.2 Isotopologue abundances

Figure 10 compares the 12CO/C!80 and 13CO/C!30 line ratios,
and suggests that real abundance variations are likely present in our
cluster galaxy population. Both 13CO and C!80 are likely to be
optically thin (with B3co typically only becoming optically thick
in the densest star forming regions, which do not dominate the
emission we detect on global scales). Given this, the variations we
observe (from 2 <13CO/C!80 <30) are unlikely to derive from
optical depth differences, and very likely reflect real changes in
abundances.

In Figure 10 both the spatially resolved and integrated data
points from VERTICO and EMPIRE fall along a line of approx-
imately equal mean ['2C/!3C]/r. This suggests that the 18g/160
abundance ratio may vary more than the 13¢/12¢ abundance, al-
though we would require additional isotopologue observations (e.g.
13¢180) to confirm this directly.

Such changes can arise because of several physical effects
(that may, or may not relate directly to environmental quenching
of these systems). Firstly, it is possible that the underlying abun-
dances of these isotopes are the same in our sample galaxies, but
the variations we observe are caused by selective photodissociation
or isotope-dependent fractionation of the molecules. Both 3CO
and C180 are preferentially dissociated by UV photons in the outer
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layers of molecular clouds, and due to their lower abundance are
less protected than 2co (e.g. van Dishoeck & Black 1988). How-
ever these spiral galaxies are not highly star forming compared with
e.g. the Milky Way, and span a relatively small range of star for-
mation rate surface density. Thus it seems unlikely that such large
changes in abundance can be caused by dissociation. Similarly,
isotope-dependent fractionation can cause the heavier '>C and 180
isotopes to preferentially form molecules (and deplete onto dust
grain icey mantles) at the lowest temperatures (e.g. Watson et al.
1976). However, these temperatures are only reached deep within
the star forming cores of molecular clouds. Here we study the bulk
molecular medium on kiloparsec scales where the diffuse medium
likely dominates. Thus it seems unlikely that isotope-dependent
effects are dominating what we see.

The second possibility is that the line ratio differences we see
could arise due to real variations in the abundances of the isotopes
(i.e. selective nucleosynthesis). Recent work has highlighted that
the 12C, 13C and 30 isotopes are produced by different mass stars,
and thus the amount of each available to be locked up in molecules
depends on both time, and the input stellar population (e.g. Romano
et al. 2017; Sliwa et al. 2017; Zhang et al. 2018; Brown & Wil-
son 2019). Interpreted naively, the work of e.g. Guo et al. (2024)
would suggest a bottom heavy stellar initial mass function would
be required to explain the high '3CO/C!30 ratios we detect. How-
ever, we caution that our cluster spiral galaxies are very different
environments than the high-redshift starburst galaxies studied with
this technique to date, and have much more complex star formation
histories. We further caution that '30 is a challenging isotope to
predict, which can be impacted by stellar physics including stellar
rotation and the impact of novae (Romano & Matteucci 2003; Ro-
mano et al. 2019). While we hesitate to draw strong conclusions
from this data, these cluster systems present an exciting new labora-
tory for exploring the IMF sensitivity of molecular tracers further.

4.3 Environmental influences and gas processing

The isotopologue line ratios provide us with a window into the
conditions within the ISM of each galaxy. We can use this~tool
to study the impact of the cluster environment on the ISM. We
have seen that the isotopologue line ratios are significantly different
in cluster galaxies compared to field systems, and that this trend is
different in early- and late-type galaxies. Across galaxy.typeswithin
the cluster the line ratio correlates with Hi-deficiency;arough proxy
for time spent within the cluster.

Here we suggest that a single scenario.could potentially explain
these trends. As galaxies fall into the cluster theit ISM is processed
and disturbed. Once they have béen in the cluster a long time,
however, the remaining gas settles ‘deep” within the galaxy core
where it can no longer be disturbed. If these processes impact the
mean optical depth of the‘gas (as has been suggested in interacting
galaxies Cao et al. 2023) thenthis'could explain the observed trends
(see also Cortese etral. 2021). In Figure 11 we show a cartoon of this
scenario, highlighting how’the gas density probability distribution
function (PDF) would be expected to change during the process,
along with the.!2CO/'3CO line ratio.

This suggestion is further backed up by our analysis of the
120@/13CO line ratio as a function of Hi-deficiency (Figure 7).
Galaxies, with normal Hi-content have not yet been substantially
affected by the cluster, and have a small range of 12co/13CO0 line
ratios’ The systems with intermediate Hi-deficiencies show more
scatter in their '2CO/!3CO line ratios, likely because some of these
are currently undergoing strong environmental processing, and as

their gas is expelled, the average density (and thus average optical
depth) drops (c.f. Figure 4). Systems with large Hi-deficiences have
lower 12CO/!13CO line ratios than either of the other classes. These
galaxies are likely to have already had much of their ISM stripped,
and what remains is a denser (higher optical depth and thus lower
1200/13C0) core of the material that was more resilient to strip-
ping. This suggests that where environmental influences on the Hi
gas are strong this can also disturb the denser molecular gas (in
agreement with other analyses, both in this series; e.g. Zabel et al.
2022; Villanueva et al. 2022; Watts et al. 2023, and in the litera-
ture, e.g. Lee & Chung 2018). The presence of these environmental
effects likely overwhelms other correlations explaining why, for in-
stance the '2CO/!3CO ratios do not correlate the expected way with
the star formation rate surface density (e.g. Figure 5).

This scenario outlined above also explains the differingtrends
of 12C0O/!3CO line ratio as a function of environment for. early-
and late-type galaxies seen in Figure 6. A fraction of 'spiral galax-
ies in the cluster are currently being disturbed by environmental
mechanisms, leading them to have higher '2C0/'3€0 Tine ratios
on average than field LTGs. Early-type galaxies in the field have
compact gas reservoirs that are typically“denser than those found
in LTG discs (e.g. Davis et al. 2014), ‘and"thus have higher opti-
cal depths (and lower 12co/13C0 line ratios)! In the cluster ETGs
have typically been present for“a‘long time (and they have high
Hi-deficiencies) hence the environmental effect is exacerbated. The
Hi, and lower density molécularmaterial has been swept away long
ago, leaving only the most dense, high optical depth molecular gas
(see e.g. Tonnesen & Bryan'2009). These dense cloud cores would
have low 12CO/!3QO line ratios, similar to (but more extreme than)
those seen in.the Hi-deficient spiral galaxies.

A large uncertainty is that only a small number of compari-
son objeets, have suitable 12cO(2-1) and 13CO(2-1) observations.
While larger samples of 12CO(l—O) and 13CO(] -0) observations are
available (e/g. Cao et al. 2023), it is unclear if these can be directly
compared without introducing additional uncertainties. While the
scenario described above cannot be proven with the existing data
(due to the degeneracy with abundance variations), it does explain
well the observed correlations of the 2CO/'3CO line ratio with
galaxy properties. Further testing this scenario should be the focus
of future observational (and theoretical) work.

Another example of environmental processing affects is that
in some (but not all) cases the molecular gas reservoirs aligned
towards and away from Hr stripped tails have significantly different
isotopologue line ratios than the bodies of their galaxies. Three of
our systems show increased 12cO/13CO0 in the direction of their
tails with respect to the leading edge of the system, suggesting the
disturbances caused by stripping or tidal forces are reducing the
optical depth of the gas in the tail and/or compressing the material
at the leading edge, increasing its optical depth. Some cases show
no significant isotopologue differences, or decreases in line ratios
however, so clearly the strength/presence of this effect may depend
on the exact orbit and processes involved.

5 CONCLUSIONS

In this work we studied the resolved and integrated properties of CO
isotoplogue emission in the VERTICO sample of 48 spiral galaxies
in the Virgo cluster. We have shown that Bcois easily detected
across the sample, both in the image plane for 35% of the sample,
and via stacking for nearly every galaxy where it was observed. This
is despite the integration times of the observations being set to allow
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Figure 11. A cartoon illustrating the environmental processing scenario
outlined in Section 4.3. The first column shows the gas in the galaxy, coloured
by its 2CO/!3CO ratio. The second column shows the gas density probability
distribution function (PDF) within this gas disc. The mean gas density of
the unperturbed galaxy is shown as a grey dashed line on each PDF, with
a darked dashed line showing the resultant mean density after stripping.
As a galaxy is environmentally processed the material along the leading
edge is compressed, while the material in the process of being stripped is
at lower densities, reducing the mean '2CO optical depth overall. Once all
the low density material has been removed by environmental processes, the
remaining material is more centrally concentrated and at higher pressure,
increasing the mean density and '2CO optical depth.

mapping of 12CO. C!30 is more difficult to detect directly, but.i§
retrieved via stacking in ~20% of galaxies.

‘We have then used these data to study trends with global galaxy
properties, and how these isotoplogues vary across the faces of.our
galaxies. We have shown that the 12CO/!3CO line ratio,varies lit-
tle with radius in our systems, either due to the high pressure in
the cluster environment or due to enhanced, cheémical-mixing. It
does, however, vary significantly with a variety of.galaxy proper-
ties, including mean gas surface density;Hi-deficiency and galaxy
morphology. Some, but not all galaxies with.H1 tails also show
12C0/13CO line ratio variations towards and away from these tails.
13Co/C180 line ratios vary significantly, both radially and between
galaxies, suggesting variations ifmabundances are also present. We
tentatively suggest theseAdifferefices are larger in ['30/'°0] than
[13¢/12C]), although this willneed to be confirmed with additional
isotoplogue data (e.g.“observations of 13¢c180). Such abundance
variations may pointto star formation history differences, or spec-
ulatively even IMF yariation.

We afe able to/find evidence (based on the 12CO/13CO ob-
servations) that the cluster environment is affecting the physical
conditions within the molecular gas reservoirs of our systems. We
present a scenario where environmental processes first decrease the
density of the medium as material is stripped during first infall.
Once’/galaxies have been in the cluster for a longer period of time
the tail of diffuse material has been removed, leading to a denser
medium with higher optical depth, especially as systems transition
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to early-type morphologies. While this scenario is not unique, it
does well explain the observations presented here, and those from
related works.

The next steps in this type of analysis would include dedicated
observations detecting even weaker isotopologues, such as BBcl3p,
which would allow us to break the degeneracy between abundance
variations and optical depth changes in our systems. Dedicated sim-
ulations including isotopologue yields would also allow us to disen-
tangle the origin of the abundance changes we find, and how these
are linked to the (pre-)processing and cluster specific processes un-
derway in each galaxy. While such observations and simulations
are challenging, they are feasible with the current facilities (ALMA
and large supercomputers) and should allow us to make significant
progress on understanding the impact of environment on the ISM,
and thus quenching of galaxies.
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APPENDIX A: STACKARATOR CODE DESCRIPTION

STACKARATOR is a tool for stacking datacubes of extended sources (such
as nearby galaxies) to extract weak emission lines. It is written in the
PYTHON coding language, and is publicly available at https://github.
com/TimothyADavis/stackarator. Full installation instructions, and a
tutorial notebook are available at that URL.

Al STACKARATOR Inputs

The code requires two basic inputs. Firstly, a FITS datacube on which the
stacking will be performed,

D = f (RA, Dec, Vel) = f (RA, Dec, v), (Al)

which can either be supplied with a velocity axis already in place, or with a
frequency (v) axis which will converted to velocity using the rest-frequency
(vp) of the line you are attempting to stack. This doppler shift conversion
uses the radio convention by default. L.e.

Vo — Vv

Vel = ¢ , (A2)
Y0

where c is the speed of light, and the other symbols are as defined above. The
doppler shift convention can be changed by the user if required. From this
datacube StackARATOR will estimate the RMS sensitivity using the inner
quarter of the cube in line-free channels specified by the user (by default
channels 2 to 5 in the input cube). If the user wishes they can also supply
the primary beam map to allow the code to create a 2D map of the RMS
noise variation across the field, which will be factored into the uncertainty
calculations.

The second required input is a velocity field from some tracer which
will be used to define the velocity shift when stacking each spaxel

V = f (RA, Dec). (A3)

This velocity field can be supplied either as a FITS file, or as a 2D array
already in memory. This velocity field should have been produced using the
same doppler shift conversion as specified when reading in the datacube (the
radio convention by default).

The input velocity field is used to create an interpolation function,
which uses linear spline interpolation to find the expected velocity of arbi-
trary new points, based on their RA and Dec values. This method has the
advantage that the input velocity field doesn’t need to be evaluated on the
same grid as the input datacube. It could even be made from data at very.
different spatial/spectral resolutions (e.g. stacking CO based on Hi veloci-
ties), although this may impact the ability of the stack to detect the‘weakest
lines if smaller-scale variations in velocity are present. If the input velocity
field has had the galaxies’ systemic velocity subtracted then STAGKARATOR
will take this into account, either using the SYSVEL keyword in the header,
or a systemic velocity supplied by the user.

A2 STACKARATOR operation
A2.1 Stacking entire datacubes

By default STackARATOR has two_modes of-Operation. In the first mode,
it can be used to stack the entire\datacube, producing one single output
spectrum. STACKARATOR loOps over each spaxel with a valid velocity in
the input velocity fieldgresampling it onto a consistent grid using one-
dimensional linear interpolation, and offsetting it by the velocity expected
at the spaxel centroid position(from Eqn. A3). As such, if the input velocity
field accurately predicts the velocity of the tracer then the output stacked
spectrum will peak at avelocity of 0 kms™!.

Given that (atleast for galaxies, as used here) the velocity width of the
emission line can‘be a substantial fraction of the total observed bandwidth,
each velocity"bin in the output may have included contributions from a
different number of input spaxels, and thus will have a different signal-to-
noise ratio. This is tracked by the code, and this information is available to
the.user.

The final outputs of the code in this mode are thus the output velocities,
the stacked spectrum sampled at these velocities, the noise expected, and
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the number of input spaxels which contributed to each velocity bin. We
note that the noise estimate output by the code for each velocity bin has
been propagated assuming each spaxel is independent, and the noise in
the input datacube is gaussian. These assumptions are likely to be violated
in typical interferemetric datacubes (where, for instance, the synthesised
beam is typically oversampled by the pixel grid). As such in this work we
recalculated the noise in the output spectrum, and thus how significant our
line detections were, using a resampling technique as described in Section
2.3.

A2.2 Regional stacking

The second mode of StackaraTOR allows it to stack specific regions of
the input datacube, to for instance reveal the properties of weak lines as’a
function of radius within a galaxy.

In this mode a mask must be created, to define the stacking atea, The
code includes a helper function to create both radial elliptical masks, and
wedges of a given angular size at user defined position angles.

The DEFINE_REGION_ELLIPSE function takes the RA‘and Dec position
of the galaxy centre, along with the galaxy inclination and-‘position angle.
These are used to create elliptical boolean masks/aligned with the galaxy
disc, with a radial extent as specified by the user (see e.g. Figure 8).

The DEFINE_REGION_ANGRANGE function takes'the’RA and Dec posi-
tion of the galaxy centre, along with the position angle you wish to extract a
region from, and an angular size for this wedge. Optionally one can include
a radius below which the wedge will beitruncated (e.g. to avoid the galaxy
centre). These are used to create wedge-shaped boolean masks aligned with
the supplied position angle, with an‘angular extent as specified by the user.

If more complex masks are required these can be created by the user as
2D boolean arrays, evaluated on.the pixel grid of the datacube, and passed
to the code manually:

Once a mask has,been created, stacking proceeds as described in
Section A2.1”butswithin/this mask only. Looping over different radii, for
instance, would allow one to explore the variation of the stacked lines across
the face of a'galaxy (as demonstrated in Figure 8).

APPENDIX B: 13CO MAPS
APPENDIX C: STACKED LINE FLUXES
C1 Line ratios

APPENDIX D: '2C0O/C!80 RADIAL PROFILES
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Figure B1. 13CO(2-1) integrated intensity (moment zero) maps for the systems where this line was detected without stacking. Note that NGC4302 and 1C3392
are shown in Figure 1. In each.case\five black contours delineate the 12CO(2-1) emitting region, with contours starting at a column density of 5 Mg pc™2,
and spaced equally to the"maximum. The isotopologue emission is shown in orange in ten contours spaced from 10% of the peak emission to 100%. The
corresponding '2CO‘nd isetopologue telescope beams are shown as black and orange ellipses in the bottom right and left corner of each image, respectively.
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Table C1. CO isotopologue fluxes measured from entire galaxy stacks

Galaxy [Sv6Vco  A[Sv6Veo Ngco [Sv6Viaco A [Sv6Visco  Ngisco [Sv6Veiso A [ SvéVeiso
(Jykms™)  (Jykms™) (Jykms™')  (Jykms!) (Jykms™)  (Jykms™)

(1 2) 3) )] &) (6) @) (®) Q)
1C3392 2734 0.9 2 19.4 1.4 1 4.6 0.6
NGC4064 299.5 0.4 1 22.6 0.3 1 < 34 -
NGC4189 485.1 3.6 2 36.0 2.8 1 < 50 -
NGC4192 1863.9 3.2 2 108.4 10.8 2 < 74 -
NGC4216 962.0 4.7 2 67.1 3.8 1 < 69 -
NGC4222 126.2 0.5 1 3.9 0.4 1 < 09 -
NGC4254 7858.5 6.1 2 - - 1 24.3 2.7
NGC4293 785.2 2.0 2 - - 1 2.8 -
NGC4294 62.2 0.7 1 2.7 0.4 1 1.2 -
NGC4298 1267.2 3.2 2 - - 1 3.5 0.6
NGC4299 39.5 1.6 1 < 1.7 - - < 14 -
NGC4302 1494.2 3.0 2 125.8 3.7 2 < 118 -
NGC4321 7298.1 3.0 2 - - 1 < 134 -
NGC4330 238.6 0.5 2 9.5 0.5 1 < 1.4 =
NGC4351 68.3 2.2 1 1.5 0.3 1 < 1.7 -
NGC4380 403.9 2.7 2 24.0 1.8 1 7.2 1.2
NGC4383 2452 2.2 2 < 36 - - < 31 >
NGC4388 829.4 0.3 2 233 0.6 1 < 22 -
NGC4394 92.6 2.6 2 34 0.6 1 < .13 -
NGC4396 105.5 1.6 2 10.1 0.5 2 <717 -
NGC4405 216.2 0.7 1 16.0 0.5 1 <\ 1.9 -
NGC4419 1415.9 1.2 2 9.6 0.4 1 5.6 0.8
NGC4424 224.6 14 1 - - 1 < 33 -
NGC4450 458.5 2.5 2 27.6 1.6 1 < 46 -
NGC4457 1080.6 2.0 2 - - 1 < 11.8 -
NGC4501 5233.6 10.6 2 420.3 5.8 2 13.6 2.3
NGC4522 231.0 0.8 2 14.8 0.8 1 < 1.9 -
NGC4532 165.1 3.0 2 7.8 0.7 1 < 33 -
NGC4533 15.5 0.3 1 < 06 - - < 04 -
NGC4535 2624.9 5.8 2 - - 1 < 137 -
NGC4536 2375.2 11.7 2 - ~ 1 < 39 -
NGC4548 861.4 11.9 2 - = 1 < 34 -
NGC4561 13.1 1.0 1 < 13 = - < 09 -
NGC4567 743.4 14 2 28.7 0.9 1 < 25 -
NGC4568 2772.2 6.4 2 251.8 4.4 2 37.1 3.5
NGC4569 3945.4 3.5 2 < - 1 < 150 -
NGC4579 2087.7 7.1 2 — - 1 < 35 -
NGC4580 3932 2.7 2 34.6 1.2 2 < 25 -
NGC4606 143.9 1.0 1 9.5 0.3 1 < 15 -
NGC4607 440.6 1.8 2 29.5 0.9 1 < 4.1 -
NGC4651 578.2 3.5 2 40.2 1.7 1 < 42 -
NGC4654 2187.5 9.6 2 - - 1 8.8 1.1
NGC4689 1088.7 3.5 2 - - 1 < 36 -
NGC4694 1134 0.4 2 - - 1 < 15 -
NGC4698 51.6 1.5 1 < 19 - - < 16 -
NGC4713 226.9 26 1 13.0 2.0 1 < 35 -
NGC4772 29.2 0.6 1 < 05 - - < 04 -
NGC4808 571.9 1.5 2 36.3 1.4 1 < 35 -

Notes: Column 1 indicates the'galaxy, while Columns 2 and 3 indicate the 12CO integrated intensity and its uncertainty based on stacks of the entire galaxy
emission. Upper limits are quoted at the 3o level assuming the isotopologue has the same velocity width as the '2CO line, and indicated with a < symbol.
Column 4 indicates how many gaussian components were used to fit the stacked line. Columns 5+6+7 and 8+9 contain the same information, but for 13CO and
C'30 respectivelys Single gaussian fits were used for all C'80 lines. Objects without '3CO observations are indicated by dashes in Column 5.
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Table C2. Global integrated CO isotopologue ratios for our galaxies.

Galaxy 2co/Mco  A2co/3co 2co/ct®0  Al2co/ctto Beo/ctt o Al3corctto
(1 2 3) 4) (%) (6) @)
1C3392 12.9 0.9 60 8 4 1
NGC4064 12.1 0.2 > 88 - > 7 -
NGC4189 12.3 1.0 > 97 - > 7 -
NGC4192 15.7 1.6 > 251 - > 15 -
NGC4216 13.1 0.8 > 139 - > 10 -
NGC4222 29.8 2.7 > 135 - > 4 -
NGC4254 - - 323 36 - -
NGC4293 - - > 281 - - -
NGC4294 20.7 3.1 > 53 - > 2 -
NGC4298 - - 358 65 - -
NGC4299 > 213 - > 28 - > 1 -
NGC4302 10.9 0.3 > 127 - > 11 -
NGC4321 - - > 543 - - -
NGC4330 229 13 > 173 - > 7 -
NGC4351 42.7 8.6 > 41 - > 1 -
NGC4380 15.4 1.2 56 9 3 1
NGC4383 > 62.1 - > 80 > 2 -
NGC4388 325 0.9 > 371 - > 10 #
NGC4394 252 4.6 > 71 - > 3 \
NGC4396 96 0.5 > 6l - > 6 -
NGC4405 12.4 0.4 > 113 - > 8 -
NGC4419 - 6.0 251 35 - 0
NGC4424 - - > 68 - A -
NGC4450 15.2 0.9 > 100 - > 6 -
NGC4457 - - > 92 - - -
NGC4501 11.4 0.2 383 64 31 5
NGC4522 143 0.7 > 120 - > \8 -
NGC4532 19.3 1.8 > 50 - > 2 -
NGC4533 > 24.0 - > 39 — > 2 -
NGC4535 - - > 191 = - -
NGC4536 - - > 604 - - -
NGC4548 - - > 251 3 - -
NGC4561 > 89 - > 15 - > 1 -
NGC4567 23.6 0.7 > 301 / > 12 -
NGC4568 10.1 0.2 75 7 7 1
NGC4569 - - > 7263 - - -
NGC4579 - - =7 N602 - - -
NGC4580 10.4 0.4 > 157 - > 14 -
NGC4606 13.9 0.5 Sh 94 - > 6 -
NGC4607 13.7 0.4 > 7109 - > 7 -
NGC4651 13.1 0.6 S 136 - > 9 -
NGC4654 - - 247 31 - -
NGC4689 - & > 299 - - -
NGC4694 - - > 76 - - -
NGC4698 > 245 - > 33 - > 2 -
NGC4713 15.9 24 > 65 - > 4 -
NGC4772 > 565 - > 65 - > 1 -
NGC4808 14.4 0.5 > 163 - > 10 -

Notes: Column 1 indicates the galaxy, while Columns 2 and 3, 4 and 5 and 6 and 7 indicate the value of the indicated ratio, and its uncertainty respectively.
Ratios are calculated.from line intensities measured in units of K km s~'. Where limits on ratios are indicated, these are at the 30 level.
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Figure D1. As Figure 9, but showing 2CO/C'80 line ratio radial profiles.
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