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ABSTRACT

Context. Voids are the most under-dense large-scale regions in the Universe. Galaxies inhabiting voids are one of the keys for
understanding the intrinsic processes of galaxy evolution, as external factors such as multiple galaxy mergers or a dense self-collapsing
environment are negligible.

Aims. We present the first molecular gas mass survey of void galaxies. We compare these new data together with data for the atomic
gas mass (My;) and star formation rate (SFR) from the literature to those of galaxies in filaments and walls in order to better understand
how molecular gas and star formation are related to the large-scale environment.

Methods. We observed at the IRAM 30 m telescope the CO(1 —0) and CO(2 — 1) emission of 20 void galaxies selected from the Void
Galaxy Survey (VGS), with a stellar mass range from 1033 to 10'*3M,. We detected 15 objects in at least one CO line. We compared
the molecular gas mass (My, ), the star formation efficiency (SFE = SFR/My, ), the atomic gas mass, the molecular-to-atomic gas
mass ratio, and the specific star formation rate (sSFR) of the void galaxies with two control samples of galaxies in filaments and walls,
selected from xCOLD GASS and EDGE-CALIFA, for different stellar mass bins and taking the star formation activity into account.
Results. In general, we do not find any significant differences between void galaxies and the control sample. In particular, we do not
find any evidence for a difference in the molecular gas mass or molecular gas mass fraction. For the other parameters (SFE, atomic
gas mass, molecular-to-atomic gas mass ratio, and sSFR), we also find similar (within the errors) mean values between void and
filament and wall galaxies when the sample is limited to star-forming galaxies. We find no evidence for an enhanced sSFR in void
galaxies. Some tentative differences emerge when trends with stellar mass are studied: The SFE of void galaxies might be lower than
in filament and wall galaxies for low stellar masses, and there might be a trend of increasing deficiency in the HI content in void
galaxies compared to galaxies in filaments and walls for higher stellar masses, accompanied by an increase in the molecular-to-atomic
gas mass ratio. However, all trends with stellar mass are based on a low number of galaxies and need to be confirmed for a larger
sample.

Conclusions. The results for the molecular gas mass for a sample of 20 voids galaxies allowed us to make a statistical comparison
to galaxies in filaments and walls for the first time. We do not find any significant differences of the molecular gas properties and the
SFE, but we note that a larger sample is necessary to confirm this and be sensitive to subtle trends.

Key words. ISM: molecules, ISM: atoms, Galaxies: star formation, Galaxy: evolution, (Cosmology:) large-scale structure of
Universe, Radio lines: galaxies

1. Introduction

Large redshift galaxy surveys such as the Sloan Digital Sky

* The CO spectra are available in electronic form at the CDS Survey (SDSS, York et al. 2000), the 2dF Galaxy Redsh@ft
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via Survey (2dFGRS, Colless et al. 2001), or the ZMASS Redshift
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/ Survey (2MRS, Huchra et al. 2012) have shown that galaxies are
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not uniformly distributed in the Universe, but form a hierarchical
structure of filaments and walls. This structure surrounds the
voids, which are vast regions (10-30 h™! Mpc in diameter) that
are almost devoid of galaxies (Peebles 2001; Kreckel et al. 2011;
Pan et al. 2012; Varela et al. 2012; van de Weygaert 2016). Voids
are the most under-dense environments in the Universe, and they
are inhabited by the void galaxy population, which is partially
distributed along filament-like substructures throughout. These
substructures have been confirmed and were modelled by
numerical simulations (van de Weygaert & van Kampen 1993;
Sheth & van de Weygaert 2004; Aragon-Calvo & Szalay 2013;
Ricciardelli et al. 2013; Rieder et al. 2013) and were also
observed (Patiri et al. 2006; Beygu et al. 2013; Alpaslan et al.
2014). The void galaxies are negligibly affected by multiple
galaxy mergers or a dense self-collapsing environment, so they
represent a unique galaxy population based on which can be
unveiled how the large-scale environment affects the assembly,
evolution, and properties of galaxies.

Previous studies have shown that void galaxies have bluer
colours, lower stellar masses (M), and later morphological
types on average than galaxies in filaments and walls (Rojas et al.
2004; Park et al. 2007; Hoyle et al. 2012; Kreckel et al. 2012;
Florez et al. 2021). The fraction of galaxies with an elevated
SFR is higher in voids than in denser environments, but no
difference is found when the morphology, luminosity, or M,
is fixed (Patiri et al. 2006; Kreckel et al. 2012; Ricciardelli
et al. 2014). However, other studies found that void galaxies
have an enhanced SFR for a given M, or luminosity (Rojas
et al. 2005; Beygu et al. 2016; Florez et al. 2021). The atomic
gas (HI) properties of void galaxies are similar to galaxies in
filaments and walls (Szomoru et al. 1996; Kreckel et al. 2012).
Together with the fact that the small-scale clustering in the voids
(within a projected distance of 600 kpc and 200 km s~!) is also
similar to what is found in filaments and walls, this suggests that
the small-scale rather than the large-scale environment of the
galaxies affects their gas content and evolution (Szomoru et al.
1996; Kreckel et al. 2012). However, a recent study has found
that void galaxies have higher atomic gas masses than galaxies
in filaments and walls (Florez et al. 2021). These discrepancies
suggest that further study is needed of how star formation
progresses within void galaxies.

As star formation is strongly regulated by the presence (or
absence) of molecular gas (Leroy et al. 2008; Bigiel et al. 2011),
the molecular gas mass is a crucial parameter that allows us to
quantify the potential for future star formation. Furthermore, by
comparing the molecular gas mass to the SFR, the stellar mass,
and the atomic gas mass, we can search for possible differences
in the star formation process within void galaxies compared to
galaxies in filaments and walls.

Currently, there is no statistically significant sample of void
galaxies with H, data. Only three previous studies have analysed
the H, content of void galaxies (Sage et al. 1997; Beygu et al.
2013; Das et al. 2015), and they suggested that the H, properties
are similar to galaxies in filaments and walls. However, these
results are based on very few galaxies, between one to five
objects in each study, which is not enough to draw any statistical
conclusions. More statistics is needed to better understand the
process of star formation and the properties of the molecular gas
phase in void galaxies.

In particular, we need to compare the molecular-to-atomic
gas mass ratio and the star formation efficiency
(SFE = SFR/My,) in void galaxies to those galaxies in
filaments and walls in order to better understand how the
processes of molecular gas consumption and star formation
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are related to the large-scale environment. Furthermore, we
need to measure the molecular gas mass (Mpy,) in to order
obtain the total neutral gas (My, + My;) budget of void galaxies
together with the atomic gas mass (which is documented in the
literature).

In this paper we present the first survey of H, in void
galaxies. It is a pilot survey for the CO Calar Alto Void
Integral-field Treasury Survey (CO-CAVITY). CAVITY! is
an integral-field unit (IFU) legacy survey for void galaxies.
The CAVITY galaxies are currently being observed with
the PMAS-PPAK IFU of the Centro Astronémico Hispano
en Andalucia (CAHA) to study the stellar populations, star
formation histories, and stellar kinematics in void galaxies.
A sub-sample of CAVITY galaxies will be observed in CO
(CO-CAVITY). We present here the results of a pilot survey,
consisting of the CO data of 20 void galaxies selected from the
Void Galaxy Survey (VGS, Kreckel et al. 2012), which will be
contained in CAVITY and CO-CAVITY. We have observed the
CO-CAVITY pilot survey with the 30 m antenna of the Institut
de Radioastronomie Millimétrique (IRAM) at Pico Veleta to
study the H, and star formation properties of void galaxies.
While the CAVITY and CO-CAVITY are getting started, this
pilot research will give us first results of how star formation has
developed in void galaxies.

The present paper is organised into five sections and three
appendices. In Section 2 we present the selection of the
CO-CAVITY pilot survey of galaxies in voids, and the control
samples of galaxies in filaments and walls. In Section 3 we carry
out a comparison of different properties (such as sSFR, My,,
SFE, My,, and molecular-to-atomic gas mass ratio) between
these galaxy samples. In Section 4 we discus our results and
compare them with previous studies. In Section 5 we summarise
our conclusions. In Appendix A we estimate the theoretically
expected CO line ratios. In Appendix B we compare different
SER tracers for galaxies in our samples. In Appendix C we show
the CO line spectra for the 20 observed galaxies. For this entire
study, we assume a flat ACDM cosmology with a matter density
Q = 0.3, a dark energy density A = 0.7, and a Hubble constant
Hy = 70km s~ Mpc~'.

2. Sample and data
2.1. Void Galaxy Survey

The VGS is a volume-selected sample of 60 galaxies plus 18
companions that are located in the interior of the large-scale void
regions of the cosmic web. It has been defined from the SDSS
Data Release 7 (SDSS-DR7) in a volume from redshift z = 0.003
to z = 0.030. The VGS is the first survey selected by a strictly
geometric procedure based on the local spatial distribution of
galaxies (Kreckel et al. 2011; Platen et al. 2011), where it is
assumed that galaxies are good tracers of their surrounding
density field. The relative density of a region in the Universe
is calculated with the density contrast, 6 = p/p, — 1, where p
is the density of the region, and p, is the mean density of the
Universe. For the VGS, the density contrast ranges from -0.94 to
-0.44 with a mean value of -0.78 (Kreckel et al. 2012), and the
size of the voids spans from 16.25 Mpc to 18.64 Mpc (Kreckel
etal. 2011). These values of density contrast and size of the voids
are comparable to other void galaxy surveys such as Pan et al.
(2012) with 6 < —0.85, and 17h~'"Mpc as the mean size of the
voids.

! https://cavity.caha.es/
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The VGS galaxy selection is based on the Delaunay
tessellation field estimator (DTFE, Schaap & van de Weygaert
2000; Schaap 2007; van de Weygaert & Schaap 2009), which
generates a continuous density field from the spatial distribution
of the SDSS galaxies. This technique keeps the anisotropic
structure of the cosmic web. The watershed void finder (WVF,
Platen et al. 2007), is applied to the density field to identify the
void regions. The WVF is used in geophysics to identify the
basins of a landscape where the rainfall will collect. In the same
way, it is applied to the DTFE density field to define the irregular
and twisted voids boundaries.

The VGS galaxy selection criteria (Kreckel et al. 2011) are
to be (i) located in the interior regions of voids and far from
their boundaries, (ii) far from the SDSS volume limits, (iii)
separated by at least 750kms~! in velocity from a foreground
and background cluster to avoid Finger of God effects, and (iv)
within a redshift of 0.010 < z < 0.025 to select galaxies that are
bright enough for Hi observations (Kreckel et al. 2012).

The VGS has been defined without applying any colour
or luminosity selection. The only magnitude bias is the SDSS
completeness limit at r-Petrosian < 17.77 mag (Strauss et al.
2002; Argudo-Ferndndez et al. 2015). This means that the
sample is progressively less sensitive to faint objects with
increasing redshift. The SDSS completeness limit corresponds
to an absolute magnitude of M, = —17.4 mag at the maximum
redshift of our sample (z = 0.025). For fainter objects, the
sample is therefore not entirely complete. However, given the
type of study that we carry out and given that the redshift range
of the VGS sample is small, we do not expect this to be a severe
problem for this work.

2.1.1. CO sub-sample of the VGS

We chose 20 galaxies for the CO observations (the CO-VGS
sub-sample) from the galaxies in the VGS that were observed
in Hi by Kreckel et al. (2012). We based our selection on
the SFR and M, from the Max-Planck-Institut fiir Astrophysik
and Johns Hopkins University (MPA-JHU, Kauffmann et al.
2003; Brinchmann et al. 2004; Salim et al. 2007). We dropped
15 objects (2 main VGS objects and 13 companions) with
no data for the SFR or M, in MPA-JHU. We estimated
for each galaxy the expected molecular gas mass using the
measured SFR assuming SFE = 10~°yr~! (Saintonge et al.
2011). From the predicted My, , we then derived the expected
velocity-integrated CO(1 — 0) intensity Icoc-0) with the IRAM
30 m telescope adopting a Galactic CO-to-H, conversion factor,
aco = 3.2My(Kkm s’lpcz)’1 (Bolatto et al. 2013). Based
on this estimation, we selected the galaxies with an expected
Icoa-0) > 0.6Kkms™!, a limit below which the observations
become prohibitively long. Thus, we excluded those objects that
are expected to be beyond the detecting capacity of the IRAM
30 m telescope. In addition, we dropped one galaxy (VGSO07)
with relatively low stellar mass (1077 My) in order to exclude
faint and low-metallicity objects for which the detection of CO
is difficult and the determination of the My, is affected by the
uncertainties in the aco factor (Bolatto et al. 2013).

In Figure 1 we show the colour-M, diagram of the CO-VGS
and the entire VGS. The CO-VGS M, ranges from 1083 to
10'%3 Mg, g — r colour from 0.30 to 0.86 mag, SFR from 107!
to 10%7 My, yr~!, and redshift from z = 0.011 to z = 0.025. The
CO-VGS metallicity range is 8.44 < 12 +1og(O/H) < 9.10
(values taken from Tremonti et al. 2004). The values of only
four galaxies are lower than solar (8.66). Thus aco was set to
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Fig. 1. Colour vs. stellar mass diagram with normalised histograms for
the VGS and the CO-VGS sub-sample. The number of galaxies for each
sample is shown in the legend.

the Galactic conversion factor (without considering the helium
mass) of 3.2 Mgy(Kkm s’lpcz)’1 (Bolatto et al. 2013).

We need to be aware that our selection criterion biases our
sample against galaxies with a very low SFR (e.g. dwarf or
elliptical galaxies). In addition, we might also miss galaxies with
a low SFE that would have a higher molecular gas mass than we
estimated and that might therefore be erroneously excluded from
our sample.

2.1.2. Optical properties and atomic gas mass

For the VGS we used photometric data from the SDSS-DR16,
and spectrometric properties from the SDSS-DR16 & MPA-JHU
database (Kauffmann et al. 2003; Brinchmann et al. 2004;
Tremonti et al. 2004; Salim et al. 2007). In particular, we used
redshift (z), apparent dereddened magnitudes in r and g bands,
r-Petrosian Rqg, and M.

For the SFR, we did not use the MPA-JHU values because
there are systematic discrepancies between them and other SFR
tracers, in particular for low SFRs (SFR < 10719 Mg yr~!) and
large radii (Rgg = 15arcsec). A detailed analysis is given in
Appendix B.

Instead, we used the SFR derived by Beygu et al. (2016)
from Ha maps obtained at the 2.4 m Hiltner Telescope with the
Echelle CCD in direct mode. The He fluxes measured from the
calibrated maps were extinction corrected based on the Balmer
decrement derived from the central 3 arcsec spectra from the
MPA-JHA DR7 catalogue and, in some cases, on infrared data
from WISE and the 4000 A break, D, (4000). The SFR was then
calculated following Hao et al. (2011) and Murphy et al. (2011)
as

SFR[My] = 5.4 Ly,[ergs™'1. (D

The SFR range of the VGS derived in this way is
10727 My yr™! < SFR < 10°¥ M, yr~!, and the range for the
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CO-VGS sub-sample 107>'Myyr™' < SFR < 10°¥ Mg yr!,
which is slightly different from the range derived from the
MPA-JHU SER tracer (see Section 2.1.1).

Observations of the HI 21 cm line were obtained using the
Westerbork Synthesis Radio Telescope (WSRT) for 73 of the 78
VGS galaxies. They were presented in Kreckel et al. (2012), and
the reduction of these data was further explained in Kreckel et al.
(2011). Kreckel et al. (2012) derived the atomic gas mass (My,)
using the luminosity distance calculated from the HI redshift. We
re-scaled My, to the SDSS redshift luminosity distance that we
use in the present paper.

The data are listed in Tables 1 and 3 for the main galaxies in
the VGS and in Tables 2 and 4 for the VGS companions.

2.1.3. CO observations and data reduction

The observations were carried out at the IRAM 30 m telescope
in three different periods (18 - 23 June, 11 - 22 July, and 17
- 18 October 2019). We observed the '2CO(1 — 0) (rest frame
frequency 115.2712 GHz) emission line in parallel with the
12CO(2 - 1) (rest frame frequency 230.5380 GHz) emission line.

The EMIR dual-polarisation receiver was combined with two
autocorrelators: FTS (with a frequency resolution of 0.195 MHz,
corresponding to a velocity resolution of 0.5kms™! at 113 GHz),
and WILMA (with frequency and velocity resolutions of 2 MHz
and 5.3kms™!). We used the wobbler-switching method for the
sky subtraction with a wobbler throw of 60-80 arcsec. This was
chosen for each individual galaxy, checking their optical images
(SDSS g-band) to ensure that the off-position was empty of
emission.

The bandwidths of the receiver (EMIR 16 GHz) and the
backends (FTS 8 GHz, and WILMA 4 GHz) are wide enough
to encompass the redshifted CO lines within one centrally tuned
frequency setup (even though in the case of WILMA, some of
the CO(2-1) lines lie very close to the edge of the bandwidth).
The CO-VGS redshift ranges from z = 0.011 to z = 0.025,
the recession velocities (optical convention) from 3454 kms™!
to 7446 kms~!, and the redshifted frequencies range from 112
to 114 GHz for CO(1 — 0) and from 225 to 228 GHz for
CO(2 — 1). According to this, the backends were tuned to an
intermediate recession velocity of 5200 km s~!. which translates
into redshifted frequencies of 113.3059 GHz for CO(1 — 0) and
226.6074 GHz for CO(2 — 1). We used the FTS spectra in this
study because of their broader bandwidth and took the WILMA
spectra only as a backup.

Weather conditions were generally good for all the
observations, except for 22 June, when the pointing discrepancy
was up to 10 arcsec. After removing this data set, the mean
system temperature was 185 K in terms of T (antenna
temperature with atmospheric correction) for CO(1 — 0), and
528 K for CO(2—1). The pointing was checked every ~ 1.5 hours
by observing a close-by quasar, and its accuracy was better than
3-6 arcsec. This is acceptable for the CO(1—0) with a half-power
beam size of 22 arcsec at our observing frequency, but is not
ideal for CO(2 — 1) with a half-power beam size of 11 arcsec.
The planet Mars was observed every 2-3 hours to calibrate the
antenna focus.

The on-source observing time ranged from 30 minutes for
the brightest sources to 2 hours for the faintest sources. The
observations were generally carried out until the CO(1 — 0)
line was detected with a signal-to-noise ratio (S/N) greater than
5, except for VGS42, for which an S/N of only 3.8 could be
achieved. If not detected, the observations were stopped at a
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Table 1. Photometric properties for the VGS.

i

8 r g§—r ]
Name [mag] [mag] [mag] [arcsec] [°]

(H 2 3) 4 )
VGSO1 17.87 1742 0.45 9.8 60.0
VGS02 | 17.72 17.34 0.38 11.8 47.0
VGSO03 | 17.86 17.43 0.43 8.4 55.0
VGS04 | 17.22 16.76 0.46 7.0 46.0
VGS05 | 15.68 14.94 0.74 23.0 37.0
VGS06 | 17.67 17.34 0.33 12.5 71.0
VGSO07 | 1745 17.38 0.07 11.2 50.0
VGSO08 | 24.57 22.87 1.71 1.5 51.0
VGS09 | 17.71 17.48 0.23 194 68.0
VGS10 | 17.20 16.86 0.34 1.8 87.0
VGS11 1644 1598 0.46 19.9 18.0
VGS12 | 17.64 17.36 0.28 11.1 29.0
VGS13 | 16.77 16.30 0.47 14.4 68.0
VGS14 | 17.00 16.73 0.26 18.8 67.0
VGS15 | 1585 15.30 0.55 31.9 -
VGS16 | 17.81 17.52 0.29 10.4 60.0
VGS17 | 2097 21.09 -0.12 1.8 -
VGS18 | 17.82 17.44 0.38 17.6 82.0
VGS19 | 16.89 16.50 0.39 9.0 60.0
VGS20 | 18.15 18.01 0.14 52 -
VGS21 1549 1481 0.69 43.8 79.0
VGS22 | 17.81 17.50 0.31 6.6 63.0
VGS23 | 1553 15.14 0.38 224 49.0
VGS24 | 1545 14.87 0.58 16.4 35.0
VGS25 | 17.83  17.60 0.23 9.7 43.0
VGS26 | 16.74 16.33 0.42 20.0 69.0
VGS27 | 18.04 17.72 0.32 9.1 55.0
VGS28 | 18.18 17.54 0.64 19.5 54.0
VGS29 | 16.60 16.23 0.38 15.6 -
VGS30 | 18.13 17.96 0.17 18.8 77.0
VGS31 15.01 14.70 0.31 15.5 52.0
VGS32 | 14.57 14.12 0.45 27.0 46.0
VGS33 | 1797 17.61 0.37 8.9 60.0
VGS34 | 16.11 15.26 0.86 16.7 50.0
VGS35 | 16.74 16.33 0.41 13.2 65.0
VGS36 | 16.74 16.41 0.33 18.2 79.0
VGS37 | 17.38 17.04 0.34 23.1 67.0
VGS38 | 17.05 16.98 0.07 16.9 39.0
VGS39 | 16.00 15.21 0.79 154 66.0
VGS40 | 17.25 16.82 0.43 9.0 42.0
VGS41 17.60 17.19 041 6.2 29.0
VGS42 | 1633  15.80 0.53 14.8 58.0
VGS43 | 18.16 17.83 0.33 7.3 30.0
VGS44 | 1520 14.80 0.40 17.1 31.0
VGS45 | 17.61 17.35 0.26 20.8 66.0
VGS46 | 17.13 16.78 0.35 14.1 71.0
VGS47 | 1523  14.51 0.71 29.5 72.0
VGS48 | 17.61 17.02 0.59 114 -
VGS49 | 15.85 15.46 0.39 12.3 40.0
VGS50 | 16.00 15.32 0.69 12.6 83.0
VGS51 17.25 17.03 0.22 12.8 63.0
VGS52 | 1779  17.56 0.23 16.2 70.0
VGS53 | 16.12  15.61 0.50 20.5 64.0
VGS54 | 16.80 16.15 0.65 22.5 80.0
VGS55 | 16.63  16.19 0.44 18.1 55.0
VGS56 | 1644  15.72 0.72 14.0 59.0
VGS57 | 1494 14.44 0.50 21.5 30.0
VGS58 | 16.05 15.65 0.40 21.3 38.0
VGS59 | 18.12  17.76 0.36 12.7 67.0
VGS60 | 1645 15.72 0.73 19.2 81.0

Notes. Columns (1) and (2) are the dereddened g and r-band magnitudes
from SDSS. Column (3) is the dereddened g—r colour. Column (4) is the
radius of the galaxy at isophote 25, calculated using the r-Petrosian Ry
in the r band from SDSS as r»5 = 1.7 X Ry (see Section 2.1.4). Column
(5) is the galaxy inclination from Kreckel et al. (2012).

(*) We only need the inclination for galaxies observed in CO to calculate
the aperture correction factor.
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Table 2. Photometric properties for the VGS companions.

g r g-r 25 i
Name [mag] [mag] [mag] [arcsec] [°]
() 2 3) 4 )

VGSO07a | 21.48 2191 -0.43 8.5 -
VGS09a | 2346 2352 -0.06 2.2 -
VGS10a | 22.11  21.77 0.33 2.2 -
VGS26a | 14.16 13.67 0.49 38.5 -
VGS30a | 18.67 1841 0.26 16.7 -
VGS3la | 14.73 14.25 0.48 30.1 60.0
VGS31b | 16.93 16.74 0.19 10.8 -
VGS34a | 20.38  20.28 0.10 5.6 -
VGS36a | 19.88 19.88  -0.00 2.5 -
VGS37a | 16.57 16.22 0.35 16.9 -
VGS38a | 17.69 17.57 0.13 7.8 -
VGS38b | 19.03 18.86 0.17 9.8 -
VGS39a | 19.39 1944  -0.05 6.7 -
VGS51a | 22.28 20.70 1.58 5.5 -
VGS53a | 17.61 16.65 0.96 19.1 -
VGS54a | 19.32  18.98 0.34 11.2 -
VGS56a | 19.19 18.90 0.29 7.9 -
VGS57a | 17.85 17.75 0.10 7.7 -

Notes. Columns (1) and (2) are the dereddened g and r-band magnitudes
from SDSS derived in the same aperture. Column (3) is the dereddened
g — r colour magnitude from SDSS. Column (4) is the radius of the
galaxy at isophote 25, calculated using the r-Petrosian Ry in the r band
from SDSS as rs = 1.7 X Ry (see Section 2.1.4). Column (5) is the
galaxy inclination from HyperLEDA; there is no inclination data for
VGS companions in Kreckel et al. (2012).

(*) We only need the inclination for galaxies observed in CO to calculate
the aperture correction factor.

root-mean-square noise (rms) of main beam temperature (7,p)
below 1.5 mK at a velocity resolution of 20 kms~!.

The line temperature 1is expressed in terms of
Ty = T X (Fefr/Berr), where Feg is the IRAM 30 m telescope
forward efficiency, which is 0.95 for CO(1 — 0) and 0.91 for
CO(2 — 1), and B.g is the beam efficiency, which is 0.77 for
CO(1 - 0) and 0.58 for CO(2 — 1).

We used the GILDAS? software, provided by IRAM,
to reduce the CO data. We discarded bad scans from the
observations. We then subtracted a linear baseline from every
spectrum. In some cases, spectra from the FTS backend have
platforming, that is, the baseline of the spectrum presents
steps at the end of the correlator bands. We used the
FtsPlatformingCorrection5.class program, developed by
IRAM, to correct for this artefact. We then averaged the spectra
and smoothed them to a spectral resolution of 20 kms~!. The
final spectra are presented in Figs. C.1 and C.2.

We derived the emission line intensity (Ico) as the
velocity-integrated Ty, within the zero-level line width (AV),
which was determined visually for each averaged spectrum,

oo = f T (V)AV P
AV

For non-detections, upper limits were defined as

Ico <3 X rmsx VOVAV, where 6V is the channel width
in kms™!, and AV was set to the mean value of the detections,
which is 300 km s~ for CO(1 —0) and 240 km s~! for CO(2 - 1).
The 20 observed CO intensities and their statistical errors,
calculated as rms X VOVAV, are listed in Table 5. In addition to

2 http://www.iram.fr/IRAMFR/GILDAS

the statistical error, we took a typical calibration error of 15%
for CO(1 - 0) and 30% for CO(2 — 1) into account, estimated
by Lisenfeld et al. (2019) from a comparison of the observation
of four strong sources on different days. The CO(1 — 0) line was
detected (S/N > 3) for 13 galaxies and the CO(2 — 1) line for 14
galaxies.

2.1.4. Aperture correction

The IRAM 30 m telescope beam of CO(1 —0) (22 arcsec) covers
the entire galaxy in most objects of our sample. In order to
correct for a small fraction of missing flux, we calculated an
aperture correction following the procedure of Lisenfeld et al.
(2011). The resulting aperture correction factor (f;p), listed in
Table 6, has values between 1.1 and 1.5, and its mean value is
1.3.

The method assumes a molecular disc following an
exponential profile with an exponential scale length r. = 0.2 X
r25. Since rps is not available in HyperLEDA3 (Paturel et al.
1991) for all the objects and some values looked erroneous after
visual inspection, we used the r-Petrosian Ry from SDSS. We
compared Rgy and rps for the objects for whichd both values
exist, and find the ratio rp5/R9g = (1.7 £ 0.5). We thus use
Ry and the relation r»5 = 1.7 X Rgg. In order to calculate fp,
we furthermore need to know the inclination (i) of the galaxy,
which we took from Kreckel et al. (2012), who performed a
photometric analysis of the VGS. The values are listed in Tab. 1.
An inclination is available in the literature for all galaxies in the
CO-VGS sample.

2.1.5. Molecular gas mass

With the (main beam) temperature-to-flux conversion
factor (Ki_s = 5JyKY) of the IRAM 30 m
telescope, the CO velocity integrated flux density is

ScoAV [Jykms™'] = Ki_g x Ico [Kkms™!'].
Following Solomon et al. (1997), we calculated the
CO(1 - 0) luminosity as

Lio[Kkms™ pc?] = 3.25 x 10'ScoAVV, 2D (1 +2)"
where Vg is the emission line rest frequency in GHz, Dy is the
luminosity distance in Mpc, and z is the optical redshift from
MPA-JHU.

Finally, we calculated the molecular gas mass as
My, = acoLco, where aco is the CO-to-H; conversion factor.
We considered the Galactic aco = 3.2Mg (Kkms™! pc?)~!
(Bolatto et al. 2013), without correction for helium, as a constant
value for the CO-VGS galaxies. Two galaxies (VGS11 and
VGSS50) are undetected in CO(1 — 0), but detected in CO(2 — 1).
This is not unusual for objects that are smaller than the CO(1-0)
beam for which the beam dilution is less severe for Icon-1)
than for Ico(i-0) because the CO(2-1) beam size is smaller
(see Sect. 3.6 and Appendix A for a detailed discussion of the
influence of the beam size). For these cases, we estimated the
CO(1 - 0) velocity-integrated intensity using the theoretical
value of Rthheo = ICO(2_1)/ICO(1_()), calculated in Appendix A.
We adopted an intrinsic brightness ratio of Tc—1/Tgc1-0 = 0.8
(Leroy et al. 2009), and based on the corresponding values of
r. and i for each galaxy, we derived Ryjpheo = 3.0 and 2.8 for
VGS11 and VGSS50, respectively. The resulting molecular gas
masses are listed in Table 6.

3 http://leda.univ-lyonl.fr
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Table 3. Spectrometric properties for the VGS.

log,y M, log,y M log,, SFR z Dy,
Name Mo] [Me] Mo yr'] [Mpc]
(H 2 3 4 )
VGSO1 8.65 + 0.10 | < 832 - -1.28 + 0.11 | 0.019 80.5
VGS02 8.65 + 0.08 8.83 =+ 0.12 -1.57 = 0.14 | 0.023 98.3
VGSO03 838 + 009 | < 827 - -1.96 =+ 0.12 | 0.017 73.2
VGS04 887 «+ 008 | < 823 - -1.13 = 0.04 | 0.016 70.4
VGS05 10.11 + 0.09 | < 851 - -1.38 =+ 029 | 0.022 97.7
VGS06 842 + 0.06 920 + 0.07 -1.17 = 0.10 | 0.023 1004
VGSO07 7.71 + 0.19 893 =+ 0.04 -1.10 = 0.03 | 0.016 70.5
VGS08 - - 8.60 = 0.16 -1.52  +  0.13 | 0.020 85.3
VGS09 785 + 0.05 9.03 + 0.04 -143  + 0.04 | 0.013 56.2
VGS10 8.35 + 0.06 9.17 + 0.06 -1.59 + 0.02 | 0.016 68.4
VGS11 9.06 =+ 0.08 935 + 0.04 205 =+ 024 | 0.016 71.5
VGS12 820 =+ 0.05 948 + 0.06 -1.35 = 0.13 | 0.018 77.3
VGS13 9.03 + 0.08 9.11 + 0.08 -1.14 + 0.14 | 0.019 83.1
VGS14 820 =« 0.06 8.81 = 0.07 -1.74 + 0.07 | 0.013 56.9
VGS15 9.41 + 0.09 - - -0.70 + 032 | 0.019 82.9
VGS16 7.93 + 0.06 | < 8.06 - 210 + 0.05 | 0.013 57.6
VGS17 - - - - -1.52 = 0.09 | 0.011 46.2
VGS18 832 + 0.07 8.61 =+ 0.12 270 = 0.00 | 0.016 71.0
VGS19 857 <+ 0.08 850 =+ 0.10 -1.25 =+ 0.09 | 0.014 62.6
VGS20 766 + 0.13 - - -1.15 = 0.06 | 0.017 72.1
VGS21 997 =+ 0.09 934 <+ 0.07 -0.64 =+ 034 | 0.017 75.3
VGS22 828 + 006 | < 842 - -1.66 =+ 0.06 | 0.019 83.3
VGS23 928 + 0.08 9.60 + 0.05 098 =+ 0.12 | 0.017 724
VGS24 10,00 + 0.10 | < 853 - -0.08 =+ 043 | 0.023 101.2
VGS25 814 + 0.05 824 =+ 0.16 095 + 0.08 | 0.019 82.6
VGS26 930 =+ 0.11 9.18 + 0.09 -1.10 = 0.16 | 0.023 101.1
VGS27 798 =+ 0.06 854 =+ 0.09 222 + 0.00 | 0.015 64.7
VGS28 - - < 8.22 - - - 0.015 66.2
VGS29 8.91 + 0.07 - - -1.05 =+ 0.14 | 0.020 87.1
VGS30 8.00 <+ 0.07 877 = 0.07 230 + 0.17 | 0.019 84.5
VGS31 9.55 + 0.09 931 <+ 0.06 031 = 0.00 | 0.021 91.0
VGS32 944 + 0.08 959 + 0.05 -0.64 + 0.08 | 0.012 51.1
VGS33 824 + 0.07 893 =+ 0.09 - - 0.018 79.2
VGS34 988 =+ 0.10 939 + 0.05 - - 0.017 71.7
VGS35 882 + 0.08 9.03 + 0.05 -1.07 =+ 0.16 | 0.017 75.1
VGS36 8.95 + 0.07 931 + 0.06 -0.80 =+ 0.14 | 0.022 97.6
VGS37 8.61 + 0.07 9.13 + 0.06 -1.36 = 0.11 | 0.019 84.1
VGS38 7.86 = 0.10 9.03 + 0.03 -1.30  + 0.00 | 0.014 59.8
VGS39 1001 =+ 0.10 | < 841 - -0.85 =+ 0.16 | 0.019 82.7
VGS40 9.07 =+ 0.08 879 =+ 0.10 -0.73 + 0.10 | 0.024 1034
VGS41 878 «+ 008 | < 846 - -1.09 =+ 0.12 | 0.023 1019
VGS42 940 =+ 0.09 8.61 =+ 0.16 -0.82 + 0.15 | 0.019 81.5
VGS43 828 + 007 | < 846 - -1.59 = 0.13 | 0.021 93.4
VGS44 9.51 + 0.12 8.69 =+ 0.10 -021 + 0.10 | 0.018 76.6
VGS45 8.02 =« 0.06 855 =+ 0.16 -222 = 0.00 | 0.015 63.0
VGS46 8.51 + 0.08 875 =+ 0.13 -1.35  +  0.04 | 0.016 69.0
VGS47 1033 = 0.09 9.12 + 0.09 -0.10 =+ 0.18 | 0.022 96.5
VGS48 929 <+ 0.10 - - -1.12 =+ 0.19 | 0.025 109.0
VGS49 952 =+ 0.10 | < 8.56 - -0.22 = 0.09 | 0.025 108.8
VGS50 992 + 0.09 9.74 + 0.06 -0.66 =+ 0.16 | 0.020 88.6
VGSS51 8.55 + 0.05 930 + 0.05 -0.31 = 0.04 | 0.025 1105
VGS52 8.11 + 0.07 895 =+ 0.11 -1.70 = 0.20 | 0.018 78.2
VGS53 950 =+ 0.09 872 + 0.14 -0.64 =+ 0.14 | 0.021 93.5
VGS54 9.63 + 0.09 955 + 0.05 076 = 0.12 | 0.024 104.2
VGS55 920 =+ 0.07 9.25 + 0.09 -0.83 = 0.09 | 0.025 109.8
VGS56 969 =+ 010 | < 843 - -0.63 =+ 0.16 | 0.019 81.3
VGS57 1006 =+ 0.11 8.81 =+ 0.10 023 + 0.07 | 0.022 96.6
VGS58 859 <+ 0.06 8.87 =+ 0.04 -1.34  + 0.08 | 0.012 49.8
VGS59 826 + 007 | < 841 - -1.85 =+ 0.06 | 0.019 82.7
VGS60 9.75 + 0.09 841 =+ 027 094 + 0.12 | 0.020 85.4

Notes. Column (1) is the stellar mass from MPA-JHU (Kauffmann et al. 2003; Salim et al. 2007). Column (2) is the atomic gas mass from WSRT
(Kreckel et al. 2012); it has been re-scaled to the luminosity distance in Column (5). Column (3) is the He based SFR from Beygu et al. (2016).
Column (4) is the redshift from MPA-JHU. Column (5) is the luminosity distance.
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Table 4. Spectrometric properties for the VGS companions.

log,y M, log,o Mm log,, SFR z Dy
Name Mo] Mo] Mo yr'] [Mpc]
(H 2 3 (€] (®)]
VGS07a - - 852 + 0.09 - - 0.016 70.5
VGS09a - - 779 + 0.10 - - 0.013 56.2
VGS10a - - 8.93 + 0.10 - - 0.016 68.4
VGS26a - - 1031 =+ 0.04 - - 0.023 101.1
VGS30a - - 8.71 + 0.07 - - 0.019 84.5
VGS31a 10.02 =+ 0.14 926 =+ 0.05 0.81 + 0.00 | 0.021 91.0
VGS31b 847 + 0.05 8.45 + 0.15 -0.82 + 0.00 | 0.021 91.0
VGS34a - - 7.71 + 0.13 - - 0.017 71.7
VGS36a - - < 11.83 - - - 0.022 97.6
VGS37a - - 9.19 <+ 0.05 -1.15 = 0.07 | 0.019 84.1
VGS38a 7.65 + 0.05 8.02 <+ 0.06 -1.74 + 0.07 | 0.014 59.8
VGS38b - - 8.21 + 0.06 230 + 0.00 | 0.014 59.8
VGS39a - - 850 =+ 0.05 - - 0.019 82.7
VGSS51a - - 837 =« 0.04 - - 0.025 110.5
VGS53a - - 858 + 0.25 - - 0.021 93.5
VGS54a - - < 11.65 - - - 0.024 104.2
VGS56a - - 8.25 + 0.16 - - 0.019 81.3
VGS57a 8.00 <+ 0.07 8.41 + 0.08 - - 0.022 96.6

Notes. Column (1) is the stellar mass from MPA-JHU (Kauffmann et al. 2003; Salim et al. 2007). Column (2) is the atomic gas mass from WSRT
(Kreckel et al. 2012); it has been re-scaled to the luminosity distance in column (5). Column (3) is the Ha based SFR from Beygu et al. (2016).
Column (4) is the redshift from MPA-JHU. Column (5) is the luminosity distance.

Table 5. CO emission line intensities for the CO-VGS.

Icoa-o) rms  S/N  AVco-o) Icoe-1) rms  S/N  AVcoe-i)

Name [Kkms™!] [mK] [kms™!] [Kkms™] [mK] [kms™]

(1) (2) (3) 4) ©) (6) (7 (8
VGS04 < 034 - 1.4 - 300 < 0.82 - 3.9 - 240
VGS11 < 031 - 1.3 - 300 1.15 + 0.26 2.8 4.4 440
VGS19 < 0.35 - 1.5 - 300 < 0.68 - 3.2 - 240
VGS23 060 <+ 0.10 1.3 6.0 290 1.36 + 0.20 2.5 7.0 300
VGS26 < 0.25 - 1.0 - 300 < 0.58 - 2.8 - 240
VGS31 0.57 =+ 0.10 1.4 5.9 250 1.39 + 0.20 2.7 6.9 260
VGS31la 265 + 0.20 2.3 13.6 350 215 + 034 5.2 6.3 210
VGS32 220 + 0.16 2.5 13.8 200 1.59 + 0.28 4.4 5.6 200
VGS34 322 + 0.22 2.6 14.3 360 338 + 042 4.9 8.1 350
VGS36 < 0.32 - 1.3 - 300 < 054 - 2.6 - 240
VGS39 060 =+ 0.11 1.2 5.4 380 089 + 024 2.5 3.8 420
VGS42 058 + 0.16 2.0 3.8 310 < 0.70 - 3.3 - 240
VGS44 055 + 0.09 1.6 6.3 150 148 + 0.17 2.6 8.8 200
VGS47 228 + 0.17 1.8 13.8 420 1.30 + 0.25 3.3 52 280
VGS49 0.87 + 0.13 1.6 6.5 350 064 <+ 0.19 3.3 34 160
VGS50 < 0.35 - 1.5 - 300 1.21 + 0.24 2.6 5.0 420
VGS53 0.60 =+ 0.09 1.2 6.6 300 072 =+ 021 3.2 34 200
VGS56 0.79 <+ 0.11 1.3 7.1 350 1.25 + 0.21 2.6 6.1 300
VGS57 3.19 + 0.16 2.0 20.5 300 438 + 0.23 3.5 19.2 200
VGS58 < 0.29 - 1.2 - 300 < 042 - 2.0 - 240

Notes. (1) Velocity-integrated intensity and its statistical error of the CO(1 — 0) emission line. (2) Root-mean-square noise of the CO(1 — 0)
emission line spectrum at a velocity resolution of 20kms~'. (3) Signal-to-noise ratio of the CO(1 — 0) emission line. (4) Spectral zero-level line
width of the CO(1 —0) emission line. For non-detections, we set it to the mean value of detections (300 kms™"). (5)-(8) The same for the CO(2 — 1)
emission line. For non-detections in CO(2 — 1), we set the spectral zero-level line width of the emission line (8) to the mean value of detections

(240 kms™).

2.2. Control sample

For this study, we needed a comparison sample with My,, My;,
M,., and SFR data. The comparison sample used in Kreckel et al.
(2012) cannot be used here because it does not contain any H,
data. We combined two H surveys: XCOLD GASS (Saintonge

et al. 2017) (together with xGASS, Catinella et al. 2018, for
the HI data), and EDGE-CALIFA (Bolatto et al. 2017) (together
with Lépez-Séanchez et al. in prep. for the HI data) as comparison
samples. These surveys do not have any environmental selection
criteria, so they contain galaxies in voids, filaments, walls,
and cluster. We wished to compare the CO-VGS galaxies with
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log,y My, Jap
Name [Ms]
(D) 2

VGS04 < 7.83 - 1.05
VGS11 813 + 0.16 143
VGS19 < 7.76 - 1.07
VGS23 823 + 0.10 140
VGS26 < 8.08 - 1.25
VGS31 834 + 0.10 1.20
VGS31a 912 =+ 0.07 1.57
VGS32 854 <+ 007 1.57
VGS34 890 =+ 0.07 1.23
VGS36 < 8.14 - 1.19
VGS39 826 =+ 0.10 1.16
VGS42 824 + 0.13 1.17
VGS44 821 =+ 0.09 1.30
VGS47 907 = 0.07 1.46
VGS49 866 + 009 1.15
VGSS50 822 + 0.16 1.10
VGS53 841 =+ 0.09 1.28
VGS56 836 + 009 1.15
VGS57 922 =+ 0.07 1.45
VGS58 < 7.60 - 1.41

Notes. Column (1) is the molecular gas mass and total error. Column
(2) is the aperture correction factor.

(*) The molecular gas mass of these galaxies has been derived from the
CO(2-1) line emission intensity and the theoretical CO(2—1)-to-CO(1—
0) line ratio estimated in Appendix A.

galaxies in filaments and walls alone, so we removed the galaxies
from the control sample that inhabit voids and clusters (more
details below). For the optical properties, we used data from the
MPA-JHU catalogue in the same way as for the VGS galaxies
(see Section 2.1.2). In particular, we used the M, (Kauffmann
et al. 2003; Salim et al. 2007), metallicity (Tremonti et al. 2004),
and apparent dereddened magnitudes in » and g bands. We
explain the choice of the SFR tracer in Appendix B.

2.2.1. Selection overview

From the 1690 galaxies in the xCOLD GASS and
Lopez-Sanchez et al. (in prep.) samples, we first removed
galaxies inhabiting voids and clusters by excluding objects
listed in the Pan et al. (2012) void galaxy survey and the Tempel
et al. (2017) group of galaxies survey (considering galaxies in
groups with more than 30 members as a cluster).

We then generated two sub-samples: one to compare with the
entire VGS, and the other to compare with the CO-VGS. For the
first sub-sample, called the complete control sample (CCS), we
selected 362 galaxies that lie within the M, and g — r colour
ranges of the entire VGS (107" M, < M, < 10'%*M, and
0.07mag < g —r < 0.86mag). For the second sub-sample,
which we call CO comparison sample (CO-CS), we selected
102 galaxies with molecular gas data that lie within the M,
g — r colour, and SFR ranges of the CO-VGS (108°M, <
M, < 10'93M,, 0.30mag < g —r < 0.86mag, and SFR >
0.1 Mg yr!). Figures 2 and 3 show the colour-stellar mass
distribution of the VGS and the CO-VGS, respectively. The CCS
and CO-CS do not cover the M, range below 10%° Mg and
10°% My, respectively, thus the statistical comparison is only
representative above these values. There are other H, samples
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Fig. 2. Colour vs. stellar mass diagram with normalised histograms for
the VGS and the CCS. The number of galaxies for each sample is shown
in the legend.
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Fig. 3. Colour vs. stellar mass diagram with normalised histograms for
the CO-VGS and the CO-CS. The number of galaxies for each sample
is shown in the legend.

with low stellar mass galaxies (Rémy-Ruyer et al. 2014; Hunt
et al. 2020; Castignani et al. 2021), but they were not useful
for our study because there are only very few galaxies with
10%° My < M, < 10°°M,, and the My, values are highly
dispersed. It is difficult to obtain My, for galaxies with M, <
109 M, because their metallicities are low, which translates into
low CO emission and a high uncertainty in the aco value.
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Table 7. Comparison of the rms between CO-VGS and xCOLD GASS.

rms [mK]
Detections Non-Detections
Sample . .
min max mean | min max mean
CO-VGS 1.2 2.6 1.7 1.0 1.5 1.3
xCOLD GASS | 0.8 42 1.8 07 32 1.3

Table 8. Comparison of the Ico between CO-VGS and xCOLD GASS.

Ico[K km S_l]

Detections
Sample .
min max mean
CO-VGS 0.5 3.2 1.4
xCOLD GASS | 0.1 178 1.7

2.2.2. xGASS and xCOLD GASS surveys

The xGASS (Catinella et al. 2018, the extended GALEX
Arecibo SDSS Survey) is a HI survey of 1179 galaxies selected
by M, and redshift (10°°M, < M, < 10'"M,, and
0.01 <z < 0.05).

xCOLD GASS (Saintonge et al. 2017) is an IRAM 30 m
telescope H, legacy survey of 532 nearby stellar mass selected
galaxies (0.01 < z < 0.05, and 10°°My < M,< 10> My).
The metallicity of the galaxies in this sample is around solar
-8.46 < 12 + log(O/H) < 9.22—, obtained by cross-matching
the sample with Tremonti et al. (2004). Saintonge et al. (2017)
applied a constant Galactic aco = 3.2Mg (Kkms™! pc?)~!
conversion factor that does not include any correction for the
presence of helium. The angular size of the galaxies are small
enough to fit almost completely inside the IRAM 30 m telescope
beam width. Only a small aperture correction of a mean fi, ~
1.17 is required. For the aperture correction, they followed
the procedure defined in Lisenfeld et al. (2011), as we did
for the CO-VGS, with a difference in the exponential scale.
They considered an exponential H, distribution with a half-light
radius corresponding to the radius enclosing 50% of the
star formation as measured in the SDSS/GALEX photometry,
whereas we describe the exponential distribution of the H, with
the exponential scale factor r. = 0.2 X rps. We do not expect
this relatively small difference to have any impact on our results
because the aperture corrections, especially for the CO-VGS
sample, are small. Tables 7 and 8 compare the rms and the Ico
between xCOLD GASS and the CO-VGS; the detection levels
are similar.

From the xGASS (1179 galaxies), we removed the 333 void
galaxies contained in Pan et al. (2012) and the 69 galaxies
classified in Tempel et al. (2017) as cluster galaxies. Then, we
selected 311 galaxies for the CCS (with HI data and lying within
the M, and g — r colour ranges of the VGS). For the CO-CS, we
selected 95 galaxies (with H, data and lying within the M,, g—r
colour and SFR ranges of the CO-VGS) from xCOLD GASS and
xGASS after removing void and cluster galaxies. Hereafter, we
refer to the control galaxies selected from xGASS and xCOLD
GASS as GASS galaxies.

2.2.3. EDGE-CALIFA survey

EDGE-CALIFA (Bolatto et al. 2017) is a CARMA H, survey of
126 galaxies selected from the CALIFA (Sanchez et al. 2012)
survey that have high WISE 12 um flux and are centred around
12 hours of right ascension. CALIFA is a diameter-selected

survey (45arcsec < Dps < 80arsec) of 600 galaxies in the
redshift range of 0.005 < z < 0.030 and the M, range of
10°4M, < M, < 10'"“#M,. The metallicity is higher than
solar (8.71 < 12 + log(O/H) < 9.25). In EDGE-CALIFA,
My, was derived considering a constant Galactic CO-to-H;
conversion factor aco = 4.6 Mg (Kkms™! pc?)~!, including the
mass correction for the presence of helium. In this work, we
rescaled the molecular gas mass of the EDGE-CALIFA galaxies
considering aco = 3.2Mp (Kkms™! pc?)~!, not including the
helium correction, for a consistent comparison with the other
surveys.

CARMA is an interferometer and is therefore not sensitive
to emission above a certain spatial scale, which means that an
extended flux component can be missed. Bolatto et al. (2017)
compared galaxies observed by both the CARMA interferometer
and the single-dish IRAM 30 m telescope and concluded that
missing flux is not an important problem in the CARMA
EDGE-CALIFA observations.

We used HI data from Lépez-Séanchez et al. (in prep.), who
searched the literature for Hi data for CALIFA galaxies and
found valid HI data for 511 objects, the large majority coming
from single-dish observations. Most of the data come from
three large surveys: Springob et al. (2005) (305 objects, 60%),
Huchtmeier & Richter (1989) (95 objects, 19%), and Theureau
et al. (2004) (39 objects, 8%). We call this sample HI-CALIFA.
The remaining galaxies come from 27 references that each
provide HI data for between 1 and 14 objects.

For the CCS selection (which does not require CO data), we
started from the entire HI-CALIFA sample (511 galaxies) and
removed 239 objects with no data in MPA-JHU, 91 void galaxies
contained in Pan et al. (2012), and 8 galaxies classified in Tempel
et al. (2017) as cluster galaxies. Finally, we selected the objects
that lie within the VGS colour and stellar mass ranges. We
obtained 51 galaxies for the CCS. For the CO-CS, we started
from these 51 objects and selected the galaxies with CO data
in EDGE-CALIFA that lie within the CO-VGS colour, stellar
mass, and SFR ranges. We obtained 7 objects for the CO-CS.
Hereafter, we refer to this sample as EDGE galaxies.

3. Results

In this section, we compare the gas mass, star formation rate, and
stellar mass of void galaxies to those of the control sample. We
did this for different sub-samples. The CCS was compared with
the entire VGS for properties not involving CO, such as My, and
specific star formation rate (sSFR = SFR/M,). The CO-VGS
was compared with the CO-CS for properties related to CO
emission lines such as My,, molecular-to-atomic gas mass ratio
(My, /M), and SFE, which are not available for the entire VGS.
Furthermore, we present all comparisons for the entire samples
and also for sub-samples containing only star-forming (SF)
galaxies which are close to the SF main sequence (SFMS). The
reason for this limitation is that the VGS galaxies are, partly by
selection, mainly SF galaxies and only a few of them fall below
the SFMS. The control sample, on the other hand, contains
many galaxies with a very low sSFR (see Fig. 4-left). In order
to compare the same type of objects, we excluded quiescent
galaxies that are situated well below the SFMS. We adopted
the prescription of the SFMS derived in Saintonge et al. (2016)
(their eq. 5) for the COLD GASS sample and derived from it a
main sequence in the sSSFR (sSFRys) by division with M,. For
our SF sub-sample we then selected the objects that are above
the limit log,,(sSFR/sSFRys) > —0.8, which is represented
as the dashed line in Fig. 4. In this way, we removed very
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low star-forming galaxies from the VGS and from the control
sample. We call this selection the SF sub-sample. Additionally,
we selected spiral galaxies using the morphological parameter,
t > 0, from HyperLEDA and performed the entire analysis for
the spiral sub-sample. We obtained consistent results for the SF
and the spiral sub-sample.

We defined three mass bins to compare the CO-VGS and
CO-CS as a function of stellar mass: 10°°M, < M, < 10°°M,,
10%5M, < M, < 10'%9M,, 10'%°M,, < M, < 10'5M,, and, in
addition, the entire mass range, 10°°M, < M, < 10'%°M,,. For
the VGS and the CCS, we defined two additional mass bins:
10%°M, < M, < 108°Mp, and 108°Mg < M, < 10°°M,, and
the entire mass range, 10%'My < M, < 10'%°M,. We then
calculated the mean and median values in every stellar mass
bin for both the VGS and the control sample. There are many
non-detections for the molecular and atomic gas mass. In order
to keep the high statistics, we used the Kaplan-Meier estimator
(Kaplan & Meier 1958), which calculates the mean value taking
upper limits into account. As an additional test, we applied the
Kolmogorov-Smirnov (KS) test in every stellar bin* considering
upper limits as detections. The KS test indicates only marginal
differences between the samples when the p-value < 0.05, but
it denotes high contrast for much lower p-values. We show the
corresponding values and the difference between the VGS and
the control sample in Tables 10-14.

3.1. Specific star formation rate

The specific star formation rate (sSSFR = SFR/M,, Figure 4 and
Table 9) shows a decreasing trend with M, for the comparison
sample and the VGS, even though it is more pronounced for the
comparison sample. The mean values of both samples lie below
the main sequence that was fitted by Saintonge et al. (2016),
which is expected because this fit was made by taking only the
star-forming ridge of galaxies into account. It therefore excluded
passive galaxies with a low sSFR. Therefore, the agreement
between the mean values of the CCS and the main sequence fit is
much better for our SF sub-sample (right panel). Interestingly, in
this case, there is no significant difference between the void and
the comparison sample, except for stellar masses between 10°°
and 10°°M,, , where the mean sSFR of the VGS is lower than
the CCS (Jo| > 3 and KS p-value < 0.05), and the lowest mass
bin, where the CCS only contains 3 objects, however.

3.2. Molecular gas mass

The molecular gas mass shows an increasing trend with M, for
the void and the comparison samples (Fig. 5 and Table 10). In
general, the mean values of the CO-VGS and CO-CS samples
agree within the errors, except for the intermediate M, bin,
where the mean My, for void galaxies is slightly lower than
for galaxies in filaments and walls. The difference is marginal
(lo] ~ 1) when the entire samples are considered and is slighly
larger for the SF sub-sample (Jo| ~ 2.6 and KS p-value < 0.05).

The molecular gas mass fraction (My,/M,) shows a
decreasing trend with M, for the void and the comparison
samples (Fig. 6 and Table 11). There is no significant difference
between the two samples (Jo| < 1) for the complete sample or
for the SF sub-sample.

4 The KS test evaluates whether two samples come from the same
mother sample. A p-value below 0.05 indicates with a reliability higher
than 95% that both samples come from different mother samples,
whereas for higher p-values, no firm conclusions can be drawn.
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In summary, we conclude that we find no significant
difference for My, or My, /M, between CO-VGS and CO-CS.
For both samples, we find decreasing trends of My,/M, with
M,.

3.3. Star formation efficiency

The star formation efficiency (SFE = SFR/My,, Fig. 7 and
Table 12) shows a decreasing trend with M, for the comparison
sample. This trend is followed by the void galaxies for the
intermediate and upper M, bin, where the mean values agree
within 1 . However, in the lowest-mass bin, void galaxies have
asignificantly (lo| > 3 and KS p-value ~ 0.002) lower mean SFE
for the entire sample and for the SF sub-sample. The number of
galaxies in this bin is relatively low (four to six galaxies), and it
needs to be confirmed with a larger sample size.

3.4. Atomic gas mass

The atomic gas mass fraction (My,/M,, Fig. 8 and Table 13)
shows a strongly decreasing trend with M, for both the VGS
and CCS. We can directly compare the VGS to the comparison
sample for M, > 1089 Mg, and the trend for the VGS galaxies
seems to follow the trend of the CCS very well.

In general, the mean values of void and control galaxies
agree reasonably well, except for galaxies with M, > 10°°M,, ,
which show indications for a steeper slope for the VGS. In the SF
sub-sample, the mean My, /M, of the VGS is lower than the CCS
for 103M, < M, < 10'%My, but the difference is statistically
marginal (Jo| < 3 and KS p-value > 0.05). Furthermore, for the
highest stellar mass bin (10'9°M, < M, < 10'%5M,), it is based
on a very low number of galaxies (four).

3.5. Molecular-to-atomic gas mass ratio

The molecular-to-atomic gas mass ratio (Fig. 9 and Table
14) shows an increasing trend with M, for the void and the
comparison samples. In the low and intermediate stellar mass
bins, the agreement between the mean values of the VGS and
comparison sample is very good, whereas in the high stellar
mass bin, the mean value for the VGS is considerably higher.
However, this difference has to be taken with caution because of
the low number of VGS galaxies in this bin.

Because the Kaplan-Meier estimator can only deal with
upper or lower limits but not with both, we included only the
upper limits (i.e. upper limits in My, and detections in My,) in
the calculation of the mean. We also carried out this analysis
with only lower limits (i.e. upper limits in My, and detection in
My,) and obtained consistent results.

3.6. CO(2 — 1)-to-CO(1 — 0) line ratio

The left panel of Fig. 10 shows the relation between CO(2 — 1)
and CO(1 - 0) for the CO-VGS together with the xCOLD GASS
comparison sample. For 15 CO-VGS galaxies, we obtained a
detection in at least one line, so that we can calculate the mean
value of the line ratio Ry; = Icop-1)/Icoa-o0) (listed in Table
15, together with the corresponding value for the xCOLD GASS
sample). The mean values for the CO-VGS and xCOLD GASS
samples are the same (within the errors). The mean values are not
aperture-corrected, and therefore we have to take into account
the different beam sizes of CO(1 — 0) and CO(2 — 1) when the
ratios are interpreted.
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Fig. 4. Specific star formation rate as a function of stellar mass for the VGS and CCS with all the galaxies (left), and only star-forming galaxies
(right). The mean sSFR per M, bin is shown with a red symbol (connected by a solid red line to guide the eye) for the VGS, and with a blue
symbol (and dashed blue line) for the CCS. The error bar in M, represents the width of the stellar mass bin. The GASS sSFR main sequence is
represented as solid black line. This is a fit to the main-sequence galaxies carried out by Saintonge et al. (2017). The dashed black line is the limit

chosen by us to select star-forming galaxies (see Sect. 3).

Table 9. Specific star formation rate.

log,, sSFR[yr']

log,, M, [Mo] VGS CCS VGS - CCS
range n/ny, mean median | n/ny mean median Amean loa KS
(H 2 3) 4 5 (6) (@) 3 © (10)
8.0 8.5 14/1 993 =+ 0.12 -9.94 3/0 943  + 0.14 -9.45 -0.50 =+ 0.18 - -
8.5 9.0 12/0 984 = 0.09 -9.89 10/0 998 =+ 0.12 -9.96 014 =+ 015 094 0.23
j 9.0 9.5 10/0 -10.26 =+ 0.10 -10.16 85/0 -10.11 =+ 0.05 -10.02 | -0.15 =« 0.12 -1.27 0.06
< 95 10.0 10/1 -10.15 =+« 0.14 -10.14 69/0 -1033 =+ 0.08 -10.17 018 + 0.16 1.11 0.71
10.0 10.5 5/0 -10.36  + 035 -1043 195/0 -1066 =+ 0.05 -10.49 029 =+ 036 0.82 0.50
8.0 10.5 512 -10.06 =+ 0.07 -10.0 362/0 -1044 <+ 0.04 -10.28 038 + 008 491 2x1073
8.0 8.5 12/0 -9.81 + 0.10 -9.87 3/0 943 + 0.14 -9.45 -038 =+ 0.17 - -
8.5 9.0 12/0 984 + 0.09 -9.89 9/0 988 + 0.09 -9.96 005 <+ 0.12 0.38 0.42
w 9.0 9.5 9/0 -10.16 + 0.06 -10.16 71/0 994 + 0.03 -9.92 -023 + 007 -3.33 0.02
95 10.0 10/0  -10.15 =+ 0.14 -10.14 54/0  -10.03 + 0.05 -10.04 | -0.12 =+ 0.15 -0.84 0.54
10.0 10.5 4/0 -10.08 + 0.31 -9.82 131/0  -10.25 =+ 0.03 -10.22 0.17 =+ 031 0.55 0.38
8.0 10.5 47/0 998 + 0.06 -9.95 268/0 -10.10 <+ 0.02 -10.10 | 0.12 =+ 0.06 1.93 0.07

Notes. (1) Stellar mass range of the bin. (2) n: Number of VGS galaxies in the bin. n,,: Number of upper limits of VGS galaxies in the bin. (3)
Mean logarithm of the specific star formation rate and its error of the VGS galaxies in the bin. (4) Median logarithm of the specific star formation
rate of the VGS galaxies in the bin. (5) - (7) The same for the CCS sample. (8) Difference of the mean logarithmic of the specific star formation
rate between VGS and CCS (Amean) and its error (err(Amean)). (9) o = Amean/err(Amean), only reported when there are at least four objects in

each sample. (10) p-value of the Kolmogorov-Smirnov test.

To interpret Ry; (Fig. 10 right), we have to consider two
parameters in addition to the excitation temperature of the gas:
the source size relative to the beam, and the opacity of the
molecular gas. For optically thick thermalised emission with a
point-like distribution, we expect a ratio Ry; = (®1_¢/0,_)* =
4, with ®;_¢ and @,_; being the FWHM of the CO(1 — 0) and
CO(2—-1) beam, respectively. On the other hand, for a source that
is more extended than the beams, we expect Ry; ~ 0.6 — 1 for

optically thick gas in thermal equilibrium, where R,; depends on
the temperature of the gas, and R,; > 1 for optically thin gas.

In order to better quantify the combined effect of
sources size and intrinsic brightness temperature, we calculated
the theoretical line ratio, Ryjmeo (S€e Appendix A) by
modelling the CO emission with the same 2D exponential
distributions as used for the aperture correction and adopting
the IRAM 30 m telescope beam as a Gaussian function,
with values for the full width at half maximum (FWHM)
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Fig. 5. Molecular gas mass as a function of stellar mass for the CO-VGS and CO-CS with all the galaxies (left) and only star-forming galaxies
(right). The mean My, per M, bin is shown with a red symbol (connected by a solid red line to guide the eye) for the CO-VGS, and with a blue
symbol (and dashed blue line) for the CO-CS. The error bar in M, represents the width of the stellar mass bin.

Table 10. Comparison of molecular gas mass between CO-VGS and CO-CS.

10g10 MHZ [Ms]

log,, M, [Mo] CO-VGS CO-CS CO-VGS - CO-CS
range n/nyp mean median n/ng mean median Amean loa KS
(D 2 (3) 4 (&) (6) @) (8 9 a0
9.0 9.5 5/1 825 = 0.07 8.23 26/8 827 = 0.06 8.24 002 = 0.09 -023 048
j 9.5 10.0 7/0 844 + 0.09 8.36 29/4 856 + 0.07 8.64 -0.12 + 0.11 -1.07 0.11
< 10.0 10.5 4/0 892 =+ 0.19 9.12 47/6 8.88 + 0.05 8.93 0.04 + 020 021 0.23
9.0 10.5 16/1 850 =+ 0.09 8.36 102/18 861 =+ 0.04 8.72 -0.11 =+ 0.10 -1.14 0.06
9.0 9.5 4/1 828 =+ 0.08 8.24 26/8 827 = 0.06 8.24 001 + 0.10 0.08 0.76
w95 10.0 6/0 837 =+ 0.06 8.34 28/3 8.60 = 0.06 8.68 023 = 0.09 -2.64 0.02
“210.0 10.5 4/0 892 =« 0.19 9.12 44/4 890 =+ 0.05 8.95 002 =+ 020 0.09 022
9.0 10.5 14/1 850 <+ 0.10 8.34 98/15 864 <+ 0.04 8.73 -0.14 =+ 0.11 -1.33 0.05

Notes. (1) Stellar mass range of the bin. (2) Number of CO-VGS galaxies in the bin. n,,: Number of upper limits of CO-VGS galaxies in the bin.
(3) Mean logarithm of the molecular gas mass and its error of the CO-VGS galaxies in the bin. (4) Median logarithm of the molecular gas mass
of the CO-VGS galaxies in the bin. (5) - (7) The same for the CO-CS sample. (8) Difference of the mean logarithmic of the molecular gas mass
between CO-VGS and CO-CS (Amean) and its error (err(Amean)). (9) o = Amean/err(Amean). (10) p-value of the Kolmogorov-Smirnov test.

of @9 =22arcsec and ®,_; = 11arcsec. We compare the
observed R, empirical values with the theoretical Ry e, values
for different intrinsic brightness temperature ratios of the source
(Te2-1/Tge1—0 = 1, 0.7 and 0.5) in the right panel of Fig. 10
. For optically thick gas in thermal equilibrium, an intrinsic
brightness ratio of 0.6 corresponds to an excitation temperature
of ~ 5K, 0.8 to ~ 10K, and 0.9 to ~ 21 K; higher excitation
temperatures yield a brightness temperature ratio ~ 1 (Leroy
et al. 2009). The observed R,; in general follows the predicted
trend of a decreasing value with f,, well (which is an increasing
function with galactic size). This indicates that the aperture
correction we used is correct. For the void and comparison
sample, the main part of the values of R, lies below the line
of Tger—1/Tge1—0 = 0.7, suggesting that the molecular gas is cold
(< 10K). Interestingly, many galaxies have Tgcr—1/Tgc1—0 < 0.5,
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which might indicate the presence of low-density sub-thermally
excited gas that is not in thermal equilibrium (Leroy et al. 2009;
den Brok et al. 2021).

4. Discussion

The molecular gas masses for 20 objects presented in this paper
are the largest sample of void galaxies with molecular gas data
so far. This enables us to statistically compare the properties of
void galaxies to those in filaments and walls.

Our results show no significant difference in the mean My,
and My, /M, for different mass bins compared to the comparison
sample. The exception is the intermediate stellar mass bin,
especially in the SF sub-sample, where My, in void galaxies
might be lower than for galaxies in filaments and walls. Our
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Table 11. Molecular gas mass fraction.

loglo(MH2 /M)

log,o M [Mo] CO-VGS CO-CS CO-VGS - CO-CS
range n/ng, mean median n/ny, mean median Amean loa KS
(H (2) 3) ) (5) (6) ) (3) % [0
9.0 9.5 5/1 -1.05 + 0.06 -1.05 26/8 -1.04 =+ 0.05 -1.04 -0.01 + 0.08 -0.16 0.87
j 9.5 10.0 7/0 -1.21 = 0.10 -1.21 29/4 -1.21 = 0.07 -1.05 000 =+ 0.12 0.01 0.75
< 10.0 10.5 4/0 -1.19 +  0.18 -0.90 47/6 -1.29  +  0.05 -1.19 010 <+ 0.19 054 037
9.0 10.5 16/1 -1.17 = 0.07 -1.09 102/18 -1.23 =+ 0.04 -1.12 006 =+ 008 0.67 097
9.0 9.5 4/1 -1.08 =+ 0.06 -1.05 26/8 -1.04 = 0.05 -1.04 -0.04 =+ 008 -0.54 0.63
m 95 10.0 6/0 -1.25 =  0.10 -1.30 28/3 -1.16 = 0.06 -1.04 -0.09 =+ 0.12 -0.78 0.31
“ 100 10.5 4/0 -1.19 = 0.18 -0.90 44/4 -1.26 = 0.05 -1.19 007 =+ 019 038 0.39
9.0 10.5 14/1 -120 =+ 0.08 -1.21 98/15 -1.19 + 0.04 -1.12 -0.01 = 0.09 -0.17 0.82

Notes. (1) Stellar mass range of the bin. (2) Number of CO-VGS galaxies in the bin. n,,: Number of upper limits of CO-VGS galaxies in the bin.
(3) Mean logarithm of the molecular gas mass fraction and its error of the CO-VGS galaxies in the bin. (4) Median logarithm of the molecular
gas mass fraction of the CO-VGS galaxies in the bin. (5) - (7) The same for the CO-CS sample. (8) Difference of the mean logarithmic of the
molecular gas mass fraction between CO-VGS and CO-CS (Amean) and its error (err(Amean)). (9) o = Amean/err(Amean). (10) p-value of the
Kolmogorov-Smirnov test applied inside the bin to compare the CO-VGS and the CO-CS.

Table 12. Star formation efficiency.

log,, SFE[yr']

log,y M, [Mo] CO-VGS CO-CS CO-VGS - CO-CS

range n/ny, mean median | n/ny, mean median Amean loa KS
(1) (2) (3) “) (5) (6) ) (3) )] (10)

9.0 9.5 5/0 934 <+ 0.19 -9.18 26/0  -876 =+ 0.05 -8.69 057 + 020 -293 2x107°
j 9.5 10.0 6/1 -871 = 0.15 -8.87 29/0  -885 <+ 0.06 -8.85 014 <+ 0.16 0.87 0.27
< 10.0 10.5 4/0 -890 =+ 0.17 -9.12 47/0  -895 <+ 0.05 -8.90 005 =+ 0.18 0.30 0.88
9.0 10.5 151 -895 =+ 0.13 -8.99 102/0 -886 <+ 0.03 -8.85 -0.09 = 0.13 -0.68 0.22
9.0 9.5 4/0 9.13 = 0.04 -9.18 26/0  -876 + 0.05 -8.69 -037 + 006 -5.85 0.01
m 95 10.0 6/0 -8.71 = 0.15 -8.87 28/0 -8.86 =+ 0.06 -8.87 015 =+ 016 095 0.69
“2 100 10.5 4/0 -890 =+ 0.17 -9.12 44/0  -894 + 0.05 -8.90 005 =+ 0.18 025 0.77
9.0 10.5 14/0 -886 =+ 0.10 -8.99 98/0 -886 =+ 0.03 -8.85 -0.00 = 0.11 -0.02 0.16

Notes. (1) Stellar mass range of the bin. (2) Number of CO-VGS galaxies in the bin. n,,: Number of upper limits of CO-VGS galaxies in
the bin. (3) Mean logarithm of the star formation efficiency and its error of the CO-VGS galaxies in the bin. (4) Median logarithm of the star
formation efficiency of the CO-VGS galaxies in the bin. (5) - (7) The same for the CO-CS sample. (8) Difference of the mean logarithmic of
the star formation efficiency between CO-VGS and CO-CS (Amean) and its error (err(Amean)). (9) o = Amean/err(Amean). (10) p-value of the
Kolmogorov-Smirnov test.

Table 13. Atomic gas mass fraction.

log,o(Mwu/M,)

log,, M,[Mo] VGS CCS VGS - CCS
range n/ny, mean median n/ny, mean median Amean o KS
(H 2 3) 4 ) (6) @) (3 ) (10)
8.0 8.5 15/4 044 + 0.11 0.53 3/0 033 + 0.08 0.29 0.11 + 0.13 - -
j 8.5 9.0 11/4 005 =+ 0.14 0.21 10/0 0.10 =+ 0.23 0.31 -0.05 =+ 027 -0.20 0.98
< 90 9.5 8/2 -0.04 =+ 0.12 0.06 85/13  -039 =+ 0.07 -0.22 036 =+ 0.14 254 0.09
9.5 10.0 113  -081 =+ 0.15 -0.79 69/12 058 + 0.08 -0.40 023 + 017 -1.33 0.33
10.0 10.5 5/2 -1.28 = 0.14 -1.25 195/56 -1.05 = 0.05 -0.95 023 = 014 -1.62 0.24
8.0 10.5 50/15 -027 =+ 0.12 -0.08 362/81 -0.77 =+ 0.04 -0.71 051 =+ 012 410 6x107
8.0 8.5 12/4 040 + 0.13 0.53 3/0 033 + 0.08 0.29 0.07 <+ 0.15 - -
o, 8.5 9.0 11/4 005 =+ 0.14 0.21 9/0 0.31 + 0.12 0.31 026 + 0.19 -141 0.85
90 9.5 7/2 -0.08 =+ 0.13 0.06 71/5 -022 = 0.07 -0.06 014 =+ 0.14 095 0.40
9.5 10.0 10/3 -084 <+ 0.17 -0.79 54/3 035 = 0.07 -0.28 049 =+ 0.18 -2.75 0.03
10.0 10.5 4/1 -1.20 = 0.15 -1.21 131/11  -0.77 = 0.04 -0.72 044 =+ 015 -2.85 0.08
8.0 10.5 44/14 -030 =+ 0.12 -0.12 268/19 -0.50 =+ 0.04 -0.44 020 =+ 013 152 5x10™

Notes. (1) Stellar mass range of the bin. (2) Number of VGS galaxies in the bin. n,,: Number of upper limits of VGS galaxies in the bin. (3) Mean
logarithm of the atomic gas mass fraction and its error of the VGS galaxies in the bin. (4) Median logarithm of the atomic gas mass fraction of the
VGS galaxies in the bin. (5) - (7) The same for the CCS sample. (8) Difference of the mean logarithmic of the atomic gas mass fraction between
VGS and CCS (Amean) and its error (err(Amean)). (9) o = Amean/err(Amean), only reported when there are at least 4 objects in each sample.
(10) p-value of the Kolmogorov-Smirnov test.

Article number, page 13 of 24




A&A proofs: manuscript no. 41888corr

All the galaxies

Star-forming galaxies

0.5
0.0
__-05
=, o o Wt
T D.l 3
= -10 0 - i
“'é — i 5
o - ="
o [
-1.5
GASS (95) e GASS (91) i
EDGE (7) TOT EDGE (7) s
-2.0 o CO-VGS (20) o CO-VGS (18)
— WG5S mean — 5F VG5 mean
=== (C5 mean === 5F C5 mean
-2.5 T T T ; ; . r : . .
8.5 9.0 9.5 10.0 10.5 8.5 9.0 9.5 10.0 10.5
|OglgM‘[Mo] |0910M,[M@]
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Table 14. Molecular-to-atomic gas mass ratio. Means have been calculated taking upper limits into account, but not lower limits.

log,o(My, /My;) (Upper limits)

log,y M. [Mo] CO-VGS CO-CS CO-VGS - CO-CS

range n/ny, mean median | n/ng, mean median Amean loa KS
(D 2 3 (€] (&) (6) (@) (8 9 a0
9.0 9.5 5/1 -1.06 = 0.16 -1.22 25/8  -1.09 =+ 0.07 -1.01 0.03 + 0.18 0.19 0.26
j 9.5 10.0 5/0 -0.75 = 020 -0.50 27/3  -0.78 « 0.08 -0.89 003 + 021 0.12 0.17
< 10.0 10.5 3/0 0.08 =+ 0.14 -0.05 45/6 -0.63 =« 0.07 -0.72 070 + 0.15 457 0.02
9.0 10.5 13/1 -0.69 + 0.16 -0.5 97/17 -0.80 =+ 0.05 -0.84 0.11 =+ 0.17 0.66 0.08
9.0 9.5 4/1 -1.04 =+ 020 -1.05 25/8  -1.09 =+ 0.07 -1.01 006 + 022 026 0.51
w95 10.0 4/0 -0.82 =+ 023 -0.48 27/3  -078 =+ 0.08 -0.89 004 = 025 -0.15 0.27

“210.0 10.5 3/0 008 =+ 0.14 -0.05 43/4  -0.60 =+ 0.07 -0.67 068 + 0.15 - -
9.0 10.5 11/1  -0.66 + 0.18 -0.48 95/15 -0.79 =+ 0.05 -0.84 013 + 0.19 066 0.07

Notes. (1) Stellar mass range of the bin. (2) Number of CO-VGS galaxies in the bin. n,,: Number of upper limits of CO-VGS galaxies in
the bin. (3) Mean logarithm of the molecular-to-atomic gas mass ratio and its error of the CO-VGS galaxies in the bin. (4) Median logarithm
of the molecular-to-atomic gas mass ratio of the CO-VGS galaxies in the bin. (5) - (7) The same for the CO-CS sample. (8) Difference of
the mean logarithmic of the molecular-to-atomic gas mass ratio between CO-VGS and CO-CS (Amean) and its error (err(Amean)). (9) o =
Amean/err(Amean), only reported when there are at least four objects in each sample. (10) p-value of the Kolmogorov-Smirnov test.

mean value for My, /M, of SF sample (log,, Mm/M, = —1.2)
agrees with the values found by Castignani et al. (2021) for field
and filament galaxies (log,q Mui/M, = —1.3).

For the SFE, the CO-VGS and control sample also agree
well. The SFE is lower for the CO-VGS in the lowest-mass
bin, but the number of objects is small in this bin. The SFE
of four VGS galaxies with stellar masses just below 10°°Mg
agrees better with the mean SFE of the comparison sample for
the lowest stellar mass bin (M, between 10° and 10%°M,,). This
indicates that the low mean SFE that we find for the CO-VGS in
the low stellar mass bin needs to be confirmed for a larger sample
of void galaxies before any firm conclusions can be drawn.

The atomic gas mass fraction in the void galaxies follows
the trend of the control sample for M, < 10°°M, quite well
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and has lower values for higher M,., drawing a steeper trend for
void galaxies with M, > 10°0M,. This agrees with Kreckel
et al. (2012), who found evidence for a slight lack of My, for
M, 2 10°° M in void galaxies (for the same void galaxies as in
our study, but for a different control sample). In contrast, Florez
et al. (2021) found a small enhancement of My, in void galaxies
(up to ~ 0.2 dex), especially for galaxies with M, < 103 M,
for a sample of ~ 900 void galaxies and a control sample of
~ 8500 galaxies.

Castignani et al. (2021) found for late-type galaxies that
the atomic gas mass fraction decreases with the local density
on average from field (log;o Mur/M, = —0.47) and filaments
(log;o Mui/M, = —0.52) to clusters (log;y Mui/M, = —1.10),
which means that galaxies might be stripped of their gas while
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Fig. 7. Star formation efficiency as a function of stellar mass for the CO-VGS and CO-CS with all the galaxies (left) and only star-forming galaxies
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Table 15. CO(2 — 1) — to — CO(1 — 0) line ratio

Ro1 = Icoe-1)/Icoa-o0)

Galaxies CO-VGS CO-CS CO-VGS - CO-CS
considered n° mean median n° mean median Amean o KS
(H 2 3 ) ) 6) () 3 © (10)
Upper lim. | 13/1 137 =+ 0.19 1.19 500 1.37 =+ 0.05 1.34 -0.00 + 0.19 -001 1x107
Lowerlim. | 14/1 174 + 028 1.49 54/7 141 + 0.05 1.34 033 + 028 1.18 0.02

Notes. In the mean, only galaxies with an aperture correction of f,, = 1.1 — 1.6 were considered in order to make a consistent comparison. (1)
Upper row: Only detections and upper limits were taken into account. Lower row: Only detections and lower limits were taken into account.
(2) n: Number of CO-VGS galaxies in the bin. n,,: Number of upper limits of CO-VGS galaxies in the bin. (3) Mean emission line ratio of the
CO-VGS galaxies in the bin taking lower limits into account. (4) Median emission line ratio of the CO-VGS galaxies in the bin. (5) - (7) The
same for the CO-CS sample. (8) Difference of the mean emission line ratio between CO-VGS and CO-CS (Amean) and its error (err(Amean)). (9)

o = Amean/err(Amean). (10) p-value of the Kolmogorov-Smirnov test.

falling from field and filaments into clusters, or they might be
affected by tidal interactions (Chung et al. 2021). We find similar
average values in filaments (log,, Mui/M, = —0.50) and slightly
higher values in voids (log;, M /M, = —0.30 for SF galaxies),
where the density is lower (Kreckel et al. 2012; Pan et al.
2012), following the same trend. However, we find the opposite
result for massive galaxies (M, > 10°° M), where the atomic
gas mass ratio is lower in voids (~ 3o). If this discrepancy
is confirmed for a larger number of void galaxies, it suggests
that (because gas-stripping processes, such as ram pressure or
frequent interactions, are unusual in voids) the lower atomic gas
mass in massive void galaxies might be due to a gas deficiency in
the inter-galactic medium of voids, or that slower gas accretion
processes take place in void galaxies.

The mean molecular-to-atomic gas mass ratio is consistent
with that of the control sample, except for the highest stellar
mass bin (M, > 10'%9M,). As we do not find differences with
the mass of the molecular gas between samples, the result for

the highest-mass bin seems to be driven by the lower atomic
gas mass of high-mass void galaxies with respect to the control
sample. It may also be driven by the low number of VGS
galaxies (three) in this stellar mass bin, however.

The mean sSFR values of the VGS are very close to the mean
values of the CCS for the entire sample and for the SF sample.
The mean value of the VGS is up to |o| ~ 3 below that of the
CCS for one individual mass bin, but no trends with stellar mass
are visible. We thus do not find evidence for a general significant
difference of the sSFR between the void and the control sample,
and in particular, we do not find any evidence at all for an
enhancement of the sSFR.

When we compare our results to those from the literature,
we find that a number of other studies found no differences in
the sSFR of void galaxies either (Patiri et al. 2006; Kreckel
et al. 2012; Ricciardelli et al. 2014). Others found that voids
are populated by galaxies with higher sSFR (Rojas et al. 2005;
Beygu et al. 2016; Florez et al. 2021), however. The direct
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Fig. 8. Atomic gas mass fraction as a function of stellar mass for the VGS and CCS with all the galaxies (left) and only star-forming galaxies
(right). The mean My;/M,. per M, bin is shown with a red symbol (connected by a solid red line to guide the eye) for the VGS, and with a blue
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comparison is not straightforward, however, because the sample
environment might playd a role; for instance, Beygu et al. (2016)
only use field and isolated galaxies for their comparison sample,
but in the present work, we used the xXCOLD GASS sample,
which is a representative sample of SDSS galaxies in filaments
and walls, after removing galaxies inhabiting voids or clusters.
Furthermore, there seems to be a clear dependence on the SFR
tracer that is used. In Appendix B we show a comparison
between the different SFR tracers we used for our control
samples: Ha maps were used for the VGS galaxies (Beygu
et al. 2016) and the HI-CALIFA sample (Cataldn-Torrecilla et al.
2015), whereas the SFR of the xCOLD GASS sample was
derived from near-ultraviolet (NUV) and mid-infrared (MIR)
emission (Saintonge et al. 2017). In addition, the SFR from
the MPA-JHU is frequently used in the literature (Patiri et al.
2006; Kreckel et al. 2012; Ricciardelli et al. 2014; Rojas et al.
2005) and is available for the VGS and the control samples.
Our comparison shows that the MPA-JHU SFR systematically
gives higher SFRs for the void galaxies compared to the other
methods, and that the effect increases for lower SFRs (Fig.
B.1). The comparison between the MPA-JHU and other SFR
tracers for the XCOLD GASS and EDGE-CALIFA galaxies
shows that this trend continues to higher SFRs and suggests
that the MPA-JHU progressively underestimates the SFRs with
increasing SFR. These results might reflect a problem in the
aperture correction as MPA-JHU seems to overestimate the SFR
for compact galaxies such as the VGS (values of Ryy ~ 4 —
15 arcsec) and underestimates the SFR for larger galaxies such
the EDGE-CALIFA galaxies (Rgy ~ 20 —45 arcsec; see also Fig.
B.2, where we compare the different SFR tracers as a function
of the apparent size of the galaxies). The SFR tracers used in
our comparison are more robust (see Fig. B.3). Thus, the use
of different SFR tracers might explain the disagreement of our
result compared to Patiri et al. (2006); Kreckel et al. (2012);

Article number, page 16 of 24

Ricciardelli et al. (2014) and Rojas et al. (2005), who used the
MPA-JHU SFR.

All this makes it difficult to draw any strong conclusion about
the apparent disagreement with previous works, but it indicates
that a revision of the subject is required that takes a careful
look at the comparison sample and the SFR tracer used for
the comparison. This is beyond the scope of the present paper,
especially because we still lack enough number statistics to carry
out a more detailed study. This might be one of the scopes of
CO-CAVITY, which will enhance the statistics.

There is no numerical prediction about the molecular gas
content of void galaxies. Our finding of similar molecular
gas masses or molecular gas mass fractions between void
galaxies and the comparison sample is a clear constraint for
future simulations of galaxy evolution in voids. Some numerical
simulations (Cen 2011) predict that the cold-gas inflow rate at
redshift z = 0 will be higher for void than for cluster galaxies,
even more so in the low-mass range, but there are no predictions
about the colder star-forming phase. These simulations predict a
clearly higher sSFR for void galaxies with masses 10°.0M, <
M, < 10'%OM, and only marginally higher for a higher mass
range. Again, it is not straightforward to compare this prediction
with our results, not only due to the low number statistics,
but also because the simulations compare void galaxies with
cluster galaxies and our comparison sample includes non-void
environments and no cluster galaxies.

5. Conclusions

We have observed the CO(1 — 0) and CO(2 — 1) emission
lines of 20 void galaxies from the VGS with the IRAM 30 m
telescope. The CO(1 — 0) line was detected for 13 galaxies and
the CO(2—1) for 14 galaxies, allowing us to derive the molecular
gas mass for 15 detected galaxies and calculate upper limits for
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5 non-detected galaxies. This represents the largest CO sample
of void galaxies up to date.

We selected a comparison sample from the xCOLD
GASS and EDGE-CALIFA samples, which have available data
for stellar mass, star formation rate, atomic gas mass, and
molecular gas mass. Most of the VGS galaxies are star-forming
main-sequence galaxies, but the control sample has many

quiesicent galaxies with a low sSFR. To take this into account,
we defined star-forming sub-samples for the VGS and the
control sample by selection galaxies close to the star-forming
main sequence and carried out the entire analysis for these
sub-samples as well. Based on these data and samples, we
studied the specific star formation rate, the molecular gas mass,
the molecular gas mass fraction, the star formation efficiency,
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the atomic gas mass fraction, and the molecular-to-atomic gas
mass ratio by comparing the mean values of the void galaxies in
different stellar mass bins to those of the control samples. The
main conclusions are listed below.

1. We do not find any clear difference for the molecular gas
mass or molecular gas mass fraction between void galaxies
and the comparison sample. Void galaxies seem to have the
same molecular gas fraction as galaxies in filaments and
walls.

2. We did not find any evidence for differences in the SFE,
except for the lowest-mass bin (10°M, < M, < 10°3M,),
in which the SFE of void galaxies is significantly (jo| > 3)
below that of the control sample. However, due to the low
number of galaxies in this sub-sample (four to five objects),
the results need to be confirmed for a larger sample.

3. There is some evidence for a lower atomic gas mass fraction
and a higher molecular-to-atomic gas mass ratio in void
galaxies for M, > 10°° and M, > 10'°°M,, respectively.
The mean values for lower stellar masses are the same as for
the control sample within the errors. Again, the results for the
higher stellar masses need to be confirmed for larger sample
because they are derived from a low number of galaxies
(three to five objects).

4. We do not find any clear difference in the SSFR between void
galaxies and the control sample, and in particular, we do not
find an enhancement for void galaxies.

5. The CO(2—-1)-to-CO(1-0) line ratio does not show any clear
difference between void galaxies and the control sample.

Our study was based on a small number of galaxies, and
some of our conclusions are based on low number statistics.
CO-CAVITY, together with CAVITY, plans to overcome this
limitation by providing observational data of the star formation
and ionized and neutral gas for a sample of several hundred void
galaxies.
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Appendices

A. Theoretical CO(2 — 1)-to-CO(1 — 0) line ratio

In this section we estimate the theoretical value of the CO(2 —
1)-to-CO(1 — 0) line ratio, R;jiheo, assuming a Gaussian power
pattern of the antenna and an exponential distribution of the CO
emission in the galaxy.

The measured main beam temperature can be expressed as

I [ Te(x.y,v)Pa(x, y)dxdy
[ [ PyCx, y)dady

Trp(v) = 3)

where P, is the normalised power pattern of the antenna beam,
and T3 is the brightness temperature of the source.

P, is assumed to be a Gaussian distribution, G[G],

P = exp|—In2 (2x)2+(2y)2 = G[O] 4
n(x’y) = eXp n 6 6 - ) ( )

where ® is the FWHM of the antenna beam (®,¢p = 22” and
0, =117).

The velocity-integrated emission line intensity is

Ico = f Tinp(v)dv. )]
line

In the same way as for the aperture correction, we
assumed that the spatial distribution of the intrinsic brightness
temperature is an exponential disc with an inclination i with
respect to the line of sight. This intrinsic brightness temperature
distribution, as observed in the coordinate system (x,y) in the
plane of the sky, for this case is

To) (@ 0705

cos(i) Te

TB(x7 Y, V) = = TBC(V)E[re’iL

(6)

where T.(v) is the intrinsic brightness temperature at the centre
of the source, r, is the exponential scale factor, which is derived
from Ry as described in Sect. 2.1.4, and i is the inclination
of the galaxy. The factor involving the inclination appears
twice in the function: Firstly, in the denominator, because the
intrinsic brightness temperature is higher in an inclined galaxy
by 1/ cos(i) for a given distance on the sky, (x,y), because of
the higher apparent disc-thickness, and secondly, because the
physical position along the radius of the galactic disc, y’, is
higher than the projected position on the sky, y.
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Inserting this distribution (eq. 6) and the Gaussian beam
distribution (eq. 4) into eq. 3, we obtain for the measured
main-beam temperature at the central position of the galaxy

[T 7 Toe)Elre, i1G[O]dxdy
[T [T Gleldxdy -

2.y \?
[ —p[# exp (-2 (3] + (2] Joses

Top(v) =

[ [7 Gleldxdy
e N wcal
[~ [ Gleldxdy =
f-o; f_o; Tec(VE'[r]G'[O, i]dxdy’
I% [ Gleldxdy ,

N

where we made the substitution y’ = y/ cos(i).
We suppose that the line shape, (v), is the same for both
CO(1 - 0) and CO(2 — 1) emission lines,

Tper1(v) _ T 19(v) _ Tpea-1
Tei-0()  Tpei—o¥(»)  Theio

Then, R,.211me0 1S calculated as

®)

R _coe-1 _ T (91—0 )2 f_D:o f_o:o E'[re]G'[@-y, i]dxdy’
21theo —

Icoi-0)  Ther—o \ @21 f_z f_ojo E'[r]G’[®1, ildxdy’
)
where we used the identity f_ o:o f_ 0:0 G[O]dxdy = 41’; 2®2. The

integrals were calculated numerically for each galaxy in the
present paper.

B. Selection of SFR tracer

For a correct comparison of the different samples, we need to
employ the same tracer for the SFR, or, if this is not possible, test
whether different tracers give consistent results. In addition, the
calibrations need to be based on the same initial mass function
(IMF). Here, we used the Kroupa IMF (Kroupa 2001), which is
very similar to the IMF by Chabrier (Chabrier 2003).

The SFR of the xCOLD GASS sample was derived from
the NUV and MIR emission and followed the prescription from
Janowiecki et al. (2017). The SFR of the HI-CALIFA sample
was derived and calibrated from extinction-corrected Ha fluxes
in Cataldn-Torrecilla et al. (2015), resulting in practically the
same prescription as we used (eq. 1) (difference < 2%, which
is negligible).

Finally, the SFRs from the MPA-JHU were available for all
samples.

In Fig. B.1 we compare the SFR from the MPA-JHU
(Brinchmann et al. 2004) to the SFR derived from different
tracers in the different studies. We find that for galaxies with
a low SFR (< 107 Mg yr™!), the SFR from the MPA-JHU is
overestimated for the VGS on average, but it is underestimated
for the comparison sample. A similar result was obtained by
Duarte Puertas et al. (2017). This suggests that the Ha aperture
correction of the MPA-JHU might overestimate the SFR for
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Fig. B.1. Star formation rate from the MPA-JHU compared to the SFR derived from different tracers. Left: SFR of the VGS derived from Ha maps
(Beygu et al. 2016). Centre: SFR of the XxCOLD GASS sample derived from NUV and MIR emission (Saintonge et al. 2017). Right: SFR of the
HI-CALIFA sample derived from Ha maps (Catalan-Torrecilla et al. 2015).
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Fig. B.2. Difference between the SFR from the MPA-JHU and the SFR derived from different tracers represented as a function of the apparent size
of the galaxy (r-Petrosian Ry). Left: Difference between the SFR of the VGS derived from the MPA-JHU and the SFR derived from He maps
(Beygu et al. 2016). Centre: Difference between the SFR of the xCOLD GASS sample derived from the MPA-JHU and the SFR derived from
NUV and MIR emission (Saintonge et al. 2017). Right: Difference between the SFR of the HI-CALIFA sample derived from the MPA-JHU and
the SFR derived from Ha maps (Cataldn-Torrecilla et al. 2015).
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Fig. B.3. Star formation rate tracer derived from NUV and MIR emission, following the prescription in Janowiecki et al. (2017), derived in the
present paper and compared with different SFR tracer. Left: SFR of the VGS derived from Ha maps (Beygu et al. 2016). Centre: SFR of the
xCOLD GASS sample derived from NUV and MIR emission (Saintonge et al. 2017). Right: SFR of the HI-CALIFA sample derived from Ha
maps (Catalan-Torrecilla et al. 2015).

small galaxies such as the VGS (values of Ryg ~ 4 — 15arcsec) Fig. B.2 shows the SFR differences between the MPA-JHU and
and might underestimate it for larger galaxies such as the the tracer used in this work (for the different samples) as a
HI-CALIFA sample or xXCOLD GASS (Rgp ~ 20 — 45arcsec). function of the apparent size of the galaxy.
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In Fig. B.3 we compare the SFR derived from NUV and
MIR to the values derived from Ha in order to test whether
we obtain consistent results with the different prescription. First,
we repeated the calculation of the SFR derived from NUV
and MIR following Janowiecki et al. (2017) for the xCOLD
GASS and compare their results to ours in Fig. B.3 (centre). We
conclude that we have repeated the method accurately. Then, we
applied this method to the VGS and the HI-CALFIA samples and
compare in Fig. B.3 (left and right) our results to the SFR derived
from Ha maps by Beygu et al. (2016) and Cataldn-Torrecilla
et al. (2015), respectively.

The comparisons show some scatter, but the running median
follows the unity line for the VGS, the xXCOLD GASS, and
HI-CALIFA samples very well. We conclude that the SFR tracer
from Janowiecki et al. (2017) is repeated accurately in the
present paper, and it is equivalent to the SFR tracers derived
from Ha maps in Beygu et al. (2016) and Catalan-Torrecilla et al.
(2015).

Finally, we used the SFR derived from H, maps by Beygu
et al. (2016) for the VGS, the SFR derived from Ha maps in
Catalan-Torrecilla et al. (2015) for the HI-CALIFA sample, and
the SFR derived from NUV and MIR emission by Saintonge
et al. (2017) for the xCOLD GASS sample.

C. CO emission line spectra

Figs. C.1 and C.2 show the observed spectra of the CO(1 — 0)
and CO(2 — 1) emission lines, respectively.
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Fig. C.1. Spectral representation of the CO(1 — 0) emission line T, in K at ~ 20kms
optical heliocentric recession velocity. The dotted red line shows the zero-level line width at which the velocity-integrated intensity has been

calculated.

0.000 -

0.000 {

0.000 {-|

J. Dominguez-G6mez et al.: CO-CAVITY pilot survey: Molecular gas and star formation in void galaxies

VGS_04 - NON-DETECTED

CO(L-0)

42‘50 4Sbﬂ 47'50 SObD SZ‘SD SShU 57‘50
recession velocity [km/s]

4000

VGS_23 - DETECTED

CO(1-0)

4250 4500 4750 5000 5250 5500 5750 6000
recession velocity [km/s]

VGS_31la - DETECTED

€O(1-0)

5500 5750 6000 6250 €SO0 6750 7000 7250
recession velocity [km/s]

VGS_36 - NON-DETECTED

5750 6000 6250 €500 6750 7000 7250 7500
recession velocity [km/s]

VGS_44 - DETECTED

€0(1-0)

4500 4750 5000 5250 5500 5750 6000 6250
recession velocity [km/s]

VGS_50 - NON-DETECTED

CO(L-0)

SZ‘SD SShD 51‘50 Eﬂhﬂ EZ‘SD $I(]D E?ISD 70'0{}
recession velocity [km/s]

VGS_57 - DETECTED

CO(1-0)

5750 6000 6250 6500 6750 7000 7250 9S00
recession velocity [km/s]

Tomb [K]

Tonb [K]

Trmb [K]

Tontr [K]

Trmb [K]

Tmp [K]

Tonp [K]

0004

VGS_11 - NON-DETECTED

CoML-0)

0.002
0.000
—-0.002
~0.004 T T T T T T T T
4000 4250 4500 4750 5000 5250 5500 5750
recession velocity [km/s]
VGS_26 - NON-DETECTED
0002 Coi1-0)
0001
0.000
—-0.001
—-0.002
6000 6250 6500 6750 7000 7250 7500 7750
recession velocity [km/s]
VGS_32 - DETECTED
CO(1-0)
0015
0010
0.005
0000 |4 r‘” H ﬁl‘JLr[LW n ﬁﬂ
A W H “”L
oos{ 0
27‘50 annn 3250 350D 3750 4000 4250 QEDD
recession velocity [km/s]
VGS_39 - DETECTED
co(1-0)
0003
0002
0.001
0.000
HU ¢ H I “LﬂJ
=0.001
—-0.002
4750 5000 5250 5500 5750 6000 6250 6300
recession velocity [km/s]
VGS_47 - DETECTED
0010
Co(1-0)
0008
0.006
0.004
0002
0.000 1]
—-0.002
-0.004
5750 6000 6250 6500 6750 7000 7250 7500
recession velocity [km/s]
VGS_53 - DETECTED
0.004
Co(1-0)
0003
0002
0001
0.000 4
=0.001
-0.002
EShD 57‘50 mhﬂ EZ‘SD $‘UD E‘.'ISD 7dUD TZ‘SD
recession velocity [km/s]
VGS_58 - NON-DETECTED
0002
0.001
0.000 4
-0.001
—-0.002
—-0.003

2500 2750 3000 3250 3500 3750 4000 4250
recession velocity [km/s]

0003

0002

0001

0000

T [K]

-0.001

-0.002

-0.003

-0.004

0004

0003

0002

0001

0000

Tonn [K]

-0.001

-0.002

-0.003

~0.004

0020

0015

0010

0005

Tt [K]

0.000

-0.005

0004

0002

Tonn [K]

-0.002

~0.004

0006

0004

0002

Tmb [K]

0.000

-0.002

0006

0004

0002

T [K]

-0.002

-1 of the veloc

0000

0.000

VGS_19 - NON-DETECTED

35bﬂ 37‘50 Wbﬂ 42'50 45'0{} 47'50 SObD SZ‘SD
recession velocity [km/s]

VGS_31 - DETECTED

5500 5750 6000 6250 6500 6750 7000 7250
recession velocity [km/s]

VGS_34 - DETECTED

€0(1-0)

4250 4500 4750 5000 5250 5500 5750
recession velocity [km/s]

4000

VGS_42 - DETECTED

4750 5000 5250 5500 5750 G000 6250 6500
recession velocity [km/s]

VGS_49 - DETECTED

€0(1-0)

6500 6750 7000 7250 7500 7750 8000 8250
recession velocity [km/s]

VGS_56 - DETECTED

CO(1-0)

47'50 SOIUD SZISD 55'00 57‘50 mhﬂ EI‘SD $‘Uﬂ
recession velocity [km/s]

ity resolution. The red arrow indicates the

Article number, page 23 of 24



VGS_04 - NON-DETECTED

A&A proofs: manuscript no. 41888corr

VGS_11 - DETECTED

VGS_19 - NON-DETECTED

00075 €o(2-1) 00075 { Cofz-1)
0.0050 0.0050
—_ 00025 H H H HP] J| [H — 00025
> 00000 {- ~HUHL A i fl i X
E . H _E 00000
=~ ~ 00025
—~0.0050
—-0.0050
—-0.0075 f
- - -0.0075
-0.0100
Wbﬂ 42‘50 4Sbﬂ 47'50 SObD SZ‘SD SShU 57‘50 AObU 42‘50 ASbﬂ 47‘50 SOIUH 52'50 55'00 57'50 35bﬂ 37‘50 Wbﬂ 42'50 45'0{} 47'50 SObD SZ‘SD
recession velocity [km/s] recession velocity [km/s] recession velocity [km/s]
VGS_23 - DETECTED VGS_26 - NON-DETECTED VGS_31 - DETECTED
0010 0010 0.0125
0(2-1) coiz-1) 02-1)
0.008 0008 00100
0.006
0.006
= oo — 0004
ﬁ .5_44 0.002
o 0002 o
€ 0000
= o000 { ~
—-0.002
-0.002
—-0.004
-0.004
-0.006
-0.008
4250 4500 4750 5000 5250 5500 5750 6000 6000 6250 6500 6750 7000 7250 7500 7750 5500 5750 6000 6250 6500 6750 7000 7250
recession velocity [km/s] recession velocity [km/s] recession velocity [km/s]
VGS_31a - DETECTED VGS_32 - DETECTED VGS_34 - DETECTED
0.025 0025
0020 0(2-1) 00159 cof2-1) 0020 €02-1)
0015 0010 0015
g oo T ooos = ooto
—_ —_ = 0005
o 0005 = =
0.000
%—E 0.000 E }_E 0.000 1
—-0.005 -0.005
-0.005
—-0.010
-0.010 -0.010
-0.015
~0.015 T T T T T T T T T T T T T T T T T T T T T T T T
5500 5750 6000 6250 6500 6750 7000 7250 2750 3000 3250 3500 3750 4000 4250 4500 4000 4250 4500 4750 5000 5250 5500 5750
recession velocity [km/s] recession velocity [km/s] recession velocity [km/s]
VGS_36 - NON-DETECTED VGS_39 - DETECTED b0100 VGS_42 - NON-DETECTED
0.004 0004 00075
0.002 002 0.0050
— — = 00025
5 0.000 5 5
o o 0000 o 00000
£ € £
= o002 = =~ _o0025
—-0.002
_0.004 ~0.0050
—0.004 —0.0075
-0.006
5750 6000 6250 €500 6750 7000 7250 7500 4750 5000 5250 5500 5750 6000 6250 6300 4750 5000 5250 5500 5750 G000 6250 6500
recession velocity [km/s] recession velocity [km/s] recession velocity [km/s]
VGS_44 - DETECTED so100 VGS_47 - DETECTED VGS_49 - DETECTED
0013 €0(2-1) €o(z-1) 0008 { CO{2-1)
0.006
0010
0004
» »
[ — 0002
?: E 0.000 {-
= =
0.000 4 -0.002
-0.004
—0.005 ~0.006
4500 4750 5000 5250 5500 5750 6000 6250 5750 6000 6250 6500 6750 7000 7250 7500 6500 6750 7000 7250 7500 7750 8000 8250
recession velocity [km/s] recession velocity [km/s] recession velocity [km/s]
VGS_50 - DETECTED VGS_53 - DETECTED VGS_56 - DETECTED
0.006
0(2-1) 0.0075 | COf2-1) w0z
o010
0004 0.0050
¥ o002 ’—L‘ H JJ'L‘ & oo oo
Q |-|_|—|'| <2 00000 Q
)__E 0.000 tr E |__E 0.000
H -0.0025
—0.002 JJ-UJ u f H \‘ -0.0050 -0.005
—0.004 -0.0075
SZ‘SD SShD 57‘50 Eﬂhﬂ BZ‘SD &Il][l E?ISD 70'0{} EShD 57‘50 mhﬂ EZ‘SD &hﬂ E'.'ISD 7dUD Tz‘SD 47'50 SOIUD 52'5\) 55'(]0 57‘5\) mhﬂ EZ‘SD $‘Uﬂ
recession velocity [km/s] recession velocity [km/s] recession velocity [km/s]
VGS_57 - DETECTED VGS_58 - NON-DETECTED
005
0(2-1) 00041 CO2-1)
0.002
P_“ P_“ 0,000
B g
= = -0.002
—-0.004
-0.006

5750 6000 6250 6500 6750 7000 7250 9S00
recession velocity [km/s]

2500 2750 3000 3250 3500 3750 4000 4250
recession velocity [km/s]

Fig. C.2. Spectral representation of the CO(2 — 1) emission line Ty, in K at ~ 20kms™! of the velocity resolution. The red arrow indicates the
optical heliocentric recession velocity. The dotted red line shows the zero-level line width at which the velocity-integrated intensity has been

(Aarlﬁlclfgtggmber, page 24 of 24



	1 Introduction
	2 Sample and data
	2.1 Void Galaxy Survey
	2.1.1 CO sub-sample of the VGS 
	2.1.2 Optical properties and atomic gas mass
	2.1.3 CO observations and data reduction
	2.1.4 Aperture correction
	2.1.5 Molecular gas mass 

	2.2 Control sample 
	2.2.1 Selection overview
	2.2.2 xGASS and xCOLD GASS surveys
	2.2.3 EDGE-CALIFA survey


	3 Results
	3.1 Specific star formation rate
	3.2 Molecular gas mass
	3.3 Star formation efficiency
	3.4 Atomic gas mass
	3.5 Molecular-to-atomic gas mass ratio
	3.6 CO(2-1)-to-CO(1-0) line ratio

	4 Discussion
	5 Conclusions
	Appendices
	A Theoretical CO(2-1)-to-CO(1-0) line ratio 
	B Selection of SFR tracer
	C CO emission line spectra

