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ABSTRACT

Context. Many galaxy properties are known to correlate with the environment in which the galaxies are embedded. Their cold, neutral
gas content, which is usually assessed through 21 cm H1 observations, is related to many other galaxy properties as it is the underlying
fuel for star formation. With its high sensitivity and broad sky coverage the blind Arecibo Galaxy Environment Survey (AGES) brings
significant improvement to the census of HI properties of galaxies in a wide range of environments, from voids to the core of a
massive cluster. Here we present an H1 census over a volume of ~44 000 Mpc? towards the merging cluster Abell 1367 and extending
well beyond.

Aims. We measure the effects that different environments have on the HI content of their constituent galaxies.

Methods. We use AGES- a deep, blind, HI survey carried out with the Arecibo radio telescope, which covers 20 square degrees
on the sky centred on the merging cluster Abell 1367, mapping the large-scale structure (LSS) surrounding the cluster out to ¢z =
20000 kms~!. The survey is sensitive down to a column density of Nyy; = 1.5x 10" cm~2 for emission filling the beam and a line width
of 10kms~!. As an approximate mass sensitivity limit, a member of A1367 (at a distance of 92 Mpc), containing My; = 2.7 x 108 M,
distributed over a top-hat profile of 50 kms~' width would be detected at 40-. The results are analysed in combination with optical
spectroscopy data from SDSS which we use to estimate the local galaxy density based on the Voronoi-Delaunay method.

Results. We present the results of the complete AGES survey of the A1367 field. In total, we detect 457 H1 sources, 213 of which are
detected for the first time by the AGES survey, and 134 of which are presented in this article for the first time. Of the 457 detections,
225 are in the cluster and 232 are in the remaining volume surveyed. Here we present the full catalogue of HI detections and their
basic properties, including optical ones. We concentrate on the difference between the cluster and the foreground and background
LSS, revealing a continuous correlation of H I-detected fraction (and H1 deficiency) with local galaxy density, independent of global

environment.
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1. Introduction

In recent decades, the availability of data from blind, all-sky
surveys like the Sloan Digital Sky Survey (SDSS, York et al.
2000) and The Arecibo Legacy Fast ALFA Survey (ALFALFA,
Giovanelli et al. 2005) have enabled an ever growing apprecia-
tion of the effects of environment on the evolution of galaxies
(Boselli & Gavazzi 2006, 2014; Boselli et al. 2021). The pres-
ence of ram pressure (RPS, Gunn & Gott 1972), which actively
removes gas from galaxies falling onto large clusters, has been
unequivocally proven (Kenney et al. 2004) and the fine details
of its workings have now been observed (Arrigoni Battaia et al.
2012; Boselli et al. 2018; Jachym et al. 2019). This is now
known to be an important factor in explaining the gas content

* Tables with properties of HI detections and their optical coun-
terparts are only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/665/A155.

** Throughout this article, clicking on the GitHub logo will open the
Python script used for executing the calculation or producing the figure
being discussed.

and star formation properties of cluster galaxies (Cortese et al.
2021).

On the other hand, the vast majority of galaxies do not
reside in clusters, which have halo masses of log My, > 14 M,
where RPS could realistically have detectable effects on a large
galaxy’s HTI disc. Taking all galaxies with z < 0.1 from the
Max Planck Institute for Astrophysics — Johns Hopkins Univer-
sity (MPA-JHU) value-added galaxy catalogue' based on SDSS
shows that ~40% of them show little-to-no ongoing star for-
mation. If we combine the same data set with the cluster and
group catalogue of Tempel et al. (2017), we see that clusters
with My, > 14 host only around 8% of all galaxies. Understand-
ing what determines the properties of non-cluster galaxies has
proven much more difficult (Cortese et al. 2021).

For a long time it has been known that the closed box
model for galaxy evolution does not match the observed metal-
licity of Milky way stars (Schmidt 1963; Tinsley 1980), which
suggests a continuous accretion of low-metallicity gas from the

I https://www.sdss.org/dr12/spectro/galaxy_mpajhu/
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circumgalactic medium. This is supported by the gas depletion
timescales, which for the z = 0 galaxy population are signif-
icantly shorter than the Hubble time (Saintonge et al. 2017).
Gas accretion must therefore be the dominant environmental
effect that impacts all galaxies. The absence of accretion is
termed starvation or strangulation and has been suggested as
an environmental effect by Larson et al. (1980) and confirmed
to be affecting most passive galaxies in the local Universe
(Peng et al. 2015). This prevention of gas accretion leads to a
slow decline in star formation rate until its complete cessation
~4 Gyr later.

Studies of the effects of environment use several different
definitions of environment that are sensitive to the working of
different physical processes. On one side is the global envi-
ronment, which is usually the membership of the galaxies to a
cluster or a group with a subdivision between central and satel-
lite galaxies within those units. There are a number of cata-
logues of groups, clusters, and superclusters based on SDSS
(e.g. Yang et al. 2007; Tago et al. 2010; Liivamigi et al. 2012;
Tempel et al. 2017). The local environment is usually assessed
by some measure of the local galaxy number density, be it pro-
jected on the sky or in 3D.

The cluster A1367 is an ongoing merger of multiple struc-
tures (Bechtold et al. 1983; Donnelly et al. 1998; Girardi et al.
1998; Sakai etal. 2002; Gavazzietal. 2003a; Cortese et al.
2004). Its properties have been extensively studied and have
revealed the presence of a plethora of physical processes
related to cluster infall, such as merger shocks (Ge et al. 2019),
X-ray tails (Geetal. 2021), multiple jelly-fish galaxies
(Scott et al. 2010, 2012; Roberts et al. 2021), merger induced
star formation (Gavazzi et al. 2003a), ram pressure stripping and
tidal interactions (Gavazzi et al. 2001; Scott et al. 2018), and
preprocessing (Cortese et al. 2006). The cluster is also part of
the ‘Great wall’ filament that connects it to the Coma cluster
(Zabludoft et al. 1993).

For consistency with previous AGES publications, through-
out this article we use standard ACDM with Hy, =
71kms~! Mpc~!. Thus, 1” = 0.44 kpc at the distance of A1367
(92.8 Mpc), and the full width at half maximum (FWHM) of the
resampled Arecibo beam (3.4") at the same distance is ~90 kpc.

2. Observations and data reduction

The AGES used the seven-beam Arecibo L-Band Feed Array
(ALFA) instrument which has a hexagonal footprint on the sky.
The FWHM of the central beam is ~3.3 x3.8’. The observing
strategy is described in detail in Auld et al. (2006), Cortese et al.
(2008), and Davies et al. (2011). Briefly, AGES is a drift-scan
survey, with the telescope driven to the start position and the
sky allowed to drift overhead for the duration of the scan. Each
scan therefore covers a swathe of right ascension (RA), with sub-
sequent scans staggered by approximately one-third of a beam
width (~1”) in declination (Dec) to form a Nyquist-sampled map.
A source above Arecibo takes 12s to cross the beam. With
seven beams in the ALFA instrument, each point is scanned 25
times, giving an on-source integration time of 300 s. Each beam
integrates data from two polarisations, once per second, over
4096 channels, with a spectral resolution equivalent to 5.5 km s~
per channel which is three-point Hanning smoothed to 10 km s~
for greater sensitivity. The bandwidth spans the velocity range
—2000 to +20000kms~! using the WAPP spectrometers. The
output cube is the average of the two polarisations.
Observations for the A1367 field were taken in April-May
2006, April 2007, November 2011, January—February 2012,
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May—June 2012, April-May 2013, December 2013, February—
March 2015, May-June 2015, December 2016 — February 2017,
June 2017, January—June 2018, and December 2018 — February
2019. Observations were prioritised to begin with a central 5 X 1
degree strip centred on the main body of the Abell 1367 cluster.
These initial results were fully described in Cortese et al. (2008).

Here we present the full 5x4 degree field, spanning RA
(11:33:32-11:54:39) and Dec (17:45:00-21:54:00). Each drift
scan covered the full 5 degrees of RA (20 min of time). The
data were reduced with LIVEDATA and GRIDZILLA (described
in Barnes et al. 2001). LIVEDATA is used to measure and sub-
tract the bandpass and GRIDZILLA combines the scans to pro-
duce the final data cube with a circular Gaussian beam with
FWHM of 3.4". Following Taylor et al. (2014), we found it to be
beneficial to further process the data in Python, typically apply-
ing a second-order polynomial to the full spectral baseline. This
greatly improves the baseline fit (especially with regards to the
effects of strong continuum sources) and, as the baseline is large
and the polynomial is of low order, it does not introduce any
artefacts that could be potential false-positive detections.

We also apply a MEDMED-style estimator to the spatial
bandpass. As described in Putman et al. (2002), this measures
the spatial bandpass (the scan in RA) in five equal-sized boxes,
and subtracts the median of the medians. Although the median
of the entire scan is usually an adequate measurement of the
bandpass, particularly bright, extended sources can exaggerate
the median value above the true value of the bandpass; there-
fore, using the median of the medians gives a more robust value
(see Minchin et al. 2010 for an example; further discussion of
the combined effects of this processing is given in Taylor et al.
2020).

From measurements of individual sources (see following
section), the typical rms of individual Hanning smoothed spec-
tra is ~0.6—0.7 mJy, equivalent to a 1o~ column density sensitiv-
ity of Nyg; = 1.5 X 10'7 cm™ for emission filling the beam and
with 10kms~! line width (Keenan et al. 2016). As an approx-
imate mass sensitivity limit, at the 92.8 Mpc distance of the
cluster (following Cortese et al. 2008 for consistency with the
previous AGES analysis), a 40, 50kms™! velocity width source
with a top-hat profile would have My, = 2.7 x 108 M.

2.1. Source extraction

In this work, we have adopted a source-extraction strategy simi-
lar to all previous AGES papers. We catalogue detections using
a combination of visual (by eye) and automatic techniques. The
visual methods use the visualisation tool FRELLED (Taylor
2015). This is a two-stage process. First, FRELLED renders the
data as a three-dimensional volumetric cube, allowing the user
to interactively create masks to identify and measure potential
sources. The advantage of a 3D rendering is that the user can
instantly see the full extent of a source in both the spatial and
spectral axes, making the masks easy to define. The disadvan-
tage is that the volumetric rendering requires substantial clip-
ping in order to minimise the visibility of the noise, making it
unsuitable for finding the faintest sources. We therefore also use
a second stage, whereby, after masking the brightest sources in
3D, we scan the cube as a series of 2D slices. This visualisation
method does not require such heavy clipping but makes it more
difficult (i.e. slower) to define the source masks. The combina-
tion of 3D and 2D inspection is therefore designed to optimise
the speed and completeness for both bright and faint sources
(further details are given in Taylor 2015). The whole identifica-
tion process was performed independently by two of the authors
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of the present article (BD and RT). Once complete, FRELLED
uses the masks to generate input parameter files for the Miriad
task MBSPECT (Sault et al. 1995), which we used to measure the
spectral parameters of each source. These input parameters are
included in the HT spectrum files available through the AGES
online database’.

All source-extraction methods suffer from limited com-
pleteness and reliability. We supplement our visual inspection
with the automatic program GLADoS, which is described in
Taylor et al. (2012). In brief, GLADoS searches each spectrum
for pixels above a specified S/N threshold (40) which are con-
tained within spectral features above a velocity width threshold
(25kms~!). When a candidate is found in the standard averaged
cube, GLADoS repeats the search in the same spectrum within
each polarisation. As the noise level is slightly higher in the sep-
arate polarisations, the S/N threshold is slightly softened to 3.50
and additional Hanning smoothing is applied to each individual
cube.

We re-wrote the original GLADoS code in Python and added
substantial new functionality (to be described in detail in a future
paper). One challenge for automatic algorithms, as described
quantitatively by Taylor et al. (2013), is their low reliability; it is
no advantage that the process is automatic if the initial candidate
source list numbers are in the tens of thousands. GLADoS mit-
igates this through the use of multiple polarisations, and in the
new version, by a GUI which allows the user to set the candidate
status (accept, reject, or uncertain) interactively. This allows a
much more rapid inspection and re-inspection of the automated
catalogue. In addition, as with FRELLED, it also outputs an opti-
cal image of the SDSS field at the HI coordinates alongside the
HT spectrum. Although we would prefer the HT identification
to be entirely independent of the optical information, in practise
the presence of an optical galaxy at the position of an HI can-
didate source (even a weak one) has been found to significantly
improve the probability that the candidate is real. Finally, we fur-
ther reduce the burden of the automatic extractor by first apply-
ing the masks generated by the visual search, so that GLADoS
avoids repeating the detections already found visually.

All sources extracted with both methods are measured using
MBSPECT, assuming they are unresolved. A complete list of the
457 HI detections and their measured properties is given in the
tables at the CDS. We assign a descriptive flag to all sources
in the catalogue ranging from O to 4. These are based on visual
inspection performed individually by each member of the collab-
oration. Inspected were the noise pattern in the data cube around
each detection, as well as its spectrum. The presence or absence
of an optical counterpart was not part of the flagging process
as we did not want to introduce bias into the H I catalogue stem-
ming from the limitations of the available optical catalogues. The
flags are as follows:

— 0 - certain detection without any additional flags;

1 — uncertain detections. Those are usually low-S/N sources

or sources detected close to a region with known Radio-

Frequency Interference (RFI). All other flags indicate certain

detections;

— 2 —indicates HI detections with more than one optical galaxy
likely contributing to the measured signal;

— 3 —the source is at the edge of the cube and part of the flux
is likely missed;

— 4 —indicates sources that are likely resolved by the 3.4’ beam
of Arecibo, and therefore the tabulated total flux and My,
should be treated as lower limits.

2 http://www.naic.edu/~ages/public/

Table 1. Breakdown of the HI catalogue by method of detection and
flag.

Extraction Flag Total
method 0 1 2 3 4
FRELLED 358 9 19 5 21@ 412
GLADoS 9 35 0 1 0 45
Total 367 44 19 6 21 457

Notes. 9 objects have flag 4 in addition to their primary flag. Only
primary flags are in the table.

The flags are listed in the tables at the CDS. A breakdown of the
catalogue by method of detection (visual/automatic) and flag is
given in Table 1. The visual inspection was based on an atlas
presenting the sources and their parameters. Example of this
atlas, showing sources with a range of S/N and flag, is shown in
Appendix A. The full atlas is available for download? (0.5 GB).

Following the above search for detections, an H1 spectrum
was extracted at the position of every SDSS spectroscopic target
within the AGES volume. Those were visually inspected but did
not yield any additional detections.

In previous works, such as Cortese et al. (2008), we used
Arecibo to perform follow-up observations to verify uncer-
tain detections. During the course of this analysis, this became
impossible; however, we obtained 5 h of observing time on the
Five-hundred-metre Aperture Spherical Telescope (FAST) to re-
observe uncertain detections. As we are concerned with the
large-scale distribution of sources rather than individual detec-
tions, we leave the analysis of these observations to a subsequent
paper and omit uncertain detections from further analysis.

2.2. Optical counterparts

We searched for optical counterparts of the HI detections
among the galaxies with SDSS spectroscopic redshifts. The
search region around the centre of each HI detection was
1.7 (FWHM]/2) projected on the sky, and in velocity range
Vit = Vope| < Wao/2 + AW, where W is the velocity width of
the line profile at 20% of the peak intensity and AW its uncer-
tainty. Similar criteria were used in all previous AGES papers.
This method confirmed the optical counterparts of 322 H1 detec-
tions, with a median distance between the centroid of the HI
emission and the centre of the optical counterpart of 12.5"” and
velocity difference of 7 kms~'. When more than one galaxy sat-
isfies those criteria, the closest one on the sky is listed as the pri-
mary optical counterpart. Those galaxies have flag =2. Many of
the resolved galaxies with flag =4 also have more than one opti-
cal counterpart, and therefore the total number of HI-detected
galaxies in this field is likely significantly higher than 457. Addi-
tional searches for optical counterparts were carried out in the
NASA/IPAC Extragalactic Database (NED), yielding a further
13 objects with spectroscopic redshift, bringing the total to 335.
In addition, the table at the CDS lists the most likely optical
counterpart for 106 of the 122 remaining HI sources. Those
galaxies lack optical redshifts but lie within the HI beam. We
could not find optical counterparts for 16 of our HT detections.
Those are almost all low S/N detections, 13 of which are flagged
as uncertain (flag=1).

3 https://www.dropbox.com/s/xffshfom5hOm3£f0/AGES_
A1367_atlas.tar.gz?d1=0
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Some additional properties of the optical counterparts of the
HT detections needed for the analysis presented in the follow-
ing sections were taken from publicly available data sets. The
stellar mass is from MPA-JHU value-added catalogue based on
SDSS DRS8 and assume a (Chabrier 2003) initial mass func-
tion. The details of the methods used to derive the stellar mass
are given in Kauffmann et al. (2003), Tremonti et al. (2004), and
Brinchmann et al. (2004). The catalogue provides stellar mass
estimates for 296 of the 335 optical galaxies which we detect
in HI. Where relevant, this is the sample used in the follow-
ing analysis. The r-band size of the stellar discs is from SDSS
(Ahumada et al. 2020).

2.3. Optical sample and upper limits on My, for
non-detections

SDSS provides, through the MPA-JHU catalogue, the precise
positions, redshifts, and stellar masses for 830 galaxies within
the AGES survey volume. We use this as our optical sample
in the following analysis. Of those, 296 objects are directly
detected in HT and catalogued. For the remaining 534, we need
to estimate the maximum amount of HT that could be hosted by
them without being detected. We base our estimate on the rms
noise measured per pixel in the data cube. Assuming that those
galaxies are not spatially resolved, we need to estimate the veloc-
ity width of their signal. We do that using the i-band Tully—Fisher
relation (TF, Tully & Fisher 1977) published by Masters et al.
(2006) and SDSS i-band Petrosian magnitudes. A two sample
Kolmogorov—Smirnov test between the profile widths of non-
detections, derived as described above, and the measured Wj
of HI-detected galaxies returned a p-value of 4 X 107, indicat-
ing that the two samples can be drawn from the same parent
distribution.

3. Results

The complete list of all HI detections and their measured
properties- which are used in the following analysis- is given
in the tables at the CDS. The list with the optical counterparts of
the HI detections and their properties is also provided.

The distribution of measured total HI mass (My,) and over-
all distribution of all AGES detections as a function of redshift
z are shown in Fig. 1 in comparison to the distribution of SDSS
spectroscopic galaxies and ALFALFA detections (Haynes et al.
2018) within the AGES survey volume. The AGES catalogue
contains 457 H 1 detections, 413 of which are considered certain,
almost doubling the source count compared to ALFALFA (212).
The density of HI detections follows the distribution of galaxy
concentrations in velocity as traced by SDSS from optical spec-
troscopy. Also visible is the relative absence of HT detections in
ALFALFA at high-z.

We have a number of HI detections for which there is no
spectroscopically confirmed optical counterpart (even if most
have an obvious candidate, which are also listed in the tables
at the CDS), and there are many optical galaxies without a cor-
responding HT detection. At the high-z end, the AGES survey
contains ~50% fewer galaxies than SDSS. This fraction rises
steadily towards the low-z end of the survey, with a noticeable
decrease in HT detections at the velocity range of A1367. The
growth of the fraction of HI-detected galaxies towards lower
redshift is explained by the higher HI mass sensitivity shown
in the bottom panel of Fig. 1. The black dashed curve shows the
expected My of a galaxy with Wy, = 200kms~! detected at
6.50. The fraction of optical galaxies detected in H1 is analysed
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Fig. 1. Top: redshift distribution of the AGES HI detections (cyan
hatched histogram) compared to SDSS spectroscopic galaxies (solid
grey histogram), and ALFALFA detections (empty brown histogram)
within the AGES volume. The velocity range of A1367 is indicated with
the horizontal bar. Bottom: distribution of My, as a function of distance
to the source, assuming Hubble flow distances. The black, dashed line
shows the mass of a galaxy with velocity width of 200km s~! detected
at 6.50. Certain and uncertain detections are shown with blue stars and
brown circles, respectively. ()
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spec. OC * °
pot. OC *

1L
10 no OC

1()0 L

Fior [Jy km s71]

101 Sk

50 100 500
Wi [k111S7 1]

Fig. 2. Distribution of total flux in the 21 cm line as a function of line
width for the certain detections (stars) and uncertain ones (circles).
Filled and empty symbols show detections with and without an optical
counterpart (OC), respectively, with the different shade fill segregating
the spectroscopically confirmed and the potential optical counterparts.
The dashed black line shows the ALFALFA reliability limit (Saintonge
2007) at 6.50-. €)

in detail in Sect. 4. The percentage of sources below the 6.50
limit from the five separate flags listed in Table 1 is 10, 77, 5, O,
0, respectively (qualitatively this information is also conveyed in
Fig. 2).

Figure 2 shows the distribution of the 457 H1 detections in
the plane defined by their total flux in the line and the width
of the line measured at 50% of the maximum of the flux (Wsq).
The sources are split into certain and uncertain ones, according
to their detection flag. Also indicated in the table is the pres-
ence or absence of a spectroscopically confirmed or photometric
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Fig. 3. Comparison between the measured total line flux of HI sources
common to both ALFALFA and AGES surveys. The flux ratio is plotted
as a function of the ALFALFA S/N. The black curve and shaded region
represent a running median and +1o0. The detection reliability limit is
indicated with the vertical dashed line. €)

optical counterpart. The dashed black line shows the distribution
of galaxies at constant S/N = 6.5 following Saintonge (2007)
and Cortese et al. (2008). As concluded by the latter, this is a
reliable limit for separating the certain and uncertain detections.
Of all AGES detections, 13% (72) are below this line, 47% (34)
of which are flagged as uncertain. The median uncertainty in the
total flux in the line for all AGES sources is AF ~ 0.1Jykms™.
Within one AF above and below the 6.5¢0 line, the fraction of
uncertain detections changes from 0 to >50%. As pointed out
by Cortese et al. (2008), the lack of sources at the high-velocity-
width, low-flux regime is a result of the fact that weak sources
have a better chance of being detected if their flux is distributed
over fewer resolution elements, which gives preference to face-
on oriented galaxies. This is reflected in the slope of the dashed
black line.

Figure 3 shows the ratio of the total flux in the line mea-
sured from the AGES and ALFALFA surveys for the 212 H1
sources common to both surveys. This is presented as a func-
tion of the S/N as measured by the ALFALFA survey and pub-
lished by Haynes et al. (2018). The error bars are a quadrature
sum between the tabulated uncertainties and those published by
Haynes et al. (2018). The thick black curve and shaded area rep-

resent a running median over a window of 15 sources ( VN = 15,
where N = 212 is the total number of sources common to the two
catalogues). The vertical dashed line shows the reliability limit
for detecting an HI source in the ALFALFA survey. AFLALFA
offers two quality flags on the published HI flux, based on S/N
and the availability of optical counterpart, which are indicated
with different symbols. As a result of the greater integration time
employed by AGES, none of these sources are flagged as uncer-
tain. The increased scatter at low S/N is expected (Haynes et al.
2011). The systematic drop in the flux ratio at low S/N can be
explained as a manifestation of Eddington bias (Eddington 1913)
where faint sources close to and below the detection limit are
only detected if their flux is artificially boosted by fortuitous
noise distribution. AGES detects those same sources at higher
S/N and shows lower, more accurate flux.

3.1. Local galaxy density ©

The top two panels of Fig. 4 show the distribution of My, for
all AGES detections and the stellar mass for all galaxies in the
MPA-JHU catalogue within the AGES volume. The white areas

z
0.02 0.03 0.04 0.05 0.06

*  AGES N MPA-JHU |

% AGES N MPA-JHU & log(M,) > 9.75

2
2 ol
=
0 2}
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Fig. 4. Distribution of H1 mass for all AGES detections (fop) and stel-
lar mass for all optical galaxies in the intersection between AGES and
MPA-JHU (middle) as a function of recession velocity. The shaded
regions indicate the areas not complete in My, and M,, respectively.
Bottom panel: local galaxy density for the mass-complete part of the

middle sample. The black line shows the running median. ()

on those two panels define the HT mass and stellar mass com-
plete samples, used below to calculate the local density of galax-
ies. The limits of M, < 9.75 My and My, < 9.25 M, are defined
as the peaks of the corresponding mass distributions in a narrow
redshift bin centred at 15500km s~ In the following analysis,
we did not use the higher redshift part of the survey due to the
presence of RFL.

The local galaxy density is calculated from the volume of a
Voronoi cell centred on every galaxy and with a size equal to
half the distance to the nearest galaxy in all directions, similar
to the Voronoi-Delaunay method (Voronoi 1908; Delaunay et al.
1934; van de Weygaert 1994; Marinoni et al. 2002; Pereira et al.
2017). This is calculated in a 3D space of comoving physical
distances for the mass-complete sample, and is therefore only
available for galaxies with log M, > 9.75 M,,. In this case, we
used the redshift to calculate the distance to the objects, includ-
ing cluster galaxies. This allows us to calculate and compare
the local galaxy density in the same way throughout the sur-
veyed volume. Estimating distance from redshift for virialised
structures is affected by the Fingers-of-God (FoG effect, Jackson
1972; Tully & Fisher 1978) and Kaiser (Kaiser 1987) effects.
The two work in opposite directions, and in general the Kaiser
effect is expected to be weaker than FoG (Kuutma et al. 2017).
By comparing the distribution on the sky of SDSS members
of A1367 with their distribution along the line of sight, both
approximated with a Gaussian, we determined that the cluster is
stretched along the latter by a factor of 3.7. Therefore, we reduce
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all cluster-centric distances for A1367 members along the line
of sight by this amount. We note that this does not completely
remove the FoG effect, which is impossible without precise red-
shift independent distances; instead it minimises the artificial
lowering of 3D densities in the cluster.

The calculation of the Voronoi tesselations and their vol-
umes was done in Python using SCIPY packages VORONOI and
DELAUNAY. The distribution of local density is shown in the bot-
tom panel of Fig. 4, and further analysed in Sect. 4.

3.2. Observed phase space view of the surveyed volume

Figure 5 presents the HT detections in the context of the large-
scale structure in which they are embedded, where the surveyed
volume is shown with its true axis ratio. The recession velocity
range has been split in two for clarity. The volume is represented
in two planes, collapsing the Dec or RA ranges, respectively. The
figure shows the local density of optical galaxies from the stellar-
mass-complete sample, colour coded according to the colour bar.
The density clearly shows the position of the cluster A1367, cen-
tred at around 6500 km s™!, but also a number of other structures
with a range of densities. The potential optical counterparts are
shown in Fig. 5 as small brown points plotted at their measured
RA or Dec, and the recession velocity of the HI signal. The opti-
cal galaxies with stellar mass below the completeness limit, for
which local density is not available, are shown as small black
points. The figure also shows the areas of the survey affected by
RFI or with increased noise levels at the edges of the data cube.
Those areas are marked with light-grey diamonds and show RA
or Dec columns with rms noise deviating from the mean rms of
the cube by more than 4.50. We note that in some cases (par-
ticularly with the presence of RFI), this does not need to affect
the entire column, hence the presence of some HI detections in
an area marked in grey. However, the plot clearly shows entire
redshift bands where H1 detections are almost completely absent
due to RFI, namely around 16 000 and 17 000 km s~!, but also a
narrow stripe at around 7300 km s~! running through the cluster.

3.3. Hi deficiency ©)

It is instructive to compare the amount of HI-detected in indi-
vidual galaxies with a baseline average of the entire population
in order to assess the presence of any physical mechanisms that
can alter the gas content of galaxies, be it through gas removal
or through prevention of accretion. We employed a formula pub-
lished by Haynes & Giovanelli (1984) which links the total gas
mass to the size of the optical disc of the host galaxy.

ey

observed )

Mexpected M
DEFy, = 1ogm(HA‘4— —loglo(HIT -
(0] (0]

This relies on the relatively tight correlation between the
size of the HI disc and its total mass on one hand and the size
of the optical disc on the other. Haynes & Giovanelli (1984)
provided two separate formulas to be used with galaxies with
early- and late-type morphologies, respectively. We found 149
galaxies among the HI-detected sample with optical counter-
parts for which the Galaxy Zoo project contains morphologies
determined with certainty (Lintott et al. 2011). Of those, only 7
were classified as elliptical. We therefore decided to only use
the formula for spiral galaxies when calculating HT deficien-
cies. In particular, we took the Petrosian radius, which contains
90% of their r-band luminosity. In order to bring the Petrosian
radius offered by the SDSS pipeline into agreement with the
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size estimates used by Haynes & Giovanelli (1984), we applied
a correction calculated by comparing petroR90 with the radii
of galaxies measured at surface brightness of 25 mag arcsec™!
(Dys) by the GOLDmine project (Gavazzi et al. 2003b). We
found 47 galaxies in common between the Goldmine data base
and the catalogue of optical counterparts of the HI detections
presented here. The ratios of the two size estimates were nor-
mally distributed with a mean of 1.4 and standard deviation
of 0.3. Thus, the expected HI mass of all optical galaxies is:

M:‘Ipemd = 7.195 + 0.851 x log (2 x PR90 x 1.4)?, where PR90O
is the Petrosian radius in kiloparsecs. The deficiency is defined
as the difference in the logarithms of the expected and observed
My,

The results are presented in Fig. 6 and analysed further in
Sect. 4.2. Figure 6 shows all HI detections with optical counter-
parts demonstrating the known, relatively tight relation between
the HT mass fraction, My,/M,, and M,. All points are colour
coded according to their HI deficiency calculated as described
above. The small grey points and down-pointing arrows show
the upper limit on gas fraction for galaxies not directly detected
in H1, calculated as explained in Sect. 2.3. Also shown is the
relation from the XGASS survey, published by Catinella et al.
(2018), which is to be compared with the median of the AGES
data shown with the black line and error bars.

4. Discussion

The part of the AGES survey presented here has an on-the-
sky extent of 5x4°, which corresponds to 18.6 x23.2 comov-
ing megaparsecs, at the distant end of the survey. In contrast,
the distance between the nearest and most distant HI detections
presented in this work is 257 Mpc. This large distance defines
the significant variation in sensitivity over the surveyed vol-
ume. For example, with the very stable noise level across the
volume, a single resolution element with 30 signal would be
equivalent to log My, = 6.0 My at the near end of the sur-
vey and 8.6 at the far end. This large difference in sensitivity
is expressed with the black dashed curve on Fig. 1. For this rea-
son, we analysed the surveyed volume in three bins which also
represent different environments. The low-z foreground part of
the cluster A1367 spans up to cz = 4000 kms™! and has a total
volume of 361 Mpc® and average 6.50 sensitivity for a galaxy
with 200km ™! velocity profile of log My, = 7.8 M. The sec-
ond part contains the cluster A1367 and is defined as the vol-
ume between 4000 < ¢z < 9000kms™', with a total volume
of 3719 Mpc? and an average sensitivity of log My, = 8.7 Mo,
The last part lies at cz > 9000km s~! and has a total volume of
39940 Mpc? and an average sensitivity of log My, = 9.4 M.

4.1. Hi below the detection threshold

Taking the reliability threshold shown in the bottom panel of
Fig. 1, namely 6.50 for an HI profile over 200kms~!, means
that we are sensitive to My; < 9 and <8 over 10% and 4% of the
total surveyed volume of 44 021 Mpc?, respectively. The ‘by eye’
strategy for source finding that we adopted here, plus the occa-
sionally more favourable velocity distribution of the HT signal,
allows us to find a significant number of detections lying below
this threshold — ~16% of all detections, with approximately half
of those considered certain. Despite this, we expect that some
amount of HI emission is present in the data cube at very low
S/N and is therefore not catalogued. Traditionally, the HI com-
munity uses spectral stacking to recover such emission lying at
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Fig. 6. Ratio of total mass in atomic hydrogen to total stellar mass
for all AGES detections with known optical counterparts (pentagons)
and upper limits for non-detections (grey, down-pointing arrows). The
pentagons are colour coded according to their H1 deficiency. The thick
black line shows the median of all AGES galaxies. The orange solid line
shows the median values for xGASS galaxies (Catinella et al. 2018).
The grey shaded region encompasses the data excluded from the stellar-
mass-limited sample. The red and blue curves and shaded regions show
the median relations for AGES galaxies that are members of the A1367

cluster and non-members, respectively. €)

low S/N (Fabello et al. 2012; Geréb et al. 2015; Hu et al. 2021).
This method uses the availability of known on-the-sky positions
and the redshift of galaxies (usually from optical spectroscopy)
to extract their HI spectra. Averaging these spectra together will
average out the Gaussian noise while adding the signal to pro-
duce one HI detection representing all the otherwise undetected
galaxies.

Of the 830 galaxies in the optical sample, 296 are individ-
ually detected and catalogued, leaving 534 available for stack-
ing. Figure 7 shows the results from such a stacking experiment.
For every such galaxy, we extracted a spectrum from the HI
data cube in the same way as the spectra of individual detec-
tions were extracted. Those spectra were then converted to units
of M,/kms~' using the formula listed in Sect. 3. Following that,
weights were calculated based on the rms noise in the outer parts
of the spectra, which are presumed not to contain any signal.

The galaxies were split into three bins of recession velocity:
A1367 members, foreground, and background. Additionally, all
galaxies lying in the RFI affected regions at cz > 15500kms™!
were removed from the background bin. This left a total of 10,
325, and 113 galaxies in the three bins, respectively. Subse-
quently, 10000 iterations were done with jackknife resampling
where 90% of the available spectra were randomly selected,
without replacement, and stacked. This was done to detect the
presence of highly deviant spectra. The total My in each stacked
spectrum was integrated in the velocity range between the two
vertical grey lines in Fig. 7. The thick lines show the spectra
that gave the median of the distribution of My and the thin ones
show the 95% confidence interval.

The average HT content of the galaxies in each stack as
measured from these spectra is given in Table 2. The observed
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increase in the average H1 mass in the directly detected galaxies
and in the stack of non-detections is likely driven by the sen-
sitivity curve shown in Fig. 1 which, as the redshift increases,
removes low-mass galaxies from the stack with detections and
moves them into the stack with non-detections. To confirm the
presence of the signal in the stacked spectra, we also show a
reference stack in grey in each panel; these are extracted at the
positions of the optical galaxies but with randomised redshifts
and stacked in the same way. The bottom row of panels on Fig. 7
shows the same stacked spectra but in flux units, thus avoiding
the distance? factor used in the conversion of flux to HI mass.

A comparison between the stacked and reference spectra in
the foreground bin shows that the measured HI mass from inte-
grating the spectra is consistent with a non-detection. The small
number of galaxies in this stack prevents us from reaching suffi-
ciently low noise levels to draw any conclusions on the HT con-
tent of galaxies with My, below 107 M.

Previous studies aimed at detecting galaxies with very low
gas content (e.g. Popping 2010) show that objects with HI
masses below 107 M, are very rare. On the contrary, Jones et al.
(2018) find that the HI mass function does not show a decline
until its measured limit of My; = 10%° M. The reason for this
may lie in a combination of the semi-constant column density
distribution of HI within the galaxies, expressed in the mass —
size relation for HT discs (Prochaska & Wolfe 2009; Wang et al.
2016), and the higher susceptibility of HI to photoionisation at
low column densities (Schaye 2001). Interferometric observa-
tions confirm the constancy of the relation down to log My, ~ 7
(Wang et al. 2016). Beam dilution, as a consequence, also plays
a role, especially for single-dish surveys, as this relation drives
the sizes of the HI discs well below the size of the beam.

4.2. What goes into Hi deficiency

As defined by Haynes & Giovanelli (1984) and used by
many researchers (e.g. Cortese et al. 2011; Stark et al. 2016;
Catinella et al. 2018; Loni et al. 2021), the calculation of HI
deficiency relies on additional data and a calibration of the rela-
tion between optical diameter and Myy,. This calibration is based
on measurements of the optical diameter in a particular filter
and limiting magnitude, and is known to depend on galaxy mor-
phology. It also relies on a sample of galaxies with ‘normal’
gas content that is unaltered by external factors and observed
through a telescope capable of measuring the emission present
at all the spatial frequencies. Obviously these requirements and
additional data are not going to be available for all HT data sets
and might prove problematic in the future when we measure the
HT content of galaxies at higher redshifts. It is possible that the
local calibration of the mass — size relation does not hold for
high-redshift galaxies. All of the above-mentioned issues and the
specifics of our deficiency estimate drive a relatively high uncer-
tainty. For galaxies with DEF <0.5, that is, those that within
the uncertainty have the expected HI content, we find a mean
DEF =-0.005 +0.33. A comparison with Cortese et al. (2011)
shows good agreement with their estimate of 0.06 + 0.28.

The top panel of Fig. 8 presents the distribution of HT
deficiency for all galaxies with optical redshift measurements
within the HT survey. Those are split in two groups: mem-
bers of A1367 and all others (which we term ‘Elsewhere’),
which have means of 0.41 +0.49 and —0.02 + 0.41, respectively.
A comparison between the H1 deficiencies of the cluster and
the Elsewhere sample show that DEF=0.3 is a good dividing
point between normal and deficient galaxies, in agreement with
Dressler (1986), Solanes et al. (2001), Loni et al. (2021). This
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Fig. 7. H1 signal present in the data below the detection threshold (brown curves) recovered by stacking spectra from galaxies in A1367, those
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Table 2. Average H1 mass in Fig. 7 in units of 10% M.

Foreground  A1367  Background
Detected 7.5 19.8 47.1
0.16 0.64 4.89
Non-detected 0.417512 3.19% 03 19.9751¢

means that 87% of the Elsewhere sample can be considered H1
normal, as opposed to 38% for the cluster sample.

It is obvious that the most H I-deficient galaxies would not be
detected at all at 21 cm. The bottom panel of Fig. 8 shows the dis-
tribution of H1 deficiency only for H1-detected galaxies. Remov-
ing the non-detections from the sample drastically reduces the
difference between the means of the two environmental bins,
from 0.43 to 0.12. The standard method for accounting for non-
detected galaxies is to compute an upper limit on their detectable
gas content to find the lower limit on their deficiency, as we
did in Sect. 3.3 and present in Fig. 6 and in the upper panel of
Fig. 8. This offers the advantage of giving information on indi-
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(blue, filled histogram). The total number of galaxies in each histogram
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vidual objects, but relies on the calibration of the expected HI
mass from external data sets. We note that the ~70% reduction
in the difference between the means of the two distributions can
be accounted for by simply counting the non-detected fraction.
The use of the non-detected fraction may offer a simpler alterna-
tive to the deficiency limits, and we explore the advantages and
disadvantages of this parameter below.

4.3. H1 ‘non-detected fraction’ and H\ deficiency

Because any observations will have a sensitivity limit varying
with redshift, the ‘non-detected fraction’ needs to be calculated
for a complete sample. In Fig. 4 we outline the stellar and
HT mass completeness limits as log Mll_ll'? = 9.25 M, and log
MEm = 9.75 M. In this, section we analyse the ‘non-detected
fraction’ as calculated for this stellar and H1 mass complete sam-
ple. In this sense, ‘non-detected fraction’ should be understood
as an alias, meaning the fraction of galaxies with stellar mass
above 9.75 and H1mass below 9.25. We use the alias for brevity;
it will be precisely equal to the true non-detected fraction for
observations with uniform sensitivity. As Fig. 4 shows, many of
the galaxies considered as ‘non-detections’ are in fact detected
but have My below the completeness limit. As described ear-
lier, these completeness limits apply to the AGES and SDSS data
for sources with recession velocity ¢z < 15500kms~!. Beyond
this redshift, RFI pollution affects the completeness of the H1
survey.

The top panel of Fig. 9 shows the distribution of HT defi-
ciency for the stellar-mass-complete sample. The bottom row
shows the HI ‘non-detected fraction’ for the My, and M, com-
plete sample. The number of galaxies in the two samples is
printed in the first panels. These are presented as a function of
local galaxy density, stellar mass, star formation rate and spe-
cific star formation rate. The shaded areas on the top row show
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the 2.5, 17, 83, and 97.5 percentile of the distribution of HT defi-
ciency (1o and 20 for a Gaussian distribution). The uncertainties
shown on the bottom row are binomial 66% and 95% confidence
intervals calculated using normal approximation. The points are
binned along the x-axis in bins of constant population number
to guarantee uniform significance along the relations. Along the
x-axis the points are plotted at the median value for all galaxies
in the bin. We choose this over the mean because of its reduced
susceptibility to outliers, even though it makes the distribution
appear narrower.

As already apparent from Fig. 5 and the bottom panel of
Fig. 4, the cluster galaxies are distributed at higher local den-
sities than the rest. There is, in fact, a small overlap between
the two distributions of local densities which is hidden by the
binning in the left-most panels of Fig. 9. The Elsewhere sam-
ple contains a number of groups as well as void-like regions.
The highest density region outside A1367 present in our data
is at the high-redshift end of the survey which is heavily pol-
luted by RFI from the radar at the nearby Luis Mufioz Marin
International Airport (see Fig. 5). As discussed above, this part
is excluded from this analysis. We would like to point out that
while this particular problem is caused by ground-based facil-
ities, these types of problems for radio astronomy, in general,
are set to become much more severe in the near future with the
introduction of constellation satellites.

The left-most panels show that, qualitatively, HT deficiency
and the ‘non-detected fraction’ show the same trends. Both show
a continuous increase with local density, irrespective of the
global environment, that is, whether or not the galaxy belongs
to a cluster. The HI ‘non-detected fraction’ outside the cluster
matches very well the average non-detected fraction published
by Huang et al. (2012) based on the 40% ALFALFA catalogue.
As clusters of galaxies are very rare objects in the Universe
and represent only a tiny fraction of the volume surveyed by
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ALFALFA, this is not surprising. Dénes et al. (2014) published
maps of HT deficiency as a function of local galaxy density,
showing essentially the same result as that shown in the left-most
column of Fig. 9, despite the different method of measuring local
galaxy density.

The second column of Fig. 9 again shows a qualitative agree-
ment between HI deficiency and HT ‘non-detected fraction’. At
a given stellar mass, cluster galaxies are more gas deficient than
galaxies outside the cluster. This result is also in good qualita-
tive agreement with the results by Cortese et al. (2011) and the
results for satellites only by Stark et al. (2016). Our sample does
not allow segregation of satellites and centrals but we can assume
that at least the first three mass bins are dominated by satellites
and this defines the observed relations.

There is little difference between the third and fourth
columns of Fig. 9, which is expected given the lack of corre-
lation with stellar mass. However, these panels appear to show
a qualitative difference between H1 deficiency and the HT ‘non-
detected fraction’. While the former shows only dependence on
global environment but not on SFR, the latter shows no signif-
icant dependence on global environment but a strong correla-
tion with SFR. However, it should be noted that because of the
large scatter in the distribution of HI deficiency it could also be
considered consistent with the trend shown by the ‘non-detected
fraction’.

As we have already stressed, it is imperative that this analysis
be based on a stellar and HI mass complete sample. We verified
that this is the case and also verified that the exact value at which
completeness is achieved by the survey does not change the slope
of the relation but only its intercept.

The ‘non-detected fraction’ is essentially a ratio between the
integrals of the H 1 mass function and stellar mass function above
a certain limit. The exact limits used do not change the shape of
the relation, only its normalisation, at least within this survey.
Studies of the variations in the HI mass function with environ-
ment point at a small increase in the knee of the Schechter func-
tion fit as the local density increases (Jones et al. 2016) or of the
slope of the low-mass end of the fit (Zwaan et al. 2005). Studies
of the variations in the stellar mass function with environment
are similarly inconclusive but generally agree that the high-mass
slope increases in high-density environments while the low-mass
slope likely decreases (Etherington et al. 2017; Papovich et al.
2018). Establishing the physics driving this relation requires
larger data sets and will be the subject of a future paper. How-
ever, these results show the importance of mechanisms related to
groups and clusters, like tidal interactions, mergers and/or ram
pressure stripping. The local density, in this case, is measured
as the inverse of the volume available for each galaxy. This is a
parameter which could be related to the gas accretion rate from
the circumgalactic medium. Availability of data for groups and
clusters with a range of properties will be needed to establish
whether it is active gas stripping or lack of gas accretion that
shapes this relation.

The ‘non-detected fraction’ is in effect a low-resolution H1
deficiency which results in significantly reduced uncertainties
compared to H I deficiency. In the case of the correlation between
SFR and the ‘non-detected fraction’ (Fig. 9), it is obvious that
the large scatter in HT deficiency prevents us from seeing its cor-
relation with SFR. Trading resolution for sensitivity is common
practice when low S/Ns are involved; see for example Sect. 4.1.
The main problem with using the ‘non-detected fraction’ as a
parameter for studying environmental effects is that it can only
be defined for an ensemble of galaxies, while HT deficiency can
be calculated for individual galaxies. As such it is applicable to

large blind surveys like AGES, while deficiency is superior for
targetted, high-S/N, observations.

5. Summary

We present the complete Arecibo Galaxy Environment Survey
(AGES) survey of Abell 1367 and its surroundings. This is one of
the most sensitive blind HT surveys performed to date. We detect
457 H1 sources over the imaged 44 000 Mpc?. Within the SDSS
and NED, we found 335 optical counterparts with spectroscopic
redshift. Searching through the NED database, we found another
106 potential optical counterparts with unknown optical redshift.
The presented HT catalogue contains 16 sources without optical
counterparts.

These HT sources are distributed over a wide range of local
densities and are therefore well suited for studying the effects
of environment on galaxy evolution. Analysis of the data with
respect to local and global environment reveals that the depen-
dence of HI properties on global environment is part of a con-
tinuous dependence on local density.
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Appendix A: Atlas of H1 detections

In this Appendix, we show five example H1I detections span-
ning a range of galaxy properties and S/Ns. The complete
atlas showing all HI detections presented in this article
can be downloaded from https://www.dropbox.com/s/
xffshfom5hOm3£f0/AGES_A1367_atlas.tar.gz?d1=0.

Description of the individual panels. Top row, from left to

right:
1 - Moment 0 map. The velocity integral is highlighted in red
in the bottom panel. The cyan circle has a diameter equal to the
FWHM of Arecibo’s beam and is centred at the catalogue coor-
dinates of the source.

2 - Renzogram. For every channel, the contour is drawn at a
significance level indicated at the top. Contours are colour coded
according to their velocity as indicated in the colour bar. The
contours are overlaid on a RGB image made from r, g, and i
band images from the SDSS. The cyan circle is the same as in the
previous panel. The image has the same sky coverage as panel 1.

3 - The same optical image used in panel 2. The blue circles
show SDSS spectroscopic extragalactic targets with the num-
bers indicating their recession velocity. Orange pentagons indi-
cate other HT detections in the field. Their catalogue name and
recession velocity are indicated. The cyan circle is as in panel
1. The panel has the same extent on the sky as the previous
panels.

4 - The optical image shown in panels 2 and 3 but showing
only the beam area indicated by the circle on the previous panels.

5 - A white light optical image showing the same part of
the sky as panel 4. This was produced by integrating the three
channels and with ‘sqrt’ stretch to boost the visibility of low-
surface-brightness features. Different symbols and colours indi-
cate optical counterparts. The cyan square indicates the primary
optical counterpart (as listed in the Table A.1). Magenta trian-
gles show the secondary optical counterpart. Yellow hexagons
show potential optical counterparts. The recession velocity is
indicated, when available.

Bottom row:
H1 spectrum of the source. The thin blue line shows the spec-
trum used for measurements. This is extracted from Hanning 3
smoothed cube. The thick blue line shows a spectrum extracted
from a Hanning 5 smoothed cube used when searching for detec-
tions. The thin grey lines show reference spectra extracted at
eight locations two beams away from the centre of the source.
The solid vertical line shows the velocity centre of the source.
The two dashed-dotted lines show the W5y width of the source.
The two dotted lines show the Wy of the source. On the left, a
number of measured parameters of the source are written, many
of which are also given in the tables at the CDS. From top to bot-
tom: total HT mass, total flux, S/N of the peak, central velocity,
and redshift of the source, flag of the HI source, asymmetry of
the line profile, S/N of the source.
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