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Abstract

We exploit the large and blind H I-imaging data provided by the Wester-
bork Synthesis Radio Telescope of the Perseus-Pisces Supercluster in the
Zone of Avoidance at ` = 160◦ in which the X-ray emitting 3C 129 cluster
is embedded. The survey covered a sky-area of 9.6 sq.deg and the radial
velocity range of cz ≈ 2000−16000 km s−1. We analyse the H I-properties
in the range of environments found within the surveyed volume, focusing
on a major galaxy overdensity containing the 3C 129 cluster and another
overdensity in its background. We assess the H I morphologies of galax-
ies in these environments by examining asymmetries in their global H I
profiles, kinematics and integrated H I-maps. Disturbed H I-morphologies
are found in more than 60% of the galaxies that are located in densely
populated groups and in ∼30% of the galaxies located in low density
environments. This demonstrates the prominence of galaxy-galaxy in-
teractions in dense environments in the disruption of the H I distribution
in galaxies. We also measure the H I-content of the galaxies by comput-
ing the H I mass-to-light ratios and the gas-deficiency parameter values.
An investigation of the H I-content as a function of the projected radial
distance of the 3C 129 cluster revealed significant H I-deficiency in the
core of the cluster. A simple analytical description of the ram-pressure
stripping suggests that it is the dominant mechanism responsible for the
dearth of H I in this inner region of the cluster. An analysis of the galax-
ies in the cluster outskirts shows galaxies with a low relative H I-content
of log(MHI/LK) < −1.5 M�/L�. Most of these galaxies are part of a
potentially infalling group within the cluster radius. It seems likely that
galaxy-galaxy interactions within subgroups are responsible for the rel-
atively low H I content. The H I-content of galaxies within the cluster
environment is also compared to that of galaxies located in groups for
which no X-ray nor cluster association is found. We measure the H I-
content for the late-type galaxies in these galaxies and find a median of
log(MHI/LK) = −0.7 ± 0.6 M�/L� and DefHI = 0.3 ± 0.9 for galaxies
in the cluster population and log(MHI/LK) = −0.9 ± 0.8 M�/L� and
DefHI = 0.5 ± 0.7 for those in the galaxy groups. The similarities in
the relative H I-content in these environments points to the importance
of gas removal mechanisms occurring in galaxy groups and/or filaments
that affect the transformation of galaxies.

Keywords: galaxies: large-scale structures: ZoA: surveys: galaxies: radio
lines: galaxies: galaxy clusters (3C 129)
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4.1 Introduction

Galaxy clusters located at the nodes of large-scale structures offer a
unique laboratory to investigate the global and local environmental ef-
fects on the properties of galaxies. As evidenced by the morphology-
density relation (Dressler 1980), late-type spiral galaxies are more fre-
quent in low density regions while the early-type galaxies dominate re-
gions with high galaxy densities. Surveys and studies of large-scale struc-
ture filaments, cluster outskirts and galaxy groups have found that the
galaxy properties depend on the environment even where the galaxy den-
sity is lowest (Lewis et al. 2002, Treu et al. 2003, Porter et al. 2008, Roy-
chowdhury et al. 2012). This has brought about the idea that galaxies
may be undergoing pre-processing before falling into the higher density
regions of clusters (Haines et al. 2007). However, it is not yet clear how
or where this so called pre-processing occurs.

An important indicator of processes that affect galaxy evolution is the
neutral atomic hydrogen gas (H I) which also provides a reservoir from
which stars can be formed. The kinematically cold and extended H I disks
make them a sensitive tracer of the different environmental processes such
as ram-pressure stripping, tidal interactions and mergers. Observations
have shown that the H I gas gets disturbed and truncated and eventually
exhausted as galaxies transition into clusters (Vollmer 2003, Crowl et al.
2005, Chung et al. 2009, Abramson et al. 2011, Gavazzi et al. 2013).
Simulations suggest that these effects are due to ram-pressure stripping
and gravitational interactions (Roediger 2009, Tonnesen & Bryan 2009).
The former is expected to be more prominent in galaxy clusters with
masses of Mcl & 1014 M�. This is due to the high intra-cluster medium
(ICM) densities of these clusters and the increased orbital velocities of
the galaxies as they fall into the cluster cores (Roediger & Brüggen 2007).
Some evidence has shown that the H I gas can get completely removed
after transiting through the cluster core (Kapferer et al. 2009, Jaffé et al.
2015). This has been supported by trends that show an increasing frac-
tion of galaxies with asymmetric H I morphologies as a function of the
projected distance from the cluster centre (Cayatte et al. 1990, Bravo-
Alfaro et al. 2000b, Chung et al. 2009, Yoon et al. 2017). The scatter in
this trend is quite large though, since highly disturbed galaxies are found
in the cluster outskirts and groups as well. This has been attributed to
the possible processing of galaxies in groups falling into the cluster or
along the large-scale filamentary structures from which these galaxies
transition (Verdes-Montenegro et al. 2001, Fujita 2004, De Lucia et al.
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2012, Hess et al. 2017). The large scatter demands improved statistics
on spatially resolved galaxies.

To understand the details of the H I properties of galaxies, it is important
to probe not only the clusters comprising the galaxies but also the sur-
rounding large-scale structure filaments within which they are embedded.
The Perseus-Pisces Supercluster (PPS) is one of the largest filamentary
structures nearby (cz ≈ 4000− 8000 km s−1), comprising numerous rich
clusters, thus making it an ideal region to study the effect of various
environments on the H I properties of galaxies.

In Ramatsoku et al. (2016) we presented an H I survey with the West-
erbork Synthesis Radio Telescope (WSRT) of galaxies in an overdensity
located in the PPS filament behind the Milky-Way. Within this overden-
sity a lesser known galaxy cluster, namely the 3C 129 cluster, is embed-
ded. The cluster is a massive structure (∼ 1014M�; Leahy & Yin 2000)
containing two radio galaxies with jets extending into the ICM, one of
which extending as far as ∼40′. It displays a significant X-ray emission of
∼ 1044 erg s−1 (Leahy & Yin 2000), thus making it an ideal environment
to study the interplay between the ICM and galaxies falling in from the
surrounding filament. Additionally, three more galaxy overdensities in
the foreground and background of the PPS were found within the H I
surveyed volume. We described how these overdensities connect with the
filamentary large-scale structures on either side of the Galactic Plane.
Overall, the H I detections of galaxies in the surveyed volume pointed to
a diversity of cosmic environments, ranging from a high galaxy density
cluster to galaxy overdensities with no known cluster association as well
as empty voids. The distribution of the H I detections offers an unique
opportunity to evaluate the H I gas content of galaxies in varying envi-
ronments under uniform H I observing conditions.

In Ramatsoku et al. (2017, submitted) we studied the detailed distri-
bution of galaxies in the 3C 129 cluster. The optical extinction at the
location of the cluster ranges from AB = 1.8 − 8.0 mag and as a result
only three optical redshifts are available in the literature. This forced us
to identify the gas-poor cluster galaxies in the near-infrared (NIR) using
images from the UKIDSS Galactic Plane Survey (UKIDSS GPS; Lucas
et al. 2008). We then carried out an analysis of the combined NIR and
H I galaxies of the cluster. These data suggest that the cluster is in the
process of assembling as evidenced by the presence of a possibly infalling
substructure. Moreover, at the location of this substructure more gas-
rich galaxies are found, while the core of the cluster is mainly dominated
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by gas-poor galaxies, suggesting that by the time galaxies fall into the
core the 3C 129 cluster, their H I content will be significantly reduced.

In this paper we aim to understand the environmental dependence of the
mechanisms involved in transforming galaxies from gas-rich to gas-poor.
We combine H I and NIR data in the entire WSRT surveyed volume to
conduct an in-depth investigation of the relation between the H I proper-
ties of galaxies and their cosmic environment.

The paper is organised as follows: in Sect. 4.2 we provide a brief descrip-
tion of the H I-imaging observations conducted with the WSRT. Methods
used to identify substructures within major overdensities in the surveyed
volume are described in Sect. 4.3. Section 4.4 gives a description of the
characteristics of the identified substructures. We present and discuss an
analysis of the H I-content of galaxies located in the various environments
in Sect. 4.5. This is followed by an assessment of the H I-morphologies of
galaxies within the various substructures in Sect. 4.6. We then provide
an analysis of the phase-space galaxy distribution of the 3C 129 cluster in
Sect. 4.7. Lastly we discuss and summarise the main results in Sect. 4.8.

We assume a Λ cold dark matter cosmology with ΩM = 0.3,ΛΩ = 0.7
and a Hubble constant H0 = 70 km s−1 Mpc−1 throughout this paper.

4.2 The WSRT PPZoA project

This study is based on data from the WSRT Persues-Pisces Zone of
Avoidance (WSRT PPZoA) H I survey. Observations were carried out
covering the radial velocity range of cz = 2000 − 16000 km s−1 with
16.5 km s−1 velocity resolution. With a volume depth of 214 Mpc we
observed a hexagonal mosaic of 35 pointings leading to a total covered
sky area of 9.6 deg2 centred at `, b ≈ 160◦, 0.5◦, which is where the
Perseus-Pisces Supercluster (PPS) crosses the Zone of Avoidance. Each
pointing was observed for 12 hours, reaching a survey sensitivity of rms
= 0.36 mJy/beam and an angular resolution of 23′′ × 16′′. The survey
configuration allowed the 6σ detection of galaxies with H I masses of
log(MHI/M�) = 8.5 at the median distance of the PPS (cz ≈ 6000 km
s−1), assuming a line width (w50) of 150 km s−1.

The observations yielded 211 galaxy detections over the entire radial
velocity range with H I masses ranging from log(MHI/M�) = 7.7 − 10.3.
Of these galaxies, 80 were spatially resolved with at least one and a
half synthesised beams across. A total of 87 galaxies were detected in
a prominent overdensity (Aur 2) at the redshift of the 3C 129 cluster of
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cz ∼ 4000−8000 km s−1, and 72 are located at another major overdensity
(Aur 3) behind the PPS at cz ∼ 8000− 12000 km s−1. Galaxies found at
these distances have H I masses ranging from log(MHI/M�) = 7.8− 10.3
(w50 = 25 − 526 km s−1) and 8.6 − 10.3 (w50 = 28 − 322 km s−1),
respectively.

The rest of the galaxies were located in minor overdensities in the fore-
ground and background of the cluster, at the radial velocity ranges of,
cz = 2400 − 4000 km s−1 and cz ∼ 12000 − 16000 km s−1, respectively.
Using the deep UKIDSS-GPS images with a pixel scale of 0.2′′/pix and
an average seeing of 0.8′′, counterparts were found for 62% of all the H I
detections. Within the prominent Aur 2 and Aur 3 overdensities, NIR
counterparts were found for 66% and 61% of the H I detections in those
volumes. The other galaxies were either too obscured by the high levels
of Galactic foreground extinction estimated between AK = 0.16 to 0.72
mag, or were gas-rich, low surface-brightness galaxies that are not easily
detectable in the near-infrared.

4.3 Identifying Substructures

The spatial and velocity distribution of galaxies in the Universe suggests
ongoing accretion as groups and clusters of galaxies continue to assemble.
This process results in substructures in these systems and demonstrates
their dynamical nature. It is therefore important to quantify the inci-
dence of substructure and take this into consideration when examining
properties of galaxies as a function of their environment.

There are several methods of identifying substructures within large con-
glomerations of galaxies. One method is to search for the non-Gaussianity
in the galaxy velocity distribution. This gives a first hint for the pres-
ence of substructure. This information alone, however, does not provide
the details of substructures, such as galaxy density and the constituent
galaxy population. It is essential to assess the clustering of galaxies in
both the velocity and spatial distribution at the same time.

In this section we identify and assess environments within the two promi-
nent overdensities in the WSRT PPZoA surveyed volume, namely the
Aur 2 (cz ∼ 4000− 8000 km s−1) and Aur 3 (cz ∼ 8000− 12000 km s−1)
regions. The velocity distributions of these systems are shown in panel
(a) of Figs. 4.1 and 4.2. We searched for the presence of substructures
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using the Dressler-Shectman (DS; Dressler & Shectman 1988) test and
by taking into account the two-dimensional galaxy density distribution
using the smooth particle hydrodynamics technique (SPH; Monaghan
2005). The identified substructures form the cosmic environments in
which we will investigate the H I properties of their galaxy populations.

4.3.1 The Dressler-Shectman test

The DS test measures and compares the local (loc) kinematics of each
galaxy and its nearest neighbours to the global (glo) kinematics of the
entire structure (cluster/group). For the Aur 2 and Aur 3 systems, we
computed for each galaxy (i) the mean velocity (v̄iloc) and dispersion
(σiloc) of its Nloc nearest neighbours. These values were compared to the
mean velocity (v̄glo) and dispersion (σglo) of the entire structure with Nglo

members. The deviation of an individual galaxy from the whole structure
was then calculated as:

δ2
i =

(
Nloc + 1

σ2
glo

)[
(v̄iloc − v̄glo)2 + (σiloc − σglo)2

]
. (4.1)

For both systems we used Nloc =
√
Nglo galaxy neighbours to ensure

that kinematic deviations of a small number of neighbouring galaxies are
not attenuated due to too many unassociated galaxies since this would
lower the computed v̄iloc and σiloc (Pinkney et al. 1996, Hou et al. 2012).

The DS test uses the ∆-value as the statistical test given by

∆ =

Nglo∑
i=1

δi. (4.2)

This is the so-called "critical value" method. By this measurement, a
global system is considered to have a kinematic substructure if ∆/Nglo >
1.0 (Dressler & Shectman 1988).

For Aur 2 (N = 87, v̄ = 6013 km s−1, σ̄ = 859 km s−1) we measured
∆/Nglo = 1.5 and for Aur 3 (N = 72, v̄ = 9931 km s−1, σ̄ = 909 km s−1)
we find ∆/Nglo = 1.6. Both these critical values point to the presence of
substructures in these systems. The resulting "bubble plots" (Dressler &
Shectman 1988) are displayed in Figs. 4.1 and 4.2 (panel c). The galaxy
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positions are marked by circles with sizes relative to their kinematic de-
viations of exp(δi) from their global structures. Using these plots we
then considered galaxies to belong to the same substructure if they ex-
hibit kinematic deviations of exp(δi) > 5, this value was chosen as it best
resulted in substructures that were most coherent in both their spatial
and velocity distributions. The galaxies that were assigned to the same
substructure using these criteria as shown by a collections of circles with
the same colours. Their velocity distributions are plotted separately in
panels (d), (e) and (f) of Figs. 4.1 and 4.2. The velocity distribution of
galaxies that are not associated with any substructure according to the
criteria mentioned above are shown in panel (b) of Figs. 4.1 and 4.2.

Figure 4.1 – Substructures identified in the Aur 2 overdensity (cz ∼ 4000− 8000 km
s−1). (a) The velocity distribution of galaxies detected in HI in the entire system.
(b) The velocity distribution of galaxies unassociated with substructure. (c) The
Dressler-Shectman "bubble plot" where the galaxy symbols are scaled with exp(δi).
The red, blue and cyan symbols denote galaxies which form substructures. Panels
(d), (e) and (f) show the velocity distribution of the identified substructures where
the dashed lines indicate the best-fitting Gaussian profile.
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Figure 4.2 – Substructures identified in the Aur 3 overdensity cz ∼ 8000−12000 km
s−1. (a) The velocity distribution of galaxies detected in the entire system. (b) The
velocity distribution of galaxies unassociated with substructure. (c) The Dressler-
Shectman "bubble plot" where the galaxy symbols are scaled with exp(δi). The
orange, green and purple symbols denote galaxies which form substructures. Panels
(d), (e) and (f) show the velocity distribution of the identified substructures where
the dashed lines indicate the best-fitting Gaussian profile.

4.3.2 The 2D-projection density

Given the low number of redshifts in these regions we also searched for
spatial substructures on the sky by using the projected number density
distribution of gas-poor galaxies identified in the near-infrared within
the surveyed volume (see Chapter 3 for details). This was carried out by
identifying galaxy neighbours following the SPH technique. This method
calculates the density around a point by weighing each neighbour based
on its distance from that point. From this definition the smoothed, pro-
jected galaxy density is given by

ρ =
n∑
i=1

W (ri, d), (4.3)
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where n is the number of neighbours, r is the projected distance to each
neighbour, d the distance to the nth nearest neighbour and the weighting
W (ri, d) is defined by Monaghan & Lattanzio (1985) as

W (r, d) =
8

πd3



1− 6
(
r
d

)2
+ 6( r

d
)3 0 ≤ r

d
≤ 1

2

2(1− r
d
)3 1

2
≤ r

d
≤ 1

0 r
d
> 1.

(4.4)

This spline smoothing kernel is the standard in SPH and has better
smoothing properties because it is centrally weighted with a finite tail un-
like the TopHAT and Gaussian smoothing kernels. An important feature
of an adaptive smoothing kernel is that it will not blur out filamentary
structures into empty regions because it does not "oversmooth" dense re-
gions. This is crucial as it has been shown from cosmological simulations
that the transition between voids and filaments is significantly abrupt
(van de Weygaert & Schaap 2009, Genel et al. 2014). Additionally, it
preserves the distribution of galaxies better than a fixed smoothing ker-
nel. We note that due to the adaptive nature of the smoothing kernel,
the interpretation of the substructures could be complicated since the
smoothing scale systematically changes with the environment, ranging
from a small smoothing scale in overdense regions like clusters, to large
smoothing scales in empty regions (e.g., voids).

We used an adaptive smoothing scale that included n = 16 neighbouring
galaxies. The resulting two-dimensional (2D) projected density map is
shown in greyscales in Fig. 4.3. Regions with a higher incidence of galax-
ies are seen darker.
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Figure 4.3 – The 2D-density projection map of galaxies on the red sequences shown
by the grey contours. Overlaid in blue are the bubble plots of galaxies Aur 2 and
Aur 3 based on the DS test. Identified substructures in both systems are marked and
labeled. In panel (a) the radius of the 3C 129 cluster, rcl = 1.7 Mpc = 1.34R200

(R200 ∼ 1.24 Mpc ; Piffaretti et al. 2011) is illustrated by the large dotted circle and
the core of the cluster, R500 = ∼ 0.8 Mpc (Piffaretti et al. 2011) is shown by the
smaller dashed circle.

We compared this map with the DS bubble-plots of the galaxies in the
Aur 2 and Aur 3 environments as shown in panels (a) and (b), respec-
tively. Based on this comparison we identified and labeled regions in the
projected density map that are likely to coincide with substructures that
were identified from the DS test bubble-plots. The sizes of these regions
were chosen to be only large enough to include all the galaxies assigned
to substructures based on these plots. The gas-poor galaxies within these
regions were then assigned to these substructures. We do however, note
that redshifts of the gas-poor galaxies are required to fully confirm these
substructures, but given the high obscuration level, these are not easily
obtainable.



4

254 Chapter 4: The WSRT PPZoA III. Environmental Effects on HI

4.4 Characterising environments

The presence of the substructures in the two major overdensities (Aur 2
and Aur 3) indicates a range of cosmic environments. In this section we
discuss the main characteristics of the identified substructures.

4.4.1 Substructures in Aur 2 - The Perseus-Pisces ZoA Fila-
ment

We refer the reader to panel (a) of Fig. 4.3 for an illustration of the sub-
structures discussed in this subsection.

The inner 3C 129 cluster is not identified with the DS test due to
a lack of redshifts. The core radius of r ∼ 0.8 Mpc, outlined by the
smaller dashed circle in Fig. 4.3 is centred at (`, b) ≈ 160.5◦, 0.27◦ and
measured out to the characteristic radius R500, being the radius of the
cluster within which the mean overdensity is 500 times the critical density
at the cluster redshift. It is the richest system in the surveyed volume
which consist of 144 galaxies on the red-sequence and only 2 H I detected
galaxies projected within its core. This is quite remarkable for the core
of this X-ray cluster and is indicative of a gas depletion process, to be
discussed in Sect. 4.5.1. It also comprises 2 spectroscopically confirmed
members, the radio galaxies 3C 129 and 3C129.1 with systemic velocities
of 6236 km s−1 and 6655 km s−1 (Spinrad 1975), respectively. Within the
cluster core, early-type galaxies make up 57% of the population. From
its previous X-ray analysis in the 2.0 − 10 keV bands (Leahy & Yin
2000), it is estimated to have a total mass of 5 × 1014M� and a total
luminosity of 2.7 × 1044 erg.s−1. The X-ray analysis also suggests that
the cluster is not yet virialised as evidenced by the substructure in its
X-ray morphology (see Leahy & Yin 2000). The galaxy distribution in
the core of the cluster shows a fairly concentrated but elongated NW-SE
spatial structure.

3C129-A; Located North of the core of the cluster at (`, b) ≈ (160.19◦, 2.07◦),
is the second largest substructure in the Aur 2 overdensity, containing 67
galaxies in total. It is the most H I-rich structure in this system with 22
galaxies (71% late-type) detected in H I and it has a large total fraction
(60%) of late-type galaxies. We measured an average velocity of v̄ = 6923
km s−1 and a dispersion of σ = 422 km s−1 for this substructure. The H I
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galaxies stand out with the largest deviations from the global kinematics
of the Aur 2 population. The group is clearly separated in its velocity
and spatial distribution from other substructures within the vicinity of
the cluster core.

3C129-B; Centred at (`, b) ≈ (161.05◦, 0.33◦) is a collection of about 51
galaxies, 13 detected in H I, 67% of which are late-type. Three of the H I
detections are in an interacting system comprising one of the most H I
massive galaxies in the volume with log(MHI) = 10.3 M�. In projection,
the entire group is located closest to the core of the cluster with 58%
of the galaxies being early-type in their morphology. It is quite tightly
bound in velocity space with v̄ = 5409 km s−1 and σ = 376 km s−1, and
might be falling into the cluster centre.

3C129-C; is the smallest substructure in the Aur 2 overdensity with
v̄ = 5877 km s−1 and σ = 126 km s−1 centred at (`, b) ≈ (159.77◦, 0.67◦)
with only 4 H I detected galaxies out of a total of 7. A small fraction
(28%) of galaxies in this structure are early-type. The galaxies detected
in H I are spatially coherent but their velocity offsets from the global pop-
ulation are only slightly above the set deviation threshold of exp(δi) > 5.

4.4.2 Substructures in Aur 3 - Behind the PPS ZoA Filament

The substructures discussed in this section are displayed in panel (b) of
Fig. 4.3.

Aur 3-A; At (`, b) ≈ (161.54◦, 0.80◦) is the most prominent substruc-
ture in the Aur 3 system. No cluster is known near the spatial location
and redshift of Aur 3-A but it coincides with the predicted CID15 struc-
ture from the 2MRS reconstructed density maps (Erdoǧdu et al. 2006).
This substructure has a total of 71 galaxies, about 46% of which are
early-types. A total of 17 galaxies are detected in H I with a velocity
distribution that has an average of v̄ = 10076 km s−1 and a dispersion
of σ = 334 km s−1. The spatial distribution shows that, unlike the sub-
structures in the Aur 2 system, the H I galaxies in Aur 3 coincide with the
highest projected densities of galaxies identified in the near infrared.
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Aur 3-B; is sparsely distributed spatially around (`, b) ≈ (160.15◦, 0.1◦),
with only 8 H I-detected galaxies out of a total of 65, most (∼66%) of
which being late-type galaxies. The H I detected galaxies in this sub-
structure have a mean radial velocity of v̄ = 10281 km s−1 and σ = 524
km s−1. There is also a slight correlation in the spatial distribution of
these H I detections and the near-infrared galaxies.

Aur 3-C; is the second largest substructure located at (`, b) ≈ (160.67◦, 2.25◦)
comprising 54 galaxies. Half of the galaxies in this structure are early-
types. We only detected 14 of these in H I. Most of these H I detections
have a velocity of about 10203 km s−1 and also coincide with the near-
infrared high density peak of galaxies in the North-West region in the
spatial distribution of the galaxies. No known cluster is found in this
region either.

Table 4.1 lists the number of galaxies, the velocity and the morphological
type fractions for each of the substructures.

Table 4.1 – Characteristics of the identified substructures.

Main Substruc. No. members < cz > σ early
late

early
late

Comments

Structure Hi (Hi+NIR) km s−1 km s−1 Hi+NIR Hi
Aur 2 The 3C129 cl. 2 (144) −− −− 0.57 −− Cluster core

(R500; r = 0.8 Mpc)
3C 129-A 22 (67) 6923 422 0.40 0.21
3C 129-B 13 (51) 5409 376 0.55 0.33
3C 129-C 4 (7) 5877 126 0.28 −−

Aur 2 field — 46 – 5975 829 – 0.43 Hi not associated
with substructure

Aur 3 Aur 3-A 17 (71) 10076 334 0.46 0.20
Aur 3-B 8 (65) 10281 524 0.34 0.28
Aur 3-C 14 (54) 10203 375 0.50 0.25

Aur 3 field — 33 – 9837 928 – 0.31 Hi not associated
with substructure
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4.5 The Hi Gas Content in Various Environments

Observational and theoretical studies have shown that interactions be-
tween galaxies and their environments leave signatures on their fragile
gas disks (Chung et al. 2009, Jaffé et al. 2011, Marasco et al. 2016). A
well-known result of this is that galaxies in dense cosmic environments
such as clusters and compact groups tend to be more gas-deficient com-
pared to their isolated counterparts.

In this section we assess the H I gas-deficiency of galaxies within different
environments in the WSRT PPZoA volume, in an effort to gain further
insights into how and where galaxies lose their gas. This is conducted by
examining their H I-mass relative to their K-band luminosity (MHI/LK)
and their H I deficiency parameter DefHI (Haynes, Giovanelli & Chin-
carini 1984, Solanes et al. 2001, Gavazzi et al. 2008). The latter defines
the H I-deficiency as the logarithmic difference between the observed H I
content and the expected value in isolated galaxies of the same linear size
and morphology. We adopt the distance-independent approximation of
DefHI described by Solanes et al. (2002).

DefHI =
〈
logΣ̄HI(T )

〉
− logΣ̄HI, (4.5)

where Σ̄HI is the so-called mean "hybrid" H I surface density for a given
morphological type T, computed within the optical disk as Σ̄HI = SHI/D

2
opt

where SHI is the total flux in Jy km s−1 and Dopt is the apparent optical
diameter in arcmins. Given the high optical extinction in our survey area
we are forced to use instead the extinction corrected (e.g., Riad, Kraan-
Korteweg & Woudt 2010) diameter as measured in the NIR K-band at
the 20 mag arcsec−2 isophote. We adjusted the NIR diameters to the
expected optical diameters (DB25) using the scaling factors provided by
Jarrett (2000). We follow the prescription by Chung et al. (2009) and
adopt the definition of DefHI that is independent of morphological type
by comparing all the morphologies to a mean hybrid H I surface density
of log

〈
Σ̄HI(T )

〉
= 0.37± 0.07 (Chung et al. 2009).
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4.5.1 The HI-Content of the 3C129 Cluster Galaxies

The most striking behaviour of the H I-deficiency in galaxy clusters is its
dramatic increase towards the cluster centre. This is particularly evident
in rich Coma-like clusters that are characterised by high X-ray luminosi-
ties. In this case, ram-pressure stripping by the ICM is thought to be the
dominant process for removing gas from galaxies (Giovanelli & Haynes
1985b, Bravo-Alfaro et al. 2000b, Schröder, Drinkwater & Richter 2001,
Gavazzi et al. 2006, Dénes, Kilborn & Koribalski 2014). This cluster-
centric increase of the H I-deficiency has been shown to also occur in
less-rich and younger clusters such as the Virgo cluster, albeit in a less
dramatic manner (Solanes et al. 2002, Safonova 2011). The X-ray lu-
minosity of the 3C 129 cluster characterises it as a cluster that is more
massive than the Virgo cluster, but not as massive and dynamically re-
laxed as the Coma cluster.

In this section we examine the projected radial behaviour of the H I-
deficiency of galaxies in the relatively rich and dynamically non-relaxed
3C129 cluster. The radial projected distance of galaxies is measured
from the cluster centre at (`, b) ≈ (160.52◦, 0.27◦) as adopted from its
X-ray emission, out to a maximum projected radius of rcl ≈ 1.7 Mpc.
Within this volume 43 galaxies were detected in H I. However, for only
24 of these galaxies a NIR counterpart in the UKIDSS-GPS images could
be identified. We used these 24 galaxies to calculate their relative H I-
content as a function of the projected radial distance as shown in Fig. 4.4.

The inner regions: Within rcl < 0.5R200 (R200 ∼ 1.24 Mpc) we find a
single H I-detected galaxy. It is tempting to infer that this could be the
result of a selection bias given that 19 out of the 43 galaxies that were
detected in H I, could not be included in the construction of Fig. 4.4. We
consider this possibility by inspecting the spatial distribution of all 43
galaxies detected in H I (with and without a NIR counterpart; e.g., left
panel of Fig. 4.3). Only 2 out of 43 H I-detected galaxies are located
within rcl < 0.5R200, with one of these two galaxies lacking a near-
infrared counterpart. Thus the lack of H I detections within this inner
projected radius is unlikely due to a sample selection bias.
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Figure 4.4 – The HI gas content of galaxies in the 3C 129 cluster as a function of their
projected radial distance from the cluster centre. The upper panel shows the distribu-
tion of the log(MHI/LK) values and the bottom panel is the HI-deficiency parameter
(DefHI). Symbols enclosed in blue boxes denotes galaxies within the 3C129-B group.

The paucity of H I-detected galaxies within this inner projected radial
distance can probably be attributed to the high ICM density of ρ0 =
6 × 10−3cm−3 (Leahy & Yin 2000), which would strip the H I gas of
galaxies through ram-pressure. This is supported by the X-ray maps of
Leahy & Yin (2000) from ROSAT, which show that the X-ray emission
of the 3C 129 cluster can be traced out to a radial distance of roughly
0.6R200, beyond which we start detecting galaxies in H I. As a result
of this ram-pressure stripping, the measured H I-deficiency of galaxies is
expected to increase toward the cluster centre to a level at which H I-
depleted galaxies would not have been detected as they fall below our
H I-mass detection limit. One might also be tempted to interpret this
as just the classical morphology-density relation, but we note that more
than 40% of the galaxies seen in projection against the centre of the clus-
ter were estimated to be late-type galaxies, which are commonly known
to be gas-rich (see Table 4.1).



4

260 Chapter 4: The WSRT PPZoA III. Environmental Effects on HI

The one galaxy within this region with log(MHI/LK) ≈ 1.0 M�/L� and
DefHI = −0.09 displays a radial velocity of cz ≈ 4639 km s−1, while
the line-of-sight velocity of the 3C 129 cluster is cz = 5227 km s−1 as
measured from the H I detections (see Chapter 3), and cz ∼ 6295 km
s−1 when based on the two radio galaxies with optical redshifts (Spinrad
1975). It is possible that this one H I-detected galaxy is physically located
further from the cluster core than it appears at its projected distance or
infalling from behind.

The cluster outskirts: At larger projected distances from the cluster
core we find eleven galaxies with a low relative H I-content of log(MHI/LK)
< −1.0 M�/L�, distributed over projected radial distances of 0.5R200

to 1.25R200. This low gas content is also demonstrated by the non-
zero H I-deficiency parameter (DefHI) measured over that projected ra-
dial distance range. We find that about 60% of galaxies that are sub-
stantially gas-poor with a relative H I-content of log(MHI/LK) < −1.5
M�/L� are actually located even further out from the centre of the
cluster, at rcl > 0.75R200. We measured a mean of <log(MHI/LK)>
= −0.89±0.06 M�/L� for these galaxies and a mean of <log(MHI/LK)>
= −0.79 ± 0.13 M�/L� for galaxies closer to the core of the cluster
within 0.5R200 < rcl < 0.75R200. These two means are not significantly
different according to the student-t test which gives a p-value of 0.89. It
therefore appears that galaxies relatively closer to the core of the cluster
are not much more gas poor than those further out. This is not due to
their intrinsic nature since ∼70% of the galaxies further from the cluster
core were found to be late-type galaxies which are known to be usu-
ally gas-rich. It seems likely that another gas removal mechanism such
as galaxy-galaxy interactions within subgroups maybe responsible for the
relatively low measured H I content. We support this claim by noting that
the spatial and velocity distributions of some of the gas-poorest galax-
ies with log(MHI/LK) < −1.5 M�/L� place them within the 3C 129-B
group, which comprise 67% of late-type galaxies. Galaxies in this group
are indicated by the blue boxes in Fig 4.4.

Our assessment of the H I-content of 24 galaxies in the cluster is hindered
by low number statistics and our simple analysis does not point to any
overall gas removal mechanism. We find that the ICM plays a role in
depleting gas from the galaxies once they get within the vicinity of the
X-ray emission, while galaxy-galaxy interactions within galaxy groups in
the cluster outskirts are likely responsible for the removal of gas.
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4.5.2 Comparison with other environments

In addition to the physical H I-gas removal mechanisms in the various
environments, insights into the origin of the H I-content in galaxies can
be inferred from evaluating its variation with the intrinsic properties of
the galaxies such as their morphologies.

We examine the H I-content by measuring log(MHI/LK) and DefHI of
galaxies as a function of their morphology in the various cosmic envi-
ronments found in the entire WSRT PPZoA volume. This is carried
out by categorising all the H I galaxies with identified NIR counterparts
into three environments. One environment is the X-ray emitting 3C 129
cluster which is formed by galaxies within the radius of the cluster of
rcl ≈ 1.7 Mpc. This population includes galaxies in the 3C 129-B and
3C129-C groups within this cluster radius. Galaxies in this cluster en-
vironment are likely affected by both ram-pressure stripping and tidal
interactions. The other environment constitutes galaxies located in sub-
structures/groups identified in Sect. 4.4 but excludes the aforementioned
groups that lie within the radius of the 3C 129 cluster. These groups
of galaxies have no known cluster association nor any X-ray emission
at their locations. Galaxies in this group environment are likely not af-
fected by ram-pressure stripping while tidal interactions are likely. The
last environment is composed of the field galaxies which do not belong
to any substructure nor cluster association in the entire survey volume
(cz ≈ 2000− 16000 km s−1). Galaxies in this field environments are not
expected to be affected by gas removal processes. As a comparison sam-
ple we also consider the log(MHI/LK) and DefHI values of the galaxies in
the Virgo cluster as extracted from data provided by Chung et al. (2009).

For this analysis we adopt the estimated morphological types of the galax-
ies as defined from the NIR images, i.e. early-types (E/S0), early-spirals
(eS), mid-range spirals (mS), late-spirals (`S) and everything else later
than `S as Irregulars (Irr).

The relative H I gas content as a function of galaxy morphology is shown
in Fig. 4.5. Galaxies in all three cosmic environments share a common
pattern from late-type to early-type galaxies: A strong negative trend
in log(MHI/LK) indicating a decreasing relative H I-content toward early-
types, and a positive trend in DefHI demonstrating an increasing H I-
deficiency toward early-types.
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Figure 4.5 – The HI gas content as function of the galaxy morphology in the 3C 129
cluster shown in red symbols. The galaxy groups are represented by green symbols
and field galaxies are shown in blue. The grey symbols are the Virgo cluster galaxies.
The upper panel shows the distribution of the log(MHI/LK) and the bottom panel is
the HI-deficiency parameter (DefHI).
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This is not surprising since early-type galaxies are known to be gas-poor.
For the early-type galaxies (eS) in the cluster we measure a median of
log(MHI/LK) = −2.2± 0.6 M�/L� and DefHI = 2.3± 1.1. For the group
population we find log(MHI/LK) = −1.8±0.42 M�/L� andDefHI = 0.8±
0.4. The early-type galaxies in the field have log(MHI/LK) = −1.6± 0.5
M�/L� and DefHI = 0.5 ± 0.3. These measurements show that early-
type galaxies in the cluster are slightly gas-poorer compared to early-
type galaxies in the group and field environments. This is expected and
is likely due to a combination of the nature of these galaxies and a gas
removal mechanism in the cluster. This is supported by noting that E/S0
galaxies were only detected in the field and group environment and none
were detected in the cluster.

The late-type population (mS, `S and Irr) exhibits a median of log(MHI/LK)
= −0.7± 0.6 M�/L� and DefHI = 0.3± 0.9 in the cluster, log(MHI/LK)
= −0.9 ± 0.8 M�/L� and DefHI = 0.5 ± 0.7 in galaxy groups, and
log(MHI/LK) = −1.0 ± 0.6 M�/L� and DefHI = 0.4 ± 0.2 in the field
galaxy population. Based on these measurements, it is interesting to note
that contrary to expectations there is no evidence suggesting a lower H I-
content or a higher gas-deficiency in late-type galaxies located in the
cluster compared to those in groups or in the field. However, it is worth
noting that the field galaxies are not completely isolated but are part
of large-scale filamentary structures within the WSRT volume (see Sect.
2.7) and may suffer from other gas-removal mechanisms as they travel
through the filaments. The role played by these filamentary structures
on the H I-gas is not yet clear. For comparison we note that the Virgo
galaxies have median values of log(MHI/LK)=−1.2 ± 1.2 M�/L� and
DefHI = 0.2 ± 0.4 for the same late-type morphologies, thus indicating
similar relative H I-content and gas deficiency as the 3C 129 cluster.

4.6 HI Morphologies

Peculiarities in the H I content, morphology and kinematics of galaxies
have become an important tool in deciphering the effect of the envi-
ronment on galaxies. By studying the various H I properties in relation
to data from other wavelengths, crucial impacting mechanisms on the
individual galaxies can be identified. Having characterised the various
environments in the WSRT PPZoA volume we can now investigate the
H I morphologies of the galaxies localised therein and gain hints on the
possible processes taking place.
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In this section we evaluate the range of H I morphologies in substructures
outlined in Sect. 4.4. For this purpose we examine the H I-global profiles,
integrated H I-maps and kinematics of galaxies in the substructures to
identify disturbances in their H I distribution.

Asymmetries in the H I-global profiles are assessed by computing the ratio
of the integrated flux (SHIratio = SHI,h/SHI,l) where SHI,h is from the
side (receding or approaching) of the H I-global profile with the highest
integrated flux and SHI,l is from the lower side (Espada et al. 2011).
Asymmetries in the integrated H I-maps are determined visually from
the second lowest H I-column density contour in the maps. Kinematic
lopsidedness is determined by visually inspecting the velocity fields and
position velocity diagrams in a similar way as Swaters et al. (2002) have
done. For galaxies with a UKIDSS counterpart we also measured offsets
between the stellar and gas components. The necessary H I data used
were extracted from the H I atlas and catalogue of Ramatsoku et al.
(2016) and NIR coordinates were determined from co-added J+H+K
band images. The UKIDSS-GPS has a nominal positional accuracy of
∼0.1′′ − 0.3′′ (Lucas et al. 2008).

We note that determining H I morphologies by visually inspecting inte-
grated H I-maps is prone to some subjectivity. Moreover the low signal-to-
noise may result in artificial asymmetric H I distributions. In the future,
using non-parametric methods such as those proposed by Giese et al.
(2016) should provide a more homogenous and improved characterisa-
tion of the H I morphologies of galaxies since they will take these effects
into account. These methods are however not available currently as they
are still under development.

4.6.1 HI Morphologies in Aur 2

Figure. 4.6 shows a compilation of the integrated H I maps for all 87
galaxies located in the Aur 2 system. Individual galaxies are three times
enlarged and placed at their proper positions on the sky. The X-ray
emission contours of the 3C 129 cluster and the two radio sources located
in this overdensity are also displayed, but at their actual size.
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Figure 4.6 – The integrated Hi maps with 23 × 16 arcsec angular resolution of all
galaxies detected in Hi in the Aur 2 overdensity. Galaxies are scaled up by a factor of
3. The X-ray emission of the 3C 129 cluster is shown in blue and the position of the
contours of the radio sources 3C 129 and 3C129.1 are shown in red. The dotted line
outlines the WSRT PPZoA surveyed region.
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3C129-A: Figure 4.7 presents a close-up of the 3C 129-A group. Galax-
ies in this region are mostly characterised by a one-sided tail as evident
from their integrated H I-maps (panel a). We identified asymmetries in
H I-maps for ∼64% of galaxies located in this group. This asymmetry is
also seen to some degree in their H I-global profiles (panel b) with 50%
of the galaxies exhibiting SHIratio > 1.2. The offsets between the H I and
NIR centroids range from negligible offsets of ∼2′′ to significant offsets as
large as 20′′ (see panel c).There is not preferred direction for the offsets
of the gas disks with respect to the stellar disks. In the bottom part of
Fig. 4.7 we show typical examples for the range of H I properties found in
this structure. These galaxies are located at a projected distance of 2.9
Mpc from the core of the 3C 129 cluster thus ram-pressure stripping is
unlikely responsible for the observed asymmetric morphologies. Instead,
the H I asymmetries probably originate from gravitational interactions
between the galaxies.

3C129-B: This group of galaxies is located at a projected distance of
0.7 Mpc from the 3C 129 cluster core (panel (a) of Fig. 4.3). Galaxies
in this region show a wide range of H I-morphologies. We find asymme-
tries in H I-maps for 54% of these galaxies. This is mostly due to the
fact that the group comprises a tidally interacting triplet which results
in asymmetric disks of those galaxies (e.g., panel (a) of Fig. 4.8). This
interacting subgroup aside, the most common characteristic among the
non-interacting galaxies is that the H I-disks do not show any distinct
signs of asymmetries nor any significant offsets between the NIR and H I
centres (5′′ at most; panel b). There are also no obvious asymmetries in-
ferred from the H I-global profiles. The lack of asymmetries is contrary to
expectations since ram-pressure stripping from the X-ray emission, which
would result in H I offsets from stellar components and in the presence of
H I-tails, is supposed to be significant at these locations, given the vicin-
ity of this group to the cluster centre. They do however exhibit smaller
H I-radii compared to the stellar disk, with a median of DHI

DK
∼ 3.12, with

DK measured from the K-band 20 mag arcsec−1 isophote. These kinds
of galaxies with smaller relative H I-disks but without any morphological
asymmetries, close to cluster centres are thought to result from gas de-
pletion mechanisms such as thermal evaporation, starvation or viscous
stripping, since these processes affect the entire disk on longer timescales
compared to ram-pressure stripping (Nulsen et al. 1982, Cayatte et al.
1994).
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Figure 4.7 – The HI map of all the galaxies in the 3C129-A substructure is shown in
panel (a). In panel (b) we show the integrated flux ratio, SHIratio distribution. The
offsets between of the gas disks with respect to the stellar disks are shown in panel (c).
The smaller images in the bottom panels are examples (selected at random) of the
HI properties used to characterise galaxies in this structure. For each of the example
galaxies we show in the left panel, the total HI maps at the 23′′×16′′ angular resolution
overlaid over the K-band image. The HI column density contour levels are at 1, 2,
4, 8, 16, 32... × 1020 atoms/cm2. The white cross and circle indicate the HI and
NIR centroids, respectively. The middle panels show the major-axis position-velocity
diagrams at a velocity resolution of 16.5 km s−1. The global HI profiles are shown
in the right panel where the connected black dots give the primary-beam corrected
integrated HI flux density in each channel at a velocity resolution of 16.5 km s−1.
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Figure 4.8 – Same as Fig. 4.7 but for the 3C129-B substructure.
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3C129-C: Galaxies in this small substructure do not show any signs of
asymmetries in their H I-maps, global profiles or kinematics. The small
number statistics does not allow for any further detailed analysis.

4.6.2 HI Morphologies in Aur 3

A composite image of the total H I maps for the 72 galaxies in the Aur 3
overdensity is shown in Fig. 4.6. The individual galaxies are located at
their proper sky positions and enlarged three-fold, as in Fig. 4.6.

Figure 4.9 – The integrated Hi maps with 23 × 16 arcsec angular resolution of all
galaxies detected in HI in the Aur 3 overdensity, scaled up by a factor of 3.
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Aur 3-A: This group comprises galaxies that show distortions in their
global H I profiles with 63% of the galaxies exhibiting SHIratio > 1.15
(panel (b) of Fig. 4.10). We also note asymmetries in their kinematics
for 41% of the galaxies and in their integrated H I-maps for 53% of the
galaxy population (panel a). About 83% of the galaxies with a near-
infrared counterpart show offsets larger 5′′ between the gas and stellar
disks. Interestingly, all offsets are to the North. We previously men-
tioned that we are not aware of any cluster nor X-ray emission in or
near the location of this substructure. The apparent offsets of the H I gas
likely arise from a high incident of galaxy-galaxy interactions. This has
a high probability given their tight spatial distribution and low veloc-
ity dispersion (e.g., Sect. 4.4.2), although the systematics in the offsets
would better fit the notion of coherent ram-pressure stripping.

Aur 3-B: As illustrated in panel (b) of Fig. 4.11, only slight asymmetries
in the global H I profiles are evident in galaxies located in this small H I
group. Most of them (66%) are edge-on spiral galaxies as classified in
the near-infrared K-band images. A fraction of 38% shows a slight com-
pression on one side and a minor one-sided tail on the other side in their
integrated H I map contours (see panel a). The low number count does
not allow us to make concrete claims. However, given that their spatial
distribution coincides with a high projected density of galaxies identified
in the near-infrared we could speculate that it is possible that they are
gravitationally interacting within this high density environment. For the
galaxies in this group too, there seems to be a systematic offset of the
H I disks.

Aur 3-C:As shown in Fig. 4.12, a relatively large fraction (57%) of galax-
ies in this group exhibits signs of asymmetries in their H I-global profile
of SHIratio > 1.15. We also find asymmetries in 64% of the galaxies
as inferred from their H I integrated maps. A comparison of the inte-
grated H I maps with their stellar disks for those with NIR counterparts
shows offsets as large as ∼5′′ (panel c). Galaxies in this group might be
experiencing gravitational interaction within a high galaxy density en-
vironment. This claim is supported by the compact spatial distribution
which coincides with the peak density of near-infrared galaxies as shown
in panel (a) of Fig. 4.3.

Table C, in Appendix C, lists the H I and NIR properties of the galaxies
used to assess the H I-morphologies and H I-content.
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Figure 4.10 – Same as Fig. 4.7 but for the Aur 3-A substructure.
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Figure 4.11 – Same as Fig. 4.7 but for the Aur 3-B subtructure.
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Figure 4.12 – Same as Fig. 4.7 but for the Aur 3-C subtructure.
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4.7 A phase-space view of the 3C 129 cluster

In subsection 4.5.1 we focused on the H I content of galaxies as a func-
tion of the projected distance from the cluster centre. Galaxies appeared
to be gas-deficient even at further distances from the cluster core where
ram-pressure stripping is expected to be less effective. We attributed
this pattern to galaxy-galaxy interactions within the subgroups. How-
ever, the other agent to consider for the observed H I-content of galaxies
is their orbital histories. For example, a strong dependence on the galaxy
gas deficiency was found in the Virgo cluster by Vollmer et al. (2001) who
reported that the population of the most gas-deficient galaxies seem to
have experienced at least one pericentric passage. It would thus be de-
sirable to characterise the three-dimensional distribution of galaxies in a
cluster and trace their orbital trajectories. This is a complex task because
rich galaxy clusters have velocity dispersions of about 1000 km s−1. As
a result, the line-of-sight (l-o-s) distance of a given cluster member can
only be measured with an accuracy no better than 15 Mpc (Hernández-
Fernández et al. 2014).

Nevertheless, recent studies have shown that clues to the orbital histo-
ries of galaxies can be estimated by combining their projected positions
with the kinematics of the galaxy distribution as a function of galaxy
properties. An effective analysis method is to evaluate the cluster pro-
jected phase-space, defined by the projected radius and the l-o-s velocity
of galaxies in the cluster-frame (Hernández-Fernández et al. 2014). Such
a diagram displays lower limits on the three-dimensional distance to the
cluster core and the l-o-s velocities of the cluster galaxies. This projected
phase-space also makes it possible to statistically infer whether a galaxy
is still falling into the cluster or is already within the virialised region
of the cluster, or even whether it belongs to a population of so-called
backsplash galaxies (Oman, Hudson & Behroozi 2013).

In this section we explore the location of H I-detected galaxies in the
cluster projected phase-space in an attempt to gain further insights into
how the inferred orbital histories of galaxies in the 3C 129 cluster could
have shaped their current observed H I properties. For this purpose we
selected all galaxies that were detected in H I within a projected distance
from the cluster centre of rcl = 1.7 Mpc. The l-o-s velocities normalised
by the cluster velocity dispersion were determined by,
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∆v

σcl
=

c(z − zcl)
σcl(1 + zcl)

, (4.6)

where c is the speed of light and zcl and σcl are the estimated redshift and
velocity dispersion of the cluster. We adopted a redshift of zcl = 0.02 from
the optical spectroscopy of the radio galaxies in the centre of the cluster
and used σcl = 765 km s−1 as inferred from the β-model of the cluster
by Leahy & Yin (2000). This dispersion is smaller than that measured
from the H I-detections of σcl = 1097 km s−1, but might better describe
the cluster potential in the absence of optical spectroscopic redshifts.

Figure. 4.13 illustrates the galaxy distribution of the projected phase-
space of the 3C 129 cluster. The diagram is basically a schematic repre-
sentation of how the galaxy cluster assembles as galaxies approach into
its gravitational potential. It demonstrates how galaxies fall in from
larger radii and become members of the virialised population in the clus-
ter centre. This virialised region is shown by the grey dashed lines based
on Eqs. (2) and (3) by Mahajan, Mamon & Raychaudhury (2011). It is
best approximated by a triangular shape, noting that within rcl < R200 a
cluster is measured to have a dispersion of σcl ≈ 0.65∆v as predicted from
hydrodynamical simulations by Mamon, Biviano & Murante (2010). The
dotted grey lines represents the escape velocity assuming the cluster’s
total mass is distributed in accordance with a NFW potential (Navarro,
Frenk & White 1996). The escape velocity was projected to the l-o-s
velocity by applying the scaling factor of vesc ∼

√
3σcl .

We first note that only a small fraction of about 18% of the H I detected
galaxies that are confirmed members of the cluster, have velocities in
excess of the escape velocity. Considering that the PPS resembles a fil-
amentary sheet extending from cz ∼ 4000 − 8000 km s−1 (Giovanelli &
Haynes 1985a, Giovanelli et al. 1986, Seeberger, Huchtmeier & Wein-
berger 1994), these galaxies are likely members of subgroups that are
falling into the 3C 129 cluster from the PPS filament. However, it is also
important to note that the NFW model assumes a spherical potential.
Most clusters, however, do not have spherical halos. This is likely the
case with the 3C 129 cluster given that it shows hints of being in the pro-
cess of accreting substructures as discussed in Chapter 3. Consequently,
the lines in Fig. 4.13 should merely be considered as indicative.
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Figure 4.13 – The projected phase-space distribution for the 3C 129 cluster. All Hi
detected galaxies in the cluster with and without a NIR counterpart are shown in
grey. The black dotted line is the escape velocity assuming an NFW potential for
the cluster. The grey cone represents the virialised region. The red circles are the
3C 129 and 3C129.1 galaxy radio sources in the core of the cluster. The solid red
lines outline the regions where a modelled Milky Way-like galaxy is expected to be
gas stripped to an HI-mass below our detection limit (red-solid line). The red dashed
line is where this galaxy is expected to be completely gas stripped.

Secondly, and more meaningful, very few H I-detected galaxies are found
within the virialised region. The highest incidence of H I-detected galaxies
are located outside this estimated virialised region. We attribute this
to the possible effects of ram-pressure stripping by the cluster’s ICM.
Hints of this effect could already be surmised from the curved head-tail
morphologies of the two radio sources in the centre of the cluster, evident
in the NVSS 1400 MHz maps shown in Fig. 4.6. In the next section we
examine the influence of ram-pressure stripping as manifested by the
distribution of galaxies in projected phase-space.
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4.7.1 HI Stripping

According to prescriptions by Hernández-Fernández et al. (2014) the ef-
fectiveness with which the ICM pushes gas out of galaxies (η = Pram/

∏
gal)

can be computed as the ram-pressure (Pram) exerted over the anchoring
gas pressure of a galaxy as a result of its own gravity (

∏
gal; Gunn &

Gott 1972). The ram-pressure exerted on a galaxy is defined as,

Pram = ρICMv
2
gal, (4.7)

where, vgal is the velocity of the galaxy, projected onto the line-of-sight by
scaling it with a factor of

√
3 , and ρICM is the ICM gas density based on

the standard β-model profile (Cavaliere & Fusco-Femiano 1976) described
by,

ρICM(r) = ρ0

[
1 +

(
rcl
r0

)2]−3/2β

, (4.8)

In this equation ρ0 is the central ICM density, r0 is the core radius of the
cluster from the β-profile and rcl is its three-dimensional radius, scaled
statistically to the projected radius rp by rcl = (π/2)rp.

The adopted parameters from the β-model of the 3C 129 cluster are
ρ0 = 1.0 × 10−26 g cm−3, r0 = 11′ ± 1′ and β = 0.7 ± 0.2 (Leahy &
Yin 2000).

The restoring gravitational force per unit area of a galaxy (
∏

gal) was
determined following derivations by Jaffé et al. (2015),

∏
gal

= 2πGΣgΣs, (4.9)

where G is the gravitational constant, Σg and Σs are the gas and stellar
surface densities assuming an exponential profile of Σ = Σ0e

−rt/Rd where
rt is the radial distance from the galaxy centre and Rd is the scale-length
of the stellar disk.
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We have not measured stellar masses for our H I-galaxy sample but we
use a Milky Way (MW) type model galaxy (see Jaffé et al. 2015) to esti-
mate the region in the phase-space diagram where we expect the gas disk
of this type of galaxy to be completely stripped within the 3C 129 cluster
(i.e., rt = 0). This region is to the left of the red dotted lines in Fig. 4.13.
The H I detection limit at the distance of the cluster is MHI = 3×108M�.
As a result, the gas disk of the galaxies does not have to be stripped
down to rt = 0 to fall below our detection limit. We estimated the radius
rt at which the remaining gas mass fraction (f =

MHI,lim

Mgas,tot
) of a MW-

type galaxy would fall below our survey H I detection limit. This radius
was measured to be rt ≈ 1.20 kpc using Eq. 2 in Jaffé et al. (2015).
A MW-type galaxy within the 3C 129 cluster is expected to have been
gas-stripped to an H I mass below that of our survey limits when it is
left of the red solid lines. Our H I detections are consistent with this
crude approximation. Only one galaxy is found within the predicted H I-
limit stripped region and none are found in the "completely" stripped
region. We stress the approximations and assumptions that are used for
our arguments as imposed by the limited observational data.

4.7.2 Orbital Trajectories of the Galaxies

Recently, attempts were made to use a phase-space analysis to better
understand the origin of the H I properties of galaxies that are embedded
in clusters. For example, in a study of the Virgo cluster, Yoon et al.
(2017) showed that it is possible to trace the orbital trajectories of H I
stripped galaxies in the phase-space diagram.

The trajectories of the galaxies in projected phase-space is expected to
be as follows: A galaxy transitioning from the cluster’s surrounding re-
gions will fall into the cluster from larger distances at velocities that are
close to the escape velocities. As it moves closer to the cluster core, its
orbital velocity will increase to its maximum velocity as it passes close
to the cluster centre. After this first crossing of the cluster, it will move
out of the cluster centre back to the outskirts where it will turn around
and fall in again. It will oscillate back and forth in this manner until it
settles into the virialised region of the cluster. A schematic overview of
how an infalling galaxy settles into the virialised region is shown traced
by arrows in Fig. 4.14. This orbital sequence is also illustrated in Fig. 4
by Jaffé et al. (2015) based on cosmological simulations in phase-space.
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Figure 4.14 – A schematic snapshot of the orbital trajectory of an infalling galaxy
in phase-space. The predicted orbital progression is traced by lines and arrows. The
black dotted line is the escape velocity assuming an NFW potential for the cluster.
The grey cone represents the virialised region. The solid red lines outline the regions
where a modelled Milky Way-like galaxy is expected to be gas stripped to an HI-mass
below our detection limit (red-solid line). The red dashed line is where this galaxy is
expected to be completely gas stripped.

Most of our H I detected galaxies appear to be localised within the region
of first infall. Their radial velocities are expected to be increasing as they
move in from the outskirts and experience an increasing ICM density
closer to the core. They would only start losing gas as they move closer
to the stripping region (leftward of the red lines). This effect is seen
in the relative H I-content of the galaxies shown in Fig. 4.15. Galaxies
with the highest velocities |∆v|/σ > 1.0 at radii less than 0.8R200 have
a slightly lower H I content of log(MHI/LK) < −1.0 M�/L� compared to
those at rcl > 0.8R200.

The relative H I content of the galaxies in the 3C 129 cluster seems to sug-
gest that they are on their way to the cluster for the first time. About
26% of these galaxies are located in the 3C 129-B subgroup. They are
outlined by black boxes in Fig. 4.15 and already show signs of high gas
deficiencies, possibly due to tidal interactions while also falling into the
cluster core. An accurate assessment of the timescales for orbital trajec-
tories is not trivial, however a rough approximation of the crossing time
can be made.
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Figure 4.15 – The projected phase-space distribution for the 3C 129 cluster. Galax-
ies detected in HI with a NIR counterpart are illustrated by gradient-blue points
which represent their relative HI content log(MHI/LK). HI detections without a NIR
counterpart are represented by grey symbols. Galaxies outlined by black boxes are
located in the 3C 129-B subgroup. The black dashed line and the grey cone are the
same as in Fig. 4.13. Similarly, the solid and dashed red lines. Radio sources, 3C 129
and 3C129.1 are shown by red dots.

If we assume that a galaxy (e.g. MW-type) moving within the potential
of the 3C 129 cluster in the infall region has a velocity of 1.1σcl, it would
take ∼1.65 Gyr to cross from the outskirts of the cluster at rcl = 1.34R200

into the region in which it will be completely stripped (rcl < 0.2R200) and
∼1.0 Gyr assuming an increased velocity of 1.6σcl. For this galaxy to
experience enough stripping to fall below our H I detection limit at (rcl <
0.4R200), the crossing time is about 1.3 Gyr at a velocity of 1.1σcl and
0.9 Gyr with velocity of 1.6σcl. Tonnesen, Bryan & van Gorkom (2007)
reported from cosmological simulations that the timescale for complete
gas removal is around ≥ 1 Gyr. Therefore it seems that galaxies within
the 3C 129 cluster will pass through the centre of the cluster only once,
before their H I-gas is completely stripped.

Caution should be taken when interpreting the galaxy distribution in
phase-space since projection effects could cause the observed velocity
to be lower than the true orbital velocity. Similarly, the true three-
dimensional radius could be larger than the observed projected radius.
However, when multiple objects are found in the same location in phase-
space the probability that they have similar orbits is significantly in-
creased (Oman, Hudson & Behroozi 2013).
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4.8 Discussion and Summary

We used data from the WSRT PPZoA blind H I-imaging survey of a dy-
namic region associated with a largely unexplored filament of the Perseus-
Pisces Supercluster (PPS; cz ∼ 6000 km s−1) located in the Zone of
Avoidance (ZoA). The H I-detected galaxies from this survey revealed a
myriad of diverse cosmic environments from galaxy voids to several ma-
jor overdensities in redshift space that had previously remained hidden
behind the Milky-Way. One of the revealed major overdensities (Aur 2)
contains the massive, X-ray emitting 3C 129 cluster embedded in the
filament of the PPS. Another major overdensity behind the PPS has
no known cluster association nor X-ray emission detected in its vicin-
ity. The unique characteristics of these regions offered a range of cosmic
environments from which we could study their effects on the observed
H I-properties of galaxies.

We performed tests to search for the presence of substructures in the two
major overdensities Aur 2 and Aur 3, and found a high degree of sub-
structure in both. Within the Aur 2 system, two substructures are found
inside the radius of the cluster of rcl = 1.7 Mpc and one substructure
is found at larger projected radii. The existence of these substructures
suggests that the cluster is still assembling by actively accreting galax-
ies and galaxy groups from the PPS. Three substructures were found
within the Aur 3 system. The galaxy populations within the identified
substructures in Aur 2 and Aur 3 demonstrate the variety of these cos-
mic environments. About 52% of the galaxies in substructures located
within Aur 2 are early-type galaxies, while the Aur 3 system contains a
somewhat lower fraction (43%) of early-type galaxies and is dominated
by gas-rich late-type galaxies.

We assessed the H I-morphologies of galaxies within the various environ-
ments by examining asymmetries in the global H I profiles, integrated
H I-maps and position-velocity diagrams. We find that asymmetries are
common in the two major substructures within the Aur 2 system. A
fraction of about 63% of these galaxies show these asymmetries in the
global H I profiles and 60% in their integrated H I-maps. Similar frac-
tions of asymmetries are also found in the global H I profiles of galaxies
located in large substructures in the Aur 3 system. When we compare
with galaxies in smaller groups, we find slight peculiarities in only ∼33%
of their H I-maps. We conclude that the disrupted H I-morphologies are
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likely the result of tidal interactions in densely populated groups.

When examining the H I galaxy distribution within the 3C 129 cluster
we find a paucity of H I-detections in the core of the cluster within
rcl = 0.5R200. Only 2 of the H I-detections in the cluster are located in
this region. The majority (∼94%) of galaxies detected in H I are located
in the outskirts at projected distances of rcl > 0.5R200. This segregation
points to a high gas deficiency in the core of this cluster resulting from
effects of ram-pressure stripping due to the dense ICM of the 3C 129
cluster of ρ0 = 6 × 10−3cm−3. We support this claim by analysing the
projected phase-space diagram. We modelled the ICM density profile and
predicted regions in this diagram where galaxies are likely to experience
ram-pressure stripping. Our H I-galaxy distribution in this phase-space
projection coincides well with the estimated ram-pressure stripping lo-
cations with almost all of the H I-detected galaxies found outside the
predicted estimated gas-stripping regions in phase-space.

We evaluate the H I-content in various environments by combining near-
infrared imaging data from the UKIDSS GPS with the H I data. We start
by measuring the H I-content as a function of the projected distance from
the 3C 129 cluster core. There is no statistically significant trend found
of a decreasing H I-content from the cluster outskirt to distances closer
to the core, contrary to expectations for a rich cluster. Instead, galaxies
with a significantly lower relative H I-content of log (MHI/LK) < −1.0
M�/L� and exhibiting H I-deficiencies of DefHI > 1.0, are located in the
cluster outskirts at projected radii of 0.5R200 < rcl < 1.1R200. We sug-
gest that this is due to galaxy interactions during mergers within groups
that are falling into the cluster. This is supported by noting that ∼50%
of these galaxies are located in a group that shows a clear galaxy merger
located within the projected radius of the cluster of rcl = 1.34R200. We
further affirm this claim by comparing the H I-content of galaxies associ-
ated with the 3C 129 cluster with those unassociated with any cluster nor
X-ray emission in our surveyed volume, but are located in galaxy groups.
Similar fractions of galaxies with a significantly lower H I-content are
found within this "non-cluster" population.
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The picture of environmentally driven gas removal processes remains
complex. It is still not clear which mechanism is dominant in remov-
ing gas from galaxies. We found that the incidence of H I-detections
correlates with environment in that no detections are found in the dense
core of the 3C 129 cluster, where ram-pressure is expected to be most ef-
fective. However, we also find galaxies with a significantly lower relative
H I-content in lower density groups far from the cluster centre. This sug-
gests that galaxy-galaxy interactions plays a role in removing gas from
galaxies before they enter the cluster. By the time groups of galaxies
fall into the cluster they might already be gas-poor or even completely
H I-depleted.
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Appendix

Appendix C: The HI and near-infrared in various en-
vironments

The H I and near-infrared properties of galaxies identified within the var-
ious cosmic environments in the WSRT PPZoA survey volume.

Column (1) - Unique identifiers based on the Right Ascension (RA) and
Declination (Dec) ZoAJhhmmss.ss±ddmmss.s (J2000).

Column (2 & 3 ) - Galactic longitude and latitude of the H I centroid in
degrees.

Column (3 & 4) - Galactic longitude and latitude of the NIR centroid in
degrees for H I galaxies with counterparts only.

Column (5) - The radial velocities from the WSRT H I measurements.

Column (6) - The total integrated H I-flux in Jy km s−1

Column (7) - The H I radius in kpc measured at the 1Mpc−2 surface den-
sity level given for resolved sources only.
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Column (8) -The K20 isophotal major-axis radius in kpc.

Column (9) - K-band fiducial isophotal magnitudes (not corrected for
foreground extinction).

Column (10) - The line of sight Galactic reddening in magnitudes.

Column (11) - The estimated morphology of galaxies from the NIR im-
ages.

Column (12) - The flux ratios between the side of the H I-global profile
with the highest integrated flux to the side with the lowest integrated
flux.

Column (13 & 14 ) - Indicates asymmetries in the integrated H I-maps
and the galaxy kinematics, respectively. A "y" represents cases with
asymmetries, the "n" are cases in which no obvious asymmetries were
identified.

Column (15) - The galaxy substructure membership.
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Table C. The HI and NIR properties of galaxies in various environments

Unique ID `HI bHI `NIR bNIR vrad SHI rHI rK20 K20 E(B-V ) Morph – HI Asymmetry – Subgroup

deg deg deg deg km/s Jy km/s kpc kpc kpc mag SHIratio HI-map PVD

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)

J044427.17+455116.7 159.2509 0.0607 159.2534 0.0607 5506 5.68 24.2 5.1 12.19 1.40 mS 1.11 y y –
J044521.10+454432.8 159.4381 0.1061 159.4381 0.1053 5134 1.34 12.4 5.2 12.66 1.28 mS 1.06 y y –
J044524.14+451924.3 159.7618 -0.1601 159.7638 -0.1598 6830 0.43 – 2.2 13.95 1.14 Irr 1.03 n n –
J044533.70+441127.9 160.6396 -0.8759 – – 2851 0.71 – – – – – 1.30 n n –
J044540.97+454045.8 159.5236 0.1090 – – 9660 0.27 – – – – – 1.09 y n Aur 3-B
J044541.51+455022.6 159.4030 0.2145 159.4017 0.2157 14584 0.43 – 1.6 17.28 1.27 Irr 1.64 y n –
J044542.87+442101.0 160.5366 -0.7515 160.5363 -0.7518 10717 3.57 33.5 3.3 15.50 0.88 Irr 1.03 y y –
J044546.04+444901.5 160.1881 -0.4407 160.1879 -0.4411 5134 0.68 8.5 1.4 14.85 1.05 `S 1.20 y n –
J044550.59+443552.5 160.3634 -0.5730 – – 16249 0.67 – – – – – 1.20 n n –
J044556.60+450741.4 159.9720 -0.2148 – – 6803 0.30 – – – – – 1.01 y y –
J044559.91+450104.1 160.0622 -0.2791 – – 12528 0.80 25.5 – – – – 1.66 y n –
J044602.33+443426.8 160.4041 -0.5620 160.4041 -0.5630 6281 5.78 31.0 0.7 17.56 0.94 Irr 1.01 n n –
J044630.07+451655.0 159.9190 -0.0402 159.9175 -0.0403 10229 0.24 – 2.1 15.68 1.01 Irr 1.04 y n Aur 3-B
J044632.27+452152.2 159.8603 0.0183 159.8608 0.0180 9740 0.66 17.4 5.6 13.73 1.10 Irr 1.04 y y Aur 3-B
J044635.75+441909.5 160.6625 -0.6518 160.6611 -0.6514 9992 0.55 – 0.9 17.81 0.77 Irr 1.51 y n –
J044644.10+442004.0 160.6672 -0.6231 160.6666 -0.6226 5654 0.94 12.7 1.8 16.08 0.73 mS 1.38 y y –
J044644.74+444734.7 160.3191 -0.3244 160.3191 -0.3244 5709 0.51 9.9 0.4 18.52 0.89 Irr 1.03 n n –
J044652.86+440859.1 160.8247 -0.7228 – – 7501 0.42 10.9 – – – – 1.36 y n –
J044654.85+450928.4 160.0605 -0.0653 160.0601 -0.0665 10794 0.22 – 2.6 17.64 0.91 `S 1.27 n n Aur 3-B
J044657.71+444649.5 160.3536 -0.3033 – – 16209 0.81 – – – – – 1.26 n n –
J044700.10+442439.7 160.6397 -0.5372 160.6389 -0.5366 10747 1.86 35.8 7.1 13.76 0.74 `S 1.17 y n –
J044705.89+450301.9 160.1634 -0.1101 160.1631 -0.1079 10165 0.29 – 0.7 18.58 0.87 Irr 1.25 n n Aur 3-B
J044706.91+453449.0 159.7615 0.2352 161.3677 1.8708 4994 1.24 14.0 1.2 15.16 1.25 `S 1.06 n n –
J044717.85+441654.2 160.7725 -0.5805 160.7737 -0.5763 4993 0.30 – 5.6 10.91 0.69 eS 1.65 n y –
J044719.35+435436.2 161.0588 -0.8175 161.0597 -0.8171 10077 1.08 – 1.8 17.32 0.61 Irr 1.15 n n –
J044725.76+443638.5 160.5367 -0.3498 – – 6219 0.15 – – – – – 1.28 n n –
J044726.92+462337.0 159.1788 0.8055 – – 5864 0.92 – – – – – 3.13 y n –
J044727.30+445342.4 160.3227 -0.1624 – – 5523 0.33 7.9 – – – – 1.11 y y –
J044727.96+444723.6 160.4042 -0.2290 160.4040 -0.2295 7288 0.28 8.0 3.2 15.59 0.88 Irr 1.51 n y –
J044731.28+434829.0 161.1598 -0.8561 – – 11186 0.69 – – – – – 1.10 y y –
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Table C – Continued

Unique ID `HI bHI `NIR bNIR vrad SHI rHI rK20 K20 E(B-V ) Morph – HI Asymmetry – Subgroup

deg deg deg deg km/s Jy km/s kpc kpc kpc mag SHIratio HI-map PVD

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)

J044735.05+455908.2 159.5052 0.5597 – – 9945 0.21 – – – – – 1.29 n n –
J044736.43+434854.0 161.1645 -0.8398 – – 5440 0.53 – – – – – 1.03 n n –
J044743.99+441946.5 160.7863 -0.4901 160.5583 1.3103 4878 0.76 9.9 2.1 14.20 0.70 `S 1.19 y y –
J044744.05+460456.5 159.4482 0.6421 – – 12441 0.43 – – – – – 1.50 y n –
J044752.21+451900.3 160.0481 0.1659 – – 3280 0.21 – – – – – 1.28 n n –
J044752.94+435840.2 161.0722 -0.6968 161.0700 -0.6967 8204 0.31 – 1.2 16.55 0.60 Irr 1.47 n n –
J044754.01+443847.3 160.5635 -0.2628 – – 10074 0.17 – – – – – 1.48 n n –
J044808.96+450326.3 160.2781 0.0360 160.2784 0.0356 9853 0.59 – 2.6 14.87 0.88 mS 1.62 n n Aur 3-B
J044809.24+443634.5 160.6209 -0.2520 – – 9873 0.28 – – – – – 1.19 n n –
J044819.38+440155.8 161.0818 -0.6011 – – 4794 0.28 5.0 – – – – 1.31 y n –
J044830.74+455010.9 159.7234 0.5868 – – 6012 0.16 – – – – – 1.34 y n 3C129-C
J044832.96+462704.2 159.2571 0.9876 – – 8557 0.41 – – – – – 2.01 n n –
J044837.47+461304.6 159.4440 0.8473 – – 5931 0.18 – – – – – 2.01 n n –
J044837.97+454508.0 159.8014 0.5487 159.8020 0.5488 5745 0.74 10.8 0.4 18.61 1.14 Irr 1.05 n n 3C129-C
J044840.48+452428.9 160.0695 0.3327 160.0698 0.3322 10956 0.45 17.6 3.3 14.67 0.99 Irr 1.04 n n Aur 3-B
J044845.01+435610.4 161.2047 -0.6042 – – 3410 1.42 9.1 – – – – 1.71 n n –
J044850.72+455649.4 159.6760 0.7024 – – 5976 0.04 – – – – – 1.83 n n 3C129-C
J044850.94+444943.4 160.5328 -0.0165 – – 14294 0.25 – – – – – 1.30 n n –
J044857.72+443728.8 160.7019 -0.1323 – – 16180 0.12 – – – – – 1.25 n n –
J044858.80+451314.0 160.2475 0.2533 160.2477 0.2517 10857 0.40 – 3.2 14.42 0.96 `S 1.02 n n Aur 3-B
J044900.08+441936.1 160.9346 -0.3185 160.9362 -0.3164 14604 0.34 – 8.5 13.75 0.64 `S 1.14 n n –
J044900.78+441902.8 160.9431 -0.3229 – – 6332 0.10 – – – – – 1.12 n n 3C129-B
J044907.68+443018.3 160.8125 -0.1865 160.8135 -0.1864 10644 0.43 16.4 1.9 16.82 0.72 `S 1.41 n y –
J044912.74+442451.3 160.8918 -0.2333 – – 8216 0.37 – – – – – 1.18 n n –
J044927.63+443253.7 160.8174 -0.1134 160.8160 -0.1153 3707 0.10 – 1.1 16.58 0.74 Irr 1.30 n n –
J044931.06+435844.3 161.2606 -0.4708 – – 9257 0.17 – – – – – 1.01 n n –
J044934.80+451030.3 160.3503 0.3051 – – 6649 0.28 – – – – – 1.46 y n –
J044935.92+445252.1 160.5780 0.1190 – – 3985 0.16 – – – – – 1.06 n n –
J044944.31+460225.7 159.7040 0.8813 – – 14933 0.43 21.4 – – – – 1.62 y n –
J044945.15+460232.2 159.7042 0.8843 159.7035 0.8868 13964 0.10 – 3.4 15.43 1.14 mS 1.18 n n –
J044945.20+460234.8 159.7037 0.8849 – – 15881 0.28 – – – – – 1.33 y y –
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Table C – Continued

Unique ID `HI bHI `NIR bNIR vrad SHI rHI rK20 K20 E(B-V ) Morph – HI Asymmetry – Subgroup

deg deg deg deg km/s Jy km/s kpc kpc kpc mag SHIratio HI-map PVD

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)

J044945.25+460229.7 159.7049 0.8841 – – 8258 0.56 – – – – – 1.21 y y –
J044945.98+455144.8 159.8438 0.7709 – – 5775 0.14 – – – – – 1.76 n n 3C129-C
J044957.27+460315.1 159.7175 0.9188 161.3387 1.6764 4942 2.59 15.3 1.5 15.21 1.12 `S 1.09 y n –
J045002.21+452645.5 160.1938 0.5404 – – 9611 0.59 16.9 – – – – 1.36 y y –
J045002.27+444907.5 160.6757 0.1389 – – 3461 0.32 4.3 – – – – 1.19 n n –
J045005.46+453021.9 160.1538 0.5862 160.1561 0.5855 9642 1.38 25.8 6.5 11.95 1.09 mS 1.46 y y –
J045006.21+450306.5 160.5041 0.2970 – – 14904 0.21 – – – – – 2.21 y n –
J045013.10+440833.5 161.2157 -0.2693 161.2149 -0.2678 5547 0.76 11.2 1.8 14.67 0.63 Irr 1.61 y y –
J045022.07+442207.7 161.0590 -0.1040 – – 5739 0.31 6.7 – – – – 1.44 n y 3C129-B
J045026.43+451135.1 160.4336 0.4330 160.4351 0.4329 4639 0.69 7.9 0.2 19.76 1.02 Irr 1.24 y n –
J045034.24+435929.0 161.3724 -0.3174 161.3721 -0.3171 5724 0.13 – 0.8 17.61 0.64 Irr 2.02 y y –
J045035.09+442218.2 161.0816 -0.0724 – – 4329 0.10 – – – – – 1.10 n n 3C129-B
J045045.12+443915.9 160.8831 0.1312 – – 14558 0.28 – – – – – 1.17 n n –
J045046.67+433751.7 161.2193 -0.1418 – – 7152 0.32 – – – – – 3.01 y y 3C129-B
J045104.83+454944.1 160.0159 0.9254 – – 16487 0.30 – – – – – 1.14 n n –
J045105.43+443544.0 160.9668 0.1400 160.9670 0.1405 5044 3.71 20.5 1.8 13.63 0.77 mS 1.09 y y 3C129-B
J045117.24+443525.9 160.9931 0.1637 – – 5026 0.91 – – – – – 1.37 y y 3C129-B
J045127.67+461953.7 159.6706 1.2967 159.6701 1.2959 5087 0.40 – 1.1 15.28 0.85 `S 1.01 y y –
J045132.28+442922.2 161.0994 0.1338 161.0998 0.1334 5129 1.06 11.1 6.7 11.69 0.76 eS 1.00 n n 3C129-B
J045136.02+452435.7 160.3968 0.7284 160.3953 0.7251 9648 0.17 – 6.4 11.92 1.05 E 1.52 n n –
J045137.03+461912.8 159.6965 1.3102 – – 7030 0.42 9.5 – – – – 1.10 y n –
J045145.44+443610.2 161.0369 0.2361 159.7616 0.2349 5086 17.63 36.4 8.0 10.35 0.79 eS 1.09 y y 3C129-B
J045156.49+450320.0 160.7083 0.5493 160.7094 0.5482 4525 0.39 7.4 3.3 12.52 0.94 mS 1.48 n y 3C129-B
J045202.73+435400.5 161.6120 -0.1710 161.6121 -0.1709 14928 0.22 – 3.6 14.67 0.55 Irr 1.27 n n –
J045202.83+435359.9 161.6123 -0.1709 161.6122 -0.1713 11938 0.40 17.8 3.2 14.63 0.55 mS 1.18 y y –
J045208.67+434927.2 161.6819 -0.2055 161.6822 -0.2059 7239 1.90 20.3 7.1 12.10 0.56 eS 1.05 y y –
J045210.82+463120.9 159.6020 1.5137 – – 10603 0.26 – – – – – 1.08 n n Aur 3-C
J045217.56+450844.6 160.6782 0.6544 160.6789 0.6534 6680 0.39 – 0.8 18.00 0.87 Irr 1.04 y y 3C129-B
J045220.74+454136.5 160.2608 1.0094 – – 6458 0.92 14.5 – – – – 1.02 n y –
J045223.95+452744.1 160.4454 0.8699 – – 5982 0.47 9.7 – – – – 1.64 y y –
J045227.46+444542.0 160.9934 0.4332 – – 5144 0.28 6.0 – – – – 1.41 n y 3C129-B
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Table C – Continued

Unique ID `HI bHI `NIR bNIR vrad SHI rHI rK20 K20 E(B-V ) Morph – HI Asymmetry – Subgroup

deg deg deg deg km/s Jy km/s kpc kpc kpc mag SHIratio HI-map PVD

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)

J045231.94+461230.3 159.8834 1.3613 – – 7109 0.44 – – – – – 1.30 y y 3C129-A
J045254.16+441202.2 161.4776 0.1387 161.4778 0.1386 16363 0.10 – 1.9 16.29 0.62 Irr 1.19 n n –
J045255.89+460258.8 160.0500 1.3142 – – 7689 0.24 – – – – – 1.13 y y –
J045331.19+443916.6 161.1958 0.5114 161.1970 0.5108 10148 0.39 14.4 0.8 18.48 0.90 Irr 1.61 y y Aur 3-A
J045343.57+440459.8 161.6618 0.1789 161.6620 0.1781 5142 0.32 6.7 0.7 16.68 0.62 Irr 2.22 n y –
J045358.21+461405.5 160.0202 1.5706 160.0200 1.5704 7143 1.02 – 0.7 18.06 0.85 `S 1.33 y n 3C129-A
J045408.61+444522.2 161.1870 0.6615 – – 5063 0.81 9.9 – – – – 1.17 y n 3C129-B
J045411.23+444554.1 161.1851 0.6730 – – 9991 0.46 15.7 – – – – 1.18 n n Aur 3-A
J045414.22+461633.3 160.0175 1.6323 160.0174 1.6316 9024 0.48 15.4 3.0 15.02 0.83 `S 1.14 y y –
J045414.90+450315.7 160.9673 0.8639 160.9672 0.8637 6269 0.57 8.7 8.1 11.07 0.93 eS 1.42 y n –
J045420.49+454723.7 160.4064 1.3402 160.4077 1.3404 10856 0.68 19.7 2.8 15.96 0.92 Irr 1.62 n y –
J045426.94+444941.2 161.1654 0.7489 161.1652 0.7488 5072 0.63 8.9 0.5 17.78 0.89 Irr 1.24 y y 3C129-B
J045428.52+462803.0 159.8945 1.7849 159.8947 1.7855 14698 0.67 – 5.7 13.39 0.74 mS 1.03 y y –
J045430.27+461345.1 160.0829 1.6388 160.0835 1.6385 6726 0.98 14.5 3.2 14.08 0.84 mS 1.06 y y 3C129-A
J045430.92+444645.3 161.2106 0.7272 161.2106 0.7269 10202 0.38 – 1.3 16.96 0.88 `S 1.14 n n Aur 3-A
J045442.75+462112.8 160.0088 1.7450 160.0173 1.7500 9881 1.35 25.6 14.9 10.70 0.86 E 2.49 n n –
J045443.51+444709.1 161.2290 0.7603 161.2287 0.7598 9926 1.09 23.5 2.6 14.74 0.88 Irr 1.12 y y Aur 3-A
J045445.29+453922.2 160.5557 1.3120 160.4351 0.4329 4941 6.17 22.9 3.2 13.47 0.84 mS 1.45 y y 3C129-A
J045446.73+442143.1 161.5644 0.5010 161.5651 0.5009 10510 1.77 27.2 2.9 14.90 0.82 Irr 1.18 y y Aur 3-A
J045449.54+462052.1 160.0256 1.7565 – – 9505 0.51 15.9 – – – – 1.26 y y –
J045457.48+463735.6 159.8230 1.9495 – – 6872 0.36 – – – – – 1.27 y n 3C129-A
J045459.27+444700.0 161.2603 0.7949 161.2602 0.7948 10012 0.13 – 0.7 18.79 0.89 Irr 1.13 n y Aur 3-A
J045514.42+453815.1 160.6236 1.3663 160.6226 1.3660 3355 0.56 5.9 0.4 17.75 0.85 Irr 1.16 y y –
J045516.70+442734.8 161.5446 0.6318 161.5429 0.6318 10051 0.26 – 5.0 12.33 0.86 E 1.09 n n Aur 3-A
J045519.33+442356.6 161.5966 0.5998 – – 10017 0.17 – – – – – 1.08 n n Aur 3-A
J045541.13+462255.5 160.0921 1.8936 160.0898 1.8926 9488 0.12 – 4.5 13.87 0.86 mS 1.62 y y Aur 3-C
J045543.03+461423.6 160.2064 1.8087 160.2039 1.8127 9765 0.44 – 7.4 11.86 0.85 eS 1.87 y y Aur 3-C
J045543.43+441116.9 161.8061 0.5233 – – 15759 0.09 – – – – – 1.16 n n –
J045545.27+455110.8 160.5120 1.5713 – – 15380 0.10 – – – – – 1.09 n n –
J045546.73+444512.9 161.3716 0.8856 – – 10177 0.52 16.0 – – – – 1.15 n n Aur 3-A
J045547.62+452909.9 160.8023 1.3467 160.8027 1.3467 14101 0.53 – 1.7 16.84 0.89 Irr 1.09 y n –
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Unique ID `HI bHI `NIR bNIR vrad SHI rHI rK20 K20 E(B-V ) Morph – HI Asymmetry – Subgroup

deg deg deg deg km/s Jy km/s kpc kpc kpc mag SHIratio HI-map PVD

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)

J045548.78+464858.3 159.7672 2.1826 – – 4651 0.25 – – – – – 1.35 n n 3C129-A
J045551.34+440335.6 161.9207 0.4614 – – 9708 0.15 – – – – – 1.01 n n Aur 3-A
J045555.08+464704.8 159.8030 2.1768 159.8036 2.1754 6517 0.40 – 0.6 18.29 0.77 Irr 1.21 n n 3C129-A
J045558.82+461234.1 160.2586 1.8252 – – 10221 0.28 – – – – – 1.19 y y Aur 3-C
J045604.55+452940.6 160.8267 1.3906 160.8267 1.3889 6684 1.90 16.9 3.2 13.30 0.92 Irr 1.06 n y –
J045607.91+462638.4 160.0920 1.9923 – – 9110 0.10 – – – – – 1.13 n n Aur 3-C
J045616.24+455602.6 160.5050 1.6921 160.5049 1.6929 6990 0.55 11.4 1.3 15.99 0.88 Irr 1.26 n n 3C129-A
J045625.85+443832.0 161.5306 0.9059 – – 10551 0.27 – – – – – 1.42 y n Aur 3-A
J045626.80+455541.2 160.5289 1.7123 160.5286 1.7125 6901 3.26 25.6 15.5 10.06 0.90 mS 1.43 y y 3C129-A
J045633.37+443124.4 161.6377 0.8493 161.6369 0.8485 10483 0.28 – 0.9 18.18 0.84 Irr 1.66 y n Aur 3-A
J045635.00+460222.4 160.4566 1.8004 160.4565 1.8022 6679 1.62 20.5 6.1 12.76 0.88 mS 1.46 y y 3C129-A
J045647.57+444925.8 161.4294 1.0698 – – 9635 0.23 – – – – – 1.05 y y Aur 3-A
J045653.00+443516.6 161.6237 0.9351 161.6234 0.9343 10633 0.40 – 8.2 12.04 0.90 mS 2.18 y y Aur 3-A
J045656.49+461134.0 160.3756 1.9446 160.3786 1.9477 6911 0.48 – 2.4 15.80 0.84 Irr 1.38 y y 3C129-A
J045705.33+443341.0 161.6673 0.9472 161.6656 0.9449 14875 0.07 – 5.1 15.18 0.88 `S 2.59 n n –
J045705.96+444834.3 161.4745 1.1034 – – 14708 0.46 – – – – – 1.47 y y –
J045711.02+444742.6 161.4950 1.1061 – – 14561 0.83 – – – – – 1.86 n n –
J045714.03+451227.7 161.1780 1.3703 161.1789 1.3684 6279 0.89 13.7 3.1 12.59 0.90 eS 1.46 n y –
J045715.06+445255.8 161.4344 1.1698 161.4354 1.1687 14677 0.32 – 3.8 15.72 0.95 mS 1.03 n n –
J045721.12+454135.5 160.8110 1.6890 160.8112 1.6892 3420 3.76 13.6 1.5 14.14 0.87 Irr 1.06 n y –
J045723.71+463354.4 160.1330 2.2377 160.1335 2.2372 7064 1.14 16.3 1.3 16.03 0.74 Irr 1.09 y y –
J045726.29+440242.9 162.1098 0.6743 162.1095 0.6739 9698 0.35 12.5 3.4 13.93 0.72 Irr 1.01 y y Aur 3-A
J045735.72+444850.6 161.5257 1.1750 – – 14422 0.47 21.2 – – – – 1.20 n y –
J045742.65+453422.1 160.9443 1.6631 160.9439 1.6616 6293 0.49 10.1 0.5 18.27 0.89 Irr 1.23 n n –
J045747.05+460717.5 160.5223 2.0143 160.5229 2.0148 7013 3.96 30.7 6.1 11.61 0.81 eS 1.31 y y 3C129-A
J045750.73+461921.4 160.3713 2.1477 160.3711 2.1480 6861 1.23 17.3 0.5 18.94 0.70 Irr 1.08 n n 3C129-A
J045751.11+455706.4 160.6627 1.9181 – – 14574 0.25 – – – – – 1.20 n n –
J045752.30+455539.3 160.6838 1.9057 160.6842 1.9053 10822 2.82 33.7 5.8 12.98 0.77 mS 1.05 y y –
J045757.17+460156.9 160.6103 1.9819 – – 5284 0.29 – – – – – 1.05 n n 3C129-A
J045757.30+462330.0 160.3289 2.2054 – – 6009 0.08 – – – – – 1.73 n n 3C129-A
J045800.33+462839.4 160.2669 2.2656 – – 7079 0.64 12.1 – – – – 1.30 n n 3C129-A
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Table C – Continued

Unique ID `HI bHI `NIR bNIR vrad SHI rHI rK20 K20 E(B-V ) Morph – HI Asymmetry – Subgroup

deg deg deg deg km/s Jy km/s kpc kpc kpc mag SHIratio HI-map PVD

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)

J045804.57+445518.5 161.4944 1.3087 – – 9480 0.16 – – – – – 1.54 n n Aur 3-A
J045808.63+450525.8 161.3696 1.4229 161.3697 1.4223 3543 6.01 16.9 0.9 15.32 0.90 Irr 1.13 n n –
J045809.05+454743.1 160.8177 1.8616 160.8180 1.8609 6562 0.99 13.4 1.5 15.65 0.80 Irr 1.11 y y –
J045810.84+460229.4 160.6278 2.0185 – – 7137 1.36 18.3 – – – – 1.03 y y 3C129-A
J045811.77+450602.6 161.3673 1.4365 161.3662 1.4361 10081 0.59 – 1.7 15.77 0.91 mS 1.04 y n Aur 3-A
J045815.72+453936.1 160.9359 1.7928 – – 11498 0.14 – – – – – 1.00 n n Aur 3-C
J045816.80+463749.5 160.1763 2.3974 – – 16477 0.59 – – – – – 1.00 y n –
J045816.94+460925.8 160.5480 2.1042 – – 8332 0.26 – – – – – 1.43 y n Aur 3-C
J045816.96+453621.8 160.9804 1.7622 – – 12287 0.15 – – – – – 2.35 n n –
J045828.65+441328.4 162.0854 0.9318 162.0860 0.9312 14608 0.56 24.6 7.4 13.71 0.80 mS 1.08 n y –
J045830.71+463953.7 160.1739 2.4500 – – 14658 0.75 31.8 – – – – 1.57 n n –
J045835.03+453110.8 161.0809 1.7500 161.0812 1.7491 5037 0.80 9.0 0.5 17.55 0.94 Irr 1.31 n n –
J045838.09+461747.7 160.4764 2.2384 160.4758 2.2382 7051 1.46 17.3 2.3 18.88 0.71 `S 1.02 n y 3C129-A
J045842.68+463243.4 160.2890 2.4029 – – 8303 0.40 – – – – – 1.03 y n Aur 3-C
J045843.03+455647.1 160.7603 2.0326 160.7598 2.0320 6770 1.47 16.9 3.3 13.21 0.85 mS 1.03 y n 3C129-A
J045847.49+441350.2 162.1156 0.9797 – – 6889 3.19 24.1 – – – – 1.23 y y –
J045852.18+463855.9 160.2245 2.4883 160.2254 2.4912 11306 0.20 – 1.2 17.66 0.69 Irr 1.51 n n Aur 3-C
J045852.98+445329.6 161.6067 1.4021 161.6071 1.4020 5208 0.29 – 0.8 16.68 1.01 `S 1.20 y y –
J045855.81+454808.9 160.8963 1.9726 160.8965 1.9726 5098 0.44 7.5 1.8 14.66 0.87 `S 1.22 y y –
J045900.14+453437.7 161.0813 1.8430 – – 12338 0.18 – – – – – 1.30 n n –
J045906.31+462358.9 160.4456 2.3660 – – 3681 0.09 – – – – – 1.22 n n –
J045908.04+440500.0 162.2693 0.9367 162.2688 0.9360 6785 3.71 23.9 3.3 13.78 0.78 mS 1.08 y y –
J045909.87+451619.0 161.3387 1.6765 160.7858 -0.4893 4888 0.44 7.5 1.5 13.93 1.02 `S 1.46 y n –
J045913.88+463039.1 160.3715 2.4518 – – 7069 0.41 – – – – – 1.27 y n 3C129-A
J045920.35+463222.8 160.3604 2.4842 – – 5662 0.68 – – – – – 1.12 y n 3C129-A
J045920.95+441945.4 162.0998 1.1192 – – 10641 0.47 17.3 – – – – 1.05 n n –
J045926.99+463431.4 160.3440 2.5212 – – 10788 0.78 – – – – – 1.03 y n Aur 3-C
J045930.60+455248.7 160.8977 2.1000 – – 6682 0.62 – – – – – 1.02 y n –
J045930.82+455247.2 160.8984 2.1003 160.8981 2.1002 11940 0.66 21.9 0.7 18.71 0.90 Irr 1.80 y y Aur 3-C
J045932.30+463928.6 160.2885 2.5841 – – 10998 0.60 – – – – – 2.07 n n Aur 3-C
J045932.66+441837.9 162.1362 1.1350 162.1364 1.1355 9908 0.66 – 3.9 13.69 0.93 mS 1.01 y n –
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Unique ID `HI bHI `NIR bNIR vrad SHI rHI rK20 K20 E(B-V ) Morph – HI Asymmetry – Subgroup

deg deg deg deg km/s Jy km/s kpc kpc kpc mag SHIratio HI-map PVD

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)

J045936.64+445709.6 161.6384 1.5411 161.6385 1.5397 10190 0.86 21.5 3.5 14.20 0.99 mS 1.20 y y –
J045937.49+450218.9 161.5724 1.5961 – – 14535 0.28 – – – – – 1.07 y n –
J045940.69+462146.7 160.5356 2.4210 160.5397 2.4301 5193 0.20 – 0.8 16.37 0.65 Irr 1.13 y n 3C129-A
J045941.86+452913.7 161.2273 1.8831 161.2288 1.8829 7025 2.92 29.4 7.2 11.80 0.95 mS 1.15 y y –
J045946.93+455125.0 160.9453 2.1229 160.9450 2.1222 13320 0.52 21.0 4.9 14.83 0.90 mS 1.20 n n –
J045953.38+453145.6 161.2149 1.9356 – – 10853 0.33 – – – – – 1.01 y y Aur 3-C
J045955.96+445945.0 161.6397 1.6125 – – 10208 0.21 – – – – – 1.14 n n –
J045958.09+440554.1 162.3500 1.0637 162.3514 1.0638 5681 0.83 11.5 2.6 14.07 0.69 eS 1.04 y y –
J050007.95+452211.1 161.3668 1.8708 159.7174 0.9188 4914 0.52 7.6 0.3 19.49 1.00 `S 1.10 n n –
J050031.81+453733.6 161.2077 2.0834 161.2069 2.0851 12284 0.18 – 2.1 16.53 0.91 Irr 1.08 n n –
J050039.87+453120.2 161.3040 2.0382 161.3047 2.0387 3382 1.15 7.4 0.8 14.97 1.03 Irr 1.22 y y –
J050045.76+454454.4 161.1362 2.1908 161.1361 2.1916 3442 0.14 – 0.1 20.26 0.83 `S 1.48 n n –
J050117.24+454732.3 161.1577 2.2899 161.1578 2.2892 3368 1.52 8.7 1.0 17.21 0.77 mS 1.10 y y –
J050120.46+442255.1 162.2778 1.4321 – – 10706 0.27 – – – – – 1.19 n y –
J050124.98+441446.0 162.3933 1.3593 – – 8849 0.29 – – – – – 1.22 y y –
J050125.79+452212.4 161.5067 2.0507 161.5068 2.0514 6113 0.22 – 4.1 14.17 1.03 mS 1.87 y y –
J050212.15+453526.1 161.4152 2.2928 – – 10847 0.14 – – – – – 1.88 y y –
J050217.54+455441.1 161.1707 2.5012 – – 13374 0.55 – – – – – 1.31 n y –
J050231.16+451050.9 161.7739 2.0864 – – 8306 0.33 – – – – – 1.10 n n –
J050237.59+461133.0 160.9832 2.7187 – – 9649 2.02 28.4 – – – – 1.27 y y Aur 3-C
J050251.93+451609.7 161.7409 2.1888 161.7406 2.1878 14499 0.61 23.9 7.0 14.26 0.92 mS 1.25 y n –
J050256.86+451230.4 161.7981 2.1631 – – 3267 1.78 – – – – – 1.18 y n –
J050309.74+453102.6 161.5759 2.3813 – – 2891 0.44 – – – – – 1.16 y n –
J050320.82+450122.0 161.9884 2.1059 161.9887 2.1046 8504 0.99 17.9 3.2 13.22 1.06 mS 1.49 y y –
J050329.24+454555.0 161.4136 2.5772 161.4132 2.5750 5490 2.37 – 5.6 12.59 0.65 mS 1.53 y y –
J050335.40+442816.5 162.4525 1.8045 162.4539 1.8007 7146 0.19 – 3.3 13.37 1.08 eS 1.35 y n –


