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A B S T R A C T 

We study the impact of the local environment on the transformation of spiral galaxies in three nearby ( z < 0.08) Abell clusters: 
A85/A496/A2670. These systems were observed in H I with the Very Large Array, co v ering a volume extending beyond the virial 
radius and detecting 10, 58, and 38 galaxies, respectively. High fractions (0.40–0.86) of bright spirals [log( M ∗/M �) = 9 −10] 
are not detected in H I . We provide further evidence of environmental effects consisting in significant fractions (0.10–0.33) of 
abnormal objects and a number of red (passive) spirals, suggesting an ongoing process of quenching. Ram-pressure profiles and 

the sample of the brightest spirals used as test particles for environmental effects indicate that ram-pressure plays an important 
role in stripping and transforming late-types. Phase-space diagrams and our search for substructures helped to trace the dynamical 
stage of the three systems. This was used to compare the global cluster effects versus pre-processing, finding that the former 
is the dominating mechanism in the studied clusters. By contrasting the global distribution of H I normal versus H I disturbed 

spirals in the combined three clusters, we confirm the expected correlation of disturbed objects located, on average, at shorter 
projected radii. Ho we ver, indi vidual clusters do not necessarily follow this trend, and we show that A496 and A2670 present 
atypical behaviour. In general, we provide conclusive evidence about the dependence of the transformation of infalling spirals 
on the ensemble of cluster properties like mass, ICM density, dynamical stage, and surrounding large-scale structure. 

Key words: galaxies: clusters: individual: Abell 85/496/2670 – galaxies: clusters: intracluster medium – galaxies: evolution. 
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 I N T RO D U C T I O N  

or decades, observations have shown that regions of high galaxy-
ensity, such as cluster cores, are dominated by red E/S0 galaxies,
hile blue spirals are more abundant in lower density regions. Large

mounts of observational evidence have confirmed the morphology-
ensity relation , which constitutes one of the clearest pieces of evi-
ence of environment playing an important role in galaxy evolution
Oemler 1974 ; Dressler 1980 ; Postman & Geller 1984 ; Dressler
t al. 1997 ; Goto et al. 2003 ; Poggianti et al. 2009b ). This ( nurture )
cenario is in full agreement with the � CDM model of hierarchical
ormation of structures, where individual galaxies are predicted and
bserved to follow the stream from low to high-density environments
uring their lifetime. This galaxy migration seems to be tightly
orrelated with a systematic change of their physical properties such
s morphology, gas content, and SF/AGN activity. On the theoretical
ide, many works (and references therein; De Lucia, Hirschmann &
 E-mail: mm.lopezgutierrez@ugto.mx (MMLG); hector@ugto.mx (HBA); 
vangork@astro.columbia.edu (JHvG) 
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Pub
ontanot 2019 ) conclude that secular mechanisms and/or conditions
t the time of galaxy formation ( nature ) might be more important than
nvironment in driving galaxy evolution. Theoretical models are still
rying to reproduce all the observational trends linked with environ-
ent. Nowadays, it is generally accepted that galaxies at low redshifts

ave been shaped by both nature and nurture. Ho we ver, the full
nderstanding of the physics behind the galaxy evolution o v er cosmo-
ogical timescales remains a very active research field ( e.g. Peng et al.
010 ; Boselli & Gavazzi 2014 ; Cortese, Catinella & Smith 2021 ). 
Solving the question of morphology transformation of spi-

als into lenticulars, through an evolutionary sequence involving
tarb urst/post-starb urst phases ( e .g . Boselli & Gavazzi 2006 ; Barway
t al. 2007 ; Poggianti et al. 2009a ; Paccagnella et al. 2017 ; Boselli,
ossati & Sun 2022 ), requires the study along two main axes, the
nvironment being one of them. Studying galaxies within the same
osmic epoch but living in different environments helps to find
orrelations between galaxy properties and the physical conditions
f their local environment (Bah ́e et al. 2013 ; Sp ́erone-Longin et al.
021 ). The second axis corresponds to the cosmic evolution: the
tudy of galaxy properties as a function of redshift has shown that
 short ( ≤10 8 yr) starburst phase occurs, followed by a long-term
© 2022 The Author(s) 
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nd complex quenching process (Rhee et al. 2020 ; Cortese et al.
021 ). As a consequence, the fraction of galaxies in the red sequence
lmost doubled between z ∼ 1 and z = 0, implying a decrease of blue
alaxies accompanied by strong morphology evolution (Butcher & 

emler 1978 ; Fasano et al. 2000 ; Arnouts et al. 2007 ). 
Sev eral consortia hav e been activ ely approaching the question 

ased on large photometric and spectroscopic surv e ys such as 2dF
nd SDSS, co v ering large sk y areas and redshift ranges (Lewis et al.
002 ; Balogh et al. 2004 ; Kauffmann et al. 2004 ; Poggianti et al.
017 ). All these efforts have found indisputable evidence for the 
mpact of environment in galaxy evolution (and references therein; 
oselli & Gavazzi 2006 , 2014 ; Cortese et al. 2021 ). Ho we ver, under-

tanding the role played by different physical mechanisms e x erted 
nder diverse environment conditions constitutes the matter of a 
 ery activ e debate. The involved physical mechanisms are classified 
n two types: hydrodynamic and gravitational. Hydrodynamic effects 
oncern the stripping of cold/warm interstellar gas (H I and H 2 ) by
he hot intracluster medium (ICM). The ram-pressure stripping (RPS, 
unn & Gott 1972 ) and the viscous stripping (Nulsen 1982 ) are the
ost studied cases. On the other side, we have the tidal (gravitational)
echanisms occurring between a galaxy and the cluster potential 

Byrd & Valtonen 1990 ) or among neighbour galaxies (Merritt 
983 ; Barnes & Hernquist 1996 ; Walker, Mihos & Hernquist 1996 ).
hese include major mergers, accretion of low-mass satellites, and 

he accumulation of fast speed encounters between galaxies (the 
alaxy harassment , Moore, Katz & Lake 1996 ). The removal of the
alaxy halo gas, known as galaxy starvation ( e .g . Larson, Tinsle y &
aldwell 1980 ), is predicted to occur either by hydrodynamic or
ravitational interactions. Most of these mechanisms are predicted 
o transform a spiral galaxy into an S0, and it is known that more
han one process might act simultaneously on a single galaxy. The 
re-processing of galaxies occuring within groups infalling towards 
lusters and seems to be particularly important (Donnari et al. 2021 ).
roups of galaxies are known to have lower velocity dispersions 

han clusters, allowing slower and deeper tidal interactions among 
heir members. Several authors (Fadda et al. 2008 ; Poggianti et al.
009b ) provided substantial evidence that strong galaxy evolution 
s occurring in low-mass systems at a large distance from the 
luster core. Ho we v er, the debate pre-processing v ersus cluster
ffects remains open because many variables are involved, such 
s the infalling orbits, initial gas/stellar masses, the group/cluster 
roperties, and even the surrounding large-scale structure (Rhee et al. 
020 ; Salerno et al. 2020 ). 
In this context, studying the atomic hydrogen (H I ) of spiral

alaxies, in combination with observations at other frequencies and 
ith numerical simulations, has pro v en to be a powerful tool to

tudy galaxy evolution as a function of environment. H I is probably
he best tracer of galaxy interactions as it extends well beyond the
tellar disc. Several studies have been devoted to the nearest clusters
uch as Virgo, Hydra, A 1367, and Coma ( e .g . Gio vanelli & Haynes
985 ; Cayatte et al. 1990 ; Bra v o-Alfaro et al. 2000 ; Solanes et al.
001 ; Chung et al. 2009 ; Scott et al. 2010 , 2018 ; Boselli et al. 2021 ;
ang et al. 2021 ; Moln ́ar et al. 2022 ). The large co v erage and highly

ensitiv e H I -surv e ys carried out with single dish telescopes, such as
IPASS and ALF ALF A (Giovanelli et al. 2005 ; Haynes et al. 2018 ),
rovided statistical information on the H I content of large samples of
pirals in different environments. All these surv e ys hav e shown that
pirals in clusters have systematically less gas than their counterparts 
n the field. This loss of cold gas is known to be the first step to the
ventual quenching of star formation observed in cluster galaxies. 

In parallel to single-dish surv e ys, H I synthesis imaging provides
ritical information mainly at low redshifts. This technique unveils 
ifferent types of disruptions like gas shrunk discs, asymmetries, 
nd offsets between the gas and the stellar discs (and references
herein Bra v o-Alfaro et al. 2001 ; Chung et al. 2009 ; Scott et al.
018 ; Luber et al. 2022 ). H I -maps and kinematical velocity fields are
ssential to constrain hydrodynamical simulations of galaxies under 
ifferent environment processing ( e .g . Vollmer et al. 2012 ; Tonnesen
019 , and references therein). With a few remarkable exceptions, 
 I -synthesis imaging surv e ys are restricted to the nearby universe ( z
 0.1) due to instrumental limitations and to the very long observing

imes required. As a consequence, only a few clusters have been
ully co v ered by using this technique. The new generation of radio
elescopes such as ASKAP and MeerKAT (Jonas & MeerKAT Team 

016 ; Koribalski et al. 2020 ), as well as upgraded instruments like
he Westerbork Synthesis Radio Telescope (WSRT) and the Karl G. 
ansky Very Large Array (VLA), are nowadays pushing farther the 
edshifts of H I -imaged galaxies. The BUDHIES project (Jaff ́e et al.
013 , 2016 ; Gogate et al. 2020 ) uses the WSRT to characterize the HI
roperties in and around two clusters at z = 0.2, A963, and A2192.
he CHILES project (Fern ́andez et al. 2013 ; Hess et al. 2019 ) uses

he VLA to image the H I in a 40 arcmin field out to z = 0.45 and has
ade a direct detection at the largest distance so far, at z = 0.376

Fern ́andez et al. 2016 ). In parallel to pushing the study of H I to
igher redshifts (the time axis ), it is equally important to enlarge the
ample of studied clusters lying at the same epoch (the environment
xis ). Large-volume, H I -blind imaging surv e ys like the one presented
n this work are intended to explore different clusters from their core
o the outskirts. The H I maps and kinematics of resolved objects are
tudied as a function of the very diverse environments where galaxies
re located. 

In this paper, we enlarge the sample of nearby systems ( z < 0.08)
maged in H I . Large volumes of the Abell clusters A85, A496, and
2670 were homogeneously observed with the VLA. We discuss 

heir global H I properties, paying special attention to a complete
ample of bright spirals, used as test particles for environment effects.
e obtain H I physical parameters of individual galaxies and deliver

n atlas of H I maps and velocity fields. Bright spirals not detected
n H I are of particular interest. We seek for correlations between gas
roperties of individual galaxies within the substructures reported 
n this work as a test quantifying the pre-processing. We present
rofiles of the ram pressure and projected phase space diagrams 
PPS) for each cluster. Finally, we use the gas content and colour
ndex as a first approach to quantify the quenching fraction in the
tudied clusters. In forthcoming papers, we will use optical spectra 
nd multiband observations to complement the study of individual 
alaxies, in particular those showing strong distortions in H I and in
ptical. 
This paper is organized as follows: Section 2 describes the clusters

nder study, the observations, and the data reduction for the H I and
he optical imaging. In the same section, we describe the catalogues
f member objects used in this work, as well as the sample of the
rightest spirals and the colour–magnitude diagrams of the studied 
lusters. In Section 3 , we give the main observational results: we
rovide the H I parameters of all detected galaxies and their global
istribution across the observed clusters. Tables containing these 
ata and the corresponding H I maps are given in the Appendix.
n Section 4 , we study the dynamical state of the three clusters
y applying two independent methods tracing substructures. In 
ection 5 , we calculate RPS profiles and we obtain radial velocity
ersus cluster-centric distance plots in order to study the assembly 
istory of the clusters. In Section 6 , we compare the clusters with
ach other and we discuss the role played by the cluster environment
n the evolution of infalling galaxies. We summarize our results and
MNRAS 517, 1218–1241 (2022) 
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M

Table 1. Properties of the studied clusters. 

A85 A496 A2670 

RA (2000) 00 41 50 04 33 38 23 54 14 
Dec. (2000) −09 18 07 −13 15 33 −10 25 08 
z/ D c (Mpc) 0.055/233 0.033/140 0.076/320 
D l (Mpc) 245.4 144.9 344.1 
scale 10 arcmin 
(Mpc) 

0.69 0.41 0.95 

v cl (km s −1 ) 16607 9884 22 823 
σ cl (km s −1 ) 1054 685 781 
R 200 (Mpc) 2.54 1.68 1.86 
M 200 (10 14 M �) 12.6 3.49 5.07 
Morph (B-M) I I I-II 
Richness 130 134 224 
L X (10 44 erg −1 ) 9.4 3.8 2.3 
LSS SC (11) isolated( ∗) isolated 

Notes: 
–D c (comoving distance), D l (luminosity distance), and linear 
scale for 10 arcmin are estimated with H 0 = 70 km s −1 Mpc −1 . 
–The central velocity ( v cl ), the velocity dispersion ( σ cl ) and L X were 
taken from NED, HyperLeda and BAX, respectively. 
–R 200 : computed following Finn et al. ( 2005 ). 
–M 200 was estimated following Barsanti et al. ( 2018 ). 
–LSS (large scale structure): indicates that A85 is part of the 
supercluster MSCC 039, consisting of 11 cluster members 
(Chow-Mart ́ınez et al. 2014 ). 
( ∗) We revisit the LSS of A496 in this work. 
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Table 2. H I observational parameters. 

ID T int VLA beam Bandw Correl. 
(h) config. (arcsec) MHz mode 

(1) (2) (3) (4) (5) (6) 

A85 80 C 24 × 17 6.3 2AC 

A496 12 C 25 × 17 6.3 2AC 

A2670 90 C 23 × 16 12.5 1A, 1D 

Notes. Column (2): The time on source, in hours. 
Column (3): The VLA configuration used. 
Column (4): The beam size in arcsec. 
Column (5): The applied bandwidth in MHz. 
Column (6): The correlator mode. 
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ive our conclusions in Section 7 . Throughout this paper we assume
M 

= 0.3, �� 

= 0.7, and H 0 = 70 km s −1 Mpc −1 . 

 T H E  OBSERVATIONS  

.1 The cluster sample 

n this work, we study the Abell clusters A85 ( z = 0.055), A496
 z = 0.033), and A2670 ( z = 0.076), which harbour different physical
roperties (see Table 1 ) and dispose of ancillary multifrequency data.
A85 is more massive and more luminous in X-rays than the other

wo systems. Despite its relaxed morphology, it is known to be
ndergoing minor merging processes with a subcluster and groups
een in X-rays and in the optical (Durret et al. 1998 ; Durret, Lima
eto & Forman 2005 ; Bra v o-Alfaro et al. 2009 ). More recently, this

ystem has been confirmed to possess a centrally peaked profile in
-rays with a sloshing pattern (Ichinohe et al. 2015 ) and with some

dditional disturbed features (Lagan ́a, Durret & Lopes 2019 ). The
resence of jellyfish galaxies like JO201 has been associated with
trong RPS in this cluster (Ramatsoku et al. 2020 ; Luber et al. 2022 ,
nd references therein). 

A496 is known to have a v ery relax ed morphology (Durret et al.
000 ; Bou ́e et al. 2008a ; Ulmer et al. 2011 ), consistent with a
ignificant coincidence between the BCG and the cluster centroid
position and velocity) (Lopes et al. 2018 ). Nevertheless, Lagan ́a
t al. ( 2019 ) reported disturbed features superposed on to a centrally
eaked X-ray distribution. Concerning the LSS, A496 was reported
s an isolated system by Chow-Mart ́ınez et al. ( 2014 ). We revisit this
esult in Section 6 . 

A2670 is the faintest of the three systems in X-rays; ho we ver,
ts ICM is not negligible: RPS is blamed for strong sweep of
aterial observed in a post-merger galaxy (Sheen et al. 2017 ).
2670 is the most irregular of the three systems and displays a
ery elongated morphology distributed along a NE-SW axis. This
NRAS 517, 1218–1241 (2022) 
luster is dynamically young, as suggested by the diffuse X-ray
mission and the large offset in velocity of 333 km s −1 (Caretta,
ri v ate communication) between the cluster and the BCG; this clearly
ndicates that the massive galaxy has not yet settled at the bottom of
he cluster potential well. 

.2 The H I data 

e take advantage of H I -data obtained with the VLA 

1 between 1994
nd 1996 for A2670, and from 2001 to 2003 for A85 and A496. All
bservations were taken in C configuration, producing beam sizes
f ∼ 24 × 17 arcsec 2 . Table 2 gives the main observing parameters:
he total integration time, the VLA configuration, the beam size, the
andwidth, and the correlator mode applied. The correlator mode
efines the number of polarizations applied. The correlator mode
 uses one polarization and allows a larger number of velocity
hannels; mode 2 applies two polarizations and is able to produce an
mpro v ement in sensitivity by a factor of 

√ 

2 . Hanning smoothing was
sed on the data of A85 and A496, obtaining a set of 31 independent
hannels. For A2670, no Hanning smoothing was applied, obtaining
 set of 63 channels (cubes NE and SW). The general observing
trategy is based on a combination of several observing pointings
t different positions and central velocities. This allowed to co v er
he full cluster volume beyond one virial radius and more than three
imes the velocity dispersion. Fig. 1 shows the total observed fields
or each cluster, and Table 3 gives the parameters of the final H I data
ubes. Throughout this paper, we list the H I heliocentric velocities
sing the optical definition. 
We applied different observing strategies to each cluster depending

n their redshifts and velocity dispersions. Six VLA fields were
ointed side by side across A85. The individual fields have slight
 v erlap in RA, Dec. in order to a v oid any gap in between. These fields
ave the same central velocity giving a homogeneous co v erage across
n area of ∼100 arcmin side after a mosaicing procedure (Taylor,
arilli & Perley 1999 ). The same six fields were observed three times,
ach centred at a different velocity: 15 266, 16 500, and 17 744 km s −1 

see Table 3 ). The central velocities were chosen to slightly o v erlap
roducing a homogeneous co v erage of some 3800 km s −1 , i.e . more
han 3.5 times the velocity dispersion of A85. 

A similar procedure was applied to A496. Since it is located at
wo-thirds the distance of A85 the total integration time for A496 was
ignificantly reduced. On the other hand this cluster is spread across
 larger region of the sky and we had to apply ten VLA pointings
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Figure 1. The observed fields in H I (grey polygons) and in optical (green 
squares). A85 is in the top panel, A496 in the middle, and A2670 in the 
bottom. The R 200 radius is indicated with a red circle and the black contours 
draw the ROSAT X-ray emission. The BCG is indicated with a red cross. 
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ith different RA, Dec. positions in order to reach the one virial
adius co v erage. These fields went through a mosaicing procedure 
elivering a field of view of some 100 arcmin. Having a low-velocity
ispersion (737 km s −1 ), the ten fields were observed two times,
ach one centred at a different velocity: 9285 and 10 429 km s −1 .
his delivered a coverage of ∼ 2400 km s −1 , equi v alent to more than
.5 times the cluster velocity dispersion (Table 3 ). 
A different observing strategy was applied to A2670. Located at 

 larger distance than the previous clusters, A2670 needed fewer 
LA pointing fields to co v er the virial radius. Ho we ver, due to

ts distance, longer observing time was needed in order to reach
 similar detection limit as the other clusters. The one-virial-radius 
o v erage was ensured by pointing three VLA fields spread along a
E–SW axis and having some o v erlap in order to a v oid any gaps.
ue to observing time limitations, the co v ered area is elongated,
iving priority to the NE-SW axis. Mosaicing was not applied in
his cluster, and the three data cubes were analysed separately. The
 elocity co v erage was ensured by applying a bandwidth of 12.5 MHz
nd correlator modes 1A for the central cube, and 1D for the NE and
W cubes. This strategy delivered a central data cube with a co v erage
f 4000 km s −1 and nearly 3000 km s −1 for the NE and SW cubes
Table 3 ). 

Standard VLA calibration and imaging were carried out by 
sing the NRAO Astronomical Image Processing System (AIPS). 
ll final data cubes for A85 and A496 have 31 channels with
elocity widths of between 43.8 and 46.9 km s −1 . The central field
2670-C has 88 channels, while 2670-NE and 2670-SW have 63 

hannels. All data cubes for this cluster have a channel width
lose to 48 km s −1 . The imaging was made by applying ROBUST =
.0 (Briggs 1995 ), which is the best compromise between uni-
orm and natural weighting. This maximizes the sensitivity while 
eeping high-spatial resolution, delivering a final beam size of 
bout 24 × 17 arcsec 2 for the three clusters. The typical rms is

0.24 mJy beam 

−1 for A85 and A496, while ∼0.12 mJy beam 

−1 

as reached for A2670 (see Table 3 ). This allowed us to obtain H I -
ass detection limits of the same order of magnitude for the three

ystems. 
The search for detections and the H I analysis was carried out

sing AIPS. The moment maps were produced with the AIPS 

ask MOMNT , and applied with Gaussian (space coordinates) and 
anning smoothing (velocity) to maximize the signal-to-noise ratio 

S/N). We produced H I -maps and velocity fields using a cutoff level
etween 1.5 and 2.0 times the rms measured in the corresponding
ata cube. As expected, variations of noise were found at the edge
f the data cubes, in RA, Dec., and velocity. We normally discarded
etections found within those zones. 

.3 CFHT MegaCam optical images 

e obtained optical images with the 3.6m Canada–France–Hawaii 
elescope and the MegaCam instrument, each field having a size of
round 1 × 1 deg 2 . The south tip and the infalling filament of A85
ere observed in October 2004 (programme 04BF02); we exploit 
ere the u g r i band images, with surface magnitude limits of 26.7,
7.3, 26.4, and 25.7 mag arcsec −2 , respectively. Details can be found
n Bou ́e et al. ( 2008b ). We later retrieved archive images, this time
entred on A85 in the g and r bands. The corresponding depths are
6.3 and 26.1 mag arcsec −2 . We assembled the individual images
five in each band) to obtain frames with total exposure times of
960 s and 8380 s. 
A496 was observed with the same telescope and instrument 

No v ember 2003, programme 03BF12) obtaining u g r i band im-
ges. The total exposure time is 7853 s for each image and the depths
re 27.4, 27.2, 26.2, and 25.6 mag arcsec −2 , respectively. Details on
hese data can be found in Bou ́e et al. ( 2008a ). 
MNRAS 517, 1218–1241 (2022) 
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Table 3. The H I -data cubes. 

Data RA Dec FoV Vel. range V c � v rms M HI limit 
cube (2000) (2000) ( arcmin) km s −1 km s −1 km s −1 mJy beam 

−1 10 8 M �
(1) (2) (3) (4) (5) (6) (7) (8) (9) 

A85–LV 00 41 51.9 −09 18 17 90 1366 15266 45.5 0.25 9.0 
A85–MV 00 41 51.9 −09 18 17 90 1330 16500 46.9 0.25 9.2 
A85–HV 00 41 51.9 −09 18 17 90 1387 17744 46.2 0.25 9.1 
A496–LV 04 33 04.1 −13 06 19 100 1314 9285 43.8 0.24 3.0 
A496–HV 04 33 04.1 −13 06 19 100 1324 10429 44.2 0.24 3.0 
A2670–C 23 54 13.8 −10 25 09 40 4120 23037 47.9 0.11 7.9 
A2670–NE 23 55 34.1 −10 04 18 40 2957 22690 47.7 0.12 8.6 
A2670–SW 23 52 53.4 −10 46 00 40 2957 22690 47.7 0.12 8.6 

Notes. Column (1): Field ID, where LV, MV, and HV indicates low, medium, and high velocity ranges, respectively. 
Columns (2) and (3): Central coordinates for the data cube, after mosaicing for A85 and A496. 
Column (4): Approximate diameter of the FoV, in arcmin. 
Column (5): Total velocity coverage, in km s −1 . 
Column (6); The heliocentric velocity of the central channel, using the optical definition. 
Column (7): Velocity resolution given by the channel width, in km s −1 . 
Column (8): The rms per channel in mJy beam 

−1 . 
Column (9): The H I -mass detection limit, in units of 10 8 M �. 
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The data for A2670 were taken from the CFHT archive, with a
otal exposure time of 6160 s in the u g r z bands. The depths are
5.7, 26.8, 26.3, and 24.2 mag arcsec −2 , respectively. 

.4 The membership catalogues 

e use the spectroscopic redshift compilation by Andernach (pri v ate
ommunication) to define the member sample of the three clusters.
his compilation considers as potential members all galaxies with
ublished radial velocities inside a projected Abell radius ( R A =
 . 1 h 

−1 
70 Mpc), and within a range of ∼2500 km s −1 from a preliminary

stimation of the cluster v elocity. Sev eral observational limitations
ould prevent the redshift catalogues to be fully complete within
he studied regions, but nevertheless, it remains the most reliable
ption with the data currently available in the literature. Taking
his redshift sample, the membership catalogues are constructed
y tracing caustic curves representing the escape velocity of the
ystem in a projected phase-space diagram (see, Serra et al. 2011 ,
nd references therein for more details). The curves are constructed
ollo wing Cho w-Mart ́ınez ( 2019 ). All galaxies within the defined
imits are taken as cluster members. The caustics applied here
re intentionally relaxed (an enclosing fit) as the catalogues are
ntended to retain as many potential member galaxies as possible. The

embership catalogues contain 616, 368, and 308 objects in A85,
496, and A2670, respectively. Due to its larger redshift, A2670 is

ampled through a larger linear radius. This bias will be taken into
ccount when we compare the observed clusters with each other in
ection 6 . 

.5 Catalogue of the brightest spiral galaxies 

 I blind surv e ys co v ering large cluster volumes allow to study the gas
omponent of all the member galaxies contained within the observed
ata cubes. Even those spirals not detected in H I are very important as
hey trace the distribution of H I swept spirals throughout the studied
luster. With this in mind we built catalogues (RA, Dec., and v rad ) of
he brightest spirals contained within the VLA data cubes. As a first
tep, magnitudes g and r were obtained for all the member galaxies
y applying SExtractor (Bertin & Arnouts 1996 ) to the CFHT images
eferred abo v e. A few zones observ ed by the VLA but not co v ered by
NRAS 517, 1218–1241 (2022) 
he CFHT (Fig. 1 ) were similarly analysed by using Pan-STARRS
rames (Flewelling et al. 2020 ). 

The strategy to define the bright spiral catalog is as follows. We
pplied a limit in apparent magnitude of g = 19.0, 18.0, and 19.5,
or A85, A496, and A2670, respectively. Considering the distance to
ach cluster, these values roughly correspond to the same absolute
agnitude, M g ∼−18.0. In r band this limit is close to M r = −18.2.
e convert these magnitudes to stellar mass following Mahajan et al.

 2018 ), showing that our catalogues of bright spirals are complete in
ass abo v e a value of log( M ∗/M �) = 9.0. We did not apply a colour-

ndex threshold in order to include any possible red spiral. This
ethod delivered bright objects whose morphology can be defined

hrough visual inspection; this was done by using combined (RGB)
ptical images from CFHT and Pan-STARRS. All objects in the
lue cloud (see next subsection) and having a stellar mass abo v e
og( M ∗/M �) = 9.0 were considered as candidates to be spiral. Our
isual inspection confirmed spiral features for most of those objects.
he remaining ones, before being included in the sample of bright
pirals, should present a combination of features based on a disky
hape, blue ( g − r ) colour, stellar mass, H I content, and the presence
f dust lanes (for the near edge-on ones). As shown below, a few red
pirals are reported in the three clusters. Their belonging to the bright
piral sample was conditioned by the following criteria: having a
ass abo v e log( M ∗/ M �) = 9.0, being detected in H I or, alternatively,

howing spiral features through our visual inspection. This output
as cross-matched with the list of member objects (Section 2.4 )

n order to ensure that these spirals are cluster members. The final
atalogues of bright spirals consist of 65, 46, and 61 member objects
n A85, A496, and A2670, respectively. Hereafter, we denote these
bjects as B-Sp. 

.6 Colour–magnitude diagrams: the galaxy populations 

racing colour–magnitude diagrams (CMD) in a cluster helps to
isualize the distribution of different types of galaxies populating
he system. Fig. 2 shows the CMD of the three clusters, giving the
olour index as a function of the absolute magnitude M r (bottom
xis) and stellar mass (upper axis). The red dotted line draws the
order between the red sequence and the green valley; it is defined
s: ( g − r ) = 0.63 − 0.02 ( M r + 20) (Masters et al. 2010 ). 
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Figure 2. Colour–magnitude diagrams showing cluster members with grey 
crosses. The red dotted line draws the border between the red sequence and 
the green valley (see text). The bright spirals are shown with solid circles 
(blue and red). Squares/diamonds indicate the H I normal/abnormal galaxies 
(see Section 3 ). 

 

s
a
p  

i  

l  

t

 

c  

T  

o  

s  

o  

o
S

 

c  

t
d  

i  

o  

c
i  

o  

i
c  

t
a  

t  

G  

t  

t
t

3

3

T  

p  

i  

d  

s
H  

t  

c  

w
a  

e
a  

i
f
c
t

 

v  

a  

H  

t  

fi  

l  

(  

m  

m
d

2 This research made use of the ‘K-corrections calculator’ service available 
at http://kcor.sai.msu.ru 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/1/1218/6694106 by C
N

R
S user on 13 April 2023
Member galaxies in Fig. 2 are shown with grey crosses. The bright
pirals defined in the previous section are cluster members too; they 
re indicated with solid circles, either red or blue, indicating their 
osition in the red sequence or in the blue cloud. Cluster members
n the red sequence being brighter than M r = −18.2 (i.e. mass abo v e
og( M ∗/M �) = 9.0), and having no solid circle, correspond to early
ypes. 
Galaxies abo v e the same mass limit and lying in the blue cloud are
onfirmed to be part of the B-Sp sample (see previous subsection).
he H I detections are shown with blue open squares (normal objects)
r with black diamonds (H I -abnormal objects, defined in the next
ection). A few H I detections are not part of the compilation
f member galaxies; either no redshift was available or they are
utside the velocity window defined by the membership catalogue in 
ection 2.4 . We added these objects as new cluster members. 
Galaxies located in the blue clouds of these clusters are good

andidates to be in a pre-quenching stage. Optical colours are not
he best indicators for current star-forming activity due to possible 
ifferences between the time scales for quenching and for the change
n colour due to the stop of star formation. Nevertheless, not having
ptical spectra for all the objects under study, we consider that a blue
olour combined with a normal gas content, constitute a reasonable 
ndicator for galaxies in a pre-quenching phase. On the other side,
bjects abo v e the red line of Fig. 2 are not e xpected to hav e an y
ntense star formation activity, therefore red circles in this figure 
onstitute very likely passive spirals. A K -correction was applied to
he three clusters. The largest K -correction values in colour-index 
re slightly abo v e 0.1 mag. As e xpected, these values correspond
o red objects in A2670 (we used the K -correction calculator from
AISh 2 ). As this correction is associated with the galaxy distance,

he y -axis of Fig. 2 shows the difference in absolute magnitudes after
he K -correction was applied. Galactic extinction is negligible for 
hese clusters, and no correction was applied. 

 RESULTS  

.1 The H I detected galaxies 

he catalogues of bright spirals (B-Sp) described abo v e pro vide
ositions and velocities that were used to seek for their H I -emission
n the corresponding data cubes. Most of these B-Sp were ef fecti vely
etected in H I but, in all three clusters, significant fractions of these
pirals were not detected. These objects constitute our sample of 
 I -non-detected spirals. This sample is complete in mass abo v e

he limit log( M ∗/ M �) = 9.0. The search for 21 cm emission was
ompleted by a thorough visual inspection of the H I data cubes. This
as done blindly, disregarding all information on optical positions 

nd redshifts of the spiral galaxies. Our search produced a list of
missions, most of which matching in position and velocity with 
 B-Sp. Ho we ver, se veral candidate detections had no counterpart
n the B-Sp Catalogue. A subsequent search upon the optical-RGB 

rames and redshift catalogues allowed the finding of the optical 
ounterparts. As expected, these are blue, irregular galaxies, fainter 
han the limit defining the B-Sp sample. 

Our strategy to search for H I -emitting galaxies includes a conser-
 ati ve detection threshold above 6 times the rms, delivering 10, 58,
nd 38 H I -detections in A85, A496, and A2670, respecti vely. A fe w
 I objects are just marginally resolved by the VLA primary beam:

wo in A85, six in A496, and eleven in A2670. All maps and velocity
elds are available as online material. We used the H I mass detection

imits given in Table 3 to ensure that the sample of bright spirals
Section 2.5 ) is potentially detected with this surv e y. Ob viously,
ore massive spirals have higher chances to be detected than less
assive ones. Therefore, we inspect the performance of our survey 

etecting galaxies with different stellar masses. We displayed our 
MNRAS 517, 1218–1241 (2022) 
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Figure 3. The distribution of member galaxies (grey crosses) in the studied 
clusters. H I detections are shown with blue squares (normal) and black 
diamonds (abnormal). Symbols for the bright spirals are the same as in Fig. 2 
(blue and red circles). R 200 is indicated with a red circle, and the blue polygon 
shows the VLA field of view. The cluster centre is indicated with a red cross. 
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 I mass detection threshold on to a M HI versus M ∗ plot (not shown
n this work). We added the scaling relation obtained by D ́enes,
ilborn & Koribalski ( 2014 ) and we found that normal galaxies can
e ef fecti vely detected do wn to log( M ∗/M �) = 9.0. The deeper data
ubes in A496 pushed this limit down to log( M ∗/M �) = 8.7. This
onfirms that our full sample of B-Sp can be detected with the present
urv e y under unperturbed conditions. 

Tables A1 –A3 give the main optical and H I -parameters of the
etected galaxies in A85, A496, and A2670, respectively. The lists of
on-detected spirals are given in Tables B1–B3 for the same clusters.
ive H I detections in A496 could not be properly measured as we
id not reco v er their full emission; this is due to limited velocity
o v erage of the corresponding data cube. We consider these galaxies
s H I detections because the reco v ered emission has a large S/N; they
re indicated with black squares in Figs 2 and 3 . 

In Tables A1–A3 , the first five columns give names, coordinates
nd morphological type; these data are taken from the literature
NED 

3 and HyperLEDA 

4 ). Columns 6 and 7 give optical magnitudes
nd ( g − r ) colours obtained from CFHT and from Pan-STARRS
mages. In Column (8) we provide the stellar masses obtained from
ur M r magnitudes. Columns (9) and (10) give the optical and H I

elocities, the latter in heliocentric frame. We consider the value
f the central channel displaying emission as the H I velocity. We
ive the H I velocity width in Column (11) defined by the full range
f channels containing emission; this constitutes a proxy for W 20 .
he H I mass (Column 12) in solar masses is calculated by using the
quation: 
[

M HI 

M �

]
= 2 . 36 × 10 5 ·

[
D c 

Mpc 

]2 

·
[

S HI 

Jy km s −1 

]
, (1) 

here we use the corresponding comoving distance ( D c ) for all
he members of the same system. The uncertainty for M HI is
ystematically ≤ 10 per cent, derived from the computed error on
he total flux S HI . The H I -deficiency is estimated with the equation
Haynes & Giovanelli 1984 ) 

 ef HI = log ( M HI ) exp − log ( M HI ) obs . (2) 

Given that only a reduced number of our galaxies has reliable mor-
hological types in the literature, we computed the Def HI parameter
or the two cases proposed by Haynes & Giovanelli ( 1984 ), i.e. for
arly-spirals and late-spirals. These values can be taken as the lower
nd upper limits (Columns 13 and 14) of the deficiency parameter.
olumn (15) gives the projected distance to the cluster centre, using

he BCG position. In Column (16), we provide a code indicating four
ifferent kinds of disruptions observed in H I ; this helps to define the
ub-sample of H I abnormal galaxies. The codes given in this column
re the following: 

(i) N : galaxies with normal H I content and distribution. 
(ii) Def : indicates galaxies having lost more than 50 per cent of

heir gas ( Def HI � 0.25). 
(iii) Asy : denotes a resolved H I asymmetry, or a tail, unveiled by

he H I maps. 
(iv) Pos : indicates an offset ≥ 20 kpc in position, between the H I

nd optical centroids; this limit roughly corresponds to the diameter
f a typical spiral and is equi v alent to 19, 30, and 14 arcsec, for A85,
496, and A2670, respectively. 
NRAS 517, 1218–1241 (2022) 

 The NASA/IPAC Extragalactic Database (NED) is operated by the Jet 
ropulsion Laboratory, California Institute of Technology, under contract with 

he National Aeronautics and Space Administration . 
 The HyperLeda database available at http:// leda.univ-lyon1.fr/ 

https://ned.ipac.caltech.edu/
http://leda.univ-lyon1.fr/
art/stac2526_f3.eps
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Figure 4. The distribution of HI detected galaxies in A85 (top), A496 
(middle), and A2670 (bottom). These objects are separated in three slices 
of velocity relative to the cluster centre (see text). The H I maps are enlarged 
by a factor of 5. The ROSAT X-ray emission is shown in grey scale. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/1/1218/6694106 by C
N

R
S user on 13 April 2023
(v) Vel : denotes a velocity offset between the optical and H I

elocities; we use three times the H I channel width to define this
ffset ( ∼135 km s −1 ). 

Galaxies having at least one of the four criteria mentioned abo v e
re defined as H I abnormal. We used this sub-sample of perturbed
bjects to carry out a search for a correlation between H I -deficiency
nd H I -asymmetry, finding no obvious trend. Ho we ver, this result
ased on gas deficient yet H I detected galaxies must be taken with
aution as these objects are caught at an early stripping phase. We
ave no information on the two-dimensional (2D) gas distribution 
f the even more stripped spirals, i.e. those not detected in H I .
herefore, a deficienc y–asymmetry correlation, dev eloping during 

ater gas stripping stages, should not be discarded a priori . 

.2 Global distribution of H I across the studied clusters 

ome of our main results are displayed in Figs 3 and 4 and in Table 4 .
he (RA, Dec) distribution of member galaxies in the three studied 
lusters is shown in Fig. 3 . We use the same symbols as in Fig. 2 in
rder to emphasize the position of the bright spirals (blue/red circles) 
nd the H I detected galaxies (open blue squares/black diamonds). The 
otal fields co v ered with the VLA are dra wn by blue polygons and
he corresponding R 200 are indicated with red circles. 

Fig. 4 shows the moment-zero H I -maps of the detected galaxies
n each cluster. Galaxies are set at their proper location and are
agnified by a factor of five for clarity. We use a colour code in

rder to separate these galaxies in three radial velocity regimes: 
ower , similar , and larger than the cluster v elocity. We giv e statistical
ignificance to the velocity slots by applying the same criteria as
ang et al. ( 2021 ), given as a function of the velocity dispersion of

he cluster ( σ cl ) given in Table 1 : blue colour for �v rad < −0.5 σ cl ,
reen for −0.5 σ cl < �v rad < 0.5 σ cl , and red for 0.5 σ cl < �v rad .
he X-ray emission is shown in grey scale taking advantage of the
omogeneous and large field map given by ROSAT . 
Table 4 reports the total number of objects having different 

bservational properties and lying in specific cluster regions. Data 
re displayed as follo ws: Ro w (1) gives the full number of cluster
embers, including the new members derived from the H I velocities. 
ow (2) provides the number of galaxies within the VLA FoV. Rows

3) and (4) give the total number of H I detections and bright spirals.
ows (5), (6), and (7), give the number of B-Sp being H I detected,

he B-Sp non-detected, and the B-Sp lying in the red sequence, 
especti vely. Ro ws (8), (9), and (10), give the number of galaxies
etected in H I lying in the red sequence, the H I abnormal, and those
elow the limit log( M ∗/M �) = 9.0, respectively. The last three rows,
11), (12), and (13), provide the number of galaxies projected within 
he virial region (Section 5.2 ) being: cluster members, bright spirals,
nd H I detections, respectively. The data given in Table 4 are not
ell suited for a direct comparison of the clusters with each other
ecause of their different redshifts and VLA co v erage. We carry out
 comparison under homogeneous conditions in Section 6 . 

.2.1 The H I in Abell 85 

ig. 3 (upper panel) shows the distribution of 616 member galaxies 
n A85, where the solid circles indicate the 65 B-Sp. The blue open
quares and one black diamond indicate the ten H I detected objects.
he cluster members (grey crosses) are rather homogeneously 
istributed across A85, while the B-Sp and the H I detected galaxies
how a very asymmetric distributions across the cluster. The SE zone 
as more bright spirals than all the other quadrants taken together; all
MNRAS 517, 1218–1241 (2022) 
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Table 4. Different types of galaxies in the studied clusters. 

Sample A85 A496 A2670 

(1) Members 616 383 318 
(2) Memb. VLA-FoV 603 336 254 
(3) H I -det 10 58 38 
(4) B-Sp 65 46 61 
(5) B-Sp H I -det 9 29 33 
(6) B-Sp H I non-det 56 17 28 
(7) B-Sp in red seq 6 17 8 
(8) H I -det in red seq 0 11 5 
(9) H I -det abnormal 1 17 18 
(10) H I -det low mass 1 28 4 
(11) Memb. virial-region 140 203 108 
(12) B-Sp virial-region 23 20 17 
(13) H I -det virial-region 1 24 12 
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he H I -detections are projected as well on to the SE–NE regions (Figs
 and 4 ). The gas-rich galaxies are projected 1.5–3.0 Mpc away from
he cluster centre, while a remarkable absence of H I detections at
ower radius suggests the presence of a harsh environment. This fact
s independently supported by the presence of strongly perturbed
 alaxies (Venkatapath y et al. 2017 ; Ramatsoku et al. 2020 ; Luber
t al. 2022 ). 

The sample of 65 B-Sp in A85 is unexpectedly high. A significant
raction of these objects are projected around the cluster core and in
he transition zone between the centre and the SE (Fig. 3 ). Six B-Sp
re reaching the red sequence (red solid circles in Fig. 2 ) and none
f them is detected in H I , indicating that they have gone through an
dvanced stripping process. On the contrary, all the galaxies detected
n H I show very blue colours indicating that they have not gone
hrough any stripping phase. 

The asymmetry in the distribution of H I -detections is even more
triking in Fig. 4 , showing that all but one detections are in the
ow-velocity domain, with a narrow �v of ∼15 000–15 200 km s −1 

see Table A1 ). Their low-velocity dispersion and the large difference
ompared with the systemic velocity of A85 ( ∼1 500 km s −1 ) suggest
hat they could share a common origin. 

.2.2 The H I in Abell 496 

he middle panel of Fig. 3 shows the distribution of 383 member
alaxies in A496, with 46 B-Sp and 58 galaxies detected in H I

symbols are the same as in Fig. 2 ). A first remarkable difference
f A496 when compared with A85 is given by the lower number
f bright spirals (46 in A496, and 65 in A85) but a much larger
umber of H I -detections (58 in A496 for only 10 in A85; see Table
 ). Interestingly, ∼50 per cent of the H I detected galaxies in A496
orrespond to gas-rich, low mass objects which are not part of the
-Sp sample, i.e. their stellar mass is below log( M ∗/M �) = 9.0.
his fraction is partly explained by A496 being closer than the
ther studied clusters. Ho we ver, we will sho w that some peculiarities
emain after considering the observational bias due to the difference
n redshift. 

The distribution of H I detected objects in A496 (Fig. 3 ) is striking,
ith many H I- normal galaxies projected on to the central regions. The
iddle panel of Fig. 4 helps solve the paradox: the objects with low-
 elocity relativ e to the cluster (maps in green, in the velocity range
0.5 σ cl < �v rad < 0.5 σ cl ) could be dominated by a mo v ement on

he plane of the sky, with circular orbits still far from the densest ICM
egions (Dressler 1986 ). The sample of red maps projected close to
he cluster core in Fig. 4 has large components of velocity along the
NRAS 517, 1218–1241 (2022) 
ine of sight. They must be at an early stage of infalling, accounting
or their normal gas content. 

Seventeen B-Sp in A496 are found in the red sequence; eleven of
hem still retain enough gas to be detected, some are classified as
 I abnormal and are indicated with black diamonds in Figs 2 and
 . This strongly suggests that they are under an advanced process
f stripping. Most of the red spirals in A496 are projected in the
W and SE quadrants; in Section 6 , we discuss a possible relation
etween their gas properties and their location within the cluster. 

.2.3 The H I in Abell 2670 

he bottom panel of Fig. 3 shows the distribution of 315 member
alaxies in A2670, emphasizing the position of 61 bright spirals and
8 H I -detections (same symbols as previous figures). From the 61
-Sp reported in this cluster, 28 are not detected in H I , suggesting an
ctive sweeping process. Fig. 2 shows eight B-Sp in the red sequence,
ome of them retaining enough gas to be detected in H I . 

Fig. 3 unveils a complex distribution of the H I detections in A2670,
hich are mostly projected on to the cluster core and to the SW. Most
f the H I non-detected bright spirals in A2670 (solid blue/red circles
ithout square or diamond in Fig. 3 ), are located near the core and

o the NE. Fig. 4 shows a trend of abundant H I -rich galaxies in the
W while the NE beyond 1 R 200 is very poor in H I . The centre shows
 balance between shrunk and extended H I maps, but we remind that
trong projection effects might be present in this zone. 

 CLUSTER  SUBSTRUCTURE  ANALYSI S  

n order to get a better understanding of the assembly history of the
tudied clusters, we carried out a search for substructures based
n two independent methods: the tests proposed by Dressler &
hectman ( 1988 ) and Serna & Gerbal ( 1996 ). For the two tests, we
pplied the compilation of member galaxies described in Section 2 .
n general, we have found large coincidences with the two methods.
he detected substructures are shown in Fig. 5 , and they will be used,

n combination with the positions of H I abnormal galaxies, as a test
or pre-processing (Section 6 ). 

.1 Substructures: the � -test 

e applied an impro v ed v ersion of the well-known � -test
Dressler & Shectman 1988 ), which is based on the parameter- δ,
efined by: 

2 = 

N nn + 1 

σ 2 
cl 

[( v local − v cl ) 
2 + ( σlocal − σcl ) 

2 ] , (3) 

here v cl and σ cl are the cluster global parameters, and v local and
local are the local parameters calculated for every galaxy relative

o its N nn nearest neighbours. In this work, we assume N nn = 10;
odifying this parameter does not significantly change our results

Bra v o-Alfaro et al. 2009 ). 
The � -test detects a substructure as a concentration of galaxies

howing high values of the parameter- δ; this has pro v en to be a
eliable tracer of substructures. Ho we ver, this method loses some
ccuracy in certain cases, for instance, when two groups at different
istances from the observer are projected along the same LOS.
n this case, the � -test will produce one single o v erestimation of
he parameter- δ, detecting only one structure. This is critical in the
bsence of a dominating large structure, like in bimodal/multimodal
ystems. In order to impro v e this method we introduce dividing
urfaces on a 3D distribution of RA, Dec., and v loc . This separates
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Figure 5. Substructures detected with the � -test. Sizes of the circles grow 

with the probability to belong to a substructure. Coloured circles are part of 
the extracted groups. (Top panel): In A85 all but one substructure (the NE) are 
detected as well with the Serna–Gerbal method. (Middle panel): The � -test 
for A496 unveiled one large substructure to the NW. The Serna–Gerbal test 
found no substructures in this cluster. (Bottom panel): The � -test in A2670 
detected two substructures, the NC and NE. The Serna–Gerbal test unveiled 
these two groups plus a third group in the SW, indicated with a blue ellipse. 
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he sub-groups of galaxies that share the same kinematic properties 
ithin their particular caustics, but somehow detached from the 
inematics of the whole cluster. That is, we do not take into
ccount only the parameter - δ, b ut also the v loc and the phase-space
istribution of galaxies that are candidates to be members of the 
ubstructures (more details in Caretta et al. in preparation). Values 
f the parameter- δ are illustrated in Fig. 5 by black circles; these
ircles grow with the probability of a galaxy belonging to a group.
ndi vidual v alues of the parameter - δ will be a vailable upon request. 

.1.1 � -test results in A85 

e revisit the analysis of substructures of A85 (Bra v o-Alfaro
t al. 2009 ) by taking advantage that the number of redshifts for
ember galaxies has grown significantly in the last years ( e .g . , Bou ́e

t al. 2008b ). For the full sample of cluster members, we report a
elocity dispersion of σ v = 1054 km s −1 . We report the following
ubstructures. 

(i) The main cluster body, with 532 galaxies, has a central velocity
 = 16 650 km s −1 , and σ v = 1092 km s −1 . 

(ii) The South-East (SE) substructure, with 15 members, has 
 = 15 157 km s −1 , and σ v = 298 km s −1 . 

(iii) The Filament group F , with 10 objects, v = 15 840 km s −1 ,
nd σ v = 372 km s −1 ; this and the SE substructures did not change
ignificantly, compared with previous works, as only few new 

edshifts are provided for these regions. 
(iv) The Southern Blob (SB) is better defined than in previous 

rticles; it has 38 members, v = 16 947 km s −1 , and σ v = 282 km s −1 .
(v) An interesting difference compared with previous works is the 

2 substructure (see Fig. 4 of Bra v o-Alfaro et al. 2009 ) which has lost
ts signal because the dominant object, the jellyfish galaxy KAZ-364 
also known as JO201), lies slightly outside of the caustic contours.
his galaxy is outside the velocity range of our H I cubes, so it is not

ncluded in the present analysis. Despite a velocity of ∼3000 km s −1 ,
elative to the cluster, Bellhouse et al. ( 2017 ) reported this object as
 fast, infalling cluster member being part of a small group. 

(vi) We unveiled two new low-mass substructures ( < 2 per cent of
he total number of member galaxies); the first is at the south-West
ith 9 galaxies, v = 16 236 km s −1 , and σ v = 183 km s −1 . 
(vii) Another new substructure lies to the NE with 12 galaxies, 

aving v = 16 345 km s −1 , and σ v = 300 km s −1 . 

.1.2 � -test results in A496 

e detected a main cluster body with 330 galaxies and a σ v =
74 km s −1 . We clearly unveiled one single substructure located ∼1 ◦

2.5 Mpc) NW from the cluster centre, with 38 members (abo v e
0 per cent of the total mass), v = 9338 km s −1 , and σ v = 457 km s −1 

see Fig. 5 ). Our H I surv e y co v ers only a small portion of that group,
elivering only limited information on the cold gas associated with 
his structure. 

.1.3 � -test results in A2670 

e obtained the following results for A2670: 

(i) The main cluster body emerges with 287 members, 
 = 22 806 km s −1 , and σ v = 805 km s −1 . 

(ii) We unveiled two low-mass structures, the first one projected 
lose to the centre (NC, ∼10 arcmin to the north) with 7 members,
 = 22 883 km s −1 , and σ v = 20 km s −1 . This velocity suggests a
erger with the main cluster body. 
(iii) The NE group lies ∼50 arcmin (4.5 Mpc), NE from the cluster

entre, with 14 members, v = 23 115 km s −1 , and σ v = 424 km s −1 

Fig. 5 ). This structure is just north of the VLA FoV (Fig. 3 ), and we
o not dispose of H I information for these galaxies. 
MNRAS 517, 1218–1241 (2022) 
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Table 5. Parameters of the ICM model. 

A85 A496 A2670 

r c (kpc) 82 30 174 
ρ0 (cm 

−3 ) 0.0257 0.0407 0.00383 
β 0.532 0.484 0.700 

Notes: Parameters for A85 and A496 are taken from Chen et al. 
( 2007 ). We followed Cirimele, Nesci & Tr ̀evese ( 1997 ) for A2670. 
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.2 Substructures: the Serna–Gerbal test 

n parallel to the � -test described abo v e, we applied the Serna–
erbal (S–G) method (Serna & Gerbal 1996 ) to the three clusters.
his test introduces a fundamental, independent element to detect
ubstructures: the relative potential energies of each pair of galaxies
y using individual galaxy brightness as a proxy for the stellar mass.
e use the r -band magnitude for this goal. In practice the S–G

est requires an input catalogue of positions, velocities, magnitudes
converted to masses assuming a value of M/L), and a defined
umber n of galaxies needed to build a group. We used n = 10 as a
epresentati ve v alue. The S–G test works hierarchically, seeking for
o wer le vel substructures within a primary (more massive) detected
roup. This delivers an output list of galaxies belonging to each
ubstructure and provides the mass of the corresponding group.
bsolute masses of individual structures are not highly accurate,
ut the relative masses of the groups, normalized to the total member
ample, are very reliable. 

.2.1 S–G results in A85 

he S–G programme computed for A85 a mass of M tot =
.51 × 10 14 M � for the entire cluster, and a velocity dispersion
f σ tot = 1037 km s −1 . The S–G test detected the main cluster body
identified as #1) with 587 galaxies, a relative mass M 1 = 0 . 792 M tot ,
nd σ 1 = 949 km s −1 . A secondary group (#2) is detached from the
ain cluster body, lying south from the centre and having 21 galaxies,
 2 = 0 . 079 M tot , and σ 2 = 184 km s −1 . This structure is coincident
ith the SB group detected by the � -test. 
In the next step, we took Structure #1 as the starting point, and we

nveiled two further substructures; the first one (identified as #1.1)
as 144 galaxies with M 1 . 1 = 0 . 218 M tot , and σ 1.1 = 527 km s −1 .
ome galaxies from this group account for the SE subcluster, detected
s well with the � -test. The second substructure (#1.2) has 14
alaxies, a relative mass M 1 . 2 = 0 . 01 M tot , and σ 1.2 = 180 km s −1 .
inally, the group #1.1 harbours two additional substructures: the
rst (#1.1.1) has 74 galaxies with M 1 . 1 . 1 = 0 . 125 M tot , and σ 1.1.1 =
81 km s −1 . This group coincides in position with the minor SW
tructure obtained with the � -test. Another dozen galaxies from
he structure #1.1.1 emerge as a group lying between the SB and
he Filament , unveiling a more complex region, south of the core,
han what is shown by the � -test. A final subgroup (#1.1.2) appears
ith 10 galaxies, a relative mass of M 1 . 1 . 2 = 0 . 009 M tot and σ 1.1.2 =
73 km s −1 . This substructure matches with the Filament group
etected with the � -test. With the exception of the NE group, the
–G test successfully confirmed the substructures found with the
 -test in A85. 

.2.2 S–G results in A496 

e analysed the full sample of member galaxies, but we found no
ajor substructures in A496. Even modifying the parameter n (for

nstance with n = 5 ) we did not find significantly different results.
he S–G method finds that A496 is a relaxed cluster with negligible
ubstructuring, in agreement with previous studies ( e .g . Bou ́e et al.
008a ). 

.2.3 S–G results in A2670 

n the first step, the S–G test detected two groups in A2670. The
argest structure (#1) has 123 galaxies with a σ v comparable to
hat of the entire cluster, having M 1 = 0 . 490 M tot . The second group
NRAS 517, 1218–1241 (2022) 
#2) has 10 galaxies, a mass M 2 = 0 . 016 M tot , and σ#2 = 215 km s −1 .
roup (#2) is placed ∼40 arcmin SW from the cluster centre and
as not detected by the � -test (see Fig. 5 ). Very interestingly, this

ubstructure embraces the zone where several H I -rich galaxies are
eported (see bottom panel of Fig. 4 ). These objects have similar
hysical properties (position, velocity, gas richness), giving further
upport for this group to be real. 

In a second run, the large structure (#1) is decomposed into two
ubstructures (#1.1 and #1.2) having 83 and 11 galaxies, respectively.
he former contains M 1 . 1 = 0 . 270 M tot , and a velocity dispersion
omparable to that of the cluster. The group #1.2 contains M 1 . 2 =
 . 180 M tot , and σ 1.2 = 433 km s −1 . The fact that the substructures #1
nd #1.1 present high σ v , comparable to that of the whole cluster,
educes the statistical significance for these groups, as shown by
erna & Gerbal ( 1996 ). Ho we ver, part of substructure #1.1 extends
rom the centre to the north, coinciding with the NC group found
ith the � -test. The same occurs with substructure #1.2, coinciding
ith the NE group, reinforcing the existence of these two groups

Fig. 5 ). 
The two methods, the � -test and the Serna–Gerbal, confirm the

 ery comple x substructure system of A85, contrasting with the
ery lo w le vel sho wn by A496. The two tests show A2670 as an
ntermediate case with a few, not very massive substructures. 

 R A M  PRESSURE  A N D  PHASE-SPAC E  

I AG R A M S  

ith the aim of studying the effects e x erted by the ICM on the cold
as content of individual galaxies, we compute the ram-pressure
tripping (RPS) profiles for the three studied clusters and compare
hem with different values of the anchoring force (see the re vie w by
oselli et al. ( 2022 ) for further details.) Next, we build and analyse

he PPS diagrams for each cluster, displaying the position of all
ember galaxies. 

.1 Ram pr essur e stripping in A85, A496, and A2670 

n order to estimate the RPS radial profiles, we follow the theoretical
efinition proposed by Gunn & Gott ( 1972 ), R P S = ρICM 

× v 2 rel .
ere ρICM 

is the local density of the intracluster medium, and v rel is
he galaxy velocity relative to the ICM. We estimate the ICM density
 ρICM 

) as a function of the cluster radius by applying the hydrostatic-
sothermal β-model of Cavaliere & Fusco-Femiano ( 1976 ), ρ( r ) =
0 [1 + ( r / r c ) 2 ] −3 β/2 . Table 5 gives the parameters of the β-model

or the studied clusters: the core radius r c , the central density ρ0 

nd the β value used to calculate the density as a function of the
luster radius. The corresponding RPS profiles are shown in Fig. 6
here we display three representative velocities, which are multiple
alues of the velocity dispersion of each cluster: 0.66 σ cl in blue,
.0 σ cl in green, and 1.5 σ cl in red. This adds physical meaning to the
omparison of the RPS intensity among different clusters. 
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Figure 6. The RPS as a function of the cluster-centric distance. Three 
representativ e v elocities relativ e to the ICM are displayed, taking the cluster 
velocity dispersion as a reference: 0.66 σ cl in blue; 1.0 σ cl in green, 1.5 σ cl in 
red. Three values of the anchoring force are shown in order to e v aluate the 
RPS effects (see text). 
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In order to quantify the effects produced by the RPS on individual
bjects, they must be compared with the anchoring force per unit
urface produced by the galaxy gravitational potential, given by 
 gal = 2 πG � s � g . Here, � s and � g are the surface densities of

he stellar and gaseous discs, respectiv ely. RPS must o v ercome the
nchoring force in order to succeed the gas stripping. Several values
f 
 gal have been proposed, going from 2.0 × 10 −13 N m 

−2 for spirals
n Virgo (Cayatte et al. 1994 ), to 2.1 × 10 −12 N m 

−2 for a Milky Way-
ike galaxy (Hern ́andez-Fern ́andez et al. 2014 ). One step further was
ade by Jaff ́e et al. ( 2018 ) who modelled the anchoring force as a

unction of the galaxy radius, the stellar mass, and the gas fraction
f a sample of spirals. We follow these authors in order to seek for
alues of 
 gal being representative for our sample of B-Sp. 

From Fig. 2 , we see that most of the B-Sp are in the range of mass
etween log( M ∗/M �) = 9.0 and log( M ∗/M �) = 10.5. No significant
ifference in mass is expected between our sample and that studied
y Jaff ́e et al. ( 2018 ), so we use their Fig. 5 (and Fig. 4 in Jaff ́e et al.
019 ), which provides the anchoring force at a radius of twice the
isc scale length. As we are interested in the RPS effects e x erted at
he external edge of spirals, we take this value as a proxy for the
nchoring force acting at the outskirts of the galaxy. This strategy
elivers 
 gal in the range from 10 −12 to 10 −13 N m 

−2 . We take the
iddle value 5.0 × 10 −13 N m 

−2 as a reference for our sample of
-Sp. As a comparison, the 
 gal value reported by Cayatte et al.
 1994 ) predicts very strong RPS ef fects, e ven in the low-velocity
nd at large cluster-centric domains (see Fig. 6 ). The opposite is
iven by the value of 
 gal proposed by Hern ́andez-Fern ́andez et al.
 2014 ). We indicate the three values of 
 gal in Fig. 6 . It is clear that
he reference value 
 gal = 5.0 × 10 −13 N m 

−2 is more realistic for
he bright spirals under study, so we use it along the forthcoming
nalysis. 

Some uncertainties are introduced though. Particularly important 
s the dispersion in the relation between the anchoring force and
he stellar mass, with a strong dependence on the galaxy radius.
n this respect Jaff ́e et al. ( 2018 ) have shown that the anchoring
orce is strongly dependent on the degree of mass concentration; this
mplies that low mass objects with a high central density could have
 similar 
 gal at their centre than a more massiv e/e xtended galaxy
t its edge. Despite these uncertainties we will show (Section 6 )
hat our reference value of 
 gal matches reasonably well with our
bservations on a statistical basis. 
We repeat this analysis for the low-mass galaxies, i.e. those in the

ange of stellar mass log( M ∗/M �) between 8.0 and 9.0, obtaining an
pper limit for the anchoring force of 
 gal = 10 −13 N m 

−2 . Galaxies
n this low regime of 
 gal are predicted to be easily stripped of their
old gas when they approach the virial radius. We further discuss
bout these objects in Section 6 . 

.2 Phase-space diagrams and cluster accretion history 

he projected phase-space (PPS) diagram of a cluster helps to 
istinguish virialized from infalling galaxies ( e .g. Kent & Gunn
982 ; Geller et al. 2013 ; Oman, Hudson & Behroozi 2013 ; Jaff ́e et al.
015 ; Rhee et al. 2017 ; Cortese et al. 2021 ). We present a version
f PPS where the parameters � v and the radius are normalized by
he velocity dispersion σ cl , and by R 200 , respectively. On the y -axis
e display the absolute value of the peculiar velocity ( | �v rad | / σ cl ).
n the x -axis the projected position relative to the cluster centre is
ormalized by R 200 . 
Fig. 7 shows the PPS diagrams for A85, A496, and A2670 with

he same symbols as in previous figures. The escape velocity of each
luster is shown with a solid grey line; these are more conservative
MNRAS 517, 1218–1241 (2022) 
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Figure 7. PPS diagrams for A85 (top panel), A496 (middle panel), and A2670 (bottom panel). Symbols are the same as in Figs 2 and 3 . The solid red line 
defines the virialized region (see text) and the solid grey line indicates the escape velocity. The dotted orange line shows the region where P ram 

= 
 gal (see 
Section 5.1 ). 
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han the caustics used to define the member sample and helps to
btain a better contrast between virialized and infalling galaxies 
e . g . Jaff ́e et al. 2015 ; Wang et al. 2021 ). This escape velocity was
stimated on the basis of a NFW halo with a concentration of c =
; other values of this parameter do not change the escape velocity
ignificantly. The orange dotted line draws the boundary where RPS 

quals the anchoring force, 
 gal = 5.0 × 10 −13 N m 

−2 . 
At the lower left-hand corner of the PPS diagram, we find the

alaxies projected at short cluster-centric distances and having low 

radial) velocities relative to the cluster. These objects are likely 
ettled on to the cluster potential after completing, at least, one 
ericentric passage. This part of the diagram is identified as the 
irialized zone , and we define its boundaries as follows. On the x -
xis, we followed authors (e . g . Jaff ́e et al. 2015 ; Kopylova & Kopylov
018 ) who propose that the virial radius lies in the range 1.2–1.4 R 200 .
n the y -axis, the criteria to define the virial zone are based on

tatistics, by considering a Gaussian distribution of velocities. We 
se the value of 1.5 σ as a more restrictive limit (compared with 3 σ )
n order to a v oid contamination by foreground/background galaxies. 
onsidering these boundaries, we define the virialized zone as the 

riangle limited by the solid red line in Fig. 7 . This triangle zone
s more conserv ati ve than the corresponding squared region and has
een applied by authors like Jaff ́e et al. ( 2015 ) and Wang et al.
 2021 ). On the opposite corner of the PPS diagrams, galaxies infalling
or the first time lie in the large radii/velocity domain. After a few
0 9 yr, equi v alent to the crossing time for a typical cluster, infalling
alaxies will lose kinetic energy due to dynamical friction and violent 
elaxation, and they will settle deep into the cluster gravitational 
otential. 
The distribution of different types of galaxies in the PPS diagrams 

ffer important hints on the dynamical stage of the three clusters.
he top panel of Fig. 7 shows A85 behaving as a typical evolved
ystem with a high concentration of member galaxies within the 
irialized zone. The escape v elocity curv e in this plot is lower than
he one reported by Bellhouse et al. ( 2017 ); this is due to the higher

ass used for A85 by these authors M 200 = 1.58 × 10 15 M � We
ee a clear trend where, with one single exception, all B-Sp lying
elow the escape velocity curve are not detected in H I , suggesting
hat these galaxies have gone through an advanced process of gas 
tripping. The gas-rich objects in A85 lie in the high radius, high-
elocity domain, indicating that they approach the cluster for the 
rst time. Despite some similarities between A85 and other systems 

ike A693 (e.g. mass, morphology, and dynamical stage), their dis- 
ribution of galaxies across their PPS differs significantly (Jaff ́e et al.
015 ). 
Similar to A85, A496 harbours a crowded virialized zone (medium 

anel of Fig. 7 ). This is in agreement with the adv anced le vel of
elaxation reported by different authors and with the low degree of
ubstructuring in A496 reported in this work (Section 4 ). The striking
umber of H I -rich galaxies lying within the virialized zone can be
xplained by projection effects as described in Section 3.2 . The PPS
iagram of A496 shows a slight trend of H I abnormal galaxies (black
iamonds) and red spirals (red solid circles) being more abundant 
owards the virialized zone. 

A2670 is dynamically young, accounting for the complex distribu- 
ion of galaxies in the PPS diagram and a virialized zone significantly
ess concentrated than in the other two systems. In this respect, 
2670 looks like other young clusters like Hydra (Wang et al. 
021 ). A number of H I detections are projected on to the virialized
one, certainly explained by projection effects. Other H I galaxies are 
ocated in the high radius ( ≥ 1 . 5 r/ R 200 ) domain, matching with the
ubstructure reported on to the SW in Section 4 . Several of these
etections correspond to abnormal H I galaxies (black diamonds) and 
o red spirals, which are good candidates to be under pre-processing.

 DI SCUSSI ON  

.1 The H I and the effects of environment 

he results described so far provide undeniable evidence on the 
mportant role played by environment in the transformation of spirals 
n the three studied clusters. The global cluster H I deficiency is an
mportant parameter that correlates with the properties of galaxies 
n most of the nearby clusters. In this work, we approach the cluster
eficiency as the ratio of high H I deficient B-Sp (i.e . those not
etected in H I ) normalized by the total number of B-Sp found within
ach system. Cluster deficiencies calculated in this way are: 0.86, 
.37, and 0.46, for A85, A496, and A2670, respectively. A85 appears
s an extreme case of H I deficiency and, since it is the most massive
f the three studied systems, this result matches the model prediction
f more massive haloes producing larger gas loss ( e.g. Donnari et al.
021 ). 
Next, we discuss our results in the frame of four milestone results

nd predictions on galaxy evolution in clusters, which are based 
n observations and on theoretical models: (1) The dependency of 
ndividual galaxy properties (like gas content and SF quenching) on 
he cluster-centric distance. (2) The commonly accepted role played 
y RPS in galaxy transformation, at least in the inner cluster regions.
3) The pre-processing of galaxies at large cluster-centric radii is 
hought to be responsible for the transformation of large fractions of
alaxies. (4) Models of galaxy evolution predict the transformation 
quenching and gas sweeping) of large fractions of satellite galaxies 
revious to their infalling (we refer to the following works and
eferences therein, Peng et al. 2010 ; Rhee et al. 2017 ; Jung et al.
018 ; Roberts et al. 2019 ; Cortese et al. 2021 ; Donnari et al. 2021 ;
ealy et al. 2021 ; Boselli et al. 2022 ). 
We explore how the three studied clusters fit within these pre-

ictions taking into account the results described in the previous 
ections. With this aim, we use our sample of B-Sp as test particles
or environment effects. As a first approach, we consider that a
ormal H I content plus a blue colour constitute an indicator of a
on-quenched galaxy. As mentioned previously, optical colours are 
ot the most accurate tracers for quenching but they are often used
s an alternative, distinguishing active from non-active galaxies, for 
nstance in statistical studies as the present one. In the following
iscussion, we take our sample of B-Sp as analogues of the satellite
alaxies defined in cosmological simulations. We observe that none 
f the B-Sp dominates any of the groups reported in Section 4 , giving
upport to this approach. Current models ( e .g . Xie et al. 2020 ) predict
hat evolution of low mass galaxies, those having log( M ∗/M �) < 10.3
matching the range of our B-Sp) is dominated by environmental 
ffects. Abo v e this threshold AGN feedback is expected to drive the
alaxy quenching. 

.2 Global properties of the studied clusters 

ere, we compare some physical properties of the studied clusters 
ith each other. In order to a v oid part of the observational bias
e focus on the inner regions, more specifically on the largest
hysical radius being observed with the VLA in the three systems.
ased on this criteria, we take the conserv ati ve v alue of 1 R 200 as
omparison radius. Obviously, some bias remain due to different 
luster distances, which has an effect on the population of H I detected
alaxies. For instance, typical H I masses reported in A85 and A2670
MNRAS 517, 1218–1241 (2022) 



1232 M. M. L ́opez-Guti ́errez et al. 

M

Table 6. Different types of galaxies within 1 R 200 : comparing the inner regions of A85, A496, and A2670. 

A85 A496 A2670 
Galaxies Normalized by: # (fract.) # (fract.) # (fract.) 
(1) (2) (3) (4) (5) (6) (7) (8) 

Members 574 271 195 
H I -det Members 8 0.01 52 0.19 21 0.11 
B-Sp Members 58 0.10 39 0.14 35 0.18 
B-Sp H I -det B-Sp 7 0.12 27 0.69 17 0.49 
B-Sp H I non-det B-Sp 51 0.88 12 0.31 18 0.51 
B-Sp in red seq B-Sp 6 0.10 14 0.36 2 0.06 
H I -det in red seq H I -det 0 0.00 7 0.13 0 0.00 
H I -det abnormal H I -det 1 0.13 15 0.29 10 0.48 
Low-mass H I -det H I -det 1 0.13 21 0.40 3 0.14 

Notes: 
– All objects mentioned in Columns 1 and 2 are restricted to 1 R 200 . 
– The numbers of galaxies mentioned in Column 1 are given in columns 3 (A85), 5 (A496), and 7 (A2670). 
– Column 2 indicates the sample used to normalize the number of galaxies referred in Column 1. 
– The fractions ‘Column (1) / Column (2)’ are given in Columns 4 (A85), 6 (A496), and 8 (A2670). 
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pproach 8 × 10 9 M �, while in A496 this value is ∼2 × 10 9 M �.
s a consequence, in this last cluster, we report more H I galaxies

n the low mass regime (Section 3 ). Nonetheless, some peculiarities
escribed below remain even after considering this observational
ias. Table 6 resumes the data corresponding to 1 R 200 for the three
lusters. 

.2.1 A85 

his stands out as a very H I -deficient system. The H I detections
epresent a fraction of 0.016 of the member galaxies within 1 R 200 

Table 6 ). The majority of the B-Sp not detected in H I (Fig. 7 ) gather
owards the virial zone of the PPS diagram. This cluster shows the
xpected cluster-centric distribution of g as-rich/g as-poor spirals. The
trongest ICM effects in A85, compared with A496 and A2670, are
upported by two results given in Table 6 within 1 R 200 : (a) the low
raction of H I detected galaxies relative to the member objects (0.01,
.19, and 0.11, in A85, A496, and A2670, respectively); and (b) the
raction of B-Sp not detected in H I , relative to the B-Sp reported
ithin the same region (0.88, 0.31, and 0.51, in A85, A496, and
2670, respectively). These numbers do not correlate with redshift

o we discard any observational bias as responsible for this result. 
These effects are well explained by RPS. We showed (Section 5.1 )

hat this mechanism might exceed the anchoring force up to a radius
lose to 0.6 r / R 200 for typical (1 σ ) velocities, and up to 0.9 r / R 200 

or f aster inf allers (1.5 σ ; see Fig. 6 ). As a matter of fact, the central
egions of A85 could be an extreme case even compared with Coma,
here a number of gas-deficient spirals are still detected within
 Mpc, with similar H I mass limit detection than the present work
Bra v o-Alfaro et al. 2000 ; Healy et al. 2021 ; Moln ́ar et al. 2022 ).
n A85, the only H I projected close to the centre is the high-speed
nfalling jellyfish JO201, which shows signs of strong ram pressure
tripping (Ramatsoku et al. 2020 ; Luber et al. 2022 ). 

In parallel to RPS, we inspect the role played by pre-processing
nd by the shocked interface between A85 and the SE-group, in
he transformation of infalling spirals. A large majority of the B-
p, which are not detected in H I are located in the SE quadrant,
here the shock ed interf ace is found. The complexity of this region

s consistent with the presence of two groups (the South Blob and
he Filament groups) in addition to the SE subcluster itself (Fig. 5 ).
nother jellyfish galaxy (JO200) is located in this zone being so
eeply stripped that it was not detected in H I down to a mass limit
NRAS 517, 1218–1241 (2022) 
f 9 × 10 8 M � (A85[DFL98]286 in Table B1). Venkatapathy et al.
 2017 ) already proposed this galaxy to be in a more advanced stage
f transformation than JO201. 
A remaining number of H I non-detected B-Sp galaxies lies in the

W quadrant of A85 (Fig. 3 ). These objects are seen slightly beyond
he escape velocity curve of the PPS in Fig. 7 . No substructures are
eported in that zone; therefore we fa v our the backsplash hypothesis
Gill, Knebe & Gibson 2005 ; Hirschmann et al. 2014 ). This suggests
hat these galaxies had entered A85 from the SE and now we see
hem projected to the NW. Timescales for RPS quenching ( ∼1 Gyr)
nd for cluster crossing ( ∼3 Gyr) are in good agreement. Consider-
ng that morphology transformation, disregarding the responsible

echanism, takes longer timescales ( ∼10 Gyr), backsplash is a
lausible explanation for the spiral morphology and their location
ithin the cluster (Boselli & Gavazzi 2006 , 2014 ; Cortese et al.
021 ). 
As a first approach to quantify pre-processing in A85, we obtained

he number of H I perturbed galaxies, and those non-detected, within
ach of the groups reported in Section 4 . We obtained the following
umbers: SB:3, Filament: 4, SE: 4, SW: 0, NE: 1. This suggests
hat pre-processing could be at work within the groups located SE
f A85. Ho we ver, it is dif ficult to separate pre-processing from the
ffects of the interface shocking region. The later covers very well
he zone where the B-Sp not detected in H I are found. 

The sample of blue, H I normal galaxies in A85 projected between
.5 and 3.0 Mpc east of the cluster centre raises some unanswered
uestions. They are confirmed as cluster members and, being in the
tellar mass range log( M ∗/M �) between 9.0 and 10.0, these objects
re predicted to have a high probability to be quenched before their
omplete infall on to a massive cluster like A85 (e.g. Bah ́e et al.
019 ). For instance, Xie et al. ( 2020 ) estimates that ∼60 per cent
f galaxies would be quenched in the mass range giv en abo v e and
aloes (clusters) with masses abo v e log( M halo /M �) = 14.0, which is
he case for this cluster. 

In any case, the g as-rich g alaxies in A85 seem to be part of a
ontinuous flow of newcomers occurring during several Gyr. This
cenario is supported by the fact that A85 is part of the supercluster

SCC-039, which includes eleven systems (Chow-Mart ́ınez et al.
014 ). The large scale structure joining A85 with its neighbours, in
articular A117A, projected at ∼12 Mpc SE of A85 (Caretta, pri v ate
ommunication), could be responsible for the feeding of fresh H I

alaxies and with the presence of the SE subcluster. 
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Figure 8. 6dF galaxies (green dots) found within a square of 12 ◦ of side 
around A496 (black diamond). Red dots indicate the 498 galaxies having 
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.2.2 A496 

his cluster constitutes a puzzle not only compared with the two other 
ystems under study but also relative to the low-z clusters previously 
maged in H I . On one hand A496 is confirmed as a relaxed system
nd, in agreement with this, it is very concentrated. The PPS of Fig. 7
hows that more than 50 per cent of member galaxies lie within the
irialized zone. Ho we ver, A496 presents some features in apparent 
ontradiction with an evolved system. First, the high number of H I

etections (58) constitutes 17 per cent of the member galaxies within 
he VLA FoV (this is below 2 per cent in A85; see Table 4 ). Even
f we compensate for A496 being closer than the other two systems
he trend clearly persists. Another paradox is the absence of the 
xpected cluster-centric distribution of H I galaxies. This is observed 
n clusters like Coma and A85, comparable to A496 in dynamical 
tage. Figs 3 and 4 clearly show the lack of correlation. As mentioned
efore, particularly strong projection effects should explain the H I - 
ich galaxies projected on to the cluster core. This scenario fits with
ctive ram-pressure stripping in this cluster. Our estimations predict 
hat RPS surpass the anchoring force at ∼0.4 r / R 200 for typical 1 σ
elocities, and up to 0.6 r / R 200 for velocities of 1.5 σ (Fig. 6 ). This
mplies that H I normal spirals are hardly expected near the cluster
ore. 

Taking the full sample of B-Sp as test particles for environment 
ffects we find that 37 per cent of them have lost a large fraction of
as and were not detected in H I (Table 4 ). Furthermore, among the
 I detected B-Sp a number of them are reported as abnormal (Table
2 ). If we consider the colour index, one third of the B-Sp in A496

re located in the red sequence. All these results clearly indicate an
mportant degree of spiral transformation in this cluster. 

Another intriguing result in A496 is the large number of H I

etected galaxies with masses below log( M ∗/M �) = 9.0, some of
hem having H I mass ≥ 3 × 10 9 M � (see Table A2 ). In similar
lusters, like Hydra, the average H I mass for the same range of
tellar mass is significantly lo wer, belo w 10 9 M � (Wang et al. 2021 ).
ven considering the closer distance of A496 (the nearer the cluster, 

arger the fraction of low-mass H I detected objects), we expected 
imilar galaxies to be found in A85 and A2670. Taking into account
ur H I detection limits and by scaling the corresponding H I flux to the
istance of A85 and A2670, our surv e y would be capable to detect
uch gas-rich galaxies with stellar masses around log( M ∗/M �) = 8.5.
o we ver these objects are absent, more conspicuously in 
85. 
The low-mass, gas-rich, and very blue galaxies in A496, are 

ery likely in a pre-quenching phase. These objects deserve a 
ore detailed study; current models predict strong pre-processing 

nd a significant quenching fraction, going up to 80 per cent for
og( M ∗/M �) = 9.0, at z = 0 (Donnari et al. 2021 ). In a forthcoming
aper we will try to determine, statistically, how close to a massive
alo these low-mass galaxies last before extinguishing. This could 
elp to restrict theoretical models. 
Besides the projection effects, the full distribution of H I galaxies 

n A496 (Fig. 3 ) deserves a closer look. The NE quadrant is almost
mpty of H I objects. In the south and south-east regions, all the H I

etections belong to the high-velocity domain (red maps in Fig. 4 ),
uggesting a common origin. Finally the north-west is the richest 
one of both, H I detections and member galaxies. This could be
ssociated with the only substructure found in this cluster (Section 4 ).
oncerning pre-processing, the very low degree of substructures 

uggests that this mechanism is not playing a major role transforming
nfalling galaxies in A496. Instead, the cluster environment seems to 
ominate the processing of spirals. 
t  
We explored the surrounding large-scale structure of A496 in 
rder to better understand the replenishment of gas-rich galaxies. 
e analysed 6dF Surv e y data within an area of 12 ◦ around A496;

he centre of this cluster is indicated with a black solid circle in
ig. 8 . We applied a galaxy request restricted to the redshift range
f 0.0255–0.0407 (7552–11962 km s −1 ), corresponding to the 3 σ
nterval of A496. The output of 498 galaxies is displayed in the
ame figure. This plot shows in green the positions of all the galaxies
ound in 6dF, while the objects in red correspond to the selected
edshift interval. Important galaxy concentrations are clearly seen, 
rawing a filament in the NW-SE direction, having redshifts of 0.037
nd 0.038 (the redshift of A496 is 0.033). The nearest structure to
496 lies to the NW and could be at the origin of the large number
f gas-rich objects in the NW zone of A496 and the substructure
eported in the same region (Fig. 5 ). Other observational pieces of
vidence support this filament of large scale structure, like the X-ray
luster MCXC J0445.1 −1551, SE from A496. This system was not
dentified originally by Abell and is found at RA = 71.5, Dec. = −16,
entred on the cD galaxy NGC 1650. These filaments account for
he observed replenishment of g as-rich g alaxies, in particular from
he NW. 

.2.3 A2670 

his system is dynamically younger than the other studied clusters so
he high fraction of B-Sp within the VLA FoV (24 per cent, see Table
 ) is not unexpected. The fraction of B-Sp within 1 R 200 is larger than
n the other two systems (Table 6 ). Ho we ver, opposite to other young
lusters like Virgo (Chung et al. 2009 ), Hydra (Wang et al. 2021 ), and
bell 963 (Jaff ́e et al. 2015 ), the correlation between H I deficiency

nd cluster-centric radius is not seen in A2670. This is due to the large
umber of H I -rich galaxies projected on to the cluster core (Figs 3 and
 ), which are located into the virialized zone of the cluster (Fig. 7 ).
ur estimations of RPS in A2670 predict significant environment 

f fects, e ven if less intense than in A496 and A85. In A2670, RPS
s expected to dominate within r / R 200 ≤ 0.3, for relative velocities
f ∼1.0 σ , and within a radius of r / R 200 ≤ 0.4, for higher velocities
1.5 σ (Fig. 6 ,). Therefore, most of the H I detections projected in

he very central region of A2670 are explained by projection effects,
MNRAS 517, 1218–1241 (2022) 
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Figure 9. Composite plots of three clusters showing the member galaxies (grey crosses), highlighting the bright spirals; blue/red spirals are shown with solid 
circles; H I detections are given with squares and diamonds, indicating normal and abnormal objects, respectively. left-hand panel: the projected position on the 
sky, normalizing cluster-centric distances by R 200 . Right-hand panel: positions of galaxies in the phase space diagram. The red line delimits the virialized zone 
as defined in Fig. 7 . 
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ither being fast infallers along the line of sight or objects with
on-radial orbits. 
We use the B-Sp properties to investigate the strength of the

nvironment effects in A2670. Fig. 2 shows that a number of B-Sp
ave reached the red sequence; five of them retain enough gas to be
etected in H I . Interestingly, almost half of the H I detected galaxies
re classified as abnormal (Table 4 ), confirming a rather harsh cluster
nvironment. The fraction of H I abnormal objects within 1 R 200 is
uch larger in A2670 (0.48) than in the other two clusters. We

uantify the importance of pre-processing in A2670 by contrasting
he positions of the H I perturbed B-Sp with the substructures reported
n Section 4 . We found only two of such galaxies in the north-centre
NC) group and four in the SW, including 3 H I abnormal and one
on-detected object. The SW region seems to be the only zone of
his cluster where pre-processing is at work. 

The elongated morphology of A2670, following a NE-SW axis,
s confirmed by the distribution of member galaxies in Fig. 3 . The
lobal positions of H I detections help to trace the accretion history
f A2670. When we focus beyond 1.0 R 200 , a strong asymmetry is
een between the very H I -rich south-west and the H I -poor north-east
egion (Fig. 4 ). This strongly suggests the former as the preferred
irection of infalling spiral galaxies. 

.3 The evolutionary stage of the bright spirals: a three-cluster 
omposite view 

n order to explore the global behaviour of the large sample of bright
pirals (B-Sp) collected in this work, we create a composite cluster
onstituted by the three studied systems. The left-hand panel of Fig. 9
hows the distribution, on the plane of the sky, of all member objects
nd all the bright spirals (we use the same symbols as in previous
lots). The right-hand panel of Fig. 9 shows the PPS diagram of the
omposite cluster. In order to properly display the three systems in
 single plot, we normalize the galaxy cluster-centric distance by
he corresponding R 200 . The relativ e v elocities are normalized by the
orresponding cluster velocity dispersion σ cl (see Luber et al. 2022 ).

We study the behaviour of the B-Sp across the composite cluster by
ooking for trends between their distribution and their H I properties.

e split the full catalogue of B-Sp in two sub-samples named: normal
NRAS 517, 1218–1241 (2022) 
-Sp and disturbed B-Sp. The former is constituted by those H I

etected B-Sp, displaying normal distribution and gas content. The
ub-sample of disturbed B-Sp includes those being H I abnormal plus
hose H I non-detected. Defined in this way, the disturbed sub-sample
ncludes galaxies undergoing strong degrees of transformation. Next,
e estimate the mean projected distances for each sub-sample and
e compare them. We use units of r /R 200 , obtaining the following

esults: 

normal B-Sp: μ1 = 0.63; 

disturbed B-Sp: μ2 = 0.56. 

This confirms the expected scenario where H I disturbed spirals
re located, on average, closer to the cluster centre than H I normal
nes. The difference between means is, however, not found to be
ignificant enough (1 − p � 90 per cent ) by the Welch’s t-test. As
e next show, this is most likely due to the heterogeneous trends

een in the individual clusters. In order to quantify such trends, we
ontrasted the average distances of the same sub-samples within each
ystem: 

A85: normal B-Sp: μ1 = 0.86 versus disturbed B-Sp: μ2 = 0.59.

A496: normal B-Sp: μ1 = 0.66 versus disturbed B-Sp: μ2 = 0.75.

A2670: normal B-Sp: μ1 = 0.96 versus disturbed B-Sp: μ2 = 0.85

This confirms, in A85, the very strong trend where disturbed B-Sp
ay at lower cluster-centric radius (confidence value > 99 per cent).
ppositely, A496 has a very atypical behaviour with an inverse

rend of normal B-Sp located, in average, at lower radius than their
isturbed counterparts. Despite the projection effects cited abo v e,
uch a trend has never been observed in other clusters. A2670 is
n intermediate case where the difference between μ1 and μ2 has
ow statistical significance. Other statistical methods produce similar
esults, for instance, the two-sample test for the mean, considering
he one-tail case of the z-Test. 
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 SU M M A RY  A N D  C O N C L U S I O N S  

his paper is devoted to study galaxy evolution and environment 
ffects occurring at the core and outskirts of three nearby Abell clus-
ers: A85/A496/A2670. We analysed the transformation of spirals as 
 function of their local environment by studying different clusters 
ying at roughly the same cosmological epoch. This work is based on
 blind, VLA H I -imaging surv e y, with data cubes co v ering a volume
hat e xtends be yond one virial radius and more than three times the
elocity dispersion of each cluster. Our main results and conclusions 
an be summarized as follows: 

(i) We report H I parameters for 10, 58, and 38 galaxies in
85, A496, and A2670, respectively, as well as an atlas of the

orresponding H I maps and velocity fields. We defined a complete 
ample of bright spirals with masses abo v e log( M ∗/M �) = 9.0 and
e used them as test particles for environment effects. This sample 
elped as well to obtain a catalogue of the spirals not detected in H I

nd to trace the accretion history of the parent clusters. 
(ii) We report further evidence for cluster environment playing 

n active role in transforming spirals, both in their H I content and
n their colour. We measured the global H I deficiency of the three
lusters, finding a very high value (85 per cent) for A85, and less
onspicuous deficiencies for A496 and A2670. The expected cluster- 
entric distribution of H I -rich/poor galaxies is only observed in A85.
he other two systems show a very complex distribution of their H I ,
ith a high fraction of gas-rich objects lying within the virialized 

one. Strong projection effects must be responsible. 
(iii) We report a number of bright spirals that hav e mo v ed into

he red sequence in the three clusters. The majority of these objects
re H I disturbed. This sample of red spirals constitutes additional 
vidence for systematic transformation from normal, blue spirals, 
nto gas-poor, passive objects. 

(iv) We traced ram-pressure stripping profiles in order to measure 
he strength of environment effects due to the intracluster medium. 

e find that RPS accounts for the disrupted/stripped galaxies in 
he central regions of the three studied clusters. The inner 1.5 Mpc
roughly one virial radius) of A85 appears to be particularly harsh, 
nly compared with clusters like Coma. 
(v) Our substructure analysis confirms A85 as a complex system 

ith several minor groups and a major SE subcluster merging with 
he main cluster body. We report two new groups in A85, one to
he SW and a second to the NE. In A496 we unveiled a large group
W of the cluster centre. We revisited the surrounding large-scale 

tructure of A496 and we detected a filament running NW-SE. A2670 
s an intermediate case between the two other studied clusters, having 
hree minor groups running along the NE-SW axis. The distributions 
f H I -rich/poor galaxies in the three clusters reveal the following
preferred) directions of galaxy infalling: the SE for A85, NW for
496, and SW for A2670. 
(vi) We explored the rele v ance of pre-processing by measuring 

he number of H I disturbed galaxies within each of the reported sub-
tructures. In A85 we found an important number of such disturbed 
bjects, SE from the cluster centre. They could be produced by a
hock ed interf ace due to a cluster-subcluster merger process and/or 
y pre-processing. The other two clusters show no evidence for 
trong pre-processing with the exception of the SW group of A2670. 
ur results suggest that the effects of the global cluster environment 

re equally (or even more) important than pre-processing in the 
ransformation of spiral galaxies. 

(vii) The systematic transformation of spirals in the studied clus- 
ers cannot be associated to one single parameter of the parent system. 
herefore, in addition to the cluster mass and L X , the dynamical stage
nd the feeding of new spirals from the large scale structure help to
xplain the observed properties of the spiral population and their 
egree of transformation. 
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