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ABSTRACT

Studying the impact of environment on star formation and quenching pathways requires statistically relevant samples of galaxies in
a wide mass range. We present a new catalog of 196 galaxies of the nearby Hydra I cluster out to ~1.75r,0, consisting of broad
u,g,r,i,z along with narrowband Ha measurements. These deep optical images were obtained with the DECam camera (CTIO) and
reach down to a surface brightness limit of u(30; 10” x 10”) = 26.9 mag arcsec? in the g band. We also report the HI properties for
89 cluster members detected with MeerKAT. A color magnitude diagram (CMD) shows a bimodal distribution typical of a cluster
population, more evolved than those found in isolation. We combined optical He and WISE infrared data to compare the star formation
history at two distinct timescales. Differences in the star-forming activity depicted by both populations manifest as a starburst in 24
found members. Of these, 18 starburst galaxies have neutral gas measurements, and they show disturbed HI disks that suggest an
environmentally triggered boost in star formation within the last 107 yrs. Processes such as ram pressure stripping or tidal interactions
may underlie their enhanced star-forming activity and asymmetric disks. Since Hydra’s dynamical history is unclear, we examine the
spatial and velocity distribution of the sample. We reveal a possible link between the large-scale structure feeding the Hydra I cluster
and the heightened star-forming activity of the starburst galaxies. This feeding pattern matches the few substructures that have been
identified in Hydra in previous works, and this may explain their origin. Our results portray a picture of a cluster with an evolved
nature, plus a population of new infalling galaxies that manifest the impact of their first contact with the cluster environment through

star formation, color, morphology, and gas content transformations.

Key words. galaxies: clusters: general — galaxies: evolution — galaxies: interactions — galaxies: starburst — galaxies: star formation

1. Introduction

Star formation has traditionally dominated the study of galaxy
evolution as one of the most reliable indicators of the processes
that fuel a galaxy’s growth (Kouroumpatzakis et al. 2021). For
galaxies in isolation, the analysis of the mechanisms that reg-
ulate the conversion of interstellar medium (ISM) into stars
provides a clear window into a secular evolution governed by
factors such as gas density or metallicity, and processes such as
feedback mechanisms associated with star formation and super-
novae (Athanassoula 2006; Kormendy & Fisher 2008). How-

* Corresponding author: clarac@iaa.es

ever, since the morphology-density relation was first observed, it
has become clear that the environment plays a major role in shap-
ing the morphological and chemical evolution of non-isolated
galaxies over cosmic time (Dressler 1980; Postman & Geller
1984; Springel et al. 2005). Unveiling the specifics behind the
transformations caused by gravitational and hydrodynamical
interactions with the environment remains a major challenge in
the field of galaxy evolution.

The most extreme, large-scale structures to probe the effect
of the environment upon galaxies are galaxy clusters (Dressler
1980; Postman & Geller 1984; Springel et al. 2005). These sys-
tems of gas, dark matter, and galaxies continue to accrete

A264, page 1 of 22

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202553831
https://www.aanda.org
http://orcid.org/0009-0005-7762-9709
http://orcid.org/0000-0001-9662-9089
http://orcid.org/0000-0003-0156-6180
http://orcid.org/0000-0002-4460-9892
http://orcid.org/0000-0002-3612-9258
http://orcid.org/0009-0009-4945-5333
http://orcid.org/0000-0001-9089-6151
http://orcid.org/0000-0001-8608-0408
http://orcid.org/0000-0003-2476-3072
mailto: clarac@iaa.es
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

KeiLi, S., etal.: A&A, 704, A264 (2025)

material from the cosmic web through extensive filaments to the
present day (Castignani et al. 2022; HyeongHan et al. 2024).
The analysis of the impact of the interaction with
other galaxies and the intracluster medium (ICM;
Paulino-Afonso et al. 2019) on star formation has revealed
how galaxies age prematurely when exposed to some of
the most extreme environmental processes in the cos-

mos. Galaxy-galaxy interactions include processes such
as harassment (Spitzer & Baade 1951; Richstone 1976;
Farouki & Shapiro 1981; Mooreetal. 1996, 1998), can-

nibalism (Ostriker & Tremaine 1975; Hausman & Ostriker
1978; Malumuth & Richstone 1984), tidal stripping (Merritt
1983, 1984; Malumuth & Richstone 1984), or merging
(Negroponte & White 1983; Barnes & Hernquist 1991, 1992,
1996; Mihos & Hernquist 1994; Hernquist & Mihos 1995).
Meanwhile, galaxy and ICM interactions involve mech-
anisms such as thermal evaporation (Cowie & Songaila
1977; Nipoti & Binney 2007; Nipoti 2009, 2010), starvation
(Larson et al. 1980; Baloghetal. 2000), or ram pressure
stripping (Gunn & Gott 1972; Nulsen 1982; Quilis et al. 2000).
Galaxies undergoing such processes manifest physical and struc-
tural perturbations: removal of angular momentum (Sorgho et al.
2024), asymmetric disks and tails of ripped material (Serra et al.
2024), redder colors, in addition to altered stellar masses and
star formation rates (Lima-Dias et al. 2024). In general, all of
these processes combine to increase the removal of cold and
warm gas from galaxies, strongly suppressing star formation in
a process also known as quenching.

A common reference frame to identify the impact of external
mechanisms and trace the evolutionary history of galaxies comes
from studies that simulate (Stinson etal. 2006; Torrey et al.
2020; Walters et al. 2021) and catalog (Haynes & Giovanelli
1984; Vavilovaetal. 2009; Hernandez-Toledo et al. 2010;
Argudo-Fernidndez et al. 2015) the slow evolution driven by
internal mechanisms for galaxies in isolation. It is indeed widely
accepted that field galaxies are more star-forming than those
in the core of clusters, which are usually passively evolving
(Lewis et al. 2002). Dressler (1980) showed that environmental
density was proportional to the fraction of early-type galaxies
(ETGs) and inversely proportional to the fraction of late-type
galaxies (LTGs). This also manifests as a bimodality in the distri-
bution of galaxy populations in clusters: a red sequence of galax-
ies in the far end of the Hubble sequence, and a blue cloud of
galaxies that are newcomers or in their first passage after going
through the cluster. The spectrum between the red sequence and
blue cloud, known as the green valley, is usually undersampled.
This prevents us from understanding how different populations
evolve across the Hubble sequence and what is the exact role
of the environment at each stage (Schawinski et al. 2014). Con-
sequently, it is imperative to conduct statistically relevant stud-
ies capable of offering insight into how environment promotes
quenching as a function of stellar mass, morphology, distance to
the cluster core, local density, and time since first infall.

Simulations have already shown how the mass of a cluster
is directly proportional to the velocity at which galaxies start
to quench after first infall (Pallero et al. 2019). They have also
been able to recreate how preprocessing in filaments limits the
stellar production in galaxies prior to entering the cluster, and
they contribute to increasing the proportion of members of the
red sequence in these systems (Salerno et al. 2022; Donnari et al.
2021). This effect is particularly relevant for satellite galax-
ies, whereas more central galaxies suffer from more dramatic
quenching in situ. In general, these simulations agree with obser-
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vations that have also shown how star formation rates are sup-
pressed in filaments when compared to less dense environments
(Martinez et al. 2016). All of these processes result in galax-
ies entering the cluster at a variety of evolutionary stages. This
increases the challenge of separating preprocessing and cluster-
driven mechanisms. The latter mechanisms have been tradition-
ally characterized in a variety of clusters from the point of view
of star formation quenching (Cybulski et al. 2014; Donnari et al.
2021), morphology (Su et al. 2021; Oh et al. 2018), and cold gas
deficiencies and dynamics (Upadhyay et al. 2021; Kleiner et al.
2021; Cortese et al. 2021).

The Hydra cluster (Abell 1060) is one of such clusters. As
the fifth nearest cluster in the local Universe, it belongs to the
Great Attractor superstructure, where it shares a filamentary con-
nection with at least three well-characterized clusters: Antlia (z
=0.0087; Hess et al. 2015), Norma (z = 0.01570; Courtois et al.
2012), and Centaurus (z = 0.01570; Courtois et al. 2013).

Hydra’s dynamical history is unclear. Authors such as
Fitchett & Merritt (1988) concluded that Hydra I has not
recently suffered major mergers and that, in general, it is per-
turbed but close to relaxation. Other studies observed that
Hydra I is a relatively gas-rich cluster (McMahon et al. 1992)
with ongoing processes of infall of at least two substruc-
tures (La Marca et al. 2022), and merging processes close to
the galactic core as shown by the presence of a remarkable
number of dwarfs in La Marca et al. (2022) and planetary neb-
ulae in Ventimiglia et al. (2011) and Arnaboldi et al. (2012).
Hence, Hydra I has the potential to provide rich insight into the
wide variety of phenomena derived from the interplay between
galaxies and their environment, particularly when combining
observations at different wavelengths. Studies focused on optical
emission such as Lima-Dias et al. (2021) found that almost 90%
of Hydra I galaxies are quenched, while only a rough 23% from
the total were late-type galaxies. These authors made the point
that physical properties, such as star formation, change faster
than morphological properties in clusters. In Lima-Dias et al.
(2024), ram pressure stripping and tidal interactions were shown
to be responsible for the interruption of star formation after
performing a bulge-disk decomposition to a sample of galax-
ies undergoing compaction. On the other hand, works combin-
ing measurements from several wavelengths were capable of
providing additional information relating the effects of environ-
ment on the gas reservoirs of young galaxies and their star for-
mation.Wang et al. (2021) employed WALLABY HI measure-
ments in combination with optical Pan-STARRS bands to find
that more than 70% of Hydra’s galaxies with detectable levels
of neutral gas within a virial radius are submitted to at least
weak levels of ram pressure stripping, although the effects of
such mild interactions are not certain. Likewise, Reynolds et al.
(2022) examined the Hydra I cluster in combination with optical
Pan-STARRS and infrared WISE data, and concluded that the
environmental impact on the neutral gas reservoir can start as far
as 1.5r0 from the cluster core, affecting first the external disks
of galaxies, where a reduction in recent star formation rates was
found even for main sequence galaxies. Later, Hess et al. (2022)
combined the analysis of star formation rates from the He opti-
cal narrowband with resolved measurements of the neutral gas
content, and found conclusive evidence of ram pressure acting
upon a group of recently accreted galaxies near the cluster core,
and even active star formation in the stripped material that could
suggest an outcome for the lost gas.

In this work, we expand the previous analysis and com-
bine optical and infrared tracers of star formation to evaluate
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the impact of environment on galaxies at different timescales
out to ~1.75 virial radius. We employed commissioned optical
broadband and He narrowband images to trace star formation in
timescales of 107 yr, and archival infrared data to compute star
formation rates in timescales of 10° yr. Our aim is to show the
contrast between these two sets of measurements (optical and
infrared) and a control sample of isolated galaxies. Additionally,
we present new radio neutral atomic hydrogen (HI) measure-
ments of the Hydra cluster. The cold gas content and disk mor-
phology of these galaxies were used to link their observed star
formation activities to their interactions with the environment.
Throughout this multiwavelength study, we consider a ACMD
cosmology with Q, = 0.27, Q4 = 0.73, and Hy = 70 km s~!
Mpc’l. We assume a redshift of zyc ~ 0.012 for the Hydra I
cluster, corresponding to a distance of dyc = 58.6 Mpc (Tully
2015) and a characteristic radius of r0y = 1.35 Mpc containing
amass of My = 3.02 x 10'* M, (Reiprich & Bohringer 2002).
The velocity dispersion of the cluster is oyc = 620 km s
(Wang et al. 2021). Throughout this work, we assume that the
cluster core is at the location of NGC 3311, the brightest cluster
galaxy: RA e = 159.17°, DEC_ope = —27.52°.

The structure of this work is as follows. In Section 2 we pro-
vide a description of the data and the selection of the sample
that is analyzed throughout the paper. In Section 3, we explain
how we separated the sample in different populations based on
their star formation activity. This served to identify galaxies with
altered levels of star formation, which may be a manifestation
of their interaction with the environment. In section 4, we dis-
cuss our classification. In section 4.2 we study the dependence
of star formation with projected distance to the center of the clus-
ter. Section 4.4 provides an analysis of a 2D spatial distribution
of the galaxies in the cluster. In section 4.5 we show possible
substructures inside Hydra I, and discuss their link to a larger-
scale structure feeding the cluster and how it might affect the
star formation rates of our sample. We study the morphology and
color of galaxies in section 4.3, and their velocity distribution in
section 4.6. We analyze how the cold gas disk morphologies of
galaxies with heightened star formation rates can be related to
an environmental process in section 4.8. Finally, in section 5 we
summarize our observations and present the main conclusions of
this work.

2. Data

This study is based on a redshift-selected sample of galaxies. The
data come from a combination of all-sky public surveys (6dFGS,
WISE), and targeted observations (DECam, MeerKAT). Our
parent sample consists of 282 galaxies with a velocity in the
range v € [2000, 6000] km/s, roughly +30yc.

The different samples for each wavelength and their par-
ticular extent are shown in Fig. 1. They will be discussed in
depth, as well as the process of selection of the final 196 galax-
ies, in the following subsections (see Fig. 2 for an outline).
MeerKAT provides (high quality) redshifts for 114 galaxies in
the parent sample. For the remaining galaxies, 137 redshifts were
retrieved from optical spectroscopy of 6dFGS, and 29 from NED
database. The morphologies of the galaxies were also extracted
from NED. Additional redshifts are known for 20 ultra-diffuse
galaxies (UDGs) from the LEWIS ESO program, that were
recently reported in Iodice et al. (2023). We do not include them
in this study as their low emission in the Ha narrowband pre-
vents an accurate estimation of their star-forming activity.
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HI map O MsGs HI detection
===" T200 Q SBGs
-25 O
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a
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Fig. 1. Galaxies from our parent sample in equatorial coordinates. The
dashed black circle is the virial radius ryg. The fuchsia and yellow
squared regions show the coverage of our DECam and HI measure-
ments, respectively. Gray squares represent the galaxies that do not
belong to the HeIR sample, but are members of Hydra I according to
either 6dFGS or NED (see Sect. 2). Colorized markers are discussed in
sections 3 and 4.6, where we separate our sample in three populations
according to their star formation activity relative to the main sequence
(see Section 3.2): starburst galaxies (SBGs), main sequence galaxies
(MSGs), and quenching galaxies (QINGs). Yellow filled markers show
those galaxies that were detected in HI.

2.1. New imaging data
2.1.1. Optical broad and narrowband imaging: DECam

We present in this work new, deep optical imaging of the Hydra
I cluster, uniformly mosaicking the entire cluster in five broad-
bands (u, g, r, i, z,) and in the N662 narrow-band Ha filter!
from the Dark Energy Camera installed on the CTIO Blanco
4m telescope (DECam; Flaugher et al. 2015). Observations were
carried out over 3 nights (2021-04-09 to 2021-04-11; project
2021A-0117; PI: R. Kotulla). With a surface brightness limit of
u(30;10” x 10”) = 26.9 mag arcsec? in the g band, they pro-
vide the optical emission necessary to estimate optical SFR and
magnitudes.

Our optical measurements consist of 120 (119) u, g, r, He,
(i, z) images, with a size of 23.3'x2 3.3’, approximately 0.15
deg®. The observations were dithered to cover the whole clus-
ter, and gaps in the CCDs with several different sets of obser-
vations. We mosaicked them into maps ranging between RA
= [10:30:09.307, 10:50:33.567] and DEC = [-29.09.01.168, —
25.48.22.051]. We studied the region within the limits RA =
[10:31:41.0, 10:43:07.5] and DEC = [-26:00:44.0, —28:54:36.6]
covering ~7.5 deg® (see Fig. 1). The S/N for the rest of the map

I noirlab.edu/
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Fig. 2. Diagram of the selection process for the 196 Hydra cluster mem-
bers from the final sample. Center-up: The selection of the 196 galaxies
for this study was based on both optical and infrared data availability.
Redshifts come, in order of preference: from radio HI estimations for
the 89 galaxies with an HI detection, from 6dFGS for another 90 galax-
ies without an HI detection, and finally from NED for 17 galaxies with-
out HI and spectroscopic detections. Center-down: Star formation rates
(SFR) were calculated from 186 Ha and 150 mIR confident detections.
(*) 10 estimations of the SFRy, are lower limits due to high background
signal from nearby galaxies, lower S/N, uncertain continuum subtrac-
tion, or the presence of very bright nearby sources. We include 46 esti-
mations of SFRg based on upper limits measurements due to low S/N.

was too low to produce any detection, since the outermost region
was not covered with as many exposures.

The data processing comprised data reduction, normaliza-
tion and scaling, and continuum subtraction. For the data reduc-
tion, we implemented the obs_subaru package in the LSST
science pipeline, including overscan and bias subtraction, flat-
fielding, astrometric calibration relative to GAIA as reference,
and photometric calibration relative to photometry obtained
from PanSTARRS. For the background subtraction we used an
adaptation of the original algorithm created by Hyper Suprime-
Cam, instead of the standard detector-by-detector sky estima-
tion. First, we normalized the data from multiple fields, and
combined them to generate a template across the full focal
plane. Then, we scaled in intensity to each individual frame,
and performed the subtraction. The advantage of this approach
compared to the standard one is that it preserves more extended
structures that otherwise would be lost as background. The
cost is slightly higher small-scale background residuals. Fur-
ther details on the acquisition and processing of the data can be
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found in (Hess et al. 2022). To showcase the combined depth and
quality of these measurements, Fig. 3 shows 4 galaxies from the
HealR sample in the optical r,g,b and He bands. Table 1 contains
the magnitudes extracted from them. We provide a summary of
the techniques employed for the estimation of these magnitudes
and their uncertainties in Appendix A.

2.1.2. Hl Imaging: MeerKAT

HI spectral line observations were taken with the MeerKAT
Radio Telescope (Jonas 2016) during the first period of 4K Open
Time (Project: SCI-20190418-CC-01, PI: C. Carignan). Data
reduction for each 8 hour interval was performed employing the
CARACal pipeline (J6zsa et al. 2020a,b) on the ilifu computer
cluster hosted by the Inter-University Institute for Data Inten-
sive Astronomy (IDIA). This pipeline applies the radio interfer-
ometry scripting framework STIMELA in order to handle open-
source radio interferometry software packages (as CASA, Cubi-
cal, etc.).

The imaging of the HI spectral line involved creating a
cube with WSClean. Only the horizontal (HH) and vertical
(VV) polarizations of the sub-band 1370-1418 MHz (509-
11030 kms~") covering the Hydra I cluster velocity range were
reduced at the full frequency resolution (209 kHz, 44 kms™!
at z = 0). After smoothing and mosaicking, our final cube
has a beam size of 11.8”x 18.0”and rms noise of 0.13 mly
beam™! channel™!, or a 1o~ HI column density sensitivity of Ny
= 3.0 x 10" cm™ channel™!. Finally, we performed spectral
line source finding using Source Finding Application (SoFiA-2;
Westmeier et al. 2021). We generated masks around 114 galax-
ies. Only 89 matched an optical detection in Ha and are con-
sidered in this study. We refer to Hess et al. (2022) for a more
in-depth description of the data processing and imaging. HI flux
was estimated within the SoFiA mask. HI masses were estimated
from flux luminosities following Meyer et al. (2017).

2.2. All-sky surveys
2.2.1. Mid-Infrared data: WISE

In addition, we extracted infrared photometric measurements
from the WISE Extended Source catalog from the brand-new
calibration from Cluver et al. (2025), and hence the latest cal-
ibration that handles dwarf galaxies. We derive stellar masses
and star formation rates for the 196 galaxies in our sample from
WISE. WISE’s W1, W2, W3 and W4 bands were employed to
estimate stellar masses and star formation rates for the galaxy
members (Cluver et al. 2017). These bands are centered on 3.4,
4.6, 12 and 22 um in the mid-infrared window, with a W1 point
source sensitivity that reaches ~25 wly (5 o; Jarrett et al. 2017).
As resolved extragalactic sources, these galaxies were charac-
terized by WXSC native resolution stacked mosaics particularly
constructed to compensate the poor angular resolution of WISE
primary mirror and give account of either the galaxy or its sur-
roundings.

WISE is sensitive to emission from more evolved stellar pop-
ulations and low temperature processes taking place in the galax-
ies’ ISM and star-forming regions (Jarrett et al. 2013), so it will
offer a reference for our optical data, as well as a complementary
chronicle of obscured star formation.

A possible source of contamination in our data is AGN
activity. We employed the mid-infrared color-color rela-
tion to sample the AGN content of the galaxies, follow-
ing Fig. 11 in Jarrettetal. (2017). Galaxies with W2 —
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Fig. 3. False rgb color images (red — r band, green — g band, and blue — u band) overlaid with the Ho map (fuchsia) for four starburst galaxies in the
HelR sample (see Sect. 3.2): ESO 437-G003, ESO 501-G075, NGC 3312, and ESO 501-G065. In yellow, MeerKAT HI contours for each galaxy,
and the column density they represent. The beam size is displayed at the top right. The compass at the top left points in the direction toward the
center of the cluster. The distance indicated below the compass is the projected distance of the galaxy to the center of the cluster. A scalebar of

10kpc can be found at the bottom left.

W3 color > 0.8 are expected to contain an AGN or be
ULIRGsS. Only 2 galaxies (LEDA 751896, WISEA J103103.05-
281826.1) show evidence for potential AGN contribution.
Thus, we choose to disregard this factor for the sake of
simplicity.

2.2.2. Control sample: The AMIGA sample of isolated
galaxies

Projects such as AMIGA (Analysis of the interstellar Medium
of Isolated GAlaxies Verdes-Montenegro et al. 2005) provide
a valuable control sample of galaxies isolated from major
interactions, required for any statistical study of the effects
of environment on galaxy properties and evolution. The cri-
terion of isolation of AMIGA implies that these galaxies
are unlikely to have undergone a major interaction in the

last 3 Gyr (Verdes-Montenegro et al. 2005; Verley et al. 2007),
and reduced minor interactions (which have been quantified).
Their interstellar medium and stellar component have been
well characterized in their different phases across the opti-
cal (Verdes-Montenegro et al. 2005), far-infrared (FIR) luminos-
ity derived from IRAS data (Lisenfeld et al. 2007), or radio-
continuum (Leon et al. 2008). Jones et al. (2018) also provided
HI scaling relations, including HI and mIR measurements. The
AMIGA sample has been tuned over the years to supply with the
most complete and largest sample of nearby isolated galaxies in
the northern hemisphere. Consequently, AMIGA galaxies have
previously helped to demonstrate that galaxies in clusters evolve
differently and more rapidly than galaxies in low-density envi-
ronments (Espadaetal. 2011; Martinez-Badenes et al. 2012;
Sabater et al. 2013; Scott et al. 2018; Watts et al. 2020). We
compare with their results to identify galaxies that are likely
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Table 1. Coordinates, redshift, and optical absolute magnitudes of the galaxies in Fig. 3.

RA Dec z M, M, M, M, M.,
ESO437-G003  10:35:07 -27:59:32  0.0081  24.79+0.04  21.99+0.44 22.08+£0.44  22.36+0.40 22.56+0.43
ESO501-G075  10:40:59 -27:05:02 0.0127  22.89+0.42 19.80+0.42 19.59+0.48 19.68+0.51 19.88+0.51
NGC3312 10:37:01  —27:33:54  0.0080 22.788+0.004 19.240+0.004 18.914+0.003 18.964+0.003  18.8600.003
ESO501-G065  10:38:32 —27:44:13  0.0077  23.08+0.39 20.25+0.35 20.31+0.37 20.58+0.43 20.78+0.43

Notes. Column 1: Name of the galaxies in Fig. 3. Column 2: Right ascension in hh:mm:ss. Column 3: Declination in dd:m:ss. Column 4: Redshift.
Column 5: u-band absolute magnitude. Column 6: g-band absolute magnitude. Column 7: r-band absolute magnitude. Column 8: i-band absolute
magnitude. Column 9: z-band absolute magnitude. The full version of this table can be found online.

undergoing environmental quenching relative to those in isola-
tion.

2.3. Final sample

Our final catalog has a total of 196 galaxies for which we are
able to measure a SFR in either Ho or mIR. We will refer to
this catalog as the HaIR sample. For this sample, 89 redshifts
come from MeerKAT, 90 redshifts were retrieved from optical
spectroscopy of 6dFGS, and 17 from NED database (see Fig. 2).

For the optical selection, we applied a S/N > 5 selection
criteria. The lowest S/N in the sample is ~6. We thus obtain
SFRs for 186 galaxies, and lower limits for 10 galaxies (see
Fig. 2). The origin of the lower limits is residual emission from
nearby galaxies, low surface brightness, the presence of bright
sources nearby, or an uncertain subtraction of the continuum (see
Appendix A.5). In following sections we will trust the optical
measurements to classify galaxies based on their star formation
activity.

Out of the 196 galaxies in the sample, we measure SFRs
from WISE in 150 galaxies, and upper limits in 46 galaxies.
These upper limits are due to the lower sensitivity of the W3
band used to derive SFRs, or a relatively high stellar continuum
emission in the region (Cluver et al. 2020).

The HalR sample covers the Hydra cluster out to a dis-
tance of 1.75rp09, in the range of RA = [10:26:36, 10:46:16.8]
in right ascension and DEC = [-30:18:00, —24:51:00] in decli-
nation. Wang et al. (2020) showed that evidence of ram pressure
stripping in HI disks of Hydra galaxies is dominant out to 1.51r590.
Our coverage ensures to detect the earliest traces of environmen-
tal interaction with the gas content of our sampled galaxies.

3. Results

We present a catalog of optical broadband magnitudes, and Ha-
based star formation rates for 196 galaxies in the Hydra Cluster
out to 1.75 virial radii. Eighty-nine of these galaxies have HI
masses from resolved MeerKAT observations (see Fig. 2). In the
following subsections we describe the overall star-forming and
gas properties of these 196 galaxies, that we refer to as the HaIR
sample.

3.1. The star-forming main sequence

The rates at which galaxies form stars are known to follow a tight
correlation with stellar mass (M, ) across environments, ages
and cosmic times (see e.g., Cano-Diaz et al. 2016; Davies et al.
2016; Popesso et al. 2019, 2023). This correlation is known as
the main sequence (MS) of star formation for galaxies. The main
mequence serves as reference to model the behavior of galax-
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ies throughout their lifetime while they are mainly undergoing
secular evolutionary processes. It therefore is an useful tool to
identify deviations from this sequence. On one hand, infrared
SFRs (SFRyr) offer a reference of past star-forming activity at
timescales of about 10° yr. On the other hand, SFRs estimated
from the emission of the optical Ha narrowband (SFRy,) can
provide insight on the SFRs on shorter timescales of 107 yr. We
employ SFRyr to assess the quality of our optical measurements,
while providing a notion of the star-forming activity of galax-
ies at longer timescales. We convert optical He luminosities to
SFRy, using Eq. (2) from Kennicutt (1998), and infrared lumi-
nosities to SFRig following Egs. (4) and (6) from Cluver et al.
(2017). Besides, stellar masses (M,.) from WISE can not only
offer insight on the history of gas processing of the galaxy,
but also an internal dust correction for the SFRy,. Our SFRy,
were corrected for dust extinction following the stellar mass-
dependent parameterization from Eq. (5) in Garn & Best (2010)
(see Appendix A for details).

Figure 4 displays the SFR vs M, computed for the entire
HalR sample. The blue points correspond to the SFRy,, against
the stellar mass, and the orange points correspond to the SFRg.
In both instances, the stellar mass is derived from WISE. Even
though the scatter of the detected SFRy, is noticeably bigger
than that of the infrared, both present similar overall behaviors
across different mass ranges.

In Fig. 4 we define a region where galaxies are likely in the
main sequence of star formation (green area). We employ the MS
fit from Jarrett et al. in prep (green line in Fig. 4). This fit was
derived using a large sample from the 2MRS, and thus accounts
for dwarf galaxies. We build the main sequence region as the
area within 1o around the 2MRS’s fit. This o = +0.37 comes
from the fit performed by Bok et al. (2020), based on the com-
parison of pairs and AMIGA isolated galaxies using the WISE
survey, and was employed to define their MS. Bok et al. (2020)
fitted these galaxies employing a selection of those with stellar
masses >10% M, to minimize the uncertainty of their study and
mitigate the effect of missing dwarfs. However, their results are
optimized for a mass range of 10° — 10! M. The mIR emission
of isolated AMIGA galaxies measured by WISE is plotted in the
background (gray) for reference. As we can observe in Fig. 4, the
AMIGA sample is dominated by galaxies of stellar mass larger
than 10'° M. Almost none live below 1033 M. The alignment
of our sources with the MS is thus more robust at medium and
slightly high stellar masses, which limits the interpretation of the
main sequence at low stellar masses.

In fact, the most under-represented galaxies in Fig. 4 are
low-mass galaxies that may have ceased or decreased their star-
forming activity early on. From the 196 galaxies composing the
HelR sample, ten are lower limits in He due to an elevated back-
ground signal or low flux from factors such as the presence of
relatively bright sources along the line of sight to the source, or
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Fig. 4. Star formation rate versus stellar mass of the HeIR sample in
a logarithmic scale, estimated from the mIR (orange) and Her (blue)
emission, respectively. The optical and infrared SFR of galaxies with
low confidence measurements are plotted as empty triangles. The green
region is what we have defined as the main mequence (MS) of star-
forming galaxies. We used Jarrett+ in prep. fit of the MS and the o that
Bok et al. (2020) employed to define their MS from WISE mIR obser-
vations of AMIGA galaxies. For reference, AMIGA isolated galaxies
from (Verley et al. 2007) are also shown in the background (gray). Aver-
age uncertainties for detections in He and mIR have been provided at
the top of the diagram for clarity.

an oversubtraction of the continuum, as was detailed in Fig. 2.
We display these lower limit values as blue triangles in Fig. 4.
Similarly, 46 galaxies from the sample lack accurate measure-
ments of their SFRg. They can be identified as orange inverted
triangles.

Low SFR populations with medium and low stellar masses
are essential in any analysis of environmentally driven galaxy
evolution, since it is widely accepted that environment increases
the efficiency of a galaxy’s quenching. However, there is a group
of galaxies whose young and medium stellar population emis-
sion is above the MS. This suggests that in at least a subset of
the medium-to-low-mass galaxies, star formation may be trig-
gered by environment, rather than being quenched.

3.2. Separating populations according to their SFR

We study in this section the offset of the galaxies from the
MS as a function of the distance to the cluster center. We have
chosen to employ the Ho measurements rather than the infrared
for this purpose because: (1) Ha allows us to trace SFRs down to
lower stellar masses than mIR (non-detections in WISE cannot
actually be classified as quenched), and (2) SFRy, traces more
recent star formation, and therefore it should be more closely
linked to recent environmental processes affecting their mor-
phologies and gas content. These may be traced by the galax-
ies” morphology or gas content as seen in other studies (e.g.,
Chung et al. 2009; Poggianti et al. 2016; Serra et al. 2024).

We have computed the distance to the main sequence (DMS)
as the offset of the SFR of a galaxy to the M, lying on the MS:

DMS; = SFR; — SFRys. (1

Figure 5 displays the DMS in Ha and IR, where the residu-
als provided by Eq. (1) are plotted against the normalized clus-
tercentric projected distance (in units of ryg). SFRg are associ-
ated with the red color bar and the SFRy,, to the blue color bar.
Color accounts for stellar mass content. The errorbars are the
uncertainties in SFR. The histogram to the left of Fig. 5 shows
the amount of galaxies at each DMS bin, separating detections
and lower/upper limits. The only detections located below the
MS are those with enough stellar mass to be inside the detection
limit of WISE W3 band, or big enough to maintain certain levels
of star formation after quenching.

Figure 5 classifies galaxies in different populations as a func-
tion of the distance from the MS. In this way, we can separate
galaxies into populations defined by their star-forming activity,
and understand where these different populations reside in the
cluster. The three different Ha-based populations plus the lower
limits from Fig 5, are:

1. Quenching Galaxies (QINGs): 91 detections + 9 lower limits
(~51% of HalR galaxies) located below the MS (SFRy, <
—10). The 9 lower limits have uncertain corrections for the
continuum, as discussed in App. A.5. They will not be taken
into account in further discussions concerning SFRs.

2. Main mequence Galaxies (MSGs): 71 detections (~37% of
HelR galaxies) on the MS (-loc < SFRy, < 10). One
galaxy has been flagged as an a lower limit. LEDA 770447
might have suffered an excessive subtraction of the contin-
uum, and has been cataloged as lower limit. This galaxy will
not be part of the following discussions.

3. Starburst Galaxies (SBGs): 24 detections (~12% of HalR
galaxies) above the MS (SFRy, > 10). 3 of these galaxies
(ESO 436- G 036, ESO 501-G 017 and WISEA J103114.11-
283955.4) have SFRy, < SFRr, which means they could be
past their peaks of star formation.

4. Discussion
4.1. The populations of the HaIR sample

Figures 4 and 5 show the star-forming activity of our sam-
ple at two different timescales: the more recent one (~107 yrs)
portrayed by the optical SFRy,, and a more historical account
(~10° yrs) as measured by SFRg. In the following sections, it is
important to consider that we employ global star-forming trac-
ers. Localized episodes of heightened or quenched star forma-
tion in a given galaxy are averaged over the whole galaxy. The
changes in SFRy, that we report in timescales of tens of millions
of years are global.

Atlow M, our He and mIR based sample is unable to probe
the full range of quenched galaxies. Faint, low-mass galaxies
are upper/lower limits. These galaxies get quenched first and
become more difficult to detect, so the depth of the WISE W3
band and even DECam’s N662 filter is often not enough to dif-
ferentiate the population to which they belong (SBGs, MSGs,
and QINGs). This implies that galaxies whose upper limits fall
below the MS can be classified as quenched, but upper limits in
the SBG and MSG regions are ambiguous, yet limited to low
stellar mass galaxies. The opposite occurs for lower limits.

In Figs. 4 and 5 we see that the high stellar mass population
of galaxies in the cluster is dominated by quenching galaxies.
They are the most abundant population of the HaIR sample. We
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Table 2. Star formation rates, and stellar and gas masses of the galaxies in Fig. 3.
SFRuo[Mo/yr]  SFRR[Mp/yr]  logMy«[Ms])  log(Mu[Mos])
ES0437-G003 0.49+1.38 0.19+0.02 9.08+1.11 8.654+0.003
ESO501-G075 3.07+5.63 1.50+0.15 10.02+0.08 10.435+0.001
NGC3312 12.45+2.40 2.69+0.27 11.12+0.08 9.318+0.001
ESO501-G065 2.19+6.19 0.35+0.03 9.24+0.09 9.467+0.001

Notes. Column I: Name of the galaxies in Fig. 3. Column 2: Star formation rates from Ha narrowband. Column 3: Star formation rates from IR.
Column 4: Logarithm of stellar mass from WISE. Column 5: Logarithm of HI mass from MeerKAT measurements. The full version of this table

can be found online.

find 56 out of 91 detections, and 5 of 9 lower limits in the QING
region to have SFRig > SFRy,. This implies that recent star for-
mation for these galaxies is lower than the average star formation
that they experienced back in the timescale traced by IR. This
is to be expected in quenching galaxies. Galaxies in the QING
region with SFRjg < SFRy, could be a result of the uncertainty
in our estimations of SFRs (see Fig. 4), or alternatively very short
and very recent episodes of slightly higher star formation.

SBGs are the group that are undergoing the most dramatic
increase in star formation rate. Only ESO 436-G 036, ESO 501-
G 017 and WISEA J103114.11-283955.4 could have passed
their peak of star formation for having SFRy, <SFRg, as we
explained in Sect. 3.2. In these three cases, we note that it is also
possible that the galaxies suffer from a higher dust attenuation
than the M, -based model can account for. The other 21 SBGs
have SFRy, >SFRr. Of these, the SFRg for 3 falls in the SBG
region, for 15 in the MS, and for 3 in the QING region. This
implies that at least these 21 SBGs may have undergone a sharp
increase in SFR only over the last ~10 yrs.

4.2. Star formation and projected distance to the cluster core

In this section we examine the link between the projected dis-
tance to the cluster core and the impact of environment in trig-
gering bursts of star formation, or decimating the gas reservoir
of galaxies until they get quenched beyond the detection limit. In

A264, page 8§ of 22

Fig. 5 we showed how the different populations are distributed
as a function of clustercentric distance. The top diagram displays
how the fraction of SBGs, MSGs and QINGs changes with dis-
tance. The region beyond 1.25 19 is undersampled. It is not
possible to draw conclusions from the distribution of the galax-
ies located in this area. We define 13 bins out to 1.25 r/ryg.
Each bin covers a region of 0.096 r/ryy instead of the more
intuitive 0.1 r/ryg to ensure that the last bin does not cover an
under-sampled area. We compute the fraction of each population
by counting the number of galaxies within each bin and divid-
ing the amount of SBGs, MSGs and QINGs in said bin by that
number. The fraction of QINGS dominate out to ~0.8 1y, after
which they decline. The fraction of MSGs is the highest from
0.81rp99 outward, but contributes to the galaxy population all the
way to the core. MSGs at the core are a group of massive, dusty
ETGs including the BCGs, such as NGC 3311 (Richtler et al.
2020). Finally, the SBGs’ fraction increases up to ~0.5 beyond
rp00. Within the virial radius, they maintain a low fraction, with
a couple of increments at ~0.41;09 and ~0.8ryq0, respectively.
The previous observations suggest that there might exist a
relation between the level of star formation and the distance to
the cluster core, where environmental interactions are harsher
and more frequent. However, we also need to consider the stellar
mass of the galaxies as an account of their whole history of star
formation. It is generally thought that lower stellar masses are
associated with higher gas reservoirs, belonging to galaxies that
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Fig. 6. From top to bottom and left to right: Variation of M,, SFR, and sSFR for the HeIR sample, SBGs, MSGs, and QINGs. Blue indicates Ha
measurements, and orange, mIR measurements. The legends contain the fits of the clouds, performed out to /1200 = 1.25, since the sample is
incomplete beyond that radius. The shaded areas are the 30 error of the regressions. The errorbars represent the median errors of the measurements
(blue from Her and orange from mIR) of M,, SFR, and sSFR for the populations considered in each column.

have spent less time inside the coarse cluster environment. Still,
we find low M, galaxies close to the center, which strengthens
the idea that their proximity to the cluster core is behind their
increased star formation.

In Fig. 6 we investigate the relationship between the SFRs at
the two different timescales represented by Ha and mid-IR, and
the projected distance for each population. We represent the stel-
lar mass content, the star formation rate and the specific star for-
mation rate (sSFR = SFR/M,) vs. the projected distance to the
cluster center normalized by the virial radius. We do so, from left
to right, for the complete HaIR sample, the SBGs, the MSGs and
the QINGs. Blue color is associated with SFRy,, and orange,
SFR;z. Empty triangles are lower/upper limits. Detections were
fitted employing the odr package from scipy. This package
allows to perform an orthogonal distance regression. Contrary to
ordinary least squares, orthogonal distance regression takes into
account the uncertainties of the variables to perform the regres-
sion. The choice to exclude lower limits from the fits introduces a
bias toward more actively star-forming galaxies, which is of little
consequence to our analysis since we do not attempt to establish
scaling laws or functions. In the following, we use this approach
to compare infrared and optical star formation rates for SBGs,
MSGs and QINGs, and see how they distribute over projected
distance to the cluster core.

Figure 6 shows how SBGs avoid the most central region of
the cluster (r/ry0 < 0.1), where virialized galaxies dominate.
According to the M, vs r/ryyy diagram, SBGs are preferen-

tially found within 0.77/ry0. In contrast, there is no gap between
the location of the cluster core and the location of the closest
QINGs, which span all throughout the cluster. This is consistent
with observations showing that environmentally driven quench-
ing extends from the cluster core out to 2—3r;(, well beyond the
limiting radius considered in this study (see Boselli & Gavazzi
2006, for an extensive review). The results of Lewis et al. (2002)
showed that galaxy transformation is driven mainly by pro-
cesses effective even in lower density environments, even though
galaxy evolution is highly impacted by other mechanisms such
as harassment, tidal interactions or ram pressure stripping. Sim-
ulations also helped to explain how the quenching of central
galaxies is more effective than for satellites. Gas removal can
start at 2 — 3y (Zinger et al. 2018) for satellite galaxies. Yet,
the strongest gas loss is experienced at r/ry0 < 0.5 in these
models. This is matched by the observed trend between increas-
ing gas deficiency and decreasing distance from the cluster cen-
ter (Solanes et al. 2001; Boselli & Gavazzi 2006; Chung et al.
2009).

The stellar content and the star formation rates of the gen-
eral HaIR sample do not seem to have a strong dependence on
radial distance, although a slight trend can be observed, particu-
larly for SBGs. This is at odds with other works that have found
a connection between the quenching of star formation and dis-
tance to the cluster core (Raichoor & Andreon 2012; Woo et al.
2013; Pintos-Castro et al. 2019). The presence of a number of
gas-rich, star-forming late-type galaxies close in projection to
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Fig. 7. Color mass diagram for the complete sample of HaIR galaxies. SBGs, MSGs and QINGs have been represented independently to the right
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line on the colorbar is the median sSFR of the sample. The purple shade follows the density of sources from the complete Ha/r sample in every
diagram. Contours indicate the density of the sample in each instance. The red sequence, the concentration of galaxies to the top right, is denser
than the blue cloud to the bottom left, as would be expected in a galaxy cluster.

Hydra’s core (Reynolds et al. 2022; Wang et al. 2020; Hess et al.
2022) may be behind the weak trends manifested in Fig. 6.

However, when we compare the optical and the infrared fits
of SFR and sSFR vs r/ryg for every population, we observe ver-
tical offsets between Ha and mIR that we interpret as indica-
tive of timescales at which star formation happens in groups.
In the case of SBGs, on average throughout the cluster, both
SFRy, >SFRg and sSFRy, > sSFRjg roughly verify, since
they experience relatively recent increment in their star-forming
activity. Regarding the MSGs, there is no evident difference
between Ha and mIR derived vertical offsets as this family of
galaxies is expected to have maintained their SFRs throughout
the two sampled timescales. Finally, for the QINGs we find that
SFRy, <SFRjr and sSFRy, < sSFRyr, which could suggest
significant quenching in the last tens of Myrs. However, many
studies (e.g., Zhang & Ho 2023; Calzetti et al. 2024) have shown
how mIR tracers of SFR are contaminated by emission from
older stellar populations. This contribution may have been par-
ticularly underestimated in the QING population. Stellar popu-
lation synthesis would be needed to confirm whether the lower
optical star formation is caused by a decrease in star-forming
activity or the uncertainty in the estimation of mIR star forma-
tion.

4.3. Morphological and color classification

Before reaching a conclusion on the quenching state of the clus-
ter, it is worth considering the selection bias of the sample that
we are studying.

Figure 7 displays the g—i CDM of the HeIR galaxies, and
the three different populations of SBGs, MSGs, and QINGs. The
purple-scaled contours show the density of points of the com-
plete sample, and the contours display the distribution of the
group represented in each diagram. Galaxies have been color-
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coded by their sSFRs, and shaped depending on their morphol-
ogy. We use the morphological information available in NED
to separate galaxies into LTGs (spirals Sa-Scs and irregulars
Irr), and ETGs (ellipticals E, lenticulars SO and compact/peculiar
c/Pec).

The g and i bands are the least affected by dust emission,
and allow us to see the color bimodality of the HaIR galaxies.
The red sequence (g—i > 1) is more populated and has lower
sSFRs than the blue cloud (g—i < 0.8), but we still find a consid-
erable number of relatively active LTGs and ETGs transitioning
through the green valley (0.8 < g—i < 1). The large fraction of
quenching galaxies in the sample is to be expected for galaxies
in a cluster.

We can see that the abundance of ETGs is higher for the
quenching population, but some lie in the blue cloud as well.
Schawinski et al. (2014) also finds a tail of ETGs in their u-r
blue cloud for a redshift-and-magnitude-limited sample of SSDS
galaxies. They suggested that blue ETGs recently transformed
from LTGS into spheroids can transit more rapidly after star for-
mation is quenched rapidly, explaining the presence of ETGs in
the blue cloud. This would also help to understand the presence
of LTGs with medium-low sSFR in the red sequence. Observa-
tions such as Liu et al. (2019)’s suggested that physical proper-
ties like SFR in cluster galaxies change faster than their struc-
tural properties, which was recently confirmed for the Hydra
cluster by Lima-Dias et al. (2021). A direct comparison between
cluster and isolated ETGs and LTGs is out of the scope of this

paper.

4.4. Star formation and location inside the cluster

To complement our study on the dependence on clustercentric
radius, we discuss the location of galaxies in equatorial coordi-
nates in Fig. 1. The fuchsia and yellow squared regions in the



KeiLi, S., etal.: A&A, 704, A264 (2025)

z

0.008 0.010 0.012 0.014 0.016 0.018
=26.01 ——-
0.6r200 Q g CD &b G
¥V Subgroupl i
—26.51 ¢ subgroup2 8 '{H}J b %
[ subgroup3 ® - I{]%E]: :
O Subgroup4 ij %O - qﬁ
~27.0- QO Subgroup5 Ko} .# %
. ¢ Subgroups £3 (0] @ %@&
_ $€3  Subgroup? % 8 v
o db  Subgroup8 ! O i
O —27.5 1 i i
w 8 ! ] @) '
o ‘ ‘ v
*Ha B0 |
—28.0 1 ’
£ Sl
! 5@;& @EE& o’ O
-28.51 \ 6} % O
* e W G@<§> B ] @
—29.01 . . . O
161.0 160.5 160.0 159.5 159.0 158.5 158.0 157.5
RA [°]

Fig. 8. Spatial distribution of the HaIR sample, classified according to
spatial distribution as well as redshift (subgroups 1-8) in section 4.5.
The colorbar represents redshift: redder markers are more redshifted
than bluer ones. The two dashed circles represent the virial radius, and
the distance of 0.6r,99. We expect an overdensity of galaxies around the
latter, given the higher number of galaxies that we can see in this region
in Fig. 5.

map trace the extent of our optical and HI surveyed area respec-
tively. HI detections are colored yellow. The HeIR sample, rep-
resented by circular markers, has been separated in SBGs (blue),
MSGs (green), and QINGs (red). QINGs populate the highest
density region in the cluster core as shown as well in Fig. 6, but
can also be found scattered across the rest of the cluster, particu-
larly in the northern half. We find that 68% of QINGs are found
at declinations greater than DEC > —27.75°, in the northern half
of the cluster. For the MSGs, 40% are north of the cluster core
(RAcore = 159.17°, DECcore = —27.52°), and 60% to the south;
while for the SBGs the fraction north-south is 33%—-67%. Thus
we find a strong asymmetry in the distribution of galaxies in dif-
ferent stages of star formation in the Hydra Cluster. Starburst-
ing galaxies preferentially reside in the south, while galaxies in
the north are more quiescent. This north-south asymmetry in the
distribution of star-forming galaxies is suggestive of active feed-
back between the cluster and the cosmic web, in the direction
aligned with the filament that connects Hydra to the southern
Antlia cluster.

4.5. Substructure in the Hydra cluster

As we can observe in Fig. 1, galaxies in Hydra I are apparently
distributed in thread-like patterns that converge in the center of
the cluster. In Fig. 8 we show the classification of cluster galax-
ies separated into subgroups according to spatial distribution and
velocity. We separate galaxies into subgroups 1 to 8, represented
by different shaped markers. These subgroups trace the appar-
ent threads that we observed in Fig. 1. For the classification,
we employed the Jenks Optimisation Method (Jenks & Caspall
1971) to stablish the number of meaningful classes inside our
sample as a function of redshift. Then, we used the scikit
python library to apply a K-means algorithm that clustered these

groups in samples of equal variance in equatorial coordinates.
The galaxies are color-coded by redshift.

Previous studies have already observed that Hydra does
not show high levels of substructure (Lima-Dias etal. 2021;
La Marca et al. 2022). Lima-Dias et al. (2021) used a sample of
193 Hydra galaxies from S-PLUS out to a virial radius, and
found three possible substructures that would be located around
coordinates (RA, DEC) = (159.6°, -26.8°), (158.7°, -28.5°) and
(158.4°,-27.0°). La Marca et al. (2022) analyzed the projected
galaxy density distribution of 317 dwarf galaxies with M; > —18
out to 0.4 virial radius, which is the area where our classifica-
tion is less robust, and found 2 overdensities. They propose that
these overdensities are related to the two northern substructures
of Lima-Dias et al. (2021). The substructures that were found by
these authors are aligned with subgroups 3, 4 and 8, respectively.
Fig. 18 from Lima-Dias et al. (2021) presents a map similar to
our Fig. 8, where the size of galaxies is proportional to the prob-
ability that they belong to a substructure. The biggest galaxies
trace the structures that we have labeled as subgroups 2 and 3,
although they only find evidence for a substructure in the latter.
Examining the supercluster environment around Hydra, threads
2, 3, 4 and 8 appear to be connected to well-defined filaments
in the large-scale structure. A full analysis is beyond the scope
of this paper, but the observed substructures are suggestive of
galactic accretion along these filaments.

As we observed in Sect. 4.4, the asymmetry between star-
forming and quenching galaxies in Hydra might be connected
to an underlying larger-scale structure feeding the cluster. New
galaxies do not enter symmetrically, but preferentially from the
south, and even from some of the small scale subgroups or
threads observed in Fig. 8. This view is further sustained by
the fact that the Hydra cluster shares a filamentary connec-
tion with the southern Antlia cluster (Kraan-Korteweg & Woudt
1994; Courtois et al. 2013), that serves as a bridge between these
two clusters, that are separated ~7.9° in the sky. This filament
feeds Hydra from the South (Hess et al. 2015), and could be
associated with subgroups 2, 3, 6 and 7 in Fig. 8 (see Figs. 10,
11, 12, 17, 18, 22 from Courtois et al. 2013). This would help
justify why the star formation activity is not intrinsically related
to radial distance. It could also explain why less active galaxies
are usually found in the northern half of the cluster, while those
undergoing active or even bursting episodes of star formation are
located to the south. Thus, the environmental transition from the
filament to the cluster medium is a plausible origin for the SBGs
increased star formation. In the following sections we examine
the orbits in phase space and stablish a connection with their HI
morphology, to strengthen the basis of this hypothesis.

4.6. Infalling state

The orbital trajectories of galaxies can offer insight on the history
of environmental mechanisms that may have impacted star for-
mation in galaxies. However, tracing them is challenging since
we lack information on the 3-dimensional location of galaxies
relative to the cluster center. One possible approach is to infer
the infalling state of galaxies in velocity space (Rhee et al. 2017,
Smith et al. 2019; Pasquali et al. 2019) using a projected phase
space diagram (PPSD). Prior studies have shown that is possible
to link the morphology of the cold gas reservoir to the location in
phase space, and to the level of environmental impact on galax-
ies on other clusters (Jaffé et al. 2015; Yoon et al. 2017), as well
as Hydra (Wang et al. 2021; Reynolds et al. 2022).

The PPSD for our HeIR sample is shown in Fig. 9. The ver-
tical axis is the recessional velocity of the galaxies normalized
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Fig. 9. Projected phase space diagram (PPSD) for SBGs (blue), MSGs
(green), QINGs (red), and other Hydra members not in the Halr sam-
ple (gray). Hexagons are early-type galaxies, and crosses are late-type
galaxies. Yellow-filled markers indicate HI detections. Black curves
delimit the escape velocity region, blue curves represent the stripping
limit, and the vertical dashed line is the virial radius. The area within
these curves traces four distinct regions: the stripping region (yellow),
where galaxies are being heavily stripped of their gas content; the viri-
alized region (red) where virialized galaxies lie; the central infalling
region (blue) where galaxies with higher velocity are probably in their
initial orbits while the rest are already settled inside the cluster; and the
backsplashing region (gray) where galaxies start falling into the cluster
or backsplashed.

by the velocity dispersion of the cluster. The horizontal axis is
the projected distance to the cluster center normalized by the
virial radius. Positive values in velocity indicate faster reced-
ing galaxies (redshifted with respect to the center of the clus-
ter), while negative values represent slower receding galaxies
(blueshifted relative to the center of the cluster). The dashed
vertical lines mark the virial radius. Galaxies to the left of the
vertical blue line are expected to be gravitationally bound to the
cluster. Black solid lines determine the escape velocity from the
cluster at a given distance from its core, while blue solid lines
show the stripping limit (Jaffé et al. 2015). For details of the
models followed and parameters employed to trace these lim-
its and the different regions of the PPSD for the Hydra I clus-
ter, see Appendix B.To visualize the galaxies that we mention
in the rest of this discussion and their HI contours, see App. C.
There are 4 different regions that have been emphasized in the
diagram:

External infalling region (gray) Limited by v, the cluster and
the infalling limits (2.5r500; Oman & Hudson 2016; Wang et al.
2021), galaxies found here are in their first infall or “back-
splashing” (Rhee et al. 2017). Works like Jaffé et al. (2015),
Salinas et al. (2024) have found that new cluster galaxies under-
going ram pressure stripping have tails of cold gas and opti-
cal material pointing away from the cluster core in first infall,
and toward the core after first pericenter. Among the four LTGs
(1 QING, 2 MSG, 1 SBGs) and one ETG (a MSG) with HI
detections in this area, only one shows an incipient HI tail. The
SBG GALEXASC J103645.27-281004.4 (see Fig. C.4) has a
clear asymmetry in the direction opposite to the cluster core,
characteristic of first infallers. The heightened SFR of SBGs as
GALEXASC J103645.27-281004.4 could be due to the shock of
plunging in the cluster.
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Central infalling region (blue) Delimited by the cluster center,
the escape and the stripping limit, in this area galaxies infalling
for the first time converge with those that are backsplashing from
previous orbits. Galaxies here can reach a stable orbit, after hav-
ing passed pericenter up to a couple of times. Higher Av/o val-
ues tend to be present in galaxies in their first orbits (Rhee et al.
2017; Yoon et al. 2017).

Most of the sample inhabits this zone, where we can find
the most balanced relation between QINGs and MSGs+SBGs
(51%/49% vs 28%/72% in backsplashing, 42%/58% in strip-
ping, and 60%/40% in virialized regions). This makes it dif-
ficult to extract a precise quantifiable relation between envi-
ronmental impact and distance that we can link to the bursts
in star formation. The blueshifted half is more populated than
the redshifted half, which conforms a pattern present in the
whole diagram. 60% of the sampled galaxies lie in the lower
half of the diagram, while 40% are in the upper redshifted
half. As we proposed in Sections 4.4 and 4.5, HaIR galax-
ies in Hydra seem to be infalling asymmetrically, preferen-
tially from the southern half that is connected to the more
blueshifted Antlia and even Centaurus clusters. Furthermore,
in Fig. 8 we saw that most galaxies to the south (particu-
larly in Subgroups 2 and 3) are blueshifted, and likely popu-
lating the central infalling region of the PPSD. This asymme-
try in space and velocity distribution is also present for the HI
detections.

Stripping region (yellow) Transition area between the cluster
virial, escape and stripping limits. Inside this zone the anchor-
ing gravitational force of the material is exceeded by the ram
pressure. Wang et al. (2021) tried to predict the amount of galax-
ies undergoing ram pressure stripping (RPS) inside Hydra, and
showed that most candidates for RPS from the WALLABY sur-
vey populate this region. This can manifest as harsh environmen-
tal erosion of their gas disks and reservoirs, disturbed gas disks,
and long tails of lost material. We can find 24 HI detections in the
stripping regions in our sample: 20 LTGs + 4 ETGs. According
to this pattern, LTGs and ETGs with detected HI might be recent
infallers at different stages of preprocessing and their first/second
orbits.

The redshifted half of the sample located in the stripping
region is dominated by QINGs that retain some amount of star-
forming activity even without a detectable atomic gas reservoir.
Meanwhile, the blueshifted half of the galaxies in the stripping
region is composed mainly of MSGs and SBGs, and contains
most of the HI detections. It is possible that we are observing two
different classes of galaxies: a redder one in g-i color, composed
by galaxies that fell earlier in the cluster, and a bluer population
of recently accreted galaxies. This trend was found as well in the
Antlia cluster by Hess et al. (2015).

Virialized region (red) The oldest cluster galaxies, primarily
ETGs, reside here after virialization. The ICM plays a remark-
able role in the suppression/enhancement of star formation in
this area. Younger members in their first orbits will experi-
ence rougher hydrodynamical resistance from the ICM that
sometimes manifests as long cold gas tails. The ram pressure
stripped galaxy NGC 3312 (Fig. 3) is a good example of how
tail-like features and compressed leading edges in HI mor-
phologies of SBGs could tell the story of backsplashed MSGs
undergoing a recent period of increased star formation
(Hess et al. 2022).
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4.7. Substructures in phase space

In Fig. 10 we display the location in phase space of the sub-
structures that we classified in Sect. 4.5, to offer insight on the
dynamics of accretion of galaxies from the cosmic web.

— Galaxies in Subgroup 1 are spatially distributed in a thread
stretched from the core into the western direction. In veloc-
ity space, these galaxies assemble mostly in the blueshifted
central infalling region. There is another group of redshifted
galaxies with Av/o- > 1 that could be infalling for the first
time.

— Subgroup 2 galaxies are infalling from the south of the
Hydra cluster, likely from the filament connecting Hydra and
Antlia. Most of them are in the central infalling region. Those
with the higher absolute values of Av/o and farther in pro-
jection to the core are probably infalling for the first time.
Since many of these galaxies still maintain neutral gas reser-
voirs (Figs. 1 and 10), they must not have been exposed to
the cluster environment for long. We believe that they must
be backsplashing in their first orbit or at the beginning of the
second orbit at most.

— Subgroup 3 contains mainly blueshifted galaxies in the
southern half of the cluster. Their relatively high distance to
the core gives the impression of being relatively new addi-
tions to the cluster. Despite the high dispersion in velocities
between the galaxies in this group, their distribution in the
PPSD suggest a common large-scale origin.

— Subgroup 4 galaxies are mostly in the blueshited central
infalling region from the NW thread (according to Fig. 8).
We believe these galaxies could be connected to a filament
that bridges Hydra and the Shapley supercluster.

— Subgroup 5 encompasses almost all galaxies in the virialized
region, plus those galaxies closest to pericenter in the strip-
ping region. This subgroup is quite heterogeneous: we can
find elliptical galaxies such as NGC 3309 and NGC 3311
(Hydra’s BCGs), and recently accreted spirals such as NGC
3312 that are past first pericenter (Hess et al. 2022).

— Subgroup 6 is formed by a group of redshifted, gas-rich
galaxies dominated by the low surface giant ESO 437-44.
In spite of their relative velocities with respect to Hydra’s
core, these galaxies seem to be infalling into Hydra for the
first time through the filament that connects it to Antlia.

— Members of Subgroup 7 extend to the east from the core.
They populate the redshifted infalling (and partially strip-
ping) regions with high Av/o. Outliers are likely chance
alignments, that have been grouped due to their spatial prox-
imity.

— Subgroup 8 behaves similarly to subgroup 3: most galaxies
are in the blueshifted half of the central-infalling region, and
some have even reached the virialized region. The rest are
probably infalling for the first time and approaching or hav-
ing already reached the stripping region for the first time,
which will be reflected in their cold gas morphologies. These
galaxies connect the cluster to the NW with the cosmic web,
in the direction where we can find the Cancer cluster.

This picture of the cluster shows an east-west asymmetry
in addition to the north-south asymmetry observed in previous
sections. Most recent infalls seem to come from the eastern
subgroups, in the direction where we found the connection to
the Shapley supercluster, the Antlia cluster and the Centaurus
cluster (see Courtois et al. 2013). Additionally, from Fig. 7 in
Courtois et al. (2013), it is also evident that Hydra could share a
filamentary connection with the Cancer cluster in the NW direc-
tion of Subgroup 8.
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Fig. 10. PPSD showing the distribution of galaxies that were associated
with potential substructures in Fig. 8. Different markers are associated
with different subgroups. Empty markers are Hydra members outside of
the Ha/R sample. Positive values in the y axis correspond to redshifted
galaxies, and negative values to blueshifted galaxies, as explained in
Fig. 9.

4.8. Environmental impact upon gas

The final step to understand the link between environmental
mechanisms and the heightened star formation activity of SBGs
is to look for evidences of interactions in their gas morphology.
Since gas is less gravitationally bound to galaxies than stars, it
manifests hydrodynamical and gravitational interactions at ear-
lier stages than the stellar component. In this section we examine
the morphology of the neutral gas disks of the 18 SBGs with an
HI detection, and compare them to the distribution of the star for-
mation activity as traced by the Ha emission. We focus our dis-
cussion on the effect of ram pressure stripping, which has previ-
ously been observed as far out as 1.25 ryp9 in Hydra (Wang et al.
2021), although some models predict that it can begin as far out
as ~2-3 virial radii (Zinger et al. 2018).

Figure 3 displays the total intensity of the Ha emission of
four SBGs overlaid on their rgb images with the neutral gas con-
tours delimiting the extent of the HI content down to column
densities of 10! cm=2. In Fig. 11 we present the moment 1 maps
with the intensity-weighted velocity of the HI line. We use these
4 galaxies as an example. The full SBG sample with HI detec-
tion can be found in App. C. The contour maps presented in Fig.
3 show the asymmetries in the HI disks of SBGs.

We focus our discussion on the connection between HI
asymmetries and ram pressure stripping, and how it could trig-
ger bursts of star formation. However, we need to consider the
possible impact of tidal interactions upon star formation rates.
Tidal interactions could be particularly relevant in the ESO 436-
44 and ESO 436-1G 042 system (C.1), relative to ram pressure.
Nonetheless, we still consider ram pressure to be playing a sig-
nificant role in the star-forming enhancement due to the neutral
gas tails pointing north in the system. This suggests that ram
pressure is likely acting on the group in addition to tidal effects.
The angular separation of these galaxies in the sky is about 70",
which we take as reference for an effective tidal interaction in
Hydra. Among the rest of galaxies cataloged as SBGs, the one
closest to a neighbor is ESO 501-G059, located 146" to the south
of IC 2597. With more than double the distance between ESO
436-44 and ESO 436-1G 042, we consider that tidal interactions
do not dominate over ram pressure when shaping the gas disks
of the rest of SBGs.
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Fig. 11. Moment 1 HI-velocity maps of the four starburst galaxies that were introduced in Fig. 3, elaborated with the SoFiA-Imaging-Pipeline
(SIP). From left to right starting from the top: ESO 437-G003, ESO 501-G075, ESO 501-G009, and ESO 501-G065. The rest of the starburst

galaxies discussed in this work can be found in App. C.

It is challenging to link the strength of ram pressure acting
upon a galaxy with their HI morphology using the orbital direc-
tion as a predictor. It is difficult to find the 3D movement of a
galaxy, and there is a possible offset between the shape of the
HI reservoir and rapid changes in the direction of movement.
In addition, a quantification of the degree of asymmetry of an
HI disk is highly dependent on technical factors such as sig-
nal to noise or resolution, as well as physical ones like inclina-
tion or surface brightness (Giese et al. 2016; Hank et al. 2025).
A detailed account of all these factors is beyond the reach of this
work. Instead, it is common practice to assume the most sim-
ple scenario where the HI tail (or the HI compressed contours)
point in the opposite (same) direction of movement. Following
this convention, in all SBGs regardless of their distance or direc-
tion to the cluster core the separation between HI contours gets
smaller in the (presumably) leading edges. This suggests a steep
increase in the gas density in the half that is leading the move-
ment. The resulting higher pressure in these regions might be
behind the recent burst of star formation in tailed galaxies with
SFRy, > SFRz. The trailing half tends to be elongated and have
more distanced contours, which could be caused by the drag
of the ICM (Chung et al. 2009; Jaffé et al. 2018; Krabbe et al.
2024). Irregular features in the neutral gas disks have velocities
compatible with the bulk rotational motions, indicating that the
impact of environment is not strong enough to completely dis-
rupt gas from the rotational pattern of its parent galaxy. Conse-
quently, these galaxies probably have not lost enough gas yet to
deplete their reservoirs in a way that decreases their star-forming
activity. The heightened star formation of spiral SBGs is rather
related to the gas compression in their leading edges, which is
known to trigger and enhance star formation (Abramson 2018;
Bekki 2014). For lower mass galaxies, the temporarily higher
SFR is more likely caused by mass flows driven by moderate
levels of ram pressure, as shown by Zhu et al. (2024)’s sim-
ulations, and observed for satellite galaxies in other clusters
(Ebeling et al. 2014).

Many studies have previously considered the orbital direc-
tion of the galaxy as traced by HI morphology. They observed
that radial orbits are usually associated with stronger RPS
(Jafté et al. 2015, 2018; Smith et al. 2022; Biviano et al. 2024;
Salinas et al. 2024). However, a galaxy does not need to be
infalling radially to undergo RPS. From the SBGs in App. C,
only 4 galaxies show compressed contours and tails pointing
away from the direction to the center of the cluster: LEDA
751896, ESO 436-G036, ESO 501-G017, NGC 3312. This is
less than a quarter of the SBG sample. This fraction of galax-
ies with tails pointing away from the cluster core has also been
observed by larger surveys in different wavelengths, such as
Salinas et al. (2024).
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The fact that SBGs in general lie in the ‘recent-infaller’
area of the PPSD (Rhee et al. 2017) is compatible with pre-
vious results in the field (Yoon et al. 2017; Jaffé et al. 2018;
Reynolds et al. 2022), showing that first infallers suffer star-
forming enhancing shock upon first dive into the ICM. Starburst
in galaxies triggered by the effect of environment have already
been observed in other clusters such as Coma (Mahajan et al.
2010), Fornax (Serra et al. 2023), or Virgo (Mun et al. 2021). In
all these cases, environmental processes are easily identifiable by
the asymmetries they produce in the gas disks of galaxies which
are behind the sudden increase in star formation activity. More
than half of our SBGs sample have detectable HI and manifest
HI asymmetries easily identifiable by eye.

The asymmetries in spatial and phase space location that we
showed in Figs. 1 and 9 also manifest when studying the distri-
bution of SBGs with detected HI. We find that 66% of SBGs with
HI detections are located to the south of the cluster. Meanwhile,
75% SBGs are blueshifted, which rises to 83% for HI detections
only. This further strengthens our theory that most of the SBGs
might be recent infalls from a more blueshifted filament, poten-
tially associated with subgroups 2, 3, 6 (Fig. 8) to the south,
or perhaps subgroups 4, 8 to the north. Therefore, the observed
asymmetries in the disk morphology are likely connected to the
recent sharp increase in their star formation, and heightened by
preprocessing effects in the filament (Lee et al. 2021) and the
shock of entering the cluster for the first time.

5. Summary

The Hydra I cluster is an ideal system to study how galax-
ies transform in their coexistence with their neighbor galaxies
and the ICM. In this work we use new DECam imaging and
mIR WISE data combined with MeerKAT HI measurements
to characterize the impact of environment on the star forma-
tion activity of the members of Hydra. With a total of 196
redshift-selected galaxies with stellar masses ranging roughly
between 107° M,—10'' M, and spanning out to 1.75r0, we
have undertaken a multiwavelength study of their star-forming
activity related to their stellar content, local environment, orbital
state, color, and morphology. The main results can be summa-
rized as follows:

— We have classified galaxies by their difference in SFRy, to
galaxies in the MS with the same stellar mass. We find that
~51% of galaxies are quenching (QINGs), ~37% are still in
the MS(MSGs), and ~12% have undergone a starburst pro-
cess in the last 107 years (SBGs).

There is a north-south asymmetry in the distribution of star-
forming galaxies in the cluster. We note that 32% of QINGs,
60% of MSGs, and 67% of SBGs are located in the southern
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half of the cluster. Exclusively considering galaxies with
a detected HI gas reservoir, the percentages are ~65% for
QINGs, ~71%, for MSGs, and ~66% for SBGs. More active
and gas-rich galaxies are found preferentially in the southern
half of the cluster.

— The complete sample has a balanced distribution of active
and passive galaxies. We observe a fully grown red sequence,
QINGs, and MSGs with medium-low levels of sSFR. The
green valley contains galaxies of the three different popula-
tions, supporting evolutionary scenarios of rapid and slow
quenching. The presence of late types with lower levels of
SFR in the red sequence and the green valley suggests that
structural properties such as morphology change slower than
physical properties (Liu et al. 2019). Finally, the blue cloud
shows a population of active SBGs and MSGs, and some low
sSFR QINGs.

— An analysis of the phase space diagram shows that the dis-
tribution of Hydra galaxies is asymmetric in velocity. Most
galaxies are blueshifted and not virialized, with the exception
of some QINGs and a reduced number of MSGs and SBGs
that are probably just transiting through the virialized region.
Most HI detections are found to still be infalling, which hints
to recent processes of assembly of the cluster. The location
in phase space of a potential substructure could suggest that
the most recent galaxies fall preferentially from the eastern
half of the cluster.

— Another remarkable feature is that the 18 SBGs with HI
detections have disturbed gas disks. We have connected the
asymmetries to the bursts in star formation and hypothesize
that most of them might be galaxies that joined the cluster
recently. In particular, they could be entering from the south-
ern Hydra-Antlia filament and have these starbursts powered
by preprocessing or the shock of the first dive into Hydra.
While past studies show little substructure in Hydra, our

detailed look at the star-forming and gas properties of galax-
ies reveal substantial asymmetry, which likely reflects the recent
accretion history of the cluster. In view of our results, we deduce
that Hydra has a dual nature. On the one hand, it shows a popula-
tion of mature and aged galaxies that follow the MS or that have
already moved away from it. These galaxies are located prefer-
entially to the northern half of the cluster, and they suggest some
level of substructure while remaining mostly out of the virialized
region in phase space. On the other hand, we find a population
of recently accreted galaxies undergoing a recent boost in their
star formation. These galaxies might be in their first orbits in
the cluster after being newly accreted from the cosmic web or a
filament, particularly the Antlia-Hydra filament. These two com-
plementary natures make Hydra a unique structure at large scale,
both evolved and in the active process of accreting new material,
and a promising laboratory for future multiwavelength studies.

Data availability

The data displayed in Tables 1 and 2 are available at
the CDS via https://cdsarc.cds.unistra. fr/viz-bin/
cat/J/A+A/704/A264.
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Appendix A: Photometry and magnitudes

In this section we explain how the optical data were treated,
including the continuum subtraction of the Ho maps, and how
the photometry and magnitudes were extracted for the sample.

A.1. Continuum subtraction

Continuum subtraction of the Ha narrow-band mosaic involved
the scaling of N662 and r images to the same instrumental zero-
point. The resulting line-free image Iy, is obtained by subtract-
ing the broad-band (/) from the narrow-band image as follows
(Iu,):

Ir X fwr - IH(, X wa0
fwr _fWHa

where f,, = 1276 A and Som, = 170A are the filter widths for
both continuum red emission and H, emission. The information
abo;lt DECam’s filters is publicly available in NOIRLab’s web-
site”.

We note that, from Equation (A.1), one source of uncertain-
ties that must be taken into account is the difference in filter
width end centering of each band. For very blue sources we
slightly underestimate He, in the range of g-r=0-0.4 we are
within +/- a few percent, and toward redder sources we slightly
overestimate the real Ha-flux. The most extreme case, for a 14
Gyr old elliptical model reaching g—r of 0.7, this overestimate is
around 7% of the uncorrected Ha-flux. From g—r = 0.4-0.7 the
error is essentially linear, so at g—r ~ 1 the uncertainty should
be around 10%. We choose to disregard this contribution, which
amounts to less than 5% of the total error budget discussed in
more detailed in App. A.4.1.

In,cs = In, — , (A1)

A.2. Source finding

The location of galaxies with ionized gas emission in the maps
was performed through a rigorous and strict visual inspection of
the narrow-band, continuum subtracted blind map of the Hydra I
cluster. The detection threshold was at S/N > 5, being the lowest
S/N in the sample of S/N = 6.11.

A.3. Photometry

We employed the Python package photutils 3 to define
elliptical regions from which we measured the signal. We
removed bright sources not belonging to the galaxy with the
sigma_clip utility. Each measurement’s uncertainty is a com-
bination of both the photometric and the background uncer-
tainties, the latter dominating the final uncertainty estimation.
They are estimated respectively as the error computed from the
aperture_photometry utility, and as the standard deviation of
the background signal that was subtracted to correct the image.
We implemented automated r26 isophote detection in the r
band to perform the photometry, following Chamba et al. (2022)
and references therein. In Fig. A.1 we show a random selection
of galaxies that illustrates the range of galaxy properties (clumpi-
ness, concentration, crowded fields, etc), and the areas where
we measured their light. This demonstrates the light distribution
for galaxies of different morphologies and how the uncertainties
that we estimated (see Fig. 7) account for these variations. ESO

2
3

noirlab.edu/science/filters/
photutils.readthedocs.io

436-G038 (RA, DEC = 10h33m53.8253s, —27d49m42.2615s)
is a LTG with active star formation in its arms, that shows
throughout the different bands. ESO 437-G013 (RA, DEC =
10h36m53.9904s, —27d55m01.092s) is a ETG with no substan-
tial variation in the light distribution across different bands. ESO
437-G044 (RA, DEC = 10h41m42.3187s, —28d46m47.237s) is
an LTG galaxy with faint arms that do not contribute substan-
tially to the total measured light, so we have selected only the
brightest region at the core. Finally, GALEXASC J103804.55-
284333.9 (RA, DEC = 10h38m04.6008s —28d43m38.28s) is an
irregular galaxy that shows a strong variation in its light profile
across different bands.

Once the signal S was measured, the conversion into flux was
performed in the following way:

FWHM

_wt
Foana = 8 X 1075 x MG x —= 2=,

(A.2)
where zpt is the zeropoint for a given band, M5’ is its AB mag-
nitude at the zeropoint, FWHM (Full Width at Half Maximum) is
the spectral width of the band, and CWL (Central Wavelength) is
the wavelength of the line. Once the fluxes have been estimated,
colors for two given bands i and j can be calculated from their
magnitudes:

M;; =2.5(og¢; —log¢) — (Ej— Ei) — Keonr (A3)
being Ej; the internal extinction of the filters. The K-correction
is taken from Schawinski et al. (2014) as K.y = 0.05. All the
parameters involved in the process are shown in Table A.1.

A.4. Dust correction for star formation

Star formation was converted from He luminosities following
Eq. (2) from Kennicutt (1998), under the assumption that the
ionizing radiation comes from young stars that formed at a con-
stant rate over & 10Myr in the disk of ionized gas.

To correct SFR from dust extinction we applied the param-
eterization implemented by Garn & Best (2010). They applied
polynomial fits to 120650 star-forming galaxies from SDSS DR7
(according to a BPT diagram), and S/N > 3 in all emission lines
but O[] (S/N>2). This resulted in Eq. A.4:

n

Ao = ) BX' (A4)
i=0

where Ap, is the extinction in the Ha band, X =

logio(M/ 10'°M,) accounts for the stellar mass content, and
By =091, B; =0.77, B, = 0.11, B3 = —0.09 are the parameters
of the fit. This correction is only based on the stellar mass of the
galaxy, which for our sample is derived from WISE.

As reported by Garn & Best (2010), equation A.4 predicts
the extinction of a galaxy with a given stellar mass to within a
typical error of 0.28 mag, which is comparable to the accuracy
with which extinctions can be estimated from the Balmer decre-
ment for the model sample. They report that residuals tend to be
higher at higher stellar masses, as a consequence of downsizing
once the most massive galaxies quench, and the relative weight
of extinction in relation with the reduced Ha emission grows.
However, the authors showed that the model is robust regardless
of the selection bias of the sample, and can offer an statistical
estimation of the extinction from the lowest stellar masses to
the highest without substantial variation in the distribution of the
residuals.
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Fig. A.1. r26 isophotes defined for the photometry extractions in each band for four galaxies with different morphologies. From left to right:
u, g, r, i, z broadbands and the continuum-subtracted Ha narrowband. From top to bottom: ESO 436-G038, ESO 437-G013, ESO 437-G044,
GALEXASC J103804.55-284333.9. The horizontal green line at the bottom left of every image represents a scale of 10kpc. The image cutouts
were chosen, when possible, to avoid the presence of other galaxies in the images, while balancing the need to include enough background to
produce meaningful statistics. Contaminating bright sources were sigma-clipped and not taken into account in the estimation.

Table A.1. Parameters employed for the estimation of fluxes (eqs A.2, A.3).

Parameter u g r i z ha Ref.
zpt [A] 28.45 27 27 27 27 27 [1]
M [Jy] 1545  1003.70 1276.20 1281.00 1289.30 1454 [2]

CWL[A] 3650  4770.80 6371.30
FWHM [A] 880 1003.70 1276.20
E 0.62 0.36 0.36

77742 915790 6563 1]

[
1281.00 1289.30 1454 [1]
0.45 0.45 0.45 [3]

From left to right: parameter, value in u band, value in g band, value in r band, value in i band, value in z band, and reference from where they
where extracted. References: [1] noirlab.edu, [2] Abazajian et al. (2009), [3] Kim & Lee (2007).

A.4.1. Uncertainties derived from photometry — The second one is the statistical error of the process, com-

The errors related to the estimation of the signal through pho-
tometry comprise:

— The uncertainty of the sum of the signal within the 126
aperture, propagated by the total error of the image. This
error is estimated by combining the standard deviation of the
image with the Poisson noise of sources. The Poisson error
of the sources is derived from the gain of the DECam cam-
era, which can be consulted in noirlab.edu. For more details,
we suggest consulting the documentation of calc_total_error
and ApertureStats classes of photutils.
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puted as the standard deviation of the background signal that
we subtract to correct the image. This is the dominant source
of uncertainty for most galaxies. It incorporates local back-
ground variations, and accounts for the uncertainty intro-
duced by the continuum subtraction.

The uncertainty introduced in the determination of the
126 isophote. This is estimated as the dispersion between
the signals for the isophote at 26 mag/arcsec2 in the r
band, and the 2 closest isophotes before and after this
level. The weight of this uncertainty is higher for smaller
galaxies.
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The uncertainties related to the conversion from signal to
SFRs were performed as the square root of the sum of the
squares of the errors in the quantities involved in Eq. (2) from
Kennicutt (1998) and A.4. The same approach was taken for the
estimation of magnitudes with Eq. A.3.

A.5. Selection of lower limits in the sample

Figure A.2 shows an example of a detection and a lower limit.
The lower limits strictly have S/N > 5, but the continuum sub-
traction is uncertain and the background noise is relatively high
and inhomogeneus inside the aperture.

NGC_3336 ha band

—277as' —27°85°

10740724° 20°

10"40™m24%
poseqra
LEDA_761585 r band
~26°57'00" ' ez e
1 r26 aperture
|C3 sources i
gative emission

eq.dec

59'00"

50° 3 * 10377545 52° 50° a8 46°
pos.eqra pos.eara

Fig. A.2. r and He emission of a detection with homogeneous and rel-
atively low background noise (NGC 3336, top), and a lower limit with
uncertain continuum subtraction and inhomogeneus background noise
distribution (LEDA 761585, bottom). In particluar, LEDA 761585 is
the galaxy with the lowest S/N in the sample (S/N =~ 6). The green
ellipse represents the r26 magnitude isophote in which we performed
the photometry. The white regions had negative emission due to uncer-
tain coontinuum subtraction, and were masked and set to background
emission levels. Idem for the blue regions, masking bright stars.

Appendix B: Projected Phase Space Diagram

In this section we describe the steps we followed to build the
velocity limits for the phase space diagram of the Hydra cluster.

B.1. Escape velocity

The escape velocity from the cluster at a given distance from
its core was estimated employing a virial mass of M,y = 3.02 X
10'*M,, distributed within a virial radius rypp = 1.35Mpc accord-
ing to a NFW potential (Navarro 1996; Jaffé et al. 2015) follow-
ing Eq. B.1. The paramters K, s and g. are given by Eqgs. B.2,
B.3, B.4. The speed of light is ¢, G is the gravitational constant,
and r, = 6.1 kpc is the truncation radius as inferred by Jaffé et al.

(2015).
ZGSMZOOK r < a0
_ V 7200 B.1)
Uesc = Y ) (B.
NErowe otherwise
72005

K:gc(w_mmc))u (B.2)
Tor
= 2 Rano B3
c -1
g = [zna o- (B.4)

B.2. Stripping limit

The stripping limit, that is, the limit at which the anchoring
gravitational pull Ilg, = 27GX,Z, is exceeded by ram pressure
Pom = PICMUéav can be computed following Jaffé et al. (2015):

/ 2nGZZ,
Ugal = -
PICM

where X; and X, are the stellar and gas disk density profiles,

(B.5)

respectively. The surface densities are given by X = Zoe_é, p

21”132. The ICM gas density profile follows a S-model: picm
d

poll + (P12,
Tables B.1 and B.2 contain the parameters employed in the
calculus of Py, and Ilg, (Jaffé et al. 2015).

Table B.1. Parameters used for the calculus of pjcy.

Parameter Value
B 0.5
£0 147 x 1073 cm™3
R, 65 kpc

B is the S-model parameter of the ICM gas density profile, p, is the
central initial density of the ICM, and R, is the core radius fitted by
Rizza et al. (1998) for the cluster A9631. They serve as a model to esti-
mate the stripping limit in phase space.

Table B.2. Parameters used for the calculus of ITg,.

Parameter Value
Md,stellar 4.6 x 1010M©
Md,gas ~ 0.06 x Md,slella.r
Rd,stars 2.15 kpC
Rd,gas 1.7 x Rd,stars

M genar and My g, are the stellar and gaseous mass of the disk where
we model the galaxy’s anchoring pressure Iy, . Rysars and Ry g, are the
stellar and gaseous radius for this disk.

Appendix C: Starburst galaxies
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Fig. C.1. Starburst galaxies ESO 436-46 and ESO 436-42, ESO 436- G036, ESO 437-G003 and ESO 437-G039. Top row: False rgb color images
(red - r band, green - g band, blue -u band) overlaid with and Ha map (fuchsia) and with MeerKAT HI contours (yellow). The beam size is
displayed at the top right. The compass at the top left points in the direction toward the center of the cluster. The distance indicated below the

compass is the projected distance of the galaxy to the center of the cluster. A scalebar of 10kpc can be found at the bottom left. Bottom row:
Moment 1 HI-velocity maps.
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Fig. C.2. Starburst galaxies ESO 501-G017, and ESO 501-G045, ESO 501-G053, ESO 501-G059. Top row: False rgb color images (red - r band,
green - g band, blue -u band) overlaid with and He map (fuchsia) and with MeerKAT HI contours (yellow). The beam size is displayed at the top
right. The compass at the top left points in the direction toward the center of the cluster. The distance indicated below the compass is the projected
distance of the galaxy to the center of the cluster. A scalebar of 10kpc can be found at the bottom left. Bottom row: Moment 1 HI-velocity maps.
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Fig. C.3. Starburst galaxies ESO 501-G065, ESO 501-75, GALEXASC J103645.27-281004.4, and LEDA 751896. Top row: False rgb color
images (red - r band, green - g band, blue -u band) overlaid with and Ha map (fuchsia) and with MeerKAT HI contours (yellow). The beam size
is displayed at the top right. The compass at the top left points in the direction toward the center of the cluster. The distance indicated below the
compass is the projected distance of the galaxy to the center of the cluster. A scalebar of 10kpc can be found at the bottom left. Bottom row:

Moment 1 Hl-velocity maps.
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Fig. C.4. Starburst galaxies LEDA 762452, NGC 3312, and NGC 3336, WISEA J103234.22-271348.8. Top row: False rgb color images (red -
r band, green - g band, blue -u band) overlaid with and Hao map (fuchsia) and with MeerKAT HI contours (yellow). The beam size is displayed
at the top right. The compass at the top left points in the direction toward the center of the cluster. The distance indicated below the compass

is the projected distance of the galaxy to the center of the cluster. A scalebar of 10kpc can be found at the bottom left. Bottom row: Moment 1
HI-velocity maps.
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Fig. C.5. Starburst galaxy WISEA J103811.83-275615.4. Left: False
rgb color image (red - r band, green - g band, blue -u band) overlaid
with and Ha map (fuchsia) and with MeerKAT HI contours (yellow).
The beam size is displayed at the top right. The compass at the top left
points in the direction toward the center of the cluster. The distance
indicated below the compass is the projected distance of the galaxy to
the center of the cluster. A scalebar of 10kpc can be found at the bottom
left. Right: Moment 1 HI-velocity maps.
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