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ABSTRACT

Context. Group environments are thought to play a key role in shaping galaxy evolution prior to cluster accretion. However, direct
observational evidence linking group–cluster interactions to the transformation of low-mass galaxies remains scarce.
Aims. The nature and origin of the W cloud, located in the southern outskirts of the Virgo cluster, have been reexamined in order to
better understand the dynamical processes driving group accretion and galaxy transformation during cluster assembly.
Methods. A comprehensive analysis combining the spatial distribution, kinematics, and stellar population properties of galaxies in
the W cloud and its surroundings reveals the dynamical structure of this system. This multidimensional approach allows us to charac-
terize the three-dimensional structure of the system, assess its dynamical state, and identify the dominant environmental mechanisms
at work.
Results. We conclude that the W cloud is not a filament of the large-scale structure seen in projection. Instead, the W cloud is
dominated by a compact galaxy group (the W group) currently interacting with the main cluster. Moreover, a newly discovered, dy-
namically coherent tail of galaxies (the W tail) connects the W group to the cluster and exhibits a continuous sequence in velocity,
velocity dispersion, and three-dimensional distance. The low-velocity component of the tail is already gravitationally bound to Virgo,
while higher-velocity galaxies remain dynamically connected to the group and are still infalling. The W tail forms a planar structure
aligned with the orbital geometry of the W group, strongly indicating a tidal origin. The stellar mass and color properties of their
members show that the stripped population is dominated by low-mass, star-forming dwarfs that remain in the blue cloud, with their
slightly bluer colors relative to the W group naturally explained by their lower stellar masses rather than by environmentally induced
star formation enhancements.
Conclusions. The W group–W tail system provides a well-resolved example of an active group–cluster interaction, illustrating how
low-density galaxy groups can deliver largely unprocessed dwarf galaxies into clusters. This system offers key observational con-
straints on the hierarchical assembly of galaxy clusters and the buildup of their dwarf galaxy populations.
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1. Introduction

On megaparsec scales, the distribution of galaxies in the Uni-
verse is far from homogeneous (Sarkar et al. 2009). This large-
scale structure arises naturally from gravitational evolution: the
anisotropic collapse of the primordial density field gives rise to
the intricate network of clusters, groups, filaments, walls, and
voids that make up the cosmic web (Zel’dovich 1970; Bond et al.
1996). These structures contain very different fractions of the
total mass and volume of the Universe, and galaxies contin-
uously migrate through them over cosmic time (Cautun et al.
2014). Each environment leaves distinct imprints on galaxy
properties, making the influence of the environment a key
ingredient in understanding galaxy formation and evolution
(Boselli et al. 2006).

Traditionally, the influence of environment on galaxy evo-
lution has been studied by comparing the properties of galax-
ies in high-density regions (clusters or groups) with those in
low-density, field environments. These studies revealed a clear
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environmental dependence: galaxies in dense environments are
dominated by red, early-type systems, while those in low-
density regions are typically blue, late-type, and actively star-
forming (Dressler 1980; Balogh et al. 2004; Aguerri et al. 2007;
Peng et al. 2010). These morphology–density and color–density
relations provide strong evidence that environment plays a fun-
damental role in driving galaxy transformation.

A variety of physical mechanisms have been proposed
to explain these transformations during the infall of galaxies
into dense environments. These include tidal interactions and
harassment (Moore et al. 1996, 1998; Mastropietro et al. 2005;
Aguerri et al. 2009; Boselli & Gavazzi 2014), major and minor
mergers (Toomre 1977; Aguerri et al. 2001), ram-pressure strip-
ping by the intracluster medium (Gunn et al. 1972; Quilis et al.
2000; Boselli et al. 2006), and the gradual removal or exhaus-
tion of gas reservoirs through strangulation or starvation
(Larson et al. 1980). These mechanisms act with varying effi-
ciencies depending on the local density and the depth of the
gravitational potential, collectively leading to the quenching of
star formation and the morphological transformation of galaxies
from disk-like to spheroidal systems.
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The advent of large spectroscopic surveys such as the Sloan
Digital Sky Survey (SDSS; York et al. 2000) and the Dark
Energy Spectroscopic Instrument (DESI; Dark et al. 2016) has
opened a new era in environmental studies. The vast statistical
samples provided by these surveys allow the characterization
of galaxy properties across the full range of cosmic environ-
ments, from isolated voids to massive clusters, and have enabled
the detection and mapping of filaments and other large-scale
structures in unprecedented detail (e.g., Tempel et al. 2014;
Chen et al. 2016; Rost et al. 2020). These data now make it pos-
sible to study how galaxies evolve as they migrate along the cos-
mic web, from voids into filaments, and eventually into clusters.

Recent works have shown that the influence of environ-
ment begins well before galaxies reach the virialized regions
of clusters. Evidence from both observations and simula-
tions indicates that galaxies already experience significant
transformations within filaments and groups, a process often
referred to as pre-processing (Fujita 2004; Dressler et al. 2004;
Haines et al. 2015). This includes early quenching of star forma-
tion (Rojas et al. 2004; Kuutma et al. 2017; Luber et al. 2019),
morphological changes (Kuutma et al. 2017; Castignani et al.
2022a,b; Cuomo et al. 2026), and gas depletion occurring prior
to cluster infall (Aragon Calvo et al. 2019; Zarattini & Aguerri
2025). This is mainly because on filaments there is a significant
increase in the galaxy overdensity with respect to the field, but
smaller than in clusters or groups (Aguerri & Zarattini 2026).
Consequently, the impact of environment on galaxy evolution
appears to be continuous throughout a galaxy’s lifetime, rather
than confined to the final stages of cluster accretion.

Within the current cosmological framework, galaxy clus-
ters assemble hierarchically through the continuous accre-
tion of galaxy groups and field systems along the filaments
of the cosmic web (e.g., Springel et al. 2006; De Lucia et al.
2007; Haines et al. 2018). These infalling structures contribute
not only to the growth of the cluster dark matter halo, but
also to the progressive buildup and transformation of its
galaxy population. The outskirts of clusters, therefore, rep-
resent key regions where galaxies experience the cumulative
impact of multiple environmental mechanisms, bridging the gap
between group-filament pre-processing and cluster-driven evo-
lution (Reiprich et al. 2013; Gill et al. 2005)

Several studies of nearby galaxy clusters have highlighted
this crucial role of their outskirts in shaping galaxy evolution.
Observations of clusters such as Coma, Fornax, and Abell 1367
show that galaxies in the infall regions and along filaments are
subject to a combination of environmental effects, including
tidal interactions, galaxy harassment, and preprocessing within
groups, before reaching the cluster core (e.g., Haines et al. 2015;
Jaffé et al. 2016; Boselli et al. 2022). These regions often host
infalling groups that are partially disrupted, contributing not
only to the growth of the cluster’s dark matter halo but also
to the assembly of its galaxy population (e.g., Fujita 2004;
De Lucia et al. 2012). Moreover, studies combining kinematics,
stellar populations, and gas content reveal that galaxies in the
outskirts can exhibit gradual quenching, morphological trans-
formation, and gas depletion, indicating that cluster-driven pro-
cesses begin to act well before galaxies reach the virialized
region (e.g., Wetzel et al. 2013). These results underscore that
the outskirts of clusters are laboratories for studying hierarchi-
cal accretion and environmental preprocessing, providing direct
insight into the continuous assembly of clusters and their galaxy
populations.

The Virgo cluster provides an exceptional case for investi-
gating the hierarchical growth of galaxy clusters and the pro-

gressive assembly of their galaxy populations. As the near-
est massive cluster to the Local Group (LG), Virgo offers the
opportunity to study galaxy properties across a wide range of
masses and environments, from giant ellipticals to the faintest
dwarfs (Binggeli et al. 1985; Lisker et al. 2007; Ferrarese et al.
2020). Its infall region exhibits a rich filamentary structure,
with numerous galaxy groups and filaments feeding the clus-
ter (e.g., Ftaclas et al. 1984; Binggeli et al. 1993; Kim et al.
2016; Boselli et al. 2018; Castignani et al. 2022a,b). The out-
skirts of Virgo constitute a nonrelaxed environment where sev-
eral already known galaxy aggregations, such as the M, L, and
W clouds (de Vaucouleurs & de Vaucouluers 1973; Boselli et al.
2018), are currently interacting with the cluster and represent
active sites of galaxy accretion and transformation. Studying
these systems provides direct insight into the ongoing assem-
bly of Virgo and the environmental processes shaping its galaxy
population.

This work is focused on the outskirts of the Virgo cluster and
provides a unique observational view of the hierarchical clus-
ter assembly in action. Within the well-studied W cloud, in this
work we identify three new structures. The first one is what we
called the W group, a group of galaxies with coherent properties
that are found in the heart of the classical W cloud. The sec-
ond structure is a large area of the sky, partially overlapping the
Virgo Southern Extension (SE: Tully 1982) in which we find that
several galaxies were found at the same distance from the Virgo
cluster center as the galaxies of the W group. We call this area
the W plume. Within this region, we finally identify a subset of
galaxies that not only fulfill the distance criterion but also have
velocity, velocity dispersion, orbital geometry, and colors com-
patible with those of galaxies stripped from the recently intro-
duced W group. We call this structure the W tail. The W group
and W tail are thus new structures, linked with one another, and
are properly defined in Sect. 2.5. We are witness to a snapshot
of this ongoing buildup, allowing us to study the physical mech-
anisms responsible for galaxy transformation before and during
cluster infall. By capturing this process in real time, our study
offers a rare opportunity to connect the large-scale dynamics of
group–cluster interactions with the evolution of individual galax-
ies, providing critical insights into how clusters grow and how
their dwarf populations are assembled. In this paper we used the
cosmological model with H0 = 70 km s−1 Mpc−1, Ωm = 0.3 and
ΩΛ = 0.7.

2. Spectroscopic catalog of the Virgo cluster

In this section, we describe the spectroscopic catalog of the
Virgo cluster employed in this study, including the velocity cor-
rections and coordinate transformations applied to the data. We
compute supergalactic coordinates and define the selection of
galaxies belonging to the W cloud and the W plume, which pro-
vides the foundation for the subsequent analysis.

2.1. The Virgo cluster

The Virgo Cluster, the nearest massive galaxy cluster
at ∼16.5 Mpc (Mei et al. 2007), is still assembling. Its
galaxy distribution, radial velocities, and X-ray morphology
reveal multiple accreting substructures (de Vaucouleurs 1961;
Tully & Shaya 1984; Binggeli et al. 1993; Mei et al. 2007;
Kim et al. 2016; Boselli et al. 2018; Castignani et al. 2022a).
Two main subclusters dominate: SubA, centered on M87
(Vhelio = 955 km s−1), and SubB, centered on M49 (Vhelio =
1134 km s−1; Binggeli et al. 1993; Boselli et al. 2018. At larger
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Fig. 1. Sky projected positions of galaxies in the Virgo cluster region.
The locations of M87 and M49 are shown with large green and blue
dots, respectively, whereas the large green, blue, black and cyan cir-
cles represent the virial radii of M87, M49, W, and M clouds, respec-
tively (Boselli et al. 2018). The black square indicates the position of
the W plume. Colors indicate the 3D cluster-centric distance from M87:
r/R200 < 1 (red), 1 < r/R200 < 2 (pink), 2 < r/R200 < 3 (green),
3 < r/R200 < 4 (cyan), and 4 < r/R200 < 5 (blue), while gray points
represent galaxies at r/R200 > 5. We note that the figure shows pro-
jected sky positions, whereas the color-coding is based on the three-
dimensional distance, so galaxies at large distances can appear close to
the cluster in projection (see text for further details).

distances, several galaxy groups–originally identified as clouds
by de Vaucouleurs (1961)–trace the cluster outskirts. These
include the W, W

′

, and M clouds, each with typical group masses
M200 ∼ 1013 M� and sizes R200 ∼ 0.5 − 0.8 Mpc (Boselli et al.
2018). The W (Vhelio = 2176 km s−1, Boselli et al. 2018) and M
(Vhelio = 2109 km s−1, Boselli et al. 2018) clouds are behind
Virgo, whereas W′ has velocities similar to Virgo members
(Vhelio = 1019 km s−1, Boselli et al. 2018; Kashibadze et al.
2020). Figure 1 shows their projected sky distribution.

Among these, the W cloud has been the subject of a long-
standing debate in the literature. Its large projected separation
from the cluster center and its high relative velocity have led
to different interpretations, ranging from a background struc-
ture unrelated to Virgo to an infalling or interacting group in
the cluster outskirts (de Vaucouleurs 1961; Tully & Shaya 1984;
Binggeli et al. 1993; Boselli et al. 2018; Cantiello et al. 2024). It
has also been suggested that the W cloud may correspond to a
filament viewed nearly along its axis (Tully 1982). This ambi-
guity makes the W cloud a particularly interesting laboratory for
studying the ongoing assembly of the Virgo cluster.

2.2. The Virgo infall cluster catalog (VICC)

We constructed a parent sample of objects classified as
GALAXY in the SDSS-DR16 photometric catalog and located
within the Virgo infall region, defined by 100 ≤ RA ≤ 280 and
−5o ≤ DEC ≤ 75o. We included galaxies with spectroscopic
redshifts available in both SDSS-DR16 (Ahumada et al. 2020)
and DESI-DR1 (Dark et al. 2016). By applying a velocity cut of

cz ≤ 4000 km s−1, we obtained a final sample of approximately
43,975 objects1.

Although our parent catalog consists of objects classified as
GALAXY in SDSS-DR16, the dataset is not free from stellar
contamination. This is particularly relevant in the redshift range
of the Virgo cluster, where faint stars with |cz| ≤ 500 km s−1 can
be misclassified as galaxies. To clean our selection from stars,
we ran our own galaxy and star classification, which was car-
ried out using a supervised machine learning approach based
on the k-nearest neighbors (KNN) algorithm (Fix & Hodges
1951; Hastie et al. 2009; Bishop 2006). KNN is a nonparametric
method that assigns the class of a given object according to the
majority vote of its k closest neighbors in a multidimensional
feature space. Distances are typically computed in Euclidean
space after normalizing each parameter, ensuring that all observ-
ables contribute equally to the classification. The algorithm has
the advantage of being simple, robust, and well-suited for prob-
lems where the boundary between classes is nonlinear and must
be empirically determined from the data.

In our case, the input feature space included photometric
and structural parameters such as the apparent g− and r-band
magnitudes (mg, mr), color index (mg − mr), mean effective
surface brightness (µe), and light concentration indices derived
from the radii enclosing 50% and 90% of the total flux (r50,
r90, and C = r90/r50). We have also included the heliocen-
tric velocity of the objects (vhelio = czhelio) in the multidimen-
sional space. A labeled training set, composed of objects with
secure spectroscopic classification, was used to calibrate the
KNN classifier. The training set used for the KNN classifier was
constructed from objects with reliable spectroscopic classifica-
tions available in the DESI and the NED Local Volume Sam-
ple (NED-LVS; Cook et al. 2014, 2023) catalogs. In the DESI
catalog, objects are divided into three main spectral classes:
STAR, GALAXY, and UNKNOWN. We adopted this classifi-
cation directly as input for our KNN analysis. Additionally, we
considered as GALAXY all objects from the NED-LVS cata-
log with available redshift-independent distance estimates, since
these measurements provide a robust confirmation of their extra-
galactic nature. Combining these two sources, our training set
comprises a total of 17 363) stars and galaxies with spectroscopic
classifications, representing about 37% of the full sample.

Cross-validation was performed to optimize the number of
neighbors and to assess the performance of the separation. The
final model was then applied to the full sample, providing
a probability-based classification into stars and galaxies, and
yielding a confusion matrix that quantifies the robustness of the
method.

The performance of our KNN classifier was evaluated using
cross-validation on the spectroscopically classified training set.
The results show an overall accuracy of 0.98, indicating that 98%
of the objects were correctly identified as either stars or galaxies.
For the galaxy class, we obtained a precision of 0.99, meaning
that almost all objects classified as galaxies are true galaxies,
with very few stellar contaminants. The recall for galaxies is
0.96, showing that the vast majority of true galaxies were cor-
rectly recovered by the classifier, with only a small fraction mis-
classified as stars. These metrics confirm that our classification
scheme is both highly reliable and efficient for distinguishing
galaxies from stars in our sample.

We applied the KNN classifier to the full sample of objects,
obtaining 9872 galaxies and 34,103 stars. A small fraction of

1 The full catalog and the selection of the targets will be presented in
detail in a separate work in preparation.
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the sources classified as stars (about 1.1%) are in fact not gen-
uine stars, as they show heliocentric velocities vhelio > 500
km s−1 or vhelio < −250 km s−1. This misclassification arises
because only a few galaxies in our training set have vhelio < 0,
which causes their k nearest neighbors to be predominantly clas-
sified as stars. This issue reflects the nonhomogeneous distri-
bution of objects in the adopted multiparameter space, where
some sources are more isolated than others. Since KNN assigns
classes based on the majority vote of the k nearest neighbors,
the classification of such isolated objects is intrinsically less
reliable. To mitigate this effect, we computed a reliability flag
defined as the minimum distance (dmin) from each object to
its k nearest neighbors. We then defined a secure sample of
galaxies as those with dmin < d95, where d95 corresponds to
the 95th percentile of the dmin distribution for galaxies. This
selection reduce the misclassified stars to about 0.7%. Follow-
ing this approach, we obtain a final secure sample of 9379
galaxies.

Finally, we cross–matched our Virgo infall catalog with
the EVCC and the Castignani catalogs (Kim et al. 2014;
Castignani et al. 2022a), yielding a final sample of 11 097
secure galaxies with spectroscopic redshifts across the full Virgo
infall region and homogeneus photometric data from SDSS-
DR16. This new sample is twice as large as previous catalogs
(Castignani et al. 2022a).

2.3. Cosmic distances

The position of the different galaxies within the infall cluster
region of Virgo have been obtained by their intrinsic distances.
We have achived this result by doing several corrections to the
heliocentric redshift measurements provided by our parent cata-
log.

To place our galaxies in a consistent reference frame and
facilitate comparison with other studies, we first convert the
measured heliocentric velocities to the LG frame. This transfor-
mation accounts for the Sun’s motion relative to the LG barycen-
ter and follows

vLG = vhelio +V� [sin(b) sin(b�) + cos(b) cos(b�) cos(l − l�)] , (1)

where vhelio is the heliocentric velocity, (l, b) are the Galac-
tic coordinates of the galaxy, and V� ≈ 316 km s−1

is directed toward (l�, b�) = (93◦,−4◦) (Yahil et al.
1977; Karachentsev & Makarov 1996). This correc-
tion is particularly relevant for nearby galaxies, where
peculiar motions can be comparable to the Hubble
expansion.

Beyond the LG transformation, we must also account for the
peculiar velocity field induced by the Virgo cluster. The gravi-
tational pull of Virgo causes significant deviations from a pure
Hubble flow, called the Virgo infall velocity. To achive this we
modeled Virgo as a spherical overdensity with a Navarro–Frenk–
White (NFW) profile (Navarro et al. 1997), centered at the clus-
ter (M87) position . The density distribution is

ρ(r) =
ρs

(r/rs)(1 + r/rs)2 , (2)

with scale radius rs = R200/c and characteristic density

ρs =
200

3
ρc

c3

ln(1 + c) − c/(1 + c)
, (3)

where ρc = 3H2
0/(8πG) is the critical density of the Universe.

The enclosed mass and mean overdensity within radius r are

given by:

M(< r) = 4πρsr3
s

[
ln

(
1 +

r
rs

)
−

r
r + rs

]
, (4)

δ̄(< r) =
3M(< r)
4πr3ρb

− 1, (5)

with ρb = Ωmρc. The radial infall velocity can be estimated using
linear theory (Peebles 1980),

vlin(r) = −
1
3

H0Ω0.6
m r δ̄(< r), (6)

or the nonlinear Yahil–type correction taken from the implemen-
tation given by Croft et al. (1999).

vnonlin(r) = −
1
3

H0Ω0.6
m r δ̄(< r)

[
1 + δ̄(< r)

]−1/4
. (7)

We adopted the nonlinear approach resulting the observable
line-of-sight component as

vinfall = vnonlin(r) cos θ, (8)

where θ is the angle between the radial vector from Virgo and
the line of sight. For the Virgo cluster we adopted M200 = 4.2 ×
1014M�, R200 = 1.55 Mpc, and c = 2.8 (McLaughlin 1999).

The final cosmic velocity of each galaxy is therefore

vcosmic = vLG + vinfall, (9)

and the corresponding distance is dcosmic = vcosmic/H0.
To evaluate the accuracy of our infall-corrected distances, we

have also incorporated the NED-LVS catalog, which contains
information on about 2 million objects out to distances of ∼1000
Mpc (Cook et al. 2023). For objects within 200 Mpc, this catalog
provides redshift-independent distance estimates, which are par-
ticularly valuable for identifying galaxies belonging to the Virgo
cluster and its surrounding filaments. Cross-matching our parent
catalog with NED-LVS yields a total of 7,656 common objects,
among which 1519 have redshift-independent distance mea-
surements. We compared dcosmic with the redshift–independent
measurements available in the NED–LVS database (dNED).
Figure 2 shows the distribution of the ratio dcosmic/dNED. For our
model, the median and scatter of this ratio are 0.92 and 0.43,
respectively.

These values represent an improvement over the standard
Mould correction (Mould et al. 2000), which yields a median of
0.89 and a scatter of 0.39 for the same comparison.

2.4. Supergalactic coordinates

To place our galaxies in the context of the local large-scale
structure, we transformed their positions from Galactic coor-
dinates and distances to the supergalactic Cartesian system
(de Vaucouleurs 1953; Lahav et al. 2000). In this frame, posi-
tions are expressed as (S GX, S GY, S GZ), where the origin corre-
sponds to the LG and the plane of the Local Supercluster roughly
coincides with S GZ = 0.

The transformation proceeds in two steps. First, we convert
the right ascension and declination of each galaxy to Galac-
tic coordinates (l, b), and apply the rotation matrix to align
the Galactic system with the supergalactic system. Second,
we combine the resulting supergalactic longitude and latitude
(S GL, S GB) with the cosmic distance dcosmic of each galaxy, to

A108, page 4 of 14



Aguerri, J. A. L., et al.: A&A, 710, A108 (2026)

Fig. 2. Ratio of our computed cosmic distances to those obtained by z-
independent methods in NED-LVS. The vertical dashed line represent
the median value of the ratio dcosmic/dNED.

compute the Cartesian components (SGX, SGY, SGZ). In this
coordinate system the Virgo cluster is located at SGX∼ −3 Mpc,
SGY ∼ 16. Mpc, SGZ ∼ −0.7 Mpc (see de Vaucouleurs 1976;
Tully 2013).

This three-dimensional representation allows us to study the
spatial distribution of our sample relative to the main structures
of the Local Supercluster, such as the Virgo cluster and nearby
filaments. Using (S GX, S GY, S GZ) coordinates is particularly
useful for visualizing alignments with the cosmic web and for
comparing peculiar velocities and infall patterns along preferred
directions in the supergalactic plane.

Figure 1 shows the projected sky distribution of galaxies
in the Virgo cluster region within 5 × R200 of M87. Galax-
ies are color-coded according to their three-dimensional dis-
tance from M87, computed using the supergalactic coordinates
described above. Because the figure shows projected positions,
galaxies located at large three-dimensional distances may appear
close to the cluster in the sky. The figure highlights the com-
plex spatial structure of the Virgo environment, including the
main subclusters and the surrounding outskirts region. This
galaxy sample forms the basis of the analysis presented in
this paper.

2.5. Selection of the W cloud and W plume

The selection of galaxies associated with the W cloud was ini-
tially based on its projected position and characteristic radius,
R200, as reported by Boselli et al. (2018). We first selected 436
galaxies within a projected radius of 0.8 Mpc centered on
(RA,DEC) = (185.00◦, 5.80◦).

To characterize the three-dimensional structure of this sam-
ple, we made use of the supergalactic coordinates of the selected
galaxies. Their resulting three-dimensional distribution, shown
in Fig. 3 with orange and blue symbols, is globally elongated,
suggestive of a filamentary structure, and contains a promi-
nent overdensity in phase space located at (SGX,SGY,SGZ) =
(−5.58, 16.63, −2.23). This overdensity is clearly distinguished
from the surrounding galaxy population. We identify this struc-
ture as the W group (blue points in Fig. 3). It comprises 50
galaxies located within a three-dimensional radius of 0.8 Mpc
from the overdensity center, providing a physically motivated

Fig. 3. Three–dimensional view of the W cloud (orange) and W plume
(magenta). The positions of M87 and M49 are shown as black and red
points. The W group and the W tail are highlighted in blue and green,
respectively. The yellow and gray symbols overlaid on the green points
correspond to W tail galaxies with VLG < 1200 and VLG > 1200 km s−1

(see text for more details).

definition of the group based on its full spatial distribution rather
than on projected properties alone. The 50 group galaxies show
a mean velocity of VLG = 2140 km s−1 and a velocity dis-
persion of σ = 140 km s−1. From the supergalactic coordi-
nates of the W group we derive a distance of 17.7 Mpc from
the Milky Way. The three-dimensional separation between the
Virgo cluster center and the W group is about 2.5 Mpc, indicat-
ing that the group lies behind the Virgo cluster along the line
of sight.

We initially define the W plume as the population of galaxies
located within the rectangular sky region 186◦ . RA . 195◦ and
1◦ . DEC . 6◦. This area encompasses a high fraction of galax-
ies located at cluster-centric distances 1 < r/R200 < 2 from M87
(pink symbols in Fig. 1), corresponding to the outer regions of
the Virgo cluster. This region of the sky broadly overlaps with the
east and west Southern Extensions defined by Kim et al. (2014).
The full W plume sample contains a total of 213 galaxies.

To investigate the three-dimensional structure of this popu-
lation, we examined the distribution of these galaxies in super-
galactic coordinates. The resulting 3D configuration is shown in
Fig. 3 (magenta and green symbols). In contrast to the W cloud,
the three-dimensional distribution of galaxies in the W plume is
visually less elongated. Instead, the W plume galaxies occupy
a coherent region of supergalactic space, characterized by mean
coordinates (SGX,SGY,SGZ) = (−7.75, 19.12, −0.64). These
coordinates differ from the SE reported by Tully (1982). In par-
ticular, the SE spans a sky region of 180 o < RA < 192 o and
−20 o < DEC < +5 o (see Karachentsev & Nasonova 2013).
Our W plume region coincides with northern part of this larger
area. However, most of the galaxies located in the W plume are
found within a narrow 3D distance region of 1 < r/R200 < 2
in contrast with other galaxies in the rest of the SE, which are
found at larger 3D distances.

We identify a particularly prominent overdensity of galax-
ies of the W plume in three-dimensional space, centered at
(SGX,SGY,SGZ) ' (−6.5, 15.0, −1.25). This region occupies
a volume approximately bounded by ∆SGX ' 2 Mpc, ∆SGY '
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Fig. 4. Sky projected phase-space diagram of galaxies within R/R200 <
5 in the Virgo cluster region. Colors indicate the W cloud (orange), W
group (blue), W plume (magenta) and W tail (green; see text for details
about the selection of the different structures of the W cloud and W
plume). M87 was considered as center of the Virgo cluster.

2 Mpc, and ∆SGZ ' 3 Mpc, and contains 94 galaxies. Its elon-
gated three-dimensional morphology resembles a tail-like struc-
ture; we therefore define this dense substructure as the W tail
(green points in Fig. 3), which represents the core of the plume
in three-dimensional space.

These definitions rely exclusively on the spatial distribution
of galaxies on the sky and in supergalactic coordinates, and
therefore provide a purely geometrical foundation for the subse-
quent statistical and kinematic analysis. Within this framework,
we aim to demonstrate that the W group constitutes the core of
the W cloud, while the W tail represents a spatially and dynami-
cally coherent population of galaxies that is being stripped from
the W group as a result of its interaction with the cluster poten-
tial.

3. Results

In this section, we present the main results of our analysis of
the newly discovered W group and its associated W tail. We first
examine the velocity structure of the system, highlighting the
kinematic connection between the group and the extended tail.
We then explore the three-dimensional configuration of the sys-
tem, combining positional and velocity information to constrain
its spatial extent and dynamical state. Finally, we analyze the
stellar properties of galaxies in the W group and the W tail, pro-
viding insight into the environmental processes shaping galaxy
evolution during group accretion.

3.1. Velocity structure

The projected phase-space distribution of Virgo’s galaxies is
shown in Figure 4, with the caustic overplotted on it. Most of the
W cloud galaxies (orange points) lie outside the caustic – they
are not dynamically bound to Virgo – while the W plume galax-
ies (magenta points) are more equally distributed inside and out-
side the Virgo caustic. In the caustic diagram, galaxies from the
W group (blue points) and the W tail (green points) are overplot-
ted. The W group galaxies lie outside the Virgo caustics, indi-
cating that the group as a whole is not gravitationally bound to
the cluster. In contrast, most of the W tail galaxies lie within the
caustics and are therefore already bound to the cluster, although
a small fraction remains unbound.

Fig. 5. Velocity distributions of the galaxies in the M87, M49, W cloud,
and W plume regions. The black histograms correspond to all galax-
ies at those locations and the red histograms to those galaxies located
within the Virgo caustic. The galaxies of the different regions were
selected as in Fig. 1.

Figure 5 shows the velocity distributions of the main Virgo
substructures. The velocity components of the W group and the
W tail identified in the caustic diagram are also clearly reflected
in this figure. The W cloud exhibits a bimodal velocity dis-
tribution, with peaks at low (∼1200 km s−1) and high (∼2400
km s−1) velocities (bottom left panel in Fig. 5). The low-velocity
peak corresponds to galaxies that are gravitationally bound to the
Virgo cluster, whereas the high-velocity peak is predominantly
composed of W group galaxies and lies outside the cluster caus-
tics. In contrast, the W plume is dominated by a low-velocity
component (∼1000 km s−1) whose galaxies are largely gravita-
tionally bound to the cluster, while also displaying an extended
tail toward higher velocities. The W tail galaxies predominantly
belong to the low-velocity peak (red line in bottom left panel of
Fig. 5), although a fraction of them exhibit higher velocities.

To quantify the dynamical connection between the W cloud
and the W plume, we first analyzed the kinematics of W plume
galaxies in projection. We measured the mean line-of-sight
velocity and velocity dispersion of W plume galaxies as a func-
tion of projected right ascension distance from the center of
the W cloud (Fig. 6). We find a systematic decrease in the
mean velocity accompanied by a clear increase in the velocity
dispersion toward the Virgo cluster. These coherent kinematic
gradients demonstrate that the W plume is not a dynamically
independent structure, but is closely linked to the high-velocity
component of the W cloud identified in the projected phase
space. Such trends are characteristic of material tidally stripped
from an infalling galaxy group and progressively responding to
the deeper gravitational potential of the cluster (e.g., Mihos et al.
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2005; Rudick et al. 2009; Vijayaraghavan et al. 2015; Rhee et al.
2017).

While this connection was initially identified in projec-
tion, it becomes clearer when the system is examined in three-
dimensional space. The velocity gradient observed in projection
is preserved in 3D (Fig. 3), ruling out projection effects as its
origin. In three dimensions, the dynamical link is revealed to be
between the W group and the W tail. In particular, W tail galax-
ies located at smaller three-dimensional distances from the W
group exhibit systematically higher velocities (gray symbols in
Fig. 3) than those located at larger 3D distances (yellow sym-
bols). This continuous variation of velocity with spatial separa-
tion defines a clear dynamical bridge between the W group and
the W tail, consistent with a tidal origin.

The combined kinematic and spatial information further con-
strains the interaction sequence. W tail galaxies with lower
line-of-sight velocities and located at larger three-dimensional
distances from the W group are associated with the prominent
low-velocity peak in the velocity distribution (Fig. 5). These
galaxies lie within the Virgo cluster caustics (Fig. 4) and are
therefore gravitationally bound to the cluster.

In contrast, galaxies associated with the high-velocity tail
of the W plume velocity distribution are predominantly found
at smaller 3D distances from the W group and lie outside the
Virgo caustics, indicating that they are not yet gravitationally
bound to the cluster. This clear segregation in velocity and
phase space naturally defines an evolutionary sequence: galax-
ies stripped earlier during the group–cluster interaction have lost
orbital energy and are now bound to Virgo, while those stripped
more recently remain dynamically connected to the W group and
are still in the process of infall.

3.2. Three-dimensional structure

Figure 3 shows that the three-dimensional distribution of galax-
ies in the W cloud is globally elongated, suggestive of a filamen-
tary structure within which the W group is embedded. Such an
interpretation was already proposed by Tully (1982) to explain
the nature of the W cloud. If the W cloud traces a filament of the
large-scale structure, the dynamical interpretation of the interac-
tion between the W group and the Virgo cluster would be dif-
ferent, as the group could be infalling into the cluster along this
filament.

Importantly, the connection between the W group and the
W tail is not limited to a projected alignment on the sky. When
analyzed in three-dimensional space, the W tail remains spa-
tially and kinematically connected to the W group, defining a
continuous structure in both position and velocity. This three-
dimensional continuity strongly favors a physical association
between the two components and indicates that the W tail does
not simply trace the large-scale filamentary distribution of galax-
ies, but instead represents material dynamically linked to the W
group and recently stripped during its interaction with the Virgo
cluster.

To determine whether the W cloud is a genuine filament
rather than a projected configuration, we quantitatively analyzed
the three-dimensional geometry of its galaxy distribution. In par-
ticular, we tested whether the W cloud could correspond to a fil-
amentary structure observed close to its axis by computing the
eigenvalues of its 3D spatial distribution.

We computed the shape tensor of the galaxy distribution
using the covariance matrix of the centered Cartesian coordi-
nates (SGX, SGY, SGZ). For each region, we derived the three
eigenvalues and eigenvectors of the 3×3 covariance matrix. The

Fig. 6. Radial velocity (top panel) and dispersion velocity (bottom
panel) of galaxies in the W plume located at different RA locations (dis-
tance to the W cloud). The empty circle represents the radial velocity
and dispersion of the galaxies in the high-velocity tail of the W cloud
(VLG > 1800 km s−1).

principal axis of the structure was defined as the eigenvector
associated with the largest eigenvalue, and the filament elonga-
tion (E) was quantified as

E =

√
λ1

(λ2 + λ3)/2
, (10)

where λ1 ≥ λ2 ≥ λ3 are the ordered eigenvalues. The projec-
tion of each galaxy onto the principal axis was used to derive
the coordinate s along the axis, and the perpendicular distance
rperp was computed from the residuals of the projection. From
these distances we constructed the transverse density profile of
the galaxy distribution around the axis.

To evaluate the statistical significance of the W cloud result
and exclude selection effects, we repeated exactly the same PCA
procedure for 1000 random positions in the Virgo infall region,
selected to have similar number of galaxies as the W cloud. The
resulting distribution of elongations and transverse profiles from
these random controls was used as the reference baseline (see
Fig. 7).

The W cloud shows a well-defined principal axis and an
elongation value compatible with an intrinsically elongated con-
figuration, and its transverse density profile displays a mild cen-
tral excess with a smooth decline at larger rperp. However, when
compared to the ensemble of 1000 random control positions in
the Virgo infall region, both signals are statistically consistent.
For the elongation we computed a Monte Carlo p–value, defined
as the fraction of random realizations with elongation equal to or
larger than the observed value; this yields p = 0.40, indicating
that the W cloud elongation is entirely typical within the random
sample. Likewise, for the transverse density profile we measured
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Fig. 7. (Left) Distribution of elonga-
tion values for the 1000 random realiza-
tions similar to the W cloud. The verti-
cal line marks the elongation measured
for the 3D galaxy distribution of the W
cloud. (Right) Transverse galaxy density
profiles for the same 1000 random realiza-
tions (black points). The green points indi-
cate their mean profile, while the red line
shows the observed profile of the W cloud.

the distance between the observed profile and the mean random
profile, and compared this to the distribution of distances from
the 1000 random realizations to their own mean; the resulting
Monte Carlo p–value is p = 0.07, again not significant. There-
fore, within the sensitivity of this PCA–based shape analysis,
the W cloud signal is not distinguishable from statistical fluctua-
tions expected in the Virgo infall region, i.e. this candidate does
not pass a significance test relative to matched random controls,
and the filament hypothesis for the W cloud can be discarded.
We therefore conclude that the W cloud is not an intrinsic fila-
ment, but rather a pencil of galaxies which elongated structure is
due to the selection effect of using a circular aperture in a dense
environment. This pencil distribution is clearly dominated by a
group of galaxies just behind Virgo.

We show in Fig. 3 that the W plume is significantly more
compact than the W cloud. Moreover, it exibits a coherent tail
of galaxies toward the Virgo cluster that preserve a clear veloc-
ity gradient. It is worth noting that the W tail seems to occupy a
well-defined plane configuration, that is clearly visible in a dif-
ferent 3D rotation, similar to the one presented in Fig. 8. We
fit this structure with a plane, finding a perpendicular dispersion
of σ⊥ ' 0.42 Mpc and in-plane dispersions of 0.67–0.80 Mpc
(τ ' 0.83).

Remarkably, the orientation of this plane differs from that of
the W group by only ∼14◦ (bootstrap median = 14.1+8.4

−6.8 deg),
indicating a shared orbital geometry. This close alignment,
together with the spatial continuity and preserved velocity gradi-
ent, strongly suggests that the W tail traces a dynamically coher-
ent stream. These properties indicate that the W tail represents
tidally stripped material from the infalling W group, dynamically
heated during the interaction with the Virgo cluster potential.

3.3. Galaxy properties

Figure 9 shows the cumulative stellar mass functions of
the W group and W tail, with stellar masses derived
from FIREFLY/SDSS and CIGALE/DESI spectral fits
(Comparat & Maraston 2017; Siudek et al. 2024). These stellar
masses are taken directly from the FIREFLY and CIGALE cat-
alogs and were not recomputed in this work. It is worth noting
that stellar mass estimates derived from spectral energy distri-
bution fitting are subject to systematic uncertainties, particularly
in the dwarf galaxy regime where the presence of young stellar
populations can bias the mass-to-light ratio and potentially lead

Fig. 8. Edge–on view of the best–fit orbital plane of the W group–W
tail system. The axes are in units of Mpc and the colors are as in Fig. 3

to underestimated stellar masses. (Neumann et al. 2022; To et al.
2025) The group dynamical mass inferred from σv = 140 km
s−1 and R = 0.8 Mpc is Mdyn ∼ 1013 M�. Its total stellar mass
is M∗ ∼ 1011 M�, yielding Mdyn/M∗ ∼ 100, consistent with
well-studied dark-matter dominated groups (Karachentsev et al.
2002; Mahdavi et al. 2005) and abundance-matching expecta-
tions Moster et al. (2013). Within the W group, four galaxies
have stellar masses above 1010 M� according to these catalogs
(i.e., NGC 4255, UGC07422, NGC 4269 and VCC260). The
most massive galaxy, NGC 4255, has log(M∗/M�) = 10.52,
in good agreement with other estimates in the literature (e.g.,
Galliano et al. 2021).

The stellar mass in the W tail is M∗,tail ∼ 1010 M�, ∼10 per-
cent of the group stellar mass. This indicates partial but signifi-
cant stripping. Median (g − r) colors are 0.6 (W group) and 0.4
(W tail), indicating that both populations are dominated by blue,
star-forming dwarf galaxies and are consistent with systems
that have not yet experienced significant environmental quench-
ing. However, the Kolmogorov–Smirnov test applied to the
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cumulative color distribution of the galaxies in the W group and
the W tail indicates that the differences are not statistically sig-
nificant (pKS = 0.47). For stellar masses of 107–108,M�, galax-
ies on the red sequence in Virgo typically exhibit g − r & 0.6–
0.7 (e.g., Janz & Lisker 2009; Janz et al. 2021). The median col-
ors of the W group and especially of the W tail therefore place
these galaxies in or near the blue cloud, supporting the pres-
ence of young stellar populations. However, the slightly bluer
colors observed in the W tail do not necessarily require a spe-
cific environmental effect associated with the interaction with
the Virgo cluster. Instead, they can naturally arise from the some-
what lower stellar masses of the galaxies in the tail compared to
those in the W group, since lower-mass galaxies are expected
to have higher specific star formation rates and therefore bluer
colors (Janz & Lisker 2009; Janz et al. 2021).

These stellar population properties argue against a back-
splash origin for the W tail galaxies. Systems that have already
passed through the cluster core are typically quenched and
exhibit redder colors (e.g., Wetzel et al. 2014; Rhee et al. 2017).
Instead, the blue colors and substantial stellar mass content of
the W tail support a scenario in which it represents a recently
accreted substructure, either still in the pre-infall phase or fol-
lowing an off-axis flyby of the Virgo cluster, prior to experienc-
ing the full impact of cluster-specific environmental processes.
In addition, at relative velocities of order ∼1000 km s−1, typ-
ical values for galaxies interacting with the Virgo cluster, ram-
pressure stripping is expected to remove the gas content of dwarf
galaxies very efficiently, leading to a rapid quenching on short
timescales of .100–200 Myr (Boselli et al. 2008). If the W tail
galaxies had already passed through the dense central regions
of the cluster, they would therefore be expected to appear pre-
dominantly quenched and gas-poor. The observed blue colors of
these galaxies instead indicate that they have likely not yet expe-
rienced such a passage through the cluster core.

Taken together, these properties indicate that the W group is
a relatively low-density system in which the stellar mass bud-
get is dominated by a small number of massive galaxies (M∗ &
1010 M�), embedded within a much larger population of low-
mass dwarf satellites. The most massive member is compara-
ble to a Milky Way–like galaxy, while massive galaxies account
for only ∼5% of the group members. The predominantly blue
colors of the group galaxies suggest that internal environmental
processing has been weak, with little evidence for widespread
quenching prior to the interaction with the Virgo cluster. In this
respect, the W group resembles nearby, dynamically young sys-
tems such as the LG or the M81 group, in which satellite galax-
ies can retain their gas and continue forming stars over extended
periods. This picture is consistent with the idea that the W group
entered the Virgo environment largely unprocessed, while the
slightly bluer colors of the W tail are primarily linked to the
lower average stellar mass of its members rather than to a direct
effect of the interaction with the Virgo cluster.

4. Discussion

The results presented in the previous sections reveal that the W
cloud and its associated W plume constitute one of the most
dynamically and structurally complex regions in the outskirts
of the Virgo cluster. Within them, we identified two spatially
and dynamically linked structures, the W group and the W tail,
with the former being an infalling group on its first interaction
with the Virgo cluster and the latter the result of the stripping
of galaxies due to this early interaction. This environment there-
fore provides a unique opportunity to investigate the physical

Fig. 9. (Top panel) Cumulative spectroscopic stellar mass distributions
of galaxies of the W group (black solid line) and the W tail (dashed
line). (bottom panel) Stellar g − r color for the galaxies of the W group
(solid line) and the W tail (dashed line).

mechanisms driving galaxy transformation during the hierarchi-
cal assembly of clusters.

4.1. The interaction between the W group and the Virgo
cluster

The kinematic and spatial properties of the W tail strongly sug-
gest that it originates from a gravitational interaction between the
W group and the Virgo cluster. The coherent velocity gradient
observed along the plume, together with the increase in velocity
dispersion toward the cluster, indicates that the system is dynam-
ically disturbed. This behaviour is consistent with the formation
of a tidal tail or bridge-like structure, which is commonly pro-
duced when a galaxy group experiences the tidal forces of a mas-
sive cluster during infall (Mihos et al. 2005; Rudick et al. 2009).
The overall morphology and alignment of the W tail further sup-
port a scenario in which galaxies have been stripped from the W
group as it interacts with the Virgo cluster potential.

The stellar mass budget of the system provides additional
quantitative support for this interpretation. The W group has a
dynamical mass of Mdyn ∼ 1013 M� and a total stellar mass
of M∗ ∼ 1011 M�, consistent with a dark-matter-dominated
galaxy group. The stellar mass contained in the W tail, M∗,tail ∼

1010 M�, corresponds to ∼10% of the group stellar mass, indi-
cating that tidal stripping has been partial but already significant.
Such a fraction is in line with expectations for groups undergo-
ing their first strong tidal interaction with a cluster, rather than
systems that have already experienced multiple pericentric pas-
sages (e.g., Gnedin 2003; Bahé et al. 2013; Vijayaraghavan et al.
2015; Rhee et al. 2017).

The stellar population properties of the W tail galaxies fur-
ther reinforce this picture. Their somewhat lower stellar masses
and slightly bluer median (g − r) colors compared to the group
population can naturally arise from their lower typical stellar
masses, since lower-mass galaxies are expected to have higher
specific star formation rates and therefore bluer colors. This
interpretation does not require strong tidal perturbations act-
ing directly on individual galaxies. As shown in Appendix A,
a simple estimate of the ratio between the tidal acceleration
induced by the Virgo cluster potential and the internal gravita-
tional acceleration of a typical dwarf galaxy at R & 1.5 Mpc
yields atidal/aself . 10−2, indicating that the direct tidal effect on
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individual galaxies is very small. Therefore, the interaction with
the Virgo cluster is more likely to affect the W group as a whole,
producing the observed large-scale tail structure, rather than sig-
nificantly perturbing the internal structure or stellar populations
of individual galaxies.

The predominantly blue colors of W tail galaxies suggest
that these objects have not yet undergone significant environ-
mental quenching. This argues against a backsplash origin for
the W tail, as backsplash galaxies that have already passed
through the cluster core are typically gas-poor and quenched
(e.g., Wetzel et al. 2014; Rhee et al. 2017). Instead, the observed
properties are consistent with an early-stage interaction in which
tidal forces acting on the group scale dominate over hydrody-
namical processes. This interpretation is further supported by
the location of the W group and W tail in the outskirts of
the Virgo cluster (R > R200), where the density of the intra-
cluster medium is relatively low and ram-pressure stripping is
expected to be inefficient (Gunn et al. 1972; Boselli et al. 2008;
Yoon et al. 2017). At these large cluster-centric distances the
direct gravitational perturbations induced by the cluster potential
on individual galaxies are expected to be weak, since such effects
become efficient mainly in the inner regions of massive clus-
ters. However, the global potential of the cluster can still influ-
ence the dynamics of infalling galaxy groups, perturbing their
dark-matter halos and producing large-scale tidal features. In
such environments, gravitational interactions between infalling
groups and the cluster potential are predicted to primarily affect
the group halo and its large-scale structure rather than individual
galaxies (Haines et al. 2015; Jaffé et al. 2015). Together, these
results identify the W tail as a tidal structure formed during an
early group–cluster interaction, providing a direct observational
snapshot of tidal disruption in the cluster outskirts.

We compute the gravitational interaction of the Virgo clus-
ter on the W group halo by using the formalism of Henrik-
sen & Byrd (1996) presented in Appendix A. In this case, the
ratio between the tidal acceleration exerted by the Virgo clus-
ter and the internal gravitational acceleration of the W group
adopting Mgrp ∼ 1013 M�, and assuming a characteristic group
radius in the range rgrp ∼ 0.2–0.8 Mpc, at a distance of ∼1.5
Mpc yields atidal/aself ∼ 0.2–15. For large values of the group
radius (rgrp ∼ 0.8 Mpc) the tidal perturbation becomes sig-
nificantly larger than the internal gravitational acceleration of
the group halo, whereas for smaller radii (rgrp ∼ 0.2 Mpc)
the central regions of the group remain largely bound. Con-
trary to the case of individual galaxies, the tidal perturba-
tion of the cluster can therefore exceed the internal gravity of
the outer regions of the group. This indicates that the Virgo
potential can significantly perturb the W group halo at these
distances.

4.2. Dynamical state and fate of the W group system

The spatial and kinematic properties of the W group indicate
that it is a dynamically coherent structure currently located in
the outskirts of the Virgo cluster. Its mean velocity of 〈VLG〉 '

2200 km s−1 and its position at a distance of ∼17.7 Mpc from
the Milky Way place it behind the main body of the Virgo clus-
ter (Mei et al. 2007; Cantiello et al. 2024). The presence of a
velocity gradient in projection and in three-dimensional space,
together with an increase in velocity dispersion along the direc-
tion toward Virgo, suggests that the W group is being tidally
perturbed by the cluster potential. This interpretation is rein-
forced by the existence of the W tail, a spatially elongated struc-
ture extending from the group toward the cluster, which likely

traces material stripped from the group during its interaction
with Virgo.

The W group–W tail system therefore captures a transitional
phase where group pre–processing merges with the onset of clus-
ter environmental influence. A simple dynamical timescale esti-
mate is consistent with this interpretation. The W group lies at a
distance of ∼2.5 Mpc from the Virgo cluster center and is located
behind Virgo along the line of sight, and has a velocity offset of
∼900 km s−1 relative to the main cluster component. This implies
a characteristic interaction timescale of order 2–3 Gyr, with plau-
sible values in the range 1–3 Gyr when considering projection
effects and velocity uncertainties. Thus, the onset of tidal per-
turbation – and the formation of the W tail – likely occurred
within the past ∼Gyr, consistent with the W group being in an
early stage of its first infall toward the Virgo cluster, during
which gravitational effects act on the group halo before the sys-
tem encounters the dense intracluster medium of Virgo. The fact
that the W tail is observed today as a coherent spatial and kine-
matic structure is itself consistent with this timescale. Numerical
simulations show that tidal tails and streams produced during
group–cluster interactions remain identifiable for of order ∼1–
2 Gyr before being dispersed by phase mixing and differential
orbital precession (e.g., Mihos et al. 2005; Rudick et al. 2009;
Vijayaraghavan et al. 2015). The survival of a well-defined W
tail therefore supports a recent stripping event, in agreement with
the estimated interaction timescale and a first-infall scenario.

However, the phase-space location of the W group galaxies
indicates that, at present, the group as a whole is not gravita-
tionally bound to the Virgo cluster. Most W group members lie
outside the Virgo caustics, implying that the system has not yet
been fully captured by the cluster potential. This raises the ques-
tion of the ultimate fate of the W group: whether it will eventu-
ally be accreted by Virgo or whether it has already experienced
a close passage and will not fall back onto the cluster.

One plausible scenario is that the W group is on a first
infall orbit and will become gravitationally bound to Virgo
at a later stage. In this case, the observed tidal perturbations
and the formation of the W tail would represent the early
stages of group disruption prior to pericentric passage. Numeri-
cal simulations show that groups approaching massive clusters
can experience significant tidal stripping even before becom-
ing formally bound, particularly during high-velocity encounters
(e.g., Vijayaraghavan et al. 2015; Rhee et al. 2017). The coher-
ent velocity structure and alignment of the W tail are consistent
with this picture. Additional support for an early-stage inter-
action comes from the stellar mass distribution of galaxies in
the system. The four most massive galaxies of the W group
(M∗ > 1010 M�) remain bound to the group core, while the W tail
is predominantly populated by lower-mass dwarf galaxies. This
suggests that the present interaction has preferentially affected
the least massive systems, which are more weakly bound to the
group potential. The fact that the most massive galaxies have not
been removed from the group halo indicates that the gravitational
perturbation induced by the Virgo cluster has not yet been strong
enough to disrupt the deepest part of the group potential. This
behaviour is naturally expected during a first encounter between
a galaxy group and a cluster, before the system experiences a
deeper pericentric passage.

An alternative scenario is that the W group has already
undergone an off-axis flyby interaction with the Virgo cluster
and is now moving away from the cluster, remaining unbound.
In this case, the W tail would trace material stripped during this
close passage, with the earliest stripped galaxies already bound
to Virgo and the more recently stripped material still following
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the group trajectory. The clear segregation observed in velocity
and phase space between bound and unbound W tail galaxies
supports the existence of such an interaction sequence.

Regardless of its ultimate fate, the W group demonstrates
that significant tidal processing can occur beyond the virial
radius, leaving long-lived imprints on both group and cluster
populations.

4.3. Environmental mechanisms in the outskirts of the cluster

Galaxy evolution in the outskirts of clusters is governed by
a combination of gravitational and hydrodynamical processes,
whose relative importance depends on local environment and
orbital history (e.g., Boselli et al. 2006; Moore et al. 1996). In
the case of the W group and its associated W tail, the available
evidence indicates that gravitational mechanisms currently dom-
inate the interaction with the Virgo cluster.

The coherent spatial and kinematic structure of the W tail
strongly supports a tidal origin, consistent with the progres-
sive stripping of low-mass galaxies from the W group as it
interacts with the cluster potential. The smooth velocity gradi-
ents observed both in projection and in three-dimensional space,
together with the elongated morphology of the plume pointing
toward Virgo, are characteristic signatures of tidally disturbed
galaxy groups (e.g., Mihos et al. 2005; Vijayaraghavan et al.
2015; Rhee et al. 2017). Such features can arise well outside
the cluster virial radius, where tidal forces from the global
potential already become significant (e.g., Ghigna et al. 1998;
Behroozi et al. 2014).

The stellar population properties further constrain the nature
of the environmental mechanisms at work. Galaxies in the W tail
are systematically less massive than those in the W group and
exhibit slightly bluer median (g− r) colors. However, both popu-
lations lie within the blue cloud, indicating that they have not yet
experienced significant quenching. The slightly bluer colors of
the W tail galaxies can be naturally explained by their lower stel-
lar masses, since low-mass galaxies are expected to have higher
specific star formation rates and therefore bluer colors. This sug-
gests that the observed color differences between the W group
and W tail do not necessarily require strong environmental per-
turbations acting on individual galaxies. The absence of a sig-
nificant quenched population also indicates that hydrodynamical
processes associated with the intracluster medium remain ineffi-
cient at the current location of the system (e.g., Gunn et al. 1972;
Yoon et al. 2017).

The W group itself is dominated by a small number of
massive galaxies (M∗ & 1010 M�), with the bulk of the
population consisting of low-mass dwarfs, resulting in a high
dwarf fraction (DF & 0.9). This demographic closely resem-
bles the galaxy groups identified in the Virgo infall region
by Choque-Challapa et al. (2026), which are likewise charac-
terized by high dwarf fractions and minimal signs of strong
pre-processing. Together, these properties support a scenario in
which the W group entered the Virgo environment as a relatively
unevolved, low-density system.

4.4. The buildup of the dwarf galaxy population in the Virgo
cluster

Dwarf galaxies (MB > −18 or M∗ < 109 M�) constitute the
most numerous galaxy population in the local Universe, partic-
ularly in galaxy clusters, where the faint-end slope of the lumi-
nosity function is steeper than α ' −1 (e.g., Popesso et al. 2005;
Agulli et al. 2014). The relative abundance of dwarfs compared

to massive galaxies varies with environment and redshift (e.g.,
De Lucia et al. 2007; Bildfell et al. 2012; Barkhouse et al. 2009;
Rude et al. 2020), indicating that cluster dwarf populations are
assembled through multiple evolutionary pathways.

The origin of cluster dwarf galaxies remains debated.
They may form in situ, be transformed by cluster-specific
mechanisms, or be accreted as part of galaxy groups with
varying degrees of pre-processing (e.g., Moore et al. 1996;
Mastropietro et al. 2005; Boselli et al. 2008; Fujita 2004;
De Lucia et al. 2012). Recent studies suggest that a substan-
tial fraction of dwarfs formed outside clusters and were
accreted at late times (e.g., Romero-Gómez et al. 2023, 2024;
Choque-Challapa et al. 2026).

In this context, the W group and its associated W tail provide
evidence for an additional accretion channel. The W group is a
low-density system with little internal pre-processing, while the
W tail consists of low-mass, star-forming dwarfs that have not
yet been quenched.

The W group–W tail system therefore illustrates how poor
galaxy groups can contribute actively to the buildup of the cluster
dwarf population, adding a population of initially unquenched
dwarf galaxies whose subsequent evolution will likely be influ-
enced by environmental processes as they progressively enter the
cluster environment.

5. Conclusions

We presented a detailed analysis of the southern region of the
Virgo cluster, focusing on the W cloud and its associated W
plume in the cluster outskirts. By combining spatial, kinematic,
and stellar population information, we have characterized the
nature of this system and its role in the ongoing assembly of
the Virgo cluster. Our main conclusions are as follows:
1. The W cloud is not a filament seen head-on, as previously

suggested. Instead, it is a collection of galaxies dominated
by a compact system, the W group, which is currently inter-
acting with the Virgo cluster.

2. A tail of galaxies, the W tail, traces a path between the W
group and the Virgo cluster. This structure is most plausi-
bly interpreted as the result of tidal stripping able to remove
galaxies from the gravitational potential of the W group dur-
ing its interaction with the Virgo cluster. This tail constitutes
a dynamically coherent structure whose velocity distribu-
tion reveals two distinct components: a low-velocity popu-
lation of galaxies already bound to the Virgo potential, and
a high-velocity population that is still transitioning between
the group and the cluster. The continuous variation of veloc-
ity and three-dimensional distance along the tail provides a
rare and direct observational snapshot of cluster growth in
progress.

3. The spatial configuration and kinematic properties of the
W tail strongly indicate a tidal origin. The observed veloc-
ity gradients and the increase in velocity dispersion toward
the cluster are consistent with the formation of a tidal tail
generated by the interaction between the W group and the
Virgo cluster. Numerical simulations predict that such tidal
debris can remain coherent for ∼1–2 Gyr before being dis-
persed by phase mixing and orbital precession. The existence
of a well-defined W tail is therefore fully consistent with a
recent group–cluster interaction. These results demonstrate
that significant tidal stripping of group galaxies can occur
well beyond the cluster virial radius.

4. The stellar mass and color properties of the W tail galaxies
show that the stripped population is dominated by low-mass
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dwarfs that remain star-forming and lie within the blue cloud.
The slightly bluer colors observed in the W tail compared to
the W group can be naturally explained by the somewhat
lower stellar masses of the galaxies in the tail, since lower-
mass galaxies are expected to have higher specific star for-
mation rates and therefore bluer colors. This interpretation
does not require invoking enhanced star formation triggered
by tidal interactions. Instead, the stellar populations of the
W tail galaxies are consistent with systems that entered the
cluster environment largely unprocessed, retaining their gas
and ongoing star formation prior to experiencing the stronger
environmental effects that typically operate deeper inside the
cluster.

The spatial, kinematic, and evolutionary continuity between
the W group, the W tail, and the Virgo cluster provides com-
pelling evidence that the hierarchical growth of clusters pro-
ceeds not only through the accretion of individual galaxies, but
also through the infall and partial disruption of galaxy groups
(Tully & Shaya 1984). In this process, tidal interactions play
a key role in redistributing low-mass galaxies and shaping the
emerging cluster population.

Overall, the W group–W tail system offers a unique and
well-resolved laboratory for studying the early stages of envi-
ronmental transformation and the buildup of the dwarf galaxy
population in nearby clusters. By capturing an active group–
cluster interaction in real time, this system provides strong obser-
vational constraints on how clusters assemble their low-mass
galaxy populations through multiple, complementary accretion
pathways.
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Appendix A: Tidal effect of the Virgo cluster on
individual dwarf galaxies and at group scales

In this Appendix we estimate the strength of the tidal pertur-
bation exerted by the gravitational potential of the Virgo clus-
ter on individual galaxies belonging to the W group and W
tail. This calculation quantifies whether the cluster potential can
significantly perturb individual galaxies at the present cluster-
centric distances due to off-axis flyby encounters similar to those
described in the present work.

The tidal acceleration induced by an external body of mass
M at a distance R on a galaxy of characteristic size rgal can be
approximated as (e.g., Henriksen & Byrd 1996; Cortese et al.
2007)

atidal '
2GMclrgal

R3 , (A.1)

where Mcl is the mass of the cluster and R is the distance
from the cluster center.

The internal gravitational acceleration binding the galaxy
can be approximated by

aself '
Gmgal

r2
gal

, (A.2)

where mgal is the mass of the galaxy.
The relative importance of the tidal perturbation can there-

fore be estimated from the ratio

atidal

aself
' 2

Mcl

mgal

( rgal

R

)3
. (A.3)

We adopt representative values appropriate for the Virgo
cluster and for dwarf galaxies in the W group and tail structures.
For the Virgo cluster we assume a total mass Mcl ∼ 5 × 1014 M�
(see McLaughlin 1999) and a characteristic cluster-centric dis-
tance R & 1.5 Mpc ( ∼ R200 of the Virgo cluster) for the W group
and W tail galaxies. For a typical dwarf galaxy we adopt a stellar
mass mgal ∼ 109 M� and a characteristic size rgal ∼ 3 kpc.

Using these values we obtain( rgal

R

)3
=

(
3 kpc

1500 kpc

)3

' 8 × 10−9. (A.4)

Combining the above expressions yields

atidal

aself
' 2 ×

5 × 1014

109 × 8 × 10−9 ∼ 8 × 10−3. (A.5)

Therefore, the tidal acceleration induced by the Virgo cluster
potential represents less than ∼ 1% of the internal gravitational
acceleration binding a typical dwarf galaxy.

This simple estimate indicates that, at cluster-centric dis-
tances of order R & 1.5 Mpc, the direct tidal effect of the
Virgo cluster on individual galaxies is very small. Consequently,
the cluster potential alone is unlikely to significantly per-
turb the internal structure of these galaxies. Therefore, the
observed properties of the galaxies in the W group and
W tail are unlikely to be primarily driven by the direct
tidal interaction with the gravitational potential of the Virgo
cluster.

We can perform a similar estimate to evaluate the tidal influ-
ence of the Virgo cluster on an entire galaxy group located at
similar cluster-centric distances. In this case the relevant com-
parison is between the tidal acceleration exerted by the cluster

across the group and the internal gravitational acceleration bind-
ing the group itself.

The tidal acceleration across a group of characteristic size
rgrp at a distance R from the cluster center can be written as

atidal '
2GMclrgrp

R3 , (A.6)

while the internal gravitational acceleration of the group is
approximately

agrp '
GMgrp

r2
grp

, (A.7)

where Mgrp is the total mass of the galaxy group.
The ratio between the external tidal field and the self-gravity

of the group is therefore

atidal

agrp
' 2

Mcl

Mgrp

( rgrp

R

)3
. (A.8)

We adopt a representative group mass of Mgrp ∼ 1013 M�
similar to our W group, and the same Virgo cluster mass and
distance used above (Mcl = 5 × 1014 M� and R = 1.5 Mpc). We
explore three characteristic group sizes for the W group: rgrp =
0.2, 0.5, and 0.8 Mpc.

For rgrp = 0.2 Mpc:( rgrp

R

)3
=

(
0.2
1.5

)3

' 2.4 × 10−3 (A.9)

atidal

agrp
' 2 × 50 × 2.4 × 10−3 ≈ 0.24. (A.10)

For rgrp = 0.5 Mpc:( rgrp

R

)3
=

(
0.5
1.5

)3

' 3.7 × 10−2 (A.11)

atidal

agrp
' 2 × 50 × 3.7 × 10−2 ≈ 3.7. (A.12)

For rgrp = 0.8 Mpc:( rgrp

R

)3
=

(
0.8
1.5

)3

' 1.5 × 10−1 (A.13)

atidal

agrp
' 2 × 50 × 1.5 × 10−1 ≈ 15. (A.14)

These simple estimates indicate that while the Virgo cluster
tidal field is negligible for the internal structure of individual
dwarf galaxies, its effect on galaxy groups can be substantial.
For compact groups (rgrp ∼ 0.2 Mpc) the tidal field represents a
moderate perturbation, while for more extended groups (rgrp &
0.5 Mpc) the cluster tidal field can become comparable to or even
exceed the group’s self-gravity.

This suggests that the Virgo cluster potential may signifi-
cantly affect the dynamical evolution of infalling galaxy groups,
as our W group, potentially contributing to their tidal distortion,
partial disruption, or the generation of tidal features during their
interaction with the cluster environment.
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