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ABSTRACT

Context. Substructures in stellar haloes are a strong prediction of galaxy formation models in ΛCDM. Cold streams such as those from
small satellite galaxies are extremely difficult to detect and kinematically characterize. The COld STream finder Algorithm (COSTA)
is a novel algorithm able to find streams in the phase space of planetary nebulae (PNe) and globular cluster (GC) populations. COSTA
isolates groups of (N) particles with small velocity dispersion (between 10 km s−1 and ∼120 km s−1) using an iterative (n) sigma-
clipping over a defined number of (k) neighbor particles.
Aims. We applied COSTA to a catalog of PNe and GCs from the Fornax Cluster VLT Spectroscopic Survey (FVSS) within ∼200 kpc
from the cluster core in order to detect cold substructures and characterize their kinematics (mean velocity and velocity dispersion).
Methods. We selected more than 2000 PNe and GCs from the FVSS catalogs and adopted a series of optimized setups of the COSTA
parameters based on Montecarlo simulations of the PN and GC populations to search for realistic stream candidates. We find 13 cold
substructures with velocity dispersion ranging from ∼20 to ∼100 km s−1, which are likely associated either to large galaxies or to
ultra-compact dwarf (UCD) galaxies in the Fornax core.
Results. The luminosities of these streams show a clear correlation with internal velocity dispersion, and their surface brightness
correlates with their size and distance from the cluster center, which is compatible with the dissipative processes producing them.
However, we cannot exclude that some of these substructures formed by violent relaxation of massive satellites that finally merged
into the central galaxy. Among these substructures we have: (1) a stream connecting NGC 1387 to the central galaxy, NGC 1399,
previously reported in the literature; (2) a new giant stream produced by the interaction of NGC 1382 with NGC 1380 and (possibly)
NGC 1381; (3) a series of streams kinematically connected to nearby UCDs; and (4) clumps of tracers with no clear kinematical
association to close cluster members.
Conclusions. We show evidence for a variety of cold substructures predicted in simulations. Most of the streams are kinematically
connected to UCDs, supporting the scenario that they can be remnants of disrupted dwarf systems. However, we also show the
presence of long coherent substructures connecting cluster members and isolated clumps of tracers possibly left behind by their
parent systems before these merged into the central galaxy. Unfortunately, the estimated low-surface brightness of these streams does
not allow us to find their signatures in the current imaging data and deeper observations are needed to confirm them.

Key words. intergalactic medium – galaxies: interactions – galaxies: formation – galaxies: kinematics and dynamics

1. Introduction

In the context of the hierarchical structure-formation scenario,
galaxy clusters formed through highly nonlinear growth (e.g.,
Blumenthal et al. 1986). During their assembly, a variety of
physical processes take place, such as tidal interactions, ram
pressure stripping, and gas accretion, all contributing to shaping

the luminous and dark matter component of galaxies in
their cores (e.g., Genel et al. 2014; Vogelsberger et al. 2014;
Schaye et al. 2015). These physical mechanisms are expected
to leave signatures in the kinematics of the galaxy components,
from their stellar haloes (Duc et al. 2011; Amorisco 2019), out
to the intracluster regions (Napolitano et al. 2003; Murante et al.
2007), for example in the form of cold substructures
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which survive after stripping events due to the long dynam-
ical times in the outskirts of galaxies. Semi-analytic models
combined with cosmological N-body simulations and hydrody-
namical simulations have shown that the number of substruc-
tures in stellar haloes, their stellar populations, and their dynam-
ics directly probe fundamental aspects of galaxy formation in
ΛCDM. In particular, such signposts can provide information
as to the hierarchical assembly of massive galaxies; for exam-
ple, the mix between their in situ and accreted components
(Cooper et al. 2013, 2015a,b; Pillepich et al. 2015; Pulsoni et al.
2020, 2021). One of the classical approaches to looking for
such substructures in galaxy halos is to use deep photometric
observations (Mihos et al. 2005; Martínez-Delgado et al. 2010;
Montes & Trujillo 2019; Iodice et al. 2017, 2019; Spavone et al.
2017, 2018, 2020). However, this approach is challenging
because of the faint surface brightness of the tidal streams and
remnants, which is typically below µ ∼ 27 mag arcsec−2, and
only the brightest substructures are generally detected. Further-
more, most of the accreted mass provided by the fainter tidal
substructures, which have surface brightnesses of the order of
30 mag arcsec−2 or below in the V-band (Cooper et al. 2010,
2015a), remain hidden in the central galaxy background. To go
beyond the purely photometric studies, in the last few years,
deep spectroscopy programs have provided kinematic informa-
tion on the tidal debris around galaxies and allowed us look
into the phase space (projected positions and line-of-sight veloc-
ities) to search for the typical signatures expected for galaxy
interactions (e.g., Johnston et al. 1998; Romanowsky et al. 2012;
Longobardi et al. 2015; Hartke et al. 2018). However, the use
of kinematic tracers like planetary nebulae (PNe) or glob-
ular clusters (GCs), which are observable out to large dis-
tances from the galaxy centers (Durrell et al. 2003; Merrett et al.
2003; Shih & Méndez 2010; Cortesi et al. 2011; Richtler et al.
2011), is often a viable alternative to the standard kinemat-
ical measurements based on the integrated stellar light in
the faint galaxy haloes (PNe; Napolitano et al. 2002, 2009;
Romanowsky et al. 2003; Douglas et al. 2007; De Lorenzi et al.
2009; Coccato et al. 2009; Pota et al. 2013; Longobardi et al.
2015; Hartke et al. 2018; Pulsoni et al. 2018 – GCs; Côté et al.
2003; Romanowsky et al. 2009, 2012; Schuberth et al. 2010;
Woodley & Harris 2011; Richtler et al. 2011; Forbes et al. 2011;
Foster et al. 2014; Veljanoski & Helmi 2016; Longobardi et al.
2018). These discrete tracers allow us to probe the dynamics
and the kinematics further out in galaxy clusters, where the
potential of the cluster begins to dominate over that of individ-
ual galaxies (e.g., Spiniello et al. 2018; Pota et al. 2018). The
first attempts to use GCs and PNe to find signatures of sub-
structures from minor merger or accretion events led to a sub-
stantial number of claims based on the assumption that shells
and tidal streams are located in chevron-like substructures in
the position–velocity diagram (but see also Coccato et al. 2013).
This could be explained in terms of a near radial infall of
objects with almost the same initial potential energy (Côté et al.
2003; Romanowsky et al. 2009, 2012; McNeil et al. 2010;
Shih & Méndez 2010; Schuberth et al. 2010; Woodley & Harris
2011; Foster et al. 2014; Longobardi et al. 2015). However,
these patterns do not represent low-dispersion streams made by
a handful of particles and originated from dwarf galaxies in a
recent encounter with a massive galaxy.

Recently, we developed an optimized stream-finding
algorithm named COld STream finder Algorithm (COSTA
Gatto et al. 2020, G+20 hereafter) that is able to spot tidal debris
in the phase space by detecting cold kinematics substructures
moving in a warm/hot environment background of relaxed par-

ticles. COSTA is the first algorithm of its kind, although a sim-
ilar concept was proposed to detect large substructures in the
phase space of galaxies in rich clusters (Dressler & Shectman
1988).

In particular, COSTA relies on a deep friend-of-friend pro-
cedure that, through an iterative sigma clipping, detaches groups
of neighbor particles with cold kinematics (tens of km s−1).
This procedure allows the user to find small samples of tens of
low-velocity-dispersion particles, as expected for low-surface-
brightness streams originated by the disruption of dwarf galaxies
orbiting in the diffuse stellar halos of giant galaxies or cluster-
dominant (cD) galaxies. In G+20, COSTA was fully tested on
hydrodynamical simulations of galaxy encounters and Monte-
carlo simulations of realistic cluster-like velocity fields. COSTA
can efficiently work on samples of a few hundred to thousands
of discrete tracers in cluster cores, like the one we have collected
in the multi-instrument observational program Fornax Cluster
VLT Spectroscopic Survey (FVSS, see Sect. 2). Within this pro-
gram we have assembled catalogs of ∼1200 GCs (Pota et al.
2018, P+18 hereafter) and ∼1200 PNe (Spiniello et al. 2018,
S+18 hereafter) out to ∼200 kpc from the cluster center. The
velocity dispersion (σ) radial profiles from both PNe and GCs
reveal a clear signature of an intracluster population with a
sharp σ increase from ∼200 km s−1 to ∼350 km s−1 at a radius
of ∼10 arcmin (60 kpc) from the center of NGC 1399 (see also
Napolitano et al. 2002). In P+18 and S+18, we noted that this
rise in velocity dispersion is compatible with the scenario where
both PN and GC populations at this distance start to feel the clus-
ter potential rather than that of the central galaxy. This scenario
was recently confirmed with updated FVSS measurements of
the PN and GC populations (Chaturvedi et al. 2022). An alterna-
tive scenario, whereby a mix of populations produce an inflated
profile, as observed in Hydra cluster (Hilker et al. 2018), can-
not be excluded in Fornax, although does not seem to be sup-
ported by dynamical arguments (see S+18 and P+18). In these
regions, the dynamical timescales are long enough to preserve
kinematical substructures for a longer time (Napolitano et al.
2003; Arnaboldi et al. 2004, 2012; Bullock & Johnston 2005;
Coccato et al. 2013; Longobardi et al. 2015), and therefore the
FVSS represents the ideal dataset with which to use COSTA to
look for stream candidates. The Fornax cluster is the most mas-
sive galaxy overdensity after the Virgo cluster within 20 Mpc
and, as such, is an ideal target to search for cold substructures
produced by the interaction of the large population of dwarf
galaxies (see e.g., Munoz et al. 2015; Venhola et al. 2017, 2019;
Ordenes-Briceño et al. 2018) with the cluster environment and to
investigate the assembly of the diffuse halo and the intracluster
component in its core (Arnaboldi et al. 1996; Napolitano et al.
2002; Iodice et al. 2016; Spavone et al. 2020). Despite its regu-
lar appearance, recent investigations have found that the assem-
bly of Fornax is ongoing, as shown by deep photometry with
the ESO/VST, which found signatures of stellar and GC tidal
streams (e.g., Iodice et al. 2016, I+16 hereafter; Iodice et al.
2017; D’Abrusco et al. 2016, DA+16; Cantiello et al. 2020,
C+20; see also Chaturvedi et al. 2022). Due to its proximity,
Fornax provides a unique opportunity to kinematically map the
complexity of its core out to at least 200 kpc using discrete kine-
matical tracers (e.g., GCs and PNe) and finally connect the “hot”
large-scale kinematics down to the “cold” scale of dwarf satellite
galaxies, which are expected to produce most of the kinematical
substructure in Fornax.

In this paper, we apply COSTA to the full sample of PN and
GC radial velocities. In Sect. 2 we present the available dis-
crete tracer populations (PNe and GCs) and demonstrate that
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their velocity and spatial distributions are statistically consis-
tent with belonging to the same parent population of tracers
on cluster scale, meaning that they can be combined to look
for substructures. In Sect. 3 we briefly introduce COSTA and
describe the parameter setup adopted when looking for streams.
In Sect. 4, we present the stream candidates and discuss their
reliability and general properties. We also identify correlations
among their observed parameters and discuss possible physi-
cal mechanisms behind them. In Sect. 5 we discuss the results
and give further details on the stream candidates. In Sect. 6 we
finally draw some conclusions and perspectives. In this paper,
we assume a distance modulus of m −M = 31.51 for the Fornax
Cluster (Blakeslee et al. 2009).

2. Datasets

2.1. The Fornax Cluster VLT Spectroscopic Survey

The dataset used in this work is based on the first catalog of
GCs and PNe produced within the Fornax Cluster VLT Spec-
troscopic Survey (FVSS; Pota et al. 2018). This program is
designed to collect multi-instrument observations of the For-
nax Cluster using the VLT at ESO telescopes. In particular,
in FVSS I, we collected multi-object spectroscopy of 387 new
GC and ultra-compact dwarf (UCD) systems with VIMOS at
VLT (Pota et al. 2018). This sample, added to archival data for
a further 746 GCs (Bergond et al. 2007; Schuberth et al. 2010),
makes a final catalog of 1183 GCs/UCDs (Pota et al. 2018). In
FVSS II, we obtained dispersed imaging with FORS2 (VLT),
with which we detected and measured the radial velocities of
∼1268 PNe (Spiniello et al. 2018). Together with 184 PNe previ-
ously observed by McNeil et al. (2010), this gives a total of 1452
kinematical tracers. Recently in Chaturvedi et al. (2022, FVSS
III), we refined the data-reduction of the GC sample and pushed
the measurement of GC radial velocities to lower signal-to-noise
ratios (S/N ∼ 5). This increased the number of GCs measured
in the VIMOS data to 777 and the total GC velocities to 2341,
after including other unpublished data. Hence, within FVSS, we
have collected the most extended velocity field from GCs and
PNe ever measured in a cluster (out to ∼300 kpc).

In this paper, we use, for the first time, a combination of GCs
and PNe to reveal cold substructures in the core of the Fornax
cluster. The main reason for combining radial velocities from
different tracers is to maximize the number of test particles pop-
ulating the streams, thus augmenting the probability of detect-
ing small substructures. The total size (>2000 test particles) and
velocity errors of the two datasets (∆V ' 37 km s−1 for GCs,
P+18, and between 30 and 45 km s−1 for PNe, S+18; we adopt an
average error of 37.5 km s−1 in the following) are suitable for the
detection and characterization of stream candidates in hot envi-
ronments like the stellar halo in cluster cores (see G+20). For the
GC population, we decided to use the P+18 catalog because this
is based on a sample with higher S/N, which allows us to keep
the statistical errors (37 km s−1) below those of the new catalog
(70−100 km s−1, see Chaturvedi et al. 2022) and similar to those
for the PNe1.

There are differences between the GC and PN observing
strategies, which impact their spatial coverage of the Fornax core
area. We refer the interested reader to the original papers for
a detailed description of the observation techniques, data anal-

1 We do not exclude the UCD candidates of P+18 from the PN+GC
catalog because they are a minor fraction of the total sample (<0.1%)
and because if they are part of a stream, they are likely to be the nuclear
core of that stream (see Sect. 5).

ysis, and sample characterizations. Below, we report only the
information that is of significant interest for the analysis per-
formed in this paper and the strategies used to resolve the spatial
nonuniformity of the observed samples.

2.2. The GC sample

P+18 presented a new catalog of GCs observed in an area of
about 1 deg2 around the NGC 1399, the bright galaxy in the
center of the Fornax cluster, which corresponds to a galacto-
centric radius of ∼175 kpc. Observations consisted of a mosaic
of 25 VIMOS pointings where about 2400 slits were allocated
over a photometrically selected sample of GC candidates.
This sample was defined using VST/OmegaCAM photom-
etry in the de-reddened g and i bands from the For-
nax Deep Survey (FDS) (D’Abrusco et al. 2016; Iodice et al.
2016) and preliminary VISTA/VIRCAM photometry in the
Ks band from the Next Generation Fornax Survey (NGFS;
see Munoz et al. 2015). The observed sample had i-mag in
the range 17.0 ≤ i ≤ 23.0 mag. This restriction has been
used in order to avoid contamination by foreground stars at
bright magnitudes and too low signal-to-noise spectra at faint
magnitudes.

Spectra have been analysed with iraf/fxcor and the derived
radial velocities (or GC redshift) showed typical errors of the
order of 37 km s−1. We combined the new catalog with the lit-
erature catalogs from Schuberth et al. (2010), including sources
within 18 arcmin of NGC 1399, and Bergond et al. (2007) cov-
ering a strip of about 1.5◦ in right ascension (RA) and 0.5◦ in
declination (Dec). The final sample includes 1183 GCs in total,
with a systemic velocity of 1452± 9 km s−1 (i.e., fully consistent
with the one of NGC 1399).

Figure 1 shows the position in RA and Dec of the objects
and a reduced phase space made by the radial velocity of GCs
(top panels) versus cluster-centric radius (i.e., the distance from
the center of NGC 1399). In the reduced phase space, we report
(as black lines) the mean velocities and the 1σ and 2.5σ contours
of the velocities versus radius. These were calculated by dividing
the sample in distance bins, such that the number of GCs is about
the same in each bin (∼150).

2.3. The PN sample

S+18 assembled a kinematic catalog of PNe out to 200 kpc in
the Fornax cluster core using a counter-dispersed slitless spectro-
scopic technique (CDI, Douglas & Taylor 1999). They obtained
the final PN dataset observing 20 new pointings (for a total of 5 h
exposure time) with FORS2, and also supplemented these new
data with 180 central PN velocities presented in McNeil et al.
(2010). The covered total final area is ∼50′ × 33′, centered
around α = 3:37:51.8 and δ = −35:26:13.6.

The CDI technique has been shown to be very successful
for the analysis of PNe because it allows both the detection of
PNe and the measurement of their Doppler shift within a sin-
gle observation. CDI uses two counter dispersed frames with
the position angle of the field rotated by 180 deg and with an
[OIII] filter (specifically the [OIII]/3000, 51 Å wide) to select the
light. In this way, all the oxygen emission-line objects (among
which PNe) appear as point-like sources, while sources emit-
ting continuum (e.g., stars and background galaxies) show up
as strikes or star trails. PN candidates therefore appear in the
two images (at the two rotated angles) at the same y-position,
but shifted by a δx proportional to their line-of-sight velocity.
These line-of-sight velocity measurements were then calibrated
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Fig. 1. Relative distances of the GCs (top left) and PNe (bottom left) from NGC 1399, and reduced phase-space (top right: GCs; bottom right: PNe).
Overplotted on the phase-space are the mean velocity of the particles (solid line), the 1σ (dotted lines), and the 2.5σ (dash-dotted lines). Black
triangles are the main galaxies in the field. The dashed horizontal line in the phase space is the systemic velocity of NGC 1399 (1425 km s−1).

using the PNe in common with McNeil et al. (2010), which were
calibrated against the measurements of Arnaboldi et al. (1994)
obtained with NTT multi-object-spectroscopy.

The final sample of PNe with measured velocities comprises
1452 objects, and has a mean velocity of 1433 km s−1 with a
standard deviation of 312 km s−1, which were calculated after
applying heliocentric correction to each field separately. How-
ever, for the purpose of this paper, and our aims to detect streams
possibly distributed over large areas, we have strictly excluded
the tracers around NGC 1379 (i.e., 150 PNe in Field 1 from
Fig. 1 of S+18), because this latter is isolated and not extended
enough to probe the intracluster region. Furthermore, according
to Gatto et al. (2020), the number of tracers might be too small to
detect cold substructures, if any exist. Figure 1 (bottom panels)
shows the position in RA and Dec of the objects and the reduced
phase space of PNe as done for GCs (upper panels).

2.4. Spatial homogeneity of the PN and GC samples

Looking at the 2D distribution of GCs in Fig. 1 (top left), we see
that this is rather spherically uniform, with the number density of
objects increasing towards the center of the cluster. This homo-
geneity comes from a relative uniformity in the GC selection for
the slit allocation of the VLT observations, both in spatial and
luminosity distribution. Spatially, the VLT allocation was meant

Table 1. Parameters and p-values of the Kolmogorov–Smirnov test.

GCs PNe Radius (arcmin) p-value

298 208 5.0 ≤ R ≤ 8.5 0.37
187 202 11 ≤ R ≤ 16.0 0.19
104 101 16.0 ≤ R ≤ 18.0 and 20.0 ≤ R ≤ 25.0 0.51

to collect a complementary dataset to previous existing obser-
vations, which allowed us to obtain uniform radial coverage of
the spectroscopic sample finally collected by FVSS. In terms of
luminosity, the FVSS strategy was designed to emulate the depth
of previous datasets in order to minimize the inhomogeneity of
the luminosity function among the different datasets. In partic-
ular, we used the Schuberth et al. (2010) as a reference sample
as it is the most largest. Looking at the globular cluster luminos-
ity function (GCLF) in three radial shells (see Sect. 2.5.1 and
Table 1 for their definition) from the cluster center in Fig. 2, the
net result is that the GC sample becomes incomplete at a magni-
tude of magg ∼ 23.4 in all bins.

To quantify this, we first fitted the bright half of the GCLF
with a Gaussian distribution (Brodie & Strader 2006, and ref-
erences therein): we obtained a mean equal to 〈magg〉 = 22.5
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Fig. 2. GCLF evaluated in the three different radial bins, along with their
fitted Gaussian function whose parameters are described in the text.

for all the bins, a variance of σ(magg) = 0.88, 0.87, 0.79,
and a normalization factor of A = 300, 168, and 114 for the
three bins, respectively. We then derived the magnitude where
the observed interpolated histogram deviates from the best-fit
by 50% of the counts (mag50 in short) and found these to be
mag50 ∼ 23.5, 23.6, 23.2, with a mean of 24.4 and a scatter of
0.2. Therefore, only the most external radial bin shows a slightly
brighter limiting magnitude but reasonably within the tentative
variance of these measurements. Due to the high-S/N selection
in P+18, there are only a few GCs in the magnitude bin fainter
than magg ∼ 23.4, and only in the more external bin. In light of
the overall regularities discussed above, we decided to keep the
full GC sample for the analysis.

On the other hand, PNe have a smaller spatial extension
than GCs, namely ∼25 arcmin versus ∼50 arcmin, respectively
(see Fig. 1, bottom left), but more importantly they have, over-
all, an inhomogeneous distribution. This is due to the tiling of
the FORS2 observations, which produces a patchy sky cover-
age around the cluster center (see Fig. 1 in S+18). Moreover, as
the fields were observed under different observational conditions
(seeing), and sometimes with different final integration times,
each of them has a different intrinsic depth and consequently
also a different limiting magnitude for the PNe detection (e.g.,
the luminosity at which almost half of the real PNe are detected).
Hence, the number of identified PNe in each pointing varies
not only because of the intrinsic local differences in the density
of PNe but also because of our inability to find them down to
the same magnitude limit. This aspect as not relevant for S+18,
where the authors were not interested in using the spatial infor-
mation of PNe for their analysis. In our study, instead, the spatial
incompleteness can affect the stream detection because artificial
overdensities generated by a different observation depth have a
higher chance of mimicking a stream. To correct for differences
in the field-to-field depth, we need to select PNe within the same
limiting magnitude –taken as the mean magnitude where half of
the PNe are missed (assuming all PNe are at the same distance)–
with respect to their intrinsic luminosity function, as done for
GCs. We first build the planetary nebula luminosity function
(PNLF) in each pointing and best fit a standard empirical for-
mula to interpolate it. Then, assuming that the sample is com-
plete in the brightest bins, we compute the magnitude where the
fraction of observed PNe is 50% of the expected number of PNe
from the best-fitted PNLF (see below).

We derived the photometry of the PNe detected in the
FORS2 data where the [OIII] filter was used to isolate the

[OIII] emission from PNe. This gives the so-called [OIII]
magnitude, which is generally used to construct the PNLF
(Ciardullo et al. 1998). In particular, we use the software SEx-
tractor (Bertin & Arnouts 1996) and retrieve the output parame-
ter MAGAUTO which has often been found to provide the best
estimates of PNe [OIII] magnitudes (see also Arnaboldi et al.
2003, for a discussion).

As we are not interested in absolute photometry, but only in
the relative photometry of the observed PNe, we did not cali-
brate the PN fluxes, but arbitrarily assumed mzero = 25 as the
zeropoint. Therefore, the numerical values of MAGAUTO corre-
spond to instrumental magnitudes, maginstr.

SExtractor was able to measure fluxes of 99% for all sources
detected by eye in S+18, allowing us to derive the PNLF in all
the S+18 fields, as shown in Fig. 3. These measured PNLFs were
best fitted using the fitting formula of Aguerri et al. (2005):

N(m) = ce0.307m[1 − e3(m∗−m)], (1)

where c is a positive normalization constant and m∗ represents
the apparent magnitude of the bright cutoff. The best fits are
also shown in Fig. 3 as a continuous line in each field. We note
that in most of the fields (i.e., F1, F2, F4, F5, F6, F10, F15,
F16, F17, F20) there are some ultra-luminous [OIII] emitters.
These are typically found in surveys of intracluster PNe and
have been associated to either PNe located in the closer side of
the cluster (e.g., Aguerri et al. 2005) or to other kinds of con-
taminants like [OII]-emitting galaxies at z ∼ 0.35 or Lymanα
galaxies at z ∼ 3.14 (e.g., Castro-Rodríguez et al. 2003). As dis-
cussed in S+18, these authors minimized the presence of the
high-z outliers, however we cannot exclude some residual con-
tamination. We removed these ultra-luminous “outliers” in the
PNLF fitting procedure by excluding all bright bins with only
one count. However, we did not exclude these ultra-luminous
objects from the PN sample because (1) there are very few of
them and (2) we cannot securely classify them as noncluster
members. Finally, the limiting magnitude was obtained by com-
paring a simple interpolating function of the data to the fitted
PNLF to find the magnitude at which the interpolated counts fall
to 50% of the fitted PNLF (mag50 as for the GCs). From the
distribution of the limiting magnitude from Fig. 3 we find an
average mag50 = 19.3 ± 0.1: therefore all PNe with measured
MAGAUTO > 19.3 were excluded from the final sample, which
finally contains 887 PNe.

2.5. The combined GC+PN sample

In this section, we discuss the phase space properties of the
GC and PN populations to show that they can be combined to
increase the statistics of the stream tracers. If we assume that
PNe and GCs both respond in the same way to the encoun-
ters and have initially no statistically significant differences in
their kinematics, they will keep sharing the same phase space
properties when captured in the streams. This is a reasonable
assumption if their kinematics is (almost) indistinguishable in
their parent galaxy; generally, this is not true, and in fact the
two families (GCs and PNe) are often considered dynamically
disconnected, with PNe and red, metal-rich GCs often sharing
spatial and velocity distributions (e.g., Napolitano et al. 2014).
However, as discussed in P+18 and S+18, there are clear simi-
larities between the GC and PN populations in the Fornax core.

In particular, their velocity dispersion profiles show clear and
spatially similar signatures of a superposition of the bright cen-
tral galaxy, which dominates the inner regions up to ∼25 kpc
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Fig. 3. Planetary nebulae luminosity function in all the S+18 fields. The best fit of Eq. (1) is shown as a continuous line. We have excluded from
the fit the bins with one single ultra-luminous object, generally brighter than ∼17 mag. See discussion in the text.

(4.3′), and the cluster potential, which becomes dominant out-
side ∼100 kpc (17.2′).

Most of the kinematical differences are due to the differ-
ent spatial distribution (i.e., their number density profiles) and
intrinsic anisotropy of the two populations (see Eqs. (3) and (4)
in Napolitano et al. 2014). Given the typical values of these
parameters, in massive galaxies the difference between their pro-
jected velocity dispersions can be of the order of 10%–20% (see
Napolitano et al. 2014), which is within the typical errors of indi-
vidual dispersion values obtained for PNe and GCs.

In principle, if we had information on the number density
profile and anisotropy of the tracers in dwarf galaxies (as done
for massive systems) we would be able to predict the differ-
ence in projected velocity dispersion one should expect between
PNe and GCs. Unfortunately, we know little about the detailed
slope of these populations in low-mass systems, while we have
sparse information on the metal-rich and metal-poor stellar pop-
ulations in the Local Group, which might be used as a reference
because PNe and GCs could be tracers of the former and the lat-
ter populations, respectively. For instance, Walker & Peñarrubia
(2011) discuss the dispersion predictions of different metal-rich
and metal-poor subpopulations assuming realistic profile slopes
and anisotropy parameters. These authors show (see e.g., their
Fig. 3) that the velocity dispersion difference becomes very small

(of the order of 10% or smaller) outside 1−2 Re. If we assume
that the PNe and GCs follow the kinematics of these subcom-
ponents, then we can reasonably expect the two populations to
show differences in their velocity dispersion profiles of the same
order of magnitude, again within the typical statistical errors.
Assuming that all these arguments are valid, we use a total of
2070 objects in our analysis, where GCs represent 57% of the
whole catalog and the PNe 43%.

2.5.1. The GC versus PN phase-space properties

In order to further support the assumption that PNe and GCs
are a single family of tracers, in order to facilitate our search
for streams, here we look in more details at their phase-space
properties. As already mentioned, Fig. 1 shows the position in
RA and Dec of the objects and a reduced phase-space made by
the radial velocity (of GCs top panels, in yellow and PNe, bottom
panels, in green) versus cluster-centric radius (i.e., the distance
from the center of NGC 1399).

The first evident feature is the different spatial extension
of PNe and GCs mentioned above, which implies that within
25 arcmin we must rely on the combined sample with a higher
tracer density and higher statistics, while outside 25 arcmin the
chance of finding streams is considerably reduced because of
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Fig. 4. Left: image of the whole sample of GCs (dark gray) and 887 bright PNe (light gray) in RA vs. Dec with the galaxies overplotted as black
triangles. Right: GCs (dark gray) and PNe (light gray) in the phase space. The lines correspond to the mean velocity of the particles (solid line,
dark red for the GCs and light red for the PNe), to the velocity dispersion at 1σ (dotted line), and to the velocity dispersion at 2.5σ (point-dotted
line).

the smaller statistics. Also, we can see that NGC 1387 has an
exceptionally high density of PNe, while the GC coverage is
limited (possibly because of the incomplete slit allocation of
the GC observations with VIMOS). In the phase space, this
large overdensity does not seem to be aligned to the galaxy sys-
temic velocity (a discrepancy that has not been solved in S+18).
Finally, another visible difference between the two phase-space
diagrams is found very close to the center, i.e., R < 5′, where
the PN sample is numerically smaller and shows a smaller over-
all scatter in the radial velocity. This is due to two main fac-
tors: first, a large spatial incompleteness of the PNe caused
by the bright NGC 1399 diffuse halo, and second, a shallower
and lower resolution dataset from FORS1 observations from
McNeil et al. (2010) covering this area. However, for the pur-
pose of the present paper we exclude regions too close to the
galaxy center, and therefore the differences inside a 5′ radius
will not affect any of the final results.

In Fig. 4 we show how the GC and PN samples (plotted with
different gray scales) combine. Looking at the phase space, we
see that, besides some residual inhomogeneities in the PN dis-
tribution (left panel), after having cleaned the PN catalog from
incompleteness, the two samples show (in the right panel) a
smaller dispersion in the center and an increasing dispersion
going toward larger radii. Overall the two samples do not show
large differences in terms of mean velocity or velocity disper-
sion (continuous and dotted lines respectively in the bottom of
Fig. 4). We discuss this in a more quantitative way in the follow-
ing section.

To further quantify the differences in the spatial distribu-
tions of PNe and GCs, in Fig. 5 we plot the distribution of the
cluster-centric radii of the two subpopulations. In the top panel
we plot number counts as a function of the radius for the sep-
arated populations of GCs (yellow) and PNe (green) and the
total population (gray). The different populations show some dis-
tinctive features, some of them mirroring the differences in the
phase space: (1) PNe extend out to a distance of about 25′ from
NGC 1399 because no observations were performed outside this
radius, while GCs are distributed out to ∼45′. (2) Inside ∼7′,
PNe show a clear incompleteness (i.e., their normalized counts
are systematically lower than those of GCs), while outside 7′
they nicely align with GC number densities, decreasing with a

similar slope (e.g., in the range 7′−17′). (3) There is a PN density
peak at about 20′ around NGC 1387, where we observe a mild
but visible dip in the GC density which is due to the selection
effect in the GC spectroscopic sample mentioned above. In the
bottom panel of the same figure, we have converted the number
counts per radial bin into a surface density (N/arcmin2), where
the area is that of the circular annulus enclosing any bin and
finally arbitrarily re-scaled along the vertical axis to match the
surface brightness distribution of the central galaxy from I+16.
The latter plot shows a strong similarity between the PNe+GC
tracers and the galaxy light, except in the areas where there is a
clear effect of the spatial incompleteness (i.e., the center below
5′ and around NGC 1387). Looking at the individual density dis-
tributions, PNe and GCs also show appreciable consistency in
most of the radial bins, confirming that these two populations
of tracers are fairly representative of the total stellar light in the
cluster.

2.5.2. Kolmogorov–Smirnov test

To check whether the two tracers are statistically represen-
tative of a single kinematical population, we performed a
Kolmogorov–Smirnov (K-S) test. We defined three shells at dif-
ferent radial distances from NGC 1399 (see Table 1) and per-
formed a K-S test on the GC and PN velocity dispersion dis-
tribution separately in each shell. We excluded from this non
parametric test the inner region of the cluster (R ≤ 5 arcmin) and
the galactocentric distances where NGC 1387 and NGC 1404 are
located because these regions are excluded in our search for cold
substructures (see Sect. 3.3).

The inner and outer radii of each shell were selected in order
to have about the same number of GCs and PNe, except for the
inner shell, which has a larger number of GCs (298 vs. 208 PNe)
because of the higher number of GCs in the inner regions of
the cluster (see also the top of the Fig. 5). Because the PNe
are selected out to a maximum distance of about ∼25 arcmin,
no shells beyond this radius are considered.

Table 1 shows the results of the K-S test in each shell.
Figure 6 shows the histograms of the density of GCs (yellow)
and PNe (green) per velocity interval for the three shells and
their equivalent Gaussian distribution. The results obtained from
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Fig. 5. Top: number counts as a function of the radius of GCs (in yel-
low), PNe (in green), and the total population (in gray). The overdensity
of PNe around NGC 1387 is clearly seen at R ∼ 20′′ (see text). Bottom:
radial density distribution of GCs (yellow open dots), PNe (green), and
the total population (black), arbitrarily re-scaled to match the surface
brightness of the Fornax core from I+16 (gray tick line). Error bars rep-
resent Poissonian errors on the tracer counts.

the K-S test are consistent with the null hypothesis that both GCs
and PNe follow the same distribution. Indeed, the p-values for
all the shells shown in Table 1 are well above the significance
level of 5%. Moreover, it is also evident from Fig. 6 that the two
distributions are very similar, as also shown by the Gaussian fit
to their velocity histograms. In Appendix A we discuss the fur-
ther case where we separate blue and red GCs and find that their
velocity distributions remain statistically consistent and are also
consistent with that of the PNe.

Having presented several arguments supporting the assump-
tion that GCs and PNe have similar spatial and velocity profiles,
from now on we consider them as a single family of test parti-
cles, which allows us to increase the statistics and, consequently,
the chances of finding cold substructures.

3. The COSTA algorithm

In this section, we briefly summarize the features and assess
the reliability of the COSTA algorithm. This has been fully
tested on hydrodynamical simulations of galaxy encounters and
Monte Carlo simulations of realistic cluster-like velocity fields.
These latter consist of realizations of the phase space distribution
of tracer particles created by random sampling from a smooth
model of the observed tracer density profile in equilibrium with

Fig. 6. Histograms of the density of GCs (yellow) and of the PNe
(green) per velocity interval in the three shells at different radial dis-
tances. Overlapped on these histograms are the distributions of the two
samples.

an analytic model of the Fornax potential (see G+20 for details).
Here we report the most relevant properties and definitions used
throughout the paper.

3.1. COSTA steps

The algorithm looks for coherent structures in both the RA/Dec
position space and in the reduced phase space (radial velocity vs.
cluster-centric radius), with the additional necessary condition
of low velocity dispersion. Indeed, we are particularly interested
in dwarf galaxy disruption as a major mechanism, which is still
active in the local Universe and contributes to the intracluster
stellar population and the assembly of large stellar halos around
galaxies. Therefore, we introduce a velocity dispersion thresh-
old to define a “cold” substucture, σcut, to vary in the range of
[10−120] km s−1, according to typical dwarf dispersion values
found in the Coma cluster (Kourkchi et al. 2012)2.

The main steps performed by COSTA are summarized below
(see G+20 for a more detailed description):

(i) For each particle, COSTA finds the first k nearest neighbors
in the position space;

(ii) It estimates the mean velocity and velocity dispersion of
these k tracers;

(iii) It performs an iterated sigma clipping by removing all trac-
ers beyond n standard deviations from the mean velocity of
the group. During each iteration, it recalculates the average
velocity and the velocity dispersion, until no more outliers
are found;

(iv) It retains all structures with a number of particles greater
than Nmin and with a velocity dispersion lower than σcut.

Finally, as the search for closer neighbors is based on a pro-
jected circular distance, while streams tend to lie on elongated
structures, COSTA performs a further step:
(v) If there are groups with some particles in common, these

are considered as belonging to a single stream if their mean
velocity and velocity dispersion values are consistent with
each other within uncertainties.

2 Even if most of the dwarf galaxies in Coma from Kourkchi et al.
(2012) have σ < 100 km s−1, we decided to use a slightly larger range
of σcut to avoid border effects. These could happen, e.g., when taking
larger N neighbor particles, as this could increase the chance of measur-
ing a larger velocity dispersion for a group of particles, hence producing
a clustering of parameters toward higher σcut.

A94, page 8 of 27



N. R. Napolitano et al.: FVSS. IV. Cold kinematical substructures in Fornax core from COSTA

Ultimately, COSTA depends on four free parameters: the three
friend-of-friend parameters (k, n, Nmin) and σcut, which need to
be properly chosen to maximize the number of genuine cold sub-
structures (completeness) and minimize the number of spurious
detections (purity) caused by the intrinsic stochastic nature of
the velocity field of hot systems.

In G+20, we showed how we obtained a list of parameter
combinations that produce an acceptable probability of finding
“false positives”, that is, spurious cold substructures based on
Monte Carlo simulations. This is done by assigning a maxi-
mum reliability to the combination of parameters for which no
streams are detected on Monte Carlo simulations of the Fornax
core where all test particles are in equilibrium with the “warm”
cluster potential (where no cold streams are added; see G+20).
Vice versa, a lower reliability is assigned to the parameter com-
binations that find an increasing number of (false) detections in
the same simulations (see following section).

3.2. Reliability map from Monte Carlo simulations of the
Fornax cluster core

Following G+20, the first step to perform before running
COSTA on a given dataset is to derive the reliability map.
This is obtained by producing Monte Carlo simulations of the
dataset to which COSTA will be applied (we refer to the origi-
nal Napolitano et al. 2001 paper for more details). In G+20 we
obtained such Monte Carlo simulations for a Fornax-like clus-
ter, including the presence of the major galaxies in the Fornax
core (see G+20 for details). We also showed that COSTA is
able to retrieve a series of artificial streams with different phys-
ical sizes and particle numbers corresponding to the expected
surface brightness for streams produced by the interaction of
dwarf galaxies with the cluster environment (i.e., of the order
of 28−29 mag arcsec−2).

Here we briefly summarize the main concepts of the simu-
lated sample and how this is used to define the reliability map.
We start by simulating random discrete radial velocity fields of
particles:

– We consider only the region covered by our objects, i.e.,
1.8 deg2 around the cD, NGC 1399, where there are two
other bright, approximately spherical, early-type galaxies:
NGC 1404, located at ∼9 arcmin southeast of the cD, and
NGC 1387, ∼19 arcmin west of NGC 1399;

– Following Napolitano et al. (2001), we consider GCs and
PNe at the equilibrium in the gravitational potential of these
three galaxies, where we assume a total mass of about 1014

solar masses for the cluster and a Hernquist (Hernquist 1990)
density distribution of the stellar-like tracers;

– We consider a dark matter halo following a Navarro-Frenk-
White profile (NFW); hence, the potential of the system at
equilibrium is given by the total mass:

Mtot = Ml + Mdm, (2)

where Ml and Mdm are the total luminous and dark mass,
respectively;

– We assume an isotropic velocity dispersion tensor, and solve
the radial Jeans equation to derive the 3D velocity disper-
sion σ2 along the three directions in the velocity space, and
generate a full 3D phase space;

– We simulate an observed phase space first, by projecting
the tracer distribution on the sky plane. We then derive the
line-of-sight velocity of the individual particles by randomly
extracting the observed velocities from a Gaussian distribu-
tion centered at the true value with a standard deviation equal

to the velocity errors. We assume these latter to be 37 km s−1,
i.e., approximately equal to the average errors of real GCs
and PNe (see P+18 and S+18).

We carefully verified that the mock catalogs of positions and
radial velocities closely resemble the real one, and also that the
simulated cluster is consistent with the mean observable quanti-
ties of the galaxies in the area (see Table 2 in G+20). Finally, we
created a “white noise sample” (WNS) as described in G+20 by
randomly drawing 100 realizations of the mock catalog –with
no substructures– from the model described above. COSTA is
run on the WNS using a grid of different parameters to check
which combinations produce a (false) detection due to randomly
connected particles.

The parameters have been uniformly taken in the following
ranges:

– 10 ≤ k ≤ 50;
– 1.3 ≤ n ≤ 3;
– 5 ≤ Nmin ≤ k;
– 10 ≤ σcut ≤ 120 km s−1.

This choice allowed us to search both for small substructures,
that we expect to find with low k, low Nmin, and a low velocity
dispersion value, and for larger and spatially extended groups
with greater values of both k and Nmin and rather hot velocity
dispersion, e.g., of the kind expected from moderate-luminosity
galaxies like NGC 1387 (see e.g.; Iodice et al. 2016).

For a given parameter combination, the reliability is defined
as the fraction of detections over the 100 realizations in the
WNS, i.e., 100−Ndet/100% (with Ndet expected to be zero by
definition in the WNS). In G+20 we discussed the impact of
threshold on the completeness of the candidates and checked that
a good compromise between the completeness and the contami-
nation is obtained with a threshold of 70% in reliability. How-
ever, for this first test on Fornax, we decided to apply a less
conservative threshold of 50%, which can return more candi-
dates at the cost of a higher probability of spurious detections.
In case this brings all genuine streams, then the completeness
can increase as much as 20% (see G+20). In case the extra can-
didates are all false positive, then the contamination can rise to
∼58%, which is a risk we decided to accept. In Fig. 7 we show
the reliability distribution in the 4D parameter space. The 2D
projection plots are color-coded by the fraction of configurations
(FN) with reliability ≥50%. Yellow regions are those with the
highest density of configurations with minimal or no false detec-
tions. Histograms in the same figure show the fraction of times
where the reliability passes the 50% threshold for each value of
the four free parameters of COSTA.

3.3. Running COSTA on the combined GC+PN sample

Once the reliability map has been drawn from the WNS, we run
COSTA on the detection sample (DS; see G+20), which is made
of the real positions and the radial velocities of the combined
GC+PN sample discussed in Sect. 2.5. This produces a series
of detections consisting of a number of candidates that recur in
multiple setups, each time with a slightly different number of
particles but with a common bulk of members, as demonstrated
in G+20. To define these “representative” particles, which cor-
respond to a given substructure, we decided to select the ones
corresponding to the median parameters among all the allowed
configurations, marginalizing over all the other parameters in the
4D parameter space (see e.g., Fig. 7). Similarly, we can obtain all
physical properties characterizing the stream as the median val-
ues among all configurations that select the representative parti-
cles. For instance, some properties can be directly derived from
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Fig. 7. Reliability map in the 4D parameter space for the simulated For-
nax cluster. The 2D projected plots for each pair of parameters are color-
coded according to the fraction of configurations (FN) with reliability
≥50% according to the legend. Histograms show the fraction of times
the reliability passes the 50% threshold for each value of the four free
parameters of COSTA.

the region of the parameter space with the highest density of
detections, in particular in the space defined by Nmin−σ (as dis-
cussed in G+20, their Sect. 4 and Fig. 11).

Finally, to increase the detection significance, we perturb the
PN+GN velocity field. We obtain ten additional random realiza-
tions (i.e., 11 velocity fields in total) of the radial velocity field,
each time assuming a Gaussian centered in the individual par-
ticle Vrad and with a mean velocity error of 37 km s−1. We use
these random artificial velocity fields to check, for each stream
detected in the unperturbed dataset, whether or not the addi-
tional detection configurations are allowed by the randomized
data, and finally obtain the distribution of these configurations
in the parameter space. This is shown in detail in Appendix B
where we report all configurations for the detected streams in
the parameter space (see Fig. B.1). The detected streams derived
with the above procedure are presented in the following section.

We note here that we excluded the inner regions of the three
galaxies from our search, as GCs and PNe catalogs are gener-
ally highly incomplete there because of the bright galaxy back-
ground. In particular, we excluded the regions inside 5′ from
the NGC 1399 center and inside two effective radii from the
other galaxies, i.e., 49′′ for NGC 1404 and 84′′ for NGC 1387.
Furthermore, we also excluded all selected groups of particles
that have one or more members overlapping these excluded
areas.

4. Results

In this section, we present the candidate streams found in the
GC+PN combined catalog. We detected 13 stream candidates in
total for which a detailed illustration of the COSTA parameters
is given in Appendix B, where we show the different projections
of the parameter space as compared with the reliability map.

As anticipated in Sect. 3.3, to visualize the most significant
setup configurations, we focus on a particular projection of the
parameter space, the Nmin−σcut, that we have proven to be repre-
sentative of the stream physical quantities. Hence, we define the
“median” configuration as the median of the parameters in the
Nmin−σcut projected space, reported in Fig. 8, where we clearly
see that setups generally concentrate in narrow regions in the
projection space.

4.1. A catalog of cold substructures

The stream candidates are reported in Table 2, where we list
the stream ID, coordinates of the centroid of the stream, num-
ber of particles belonging to the stream (divided in GCs and
PNe), their mean velocity, velocity dispersion, size (defined as
the maximum distance among the particles) and distance from
the cluster center. In the same table, we also report the lumi-
nosity associated to the stream, based on the PN specific number
density and the related surface brightness. More details about the
definition of each of these parameters are given in the following
sections.

Finally, in Table 2 we also report the median and maximum
reliability among all configurations in which COSTA detected
the stream and the occurrence of the stream detection over the
Monte Carlo re-samplings of the GC+PN velocity field. The
reliability exceeds 70% for nine streams, and in particular two
streams have a reliability of greater than 85%. The total number
of particles ranges from 9 to 22, while their sizes are spread out
over a relatively large interval, which goes from 1.8 arcmin up to
∼20 arcmin. Most of the streams have a comparable number of
GCs and PNe, while FVSS-S6 is around NGC 1380 where there
is no spatial coverage of PNe (see Fig. 1).

The positions of the particles composing each stream are
plotted in different colors in Fig. 9 superposed on the deep g-
band image of the core of Fornax cluster from FDS. To visualize
the stream particles, we choose the closest configuration to the
median parameter setup of each stream as representative of the
“average stream”. In the same figure, we also report dwarf galax-
ies from the literature (Munoz et al. 2015; Eigenthaler et al.
2018) that are in the vicinity of the streams and can be asso-
ciated to them with confidence (see details in Sect. 5.1). These
are plotted as orange diamonds or squares (depending whether
they have velocity measurements or not, respectively) and their
sizes are proportional to the i-band total magnitude taken from
Cantiello et al. (2020). From this figure, we see that streams are
either very close to some of the detected dwarf galaxies (e.g.,
FVSS-S1, FVSS-S2, FVSS-S5, FVSS-S7, FVSS-S12) or live in
the halo or are associated to larger galaxies in the Fornax core
(e.g., FVSS-S3, FVSS-S4, FVSS-S6, FVSS-S8, FVSS-S13). In
addition, there are candidate streams that are particularly com-
pact (e.g., S4, S12, S13) or rather diffuse (e.g., S8) or stretched
(e.g., S6). A detailed discussion about the stream association
with the galaxy population in the core of Fornax is reported in
Sect. 5.

In Fig. 10 we show the candidate streams in the phase space
of all GCs and PNe in the Fornax core. The locations of the major
galaxies in the area are also reported in the same figure. Also
here we can see notable differences in the stream typologies: (1)
compact streams with small extensions (i.e., along the x-axis)
and small dispersion, that is, a compact distribution in radial
velocity (y-axis), for instance FVSS-S4, FVSS-S11, FVSS-S12,
and FVSS-S13; (2) streams that are clearly related to individual
large galaxies, for example S13 around NGC 1404 and FVSS-
S8 with NGC 1387; (3) extended streams that seem to connect
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Fig. 8. Density plot of the σcut as a function of Nmin for each stream, color-coded by the number of times COSTA detected the stream with a given
σcut−Nmin pair. Data were smoothed using a Gaussian kernel with a bandwidth equal to 3.

different large galaxies, for example S6 connecting NGC 1380,
NGC 1381, and NGC 1382; and (4) other streams still rather
compact in velocity but more diffuse in radius, for example
FVSS-S1, FVSS-S2, FVSS-S3, FVSS-S5, and FVSS-S10.

Based on visual inspection, there seem to be likely associa-
tions between the stream candidates and the positions of galaxies
of different size and/or luminosity (not only dwarf systems). In
Sect. 5, we investigate these possible associations in close detail
according to their vicinity and kinematical similarities. Here we
estimate the important global physical properties of these can-
didate streams and search for signatures that suggest they are
likely genuine; although we are aware that the final confirmation
should come from direct observations with deep photometry to
find evidence of stellar tails.

4.2. Stream luminosity and surface brightness

For the streams including PNe, we can use some empirical for-
mula to estimate the luminosity of the associated stellar popu-
lation. In particular, as discussed in G+20, we can estimate the
total light associated to the PN population using their specific
number density within 2.5 mag from the cut-off magnitude of
the luminosity function α2.5 = 50×10−9 PN/L� (Feldmeier et al.
2004), which corresponds, on average, to the completeness limit
of our sample (see Fig. 3). The total bolometric luminosity is
obtained as Lbol = NPN/α2.5. This can be converted into a g-band
luminosity to compare the stream luminosity with the photome-
try from the Fornax core galaxies (e.g., I+16). We estimate that
using a combination of F, G, and K stars; this amounts to about

A94, page 11 of 27



A&A 657, A94 (2022)

Table 2. Statistics of the streams.

ID RA Dec N PNe GCs Rel. Max rel. Occurr. Vel. σ Size Distance log(L) SB
(J2000) (J2000) (km s−1) (km s−1) (arcmin) (arcmin) (L�,g) (mag arcsec−2)

FVSS-S1 55.0119 −35.4184 19+11
−7 14+7

−10 6+7
−3 76+17

−18 100 542 1500+24
−30 87+21

−36 6.7+12.0
−2.7 19.2 8.1+0.2

−0.5 30.0+1.4
−0.4

FVSS-S2 54.5819 −35.5908 22+12
−9 7+8

−4 13+11
−5 74+17

−17 100 153 1563+39
−34 100+14

−40 4.2+1.9
−2.0 8.6 7.8+0.3

−0.4 29.7+0.9
−0.8

FVSS-S3 54.7895 −35.5320 20+9
−8 8+5

−3 12+6
−7 75+17

−16 100 439 1392+37
−68 83+22

−78 5.2+2.1
−1.3 9.6 7.9+0.2

−0.2 30.0+0.5
−0.5

FVSS-S4 54.5123 −35.4844 18+9
−7 9+6

−3 8+4
−3 85+13

−22 100 410 1473+33
−29 83+27

−35 1.9+0.5
−0.6 5.7 7.9+0.2

−0.2 27.7+0.4
−0.5

FVSS-S5 54.4688 −35.5341 16+8
−6 7+3

−2 9+6
−4 68+19

−14 98 80 1351+42
−19 79+20

−32 2.9+1.5
−0.9 9.0 7.8+0.1

−0.2 28.9+0.4
−0.4

FVSS-S6 54.1540 −35.0617 20+7
−8 0+0

−0 20+7
−8 85+11

−21 100 414 1795+30
−25 89+19

−61 20.2+3.1
−7.4 32.7 – –

FVSS-S7 54.3363 −35.3508 19+5
−7 11+4

−4 7+3
−2 74+17

−16 99 146 1391+31
−30 74+28

−50 4.2+1.2
−0.5 15.2 8.0+0.1

−0.2 29.2+0.5
−0.3

FVSS-S8 54.3083 −35.4652 15+9
−2 10+6

−4 7+1
−2 70+11

−17 96 27 1319+30
−65 84+24

−47 5.1+0.8
−0.7 15.3 7.9+0.2

−0.2 29.7+0.6
−0.5

FVSS-S9 54.5230 −35.3838 14+7
−4 2+4

−1 11+5
−3 71+19

−14 99 97 1388+24
−33 46+36

−38 2.9+1.9
−0.6 6.2 7.2+0.5

−0.3 30.3+0.8
−1.2

FVSS-S10 54.8525 −35.3793 19+8
−6 14+3

−5 5+5
−2 61+16

−8 97 45 1488+41
−60 98+11

−53 6.4+1.9
−2.0 12.1 8.1+0.1

−0.2 29.9+0.5
−0.2

FVSS-S11 54.6265 −35.3504 14+3
−2 10+3

−3 4+2
−2 69+22

−17 98 23 1251+102
−13 49+40

−11 2.4+0.3
−0.3 6.0 7.9+0.1

−0.2 28.1+0.4
−0.3

FVSS-S12 54.6571 −35.5594 14+10
−4 6+1

−2 8+7
−2 69+13

−12 99 97 1555+32
−38 55+44

−36 2.2+1.5
−0.7 6.8 7.7+0.1

−0.2 28.5+0.4
−0.2

FVSS-S13 54.6927 −35.6170 9+1
−1 3+1

−0 5+1
−1 78+14

−20 99 27 2046+13
−27 35+15

−11 1.8+0.4
−0.3 10.6 7.4+0.1

−0.2 28.8+0.4
−0.3

Notes. For each stream, we report identification, ID, RA, and Dec coordinates, the average number of tracers, N, and the number of PNe and
GCs. We also report the median reliability, Rel., the maximum reliability, Max rel., the number of times COSTA detected the stream, Occurr.,
followed by their median radial velocity, Vel., velocity dispersion, σ, the size – defined by the longest average distance among particles, and
the cluster-centric distance of their centroid. The last two columns report the total luminosity and surface brightness brightness as computed in
Sect. 4.2. FVSS-S13 dispersion is measured (with errors included) and not the intrinsic one.

Fig. 9. Image of the Fornax cluster core region. We show representative particles of each cold substructure found by COSTA in the closest
configuration to the median setups; these are colored according to the associated stream. Orange squares and diamonds indicate galaxies listed in
Tables 3 and 4 respectively, with symbol size proportional to their i-band luminosities. Orange crosses represent galaxies listed in the tables with
no luminosity measurement.
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Fig. 10. Left: particles of each cold substructure in the phase space, with the same colors as in Fig. 9, superposed on all particles used in
this work (light gray). Right: Gaussians with mean = 1425 km s−1, i.e., the NGC 1399 systemic velocity, and standard deviation of 300 km s−1

(blue solid lines) and 374 km s−1 (red solid lines), namely the velocity dispersion of the Fornax cluster and of the Fornax members analyzed by
Drinkwater et al. (2001).

one-third of the flux in the optical range. Finally, considering an
average 75% completeness in the fraction of true recovered par-
ticles (see Fig. 14 of G+20) we can also correct the final lumi-
nosity by this factor. The final corrected g-band luminosities are
listed in Table 2, together with the corresponding surface bright-
ness (SB), which is computed assuming a squared area of side
length equal to the size given in the same table.

The SB values we obtain, which are always >28 mag
arcsec−2, agree with typical predictions from cluster simu-
lations: Cooper et al. (2015a) (C15 hereafter) found streams
produced by disrupted galaxies covering a broad range in
galaxy luminosity function, including major galaxies. How-
ever, typical surface mass densities of obvious features
are in the range 105−106 M� kpc−2, which corresponds to
∼27.5−30 mag arcsec−2 for the assumed mass-to-light ratios.
Such faint structures are hard to see even in very deep images.
Indeed, careful visual inspection of the deep images from FDS
(e.g., Venhola et al. 2017) and the Next Generation Fornax Sur-
vey (e.g., Munoz et al. 2015) reveals no clear counterparts for
our candidate streams, except in one case, namely FVSS-S8
(NGC 1387 stream hereafter), which we have independently
found with COSTA but which was previously claimed in I+16.
As we discuss later, this is the first kinematical confirmation of
a photometric stream candidate.

4.3. Stream radial velocities as compared to other
populations of the intracluster medium

Mean stream velocity and velocity dispersion values of all setups
from different stream occurrences are computed respectively
using the following standard definition (see also P+18):

vmean =
1
N

∑
vi, σ2

I =
1

N − 1

∑
(vi − vsys)2 − (∆v)2, (3)

where we use σI to indicate the intrinsic velocity dispersion,
having subtracted the measurement errors ∆v = 37 km s−1

in quadrature. The final median values of radial velocity and

velocity dispersion are reported in Table 2. In this section, we
concentrate on the mean velocity estimates, while in the follow-
ing section we discuss the stream intrinsic velocity dispersion
values.

The distribution of the radial velocities of stream candidates
is relatively sparse and in principle can give insights into the
global kinematics of streams as member populations of the clus-
ter. The mean velocity value of all the stream candidates is
1501 ± 59 km s−1, which is consistent with the systemic veloc-
ity of NGC 1399 (1425 km s−1), while their standard deviation
is 213 ± 42 km s−1. This value is smaller than the kinematics of
other intracluster objects, which generally have a larger veloc-
ity dispersion; see for example cluster galaxies (σ = 374 km s−1,
from Drinkwater et al. 2001), intracluster PNe (σ = 285 km s−1,
from S+18), and GCs (σ = 285 and σ = 304 km s−1 for
red and blue ones respectively from P+18), at R ∼ 20′3. This
indicates that, if all of these streams are genuine, streams pos-
sibly have a decoupled dynamics from other virialized popula-
tions. This would be the case if they have a peculiar density or
orbital distribution. One possibility is that these streams are pro-
duced by satellites that are preferentially placed on high eccen-
tric orbits, hence possessing a strong radial anisotropy, different
from those of other cluster member families. In this case, streams
should form in the pericenter of their trajectory around the cen-
tral galaxy (see e.g., simple models from Longobardi et al. 2018)
and therefore also have a more centrally concentrated distribu-
tion with respect to other satellite systems (e.g., galaxies and
intracluster GCs and PNe).

Alternatively, the low velocity dispersion may indicate that
some stream candidates might simply be a random extraction of
the hot intracluster populations of tracers. In Appendix C, we

3 If we compare the velocity dispersion of the stream candidate popu-
lation at their mean distance from the center, 13′ ± 1.9′, with the ones
of the PNe and red and blue GCs at the same distance from S+18 and
P+18, which are 312 km s−1, 312 km s−1, and 361 km s−1 respectively,
we find the stream kinematics to be even more discrepant from the other
intracluster populations.
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demonstrate that, if streams are a population of cluster members
whose overall velocity dispersion should be comparable to that
of other dynamical members (i.e., of the order of 300 km s−1),
the maximum number of spurious streams that might produce a
“dilution” of their measured σ down to 213 km s−1 is Nspur ∼ 6.
In this worst case, more than half of the stream candidates (i.e.,
7 out of 13) are real, although in Appendix C we discuss why the
fraction of real streams is very likely higher than that.

4.4. Stream internal-velocity dispersion

We focus here on the stream internal kinematics. The veloc-
ity dispersion values show a wide distribution ranging from
35 km s−1 (FVSS-S13) to 100 km s−1 (FVSS-S2), while the mean
value is 74 km s−1. As seen in G+20, the accuracy of these esti-
mates is hard to assess, as both incompleteness and contamina-
tion can alter the final estimated velocity dispersion value. How-
ever, the estimates shown in Fig. 8 indeed take into account the
statistical fluctuations considering that they come from stream
detections from a large variety of setup configurations (see
Sect. 4). In G+20, we also demonstrated that, even in the case
of significant contamination, the bias on the final stream disper-
sion estimates is confined within the statistical fluctuation. This
is because COSTA tends to collect only the particles that have
a small scatter with respect to the intrinsic bulk kinematics of
the stream (if the number of stream particles is dominant). Also,
the lowest velocity dispersion values are simply nominal, as they
are smaller than our measurement errors and were obtained after
subtracting the measurement errors in quadrature. Hence, for
these ones we assume 37 km s−1 as an upper limit in the dis-
cussion hereafter.

In order to evaluate the dynamical range of the velocities
of the streams and compare their internal kinematical structure
with respect to their local cluster environment, in Fig. 10 we
plot the stream particles as reported in Fig. 9 over the total pro-
jected phase space of the GC+PN system of the Fornax core.
First, stream particles show a velocity range that is colder (lower
dispersion) than the underlying radial velocity distribution of the
total PN+GC sample at the same radius. Also, their mean veloc-
ities are confined well within the dynamical range allowed by
the cluster potential. This is shown in the histogram reported in
Fig. 10, where we also mark the systemic velocities of the large
galaxies in the area and the velocity range corresponding to the
maximum velocity dispersion measured by galaxies (red line)
and the ICL (blue line), assuming a Gaussian distribution nor-
malized to the number of streams. Some streams show a clear
association to some of the giant galaxies (e.g., NGC 1404 and
NGC 1387); in all other cases they are likely to have some other
association (see Sect. 5.1).

We also do not see any chevron features, as one would expect
from nearly shell-like orbits (see e.g., Romanowsky et al. 2012;
Longobardi et al. 2015), but rather short substructures, such as
those detected in recent stripping events seen in hydrodynami-
cal simulations (G+20). Overall, the kinematics of the streams
shows that these structures are decoupled from the local poten-
tial (i.e., streams have a lower velocity dispersion than the par-
ticles at the same distance from the center), even though their
mean velocities are well inside the dynamical range allowed by
the cluster potential. This is compatible with the assumption that
these candidate streams are tracing the kinematics of the interac-
tion of parent dwarf galaxies and the overall cluster plus central
galaxy potential, although they might not be in dynamical equi-
librium in such a potential (see Sect. 4.3).

4.5. Correlations among stream properties

Before describing the properties of the individual streams in
more detail and looking into their association with the dwarf
population of the Fornax cluster, here we discuss the correlations
among some of the parameters reported in Table 2. In particu-
lar, in the left panel of Fig. 11 we show the correlation between
the stream luminosities and the inferred velocity dispersion. The
(logarithm of the) velocity dispersion clearly increases with the
stream (log) luminosity, as also measured by the linear regres-
sion of the two correlations shown as a solid line in the figure,
for which we found a slope of 0.40 ± 0.12, which is compatible
with a nonzero correlation at >3σ level, despite the large error
bars. This is confirmed by a high Spearman’s rank correlation
coefficient of ρ = 0.76, which corresponds to a significance of
more than 99%. We find no significant correlation between the
stream surface brightness or the size, and its velocity dispersion.
Similarly, we do not find a significant correlation between the
stream luminosity and surface brightness and between luminos-
ity and the distance from the cluster center. On the other hand,
we find a significant correlation between the clustercentric dis-
tance and both the stream surface brightness and stream size, as
shown in the middle and right panels of Fig. 11, respectively.
Here we also overplot the linear fit in log-log space for which
we obtain a slope of 3.09 ± 1.19 and 1.10 ± 0.20 respectively,
that is, both consistent with nonzero correlation at >2.5σ sig-
nificance. We note that the correlation with the surface bright-
ness seems weaker because of the presence of a larger scatter
at small radii, especially because of stream 9. This latter stream
has µg = 30.3 mag arcsec−2 which is estimated on the basis of
only two PNe, making its value relatively insecure (we return
on this stream later). The Spearman’s rank correlation coeffi-
cient for the correlation between surface brightness and cluster-
centric distance is ρ = 0.48 and a significance >90%; instead,
if we remove stream 9, the correlation coefficient increases to
ρ = 0.73, which corresponds to a significance of >99%. For
the correlation between stream size and clustercentric distance,
ρ = 0.74 and it is significant at >99%.

These correlations, although based on stream candidates,
suggest the presence of physical connections among the stream
parameters. However, we cannot a priori exclude that they are
the result of some selection effects. For instance, the correla-
tions between surface brightness and size with the distance from
the cluster center could be the consequence of the decreasing
density of tracers (see Fig. 5). In particular, one might expect
streams of fewer particles to be more easily identified at larger
distances from the center because of the lower density of the
overall ICL population of tracers. This might explain the anti-
correlation between SB and radius. However, this cannot explain
why, at larger distances, we do not find streams with larger parti-
cle numbers and smaller sizes, that is, with higher SB, which
would be even easier to find in a lower density environment.
This means that if no smaller sized, high-brightness streams are
located in the bottom-right sides of both SB versus radius and
size versus radius panels in Fig. 11, it is likely that they do not
exist.

Another possible selection effect that could mimic a trend in
the stream properties is the “tracer completeness”. Due to the
higher density of particles in the center, COSTA could collect a
large number of contaminants there than at larger distances. This
might produce overall brighter streams in the centers (i.e., more
contaminants per unit of real stream particle), eventually with a
higher SB than the ones at larger distances, which is compatible
with what we see in the SB versus radius relation in Fig. 11. For
a more quantitative analysis, in G+20 (Fig. 14) we conducted
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Fig. 11. Correlation of the stream luminosity inferred by the PN specific number density with the estimated velocity dispersion (left) and the stream
surface brightness (center), and the correlation between stream size (right) and distance from the cluster center.

a series of tests to estimate, for simulated streams of different
shapes and sizes, the “observed” and “true” completeness (OC
and TC respectively). The former is defined as the ratio of true
stream members (Nmemb) to the total number of particles selected
as stream (Ntot = Nmemb + Ncont) – including contaminant parti-
cles, Ncont – and the latter is defined as the ratio of true selected
members (Nmemb) to total true members (Nstr). With simple alge-
bra one can easily relate the total numbers of particles recovered
by COSTA, Ntot, to the OC and TC by Ntot = TC/OC×Nstr. From
Fig. 14 in G+20 we can see that TC/OC is strongly varying as a
function of the parameter and the distance from the cluster cen-
ter, but for Nmin = 15−25, which are typical values for most of
the real streams (see Fig. 8), the TC/OC goes from 0.9/0.7 in the
inner bin, to 0.9/0.85 in the outermost bin. This implies that the
TC/OC in the inner bin is ∼1.2 factor higher of the outer bin,
meaning Ntot decreasing by the same factor. This means that (1)
streams are detected at all distances, although (2) the number of
the associate members can indeed change from the center to the
outskirts (mainly due to a different contamination; see Fig. 13
of G+20). However the overall variation does not exceed a fac-
tor of 1.2, considering the Nmin involved (but can reach 1.6 if
a wider Nmin range is allowed). This is not sufficient to justify
the 2 mag arcsec−2 variation in SB seen in the middle panel of
Fig. 11, where one would expect a factor >6 in numbers if the
overall size of streams is not increased significantly by the con-
taminants.

According to the arguments above, we conclude that the cor-
relations in Fig. 11 are likely real. If so, we need to under-
stand the physics behind them, and in particular whether these
correlations are compatible with being produced in the inter-
action between dwarf and intermediate galaxy systems and the
environment (either larger galaxies or the cluster potential). For
instance, in regard to the luminosity–velocity dispersion corre-
lation, one can expect that the more massive a dwarf galaxy is,
the more light is stripped during an interaction and the larger
the velocity dispersion of the particles that possibly still hold the
memory of the dwarf internal kinematics. We note that this effect
would be less efficient for more massive galaxies, which tend to
loose less stellar mass by tidal stripping than dwarf-like systems
(see Rudick et al. 2009).

On the other hand, the correlation of the surface brightness
with the distance from the cluster center can be interpreted as the
effect of dynamical friction. We can qualitatively understand that
the higher the density of the medium, the higher the dynamical
friction experienced by a satellite. This can be illustrated using
a simplified formula for the dynamical drag: Fd ∝ G2M2ρ/v2

M
(Carroll & Ostlie 1996). Here G is the gravitational constant, M
is the mass of the satellite, ρ is the density of the stellar medium
the satellite is entering, and vM is the velocity of the satellite.

This equation shows that a higher ρ produces a stronger dynam-
ical pull behind the intruder. This would produce more compact
streams from satellites closer to the cluster center than satellites
of the same mass but further away, hence impacting both the
size and surface brightness of the candidate streams. Fd also
depends on vM, which is larger for systems falling toward the
centers, while it can be small at the pericenter, where Fd ∼ 0,
hence generating more diffuse tails. For this reason, we should
expect some scatter added to the correlation by the proximity of
the stream to the pericenter of the dwarf orbits, which might be
larger toward the center because of the intrinsic higher compact-
ness of the streams. As there is no clear variation of the lumi-
nosity function of dwarf galaxies as a function of the distance
from the Fornax center (see e.g., Venhola et al. 2018), then we
can expect the correlation between stream size and distance to
directly reflect the statistical effect of the dynamical friction as a
function of the clustercentric radius.

Is there some other physical mechanism based on which we
can make similar predictions? In addition to standard tidally
stripped streams, C15 discussed the clumpy 2D distribution of
stars associated with ‘subresolution’ haloes that survive in the
semi-analytic part of their simulations but not in the N-body
part (their Fig. 2 panel 6). These latter possibly represent the
remnants of disrupted galaxies that cannot be resolved with
low-resolution dark-matter particles. These fragments, similar
to the patchy distribution of some candidates we see in Fig. 9,
are likely the product of the violent relaxation that might have
involved progenitors of the bright central cluster galaxy (BCG).
According to C15, these progenitors can have any mass, but are
more likely associated to low-mass dark haloes that are easily
stripped below a total mass of 20 particles, corresponding to
∼2× 108 M�. Unfortunately, in C15 there is no radial velocity
information, nor internal velocity dispersion for these clumps to
check against the correlations we show in Fig. 11. From Fig. 2
of C15 (panel 6), we notice that the densest knots are present
at R > 100 kpc from the center, possibly suggesting an anti-
correlation between SB and radius. However, given the “semi-
analytic” nature of their stellar particles we do not to want to
over-interpret the projected distribution of these orphan stars. In
fact, according to C15, the most conservative interpretation is
that they have to belong to the BCG halo component, with no
detailed information of their actual geometry or properties.

To conclude, we cannot exclude that some of our streams
are the product of a violent relaxation involving massive progen-
itors of the BCG (see also Sect. 5), although we should prob-
ably expect for these streams to show a larger velocity disper-
sion than the dwarf-like galaxies we are intrinsically selecting
with COSTA (<120 km s−1). Therefore in order to finally test this
scenario, we need more detailed predictions about the size, inter-
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nal kinematics, morphology, and frequency of these surviving
structures, possibly from simulations more closely reproducing
Fornax (e.g., the clusters in C15 are all about ten times richer or
more).

5. Discussion

In this section we discuss the stream properties in more detail
and investigate whether a connection exists between these prop-
erties and those of the galaxy population in their vicinity, and
in particular the dwarf-like systems. This may provide further
insight into the mechanisms contributing to the build-up of the
intracluster stellar population in the Fornax cluster, as a pro-
totype of a rather evolved galaxy cluster system with ongoing
galaxy transformation (see e.g., Raj et al. 2019, 2020).

Especially in its core, recent observations have revealed sig-
natures of interactions between the cD, NGC 1399, and other
bright galaxies; for example overdensities in the photometrically
selected GCs, D’Abrusco et al. (2016), C+20, Chaturvedi et al.
(2022), and faint µr ∼ 28−29 mag arcsec−2 and diffuse intraclus-
ter patches of light (Iodice et al. 2017), which were predicted
in earlier dynamical studies (Napolitano et al. 2002) and mir-
rored by asymmetries in the X-ray halo emission of NGC 1399
(Paolillo et al. 2002; Su et al. 2017).

Tidal stripping of stars (including PNe) and GCs from the
outskirts of galaxies in close passages through the cluster core is
indeed predicted from N-body simulations (Rudick et al. 2009)
to provide the main mechanism for the origin of the ICL in
Fornax. However, evidence of the tidal stripping origin of the
ICL is all indirect and circumstantial. For example, (1) the sim-
ilarity between the fraction of the luminosity in the ICL with
respect to the total light of cD (∼5%) and the fraction of blue
GCs in the total population of GCs (∼4−6%) in the same region
of the ICL, which seems to suggest that blue GCs are an intr-
acluster population in the Fornax core (Iodice et al. 2017 but
see also Bassino et al. 2003 for further evidence of ICL in For-
nax). Another example is (2) the lower GC specific frequency
(S N ∼ 2) with respect to typical values for cluster massive ellip-
ticals (S N ∼ 5) for the GC population of NGC 1404, which sup-
ports the scenario of tidal stripping of GCs in a close passage
to the cD (e.g., Bekki et al. 2003). Evidence of such interactions
was found by Napolitano et al. (2002) using the velocity struc-
ture of PNe as kinematical tracers.

A third example is (3) the presence of an extended structure
found especially in the GC population (DA+16, C+20, but see
also Spiniello et al. 2018 for evidence of a cold structure in the
PN population). These are some examples of indirect evidence
supporting the idea that the ICL was formed by tidal stripping,
but “smocking gun” proof remains to be found.

Correlating the stream candidates found by COSTA with
the parent galaxies from which they might have formed would
provide both direct evidence of tidal stripping and proof that
this is still ongoing and producing streams in the Fornax clus-
ter. To this end, we take advantage of new collections of For-
nax dwarf candidates (Munoz et al. 2015; Venhola et al. 2017;
Eigenthaler et al. 2018), and a recent spectroscopic compilation
of objects (including normal galaxies, dwarf galaxies and UCDs)
in the Fornax cluster from Maddox et al. (2019). This latter
includes previous literature from Ferguson (1989), Hilker et al.
(1999), Drinkwater et al. (2000, 2001), Mieske et al. (2004),
Bergond et al. (2007), Firth et al. (2007, 2008), Gregg et al.
(2009), Schuberth et al. (2010), Huchra et al. (2012). We finally
crossmatch the catalog of new UCDs already classified in P+18
with the catalog from Saifollahi et al. (2021) as a further check

of the correct classification of the former. Associating the candi-
date streams to the properties of the dwarf galaxies is important:
(i) because this is part of the validation of the stream candidates,
as we have assumed that the COSTA algorithm can detect tails
of stream particles recently lost by their parent dwarf systems,
(ii) because we expect that these recently stripped systems pro-
vide a record of the kinematical properties of the parent galaxy
(see e.g., Gatto et al. 2020) and therefore tell us something about
their internal dynamics4, and (iii) because we can understand
both the origin of the streams and the fate of the stripped (parent)
systems.

5.1. Close inspection of the stream candidates

We start by taking a closer look at the individual streams that are
overplotted on the Fornax core image in Fig. 9 and try to relate
them to the properties of the known galaxies around them. As
mentioned above, our aim is to check whether there is a realistic
association between the candidate streams and dwarf galaxies or
any other galaxy sample in the Fornax core in order to validate
our working hypothesis.

FVSS-S1. This is the most recurrent stream (found with 542
setups) and has also a relatively high median reliability (76%),
with some setups even reaching 100%. FVSS-S1 is made of
19 particles (i.e., by averaging the number of particles over all
setups), 14 of which are PNe. This is also among the most lumi-
nous streams (log L/L� = 8.1, g-band) but with a relatively
low SB (∼30 mag arcsec−2) due to its large size (6.7′). FVSS-S1
is placed at about 20′ east from NGC 1399, in a region where
Ordenes-Briceño et al. (2018) identified a dwarf galaxy over-
density. From the cross-match with Maddox et al. (2019), we
find a UCD (ID = F11747, with absolute magnitude in i-band,
Mi = −11.81; see Table 4) 4.4′ away, with a systemic velocity
of 1448 km s−1, within ∼2σ of the mean stream radial veloc-
ity (1500 km s−1). It is also closer (2.8′) to a slightly fainter
dwarf system (NGFS 034003–352754 from Munoz et al. 2015,
Mi = −11.57; see Table 3), which has an effective radius of 9.6′′
but no systemic velocity measurement from the literature to con-
firm the association. Both galaxies are located along the direc-
tion of the maximum elongation of the stream, suggesting that
this could be the tail of one of the galaxies moving southward on
the sky plane. From Fig. 9, the candidate stream seems to lie on
a region of light excess, although this is at the detection limit of
the FDS images.

FVSS-S2. This structure is located southwest of NGC 1399.
It has an average median reliability of 74%, with a maximum
reliability of 100%. It is made of approximately 20 particles, 7
of which are PNe, corresponding to a luminosity of log L/L� =
7.79. It has a relatively high velocity dispersion (100 km s−1),
while its radial velocity is more than 100 km s−1 higher than that
of the BCG. An object classified as a bright (Mi = −11.66) GC
from the Maddox et al. (2019) catalog (see Table 4), located at
less than 3′, has a systemic velocity (1490 km s−1) within ∼2σ
of its mean velocity (1563 km s−1). This structure is also clas-
sified as a UCD in Fornax in Gregg et al. (2009). If the stream
is associated to this galaxy, the morphology seen in Fig. 9 is
consistent with a stream stretched from a dwarf galaxy slowly
falling toward the cluster center and seems to coincide with one
of the overdensities found by Cantiello et al. (2020). We also see
from Table 4 and Fig. 9 that two GCs from the P+18 sample

4 This latter aspect is beyond the purpose of the current paper, but will
be the topic of forthcoming developments of this project.
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Table 3. Distance between candidate streams and their closest dwarfs taken from Munoz et al. (2015) and Eigenthaler et al. (2018).

ID ID dwarf RA Dec Dist. i-mag I-mag Comments
(NGFS) (J2000) (J2000) (′) (mag) (mag)

FVSS-S1 034002–352930 55.0072 −35.4916 4.4 22.80 −8.71
FVSS-S1 034003–352754 55.0130 −35.4651 2.8 19.94 −11.57 1 (LSB)
FVSS-S2 033819–353151 54.5782 −35.5309 3.6 16.72 −14.79 cz = 1725; LEDA 74806; LSB
FVSS-S3 033922–353524 54.8436 −35.5900 4.4 19.33 −12.18 2 (LSB)
FVSS-S3 033929–353421 54.8705 −35.5726 4.6 19.92 −11.59 1 (LSB)
FVSS-S5 033750–353302 54.4578 −35.5504 1.1 21.76 −9.75 2 (LSB)
FVSS-S5 033754–353429 54.4744 −35.5748 2.5
FVSS-S7 033700–352035 54.2490 −35.3430 4.3 18.48 −13.03 1 (LSB)
FVSS-S7 033706–352031 54.2750 −35.3420 3.0 2 (LSB)
FVSS-S7 033710–352312 54.2915 −35.3867 3.1 18.65 −12.86 FCC 191; 1 (LSB)
FVSS-S7 033716–352130 54.3154 −35.3582 1.1 21.03 −10.48 2 (LSB)
FVSS-S7 033738–352308 54.4104 −35.3855 4.2 20.00 −11.51 2 (LSB)
FVSS-S8 033710–352312 54.2915 −35.3867 4.8 18.65 −12.86 FCC 191; 1 (LSB)
FVSS-S8 033720–353118 54.3328 −35.5216 3.6 20.63 −10.88
FVSS-S9 033751–352146 54.4621 −35.3629 3.2 21.52 −9.99 2 (LSB)
FVSS-S10 033942–352806 54.9250 −35.4684 6.4 20.87 −10.64 2 (LSB)
FVSS-S11 033842–352329 54.6737 −35.3915 3.4 2 (LSB)
FVSS-S12 033842–353308 54.6759 −35.5521 1.0 19.28 −12.23 FCC B1281; LSB

References. 1: Venhola et al. (2017). 2: Mieske et al. (2007).

Table 4. Cross-match with Maddox et al. (2019), Pota et al. (2018), and Saifollahi et al. (2021).

ID ID dwarf RA Dec Dist. Vel. D Vel. S i-mag I-mag References (Comments)
(J2000) (J2000) (′) (km s−1) (km s−1) (mag) (mag)

FVSS-S1 F11747 54.9315 −35.4499 4.4 1448 1500+24
−30 19.70 −11.81 1, 4 (UC), 9 (UCD)

FVSS-S2 F10648 54.5734 −35.5508 2.4 1490 1563+39
−34 19.85 −11.66 1, 7 (UCD), 8, 9 (UCD)

FVSS-S2 54.5613 −35.533 3.6 1504 1563+39
−34 20.47 −11.04 6 (UCD)

FVSS-S2 54.5868 −35.5741 1.0 1524 1563+39
−34 20.44 −11.07 6 (UCD)

FVSS-S2 54.5617 −35.561 2.0 1611 1563+39
−34 20.43 −11.08 6 (UCD)

FVSS-S3 54.7251 −35.5327 3.1 1487 1392+37
−68 20.47 −11.04 6 (UCD)

FVSS-S3 54.7357 −35.4746 4.3 1382 1392+37
−68 20.47 −11.04 7 (UCD)

FVSS-S3 54.7251 −35.5592 3.5 1491 1392+37
−68 17.85 −13.66 6 (UCD)

FVSS-S4 54.5194 −35.5023 1.1 1544 1473+33
−29 20.4 −11.11 6 (UCD)

FVSS-S5 54.426 −35.5094 2.6 1319 1351+42
−19 20.2 −11.31 6 (UCD)

FVSS-S6 F16825 54.1146 −34.9753 5.5 1827 1795+30
−25 10.55 −20.96 3, Simbad (NGC 1380–1877 km s−1)

FVSS-S6 F15896 54.1321 −35.2967 14.1 1763 1795+30
−25 11.45 −20.06 2, Simbad (NGC 1381–1724 km s−1)

FVSS-S6 F08944 54.1432 −35.3257 15.9 1817 1795+30
−25 19.78 −11.73 1

FVSS-S6 F15915 54.2875 −35.1950 10.3 1740 1795+30
−25 21.68 −9.83 2, Simbad (NGC 1382–1740 km s−1)

FVSS-S6 F09556 54.2882 −35.1946 10.3 1771 1795+30
−25 12.75 −18.76 1

FVSS-S7 F10101 54.4317 −35.3811 5.0 1326 1391+31
−30 19.27 −12.24 1, 8

FVSS-S7 54.3675 −35.3563 1.6 1373 1391+31
−30 20.11 −11.40 7 (UCD)

FVSS-S8 F09174 54.1985 −35.4936 5.6 1373 1319+30
−65 19.77 −11.74 1

FVSS-S8 F09244 54.2153 −35.5108 5.3 1375 1319+30
−65 19.90 −11.61 1

FVSS-S8 F15912 54.2375 −35.5081 4.3 1257 1319+30
−65 11.00 −20.51 2, Simbad (NGC 1387–1302 km s−1)

FVSS-S8 F16897 54.2437 −35.4958 3.6 1379 1319+30
−65 20.35 −11.16 4 (UC)

FVSS-S8 54.2385 −35.4992 4.0 1246 1319+30
−65 19.38 −12.13 6 (UCD)

FVSS-S10 F11453 54.8357 −35.3207 3.6 1420 1488+41
−60 19.03 −12.48 1, 10

FVSS-S10 F11747 54.9315 −35.4499 5.7 1448 1488+41
−60 19.70 −11.81 1, 4 (UC), 9 (UCD)

FVSS-S11 F10736 54.5970 −35.3336 1.8 1370 1251+102
−13 19.54 −11.97 1, 10 (Bright GC)

FVSS-S11 F17231 54.6258 −35.3583 0.5 1402 1251+102
−13 5, 9 (UCD)

FVSS-S11 54.5968 −35.3335 1.8 1309 1251+102
−13 19.55 −11.96 6 (UCD)

FVSS-S13 54.7219 −35.6144 1.4 2000 2046+13
−27 20.49 −11.02 6 (UCD)

FVSS-S13 54.7171 −35.5938 1.8 1948 2046+13
−27 10.75 −20.76 Simbad (NGC 1404–1942 km s−1)

Notes. For Maddox et al. (2019) we retrieve all sources with an estimated radial velocity within 3σ of the average stream velocity. For Pota et al.
(2018) and Saifollahi et al. (2021), we took only sources with an estimated radial velocity of within 50 km s−1 of the average stream velocity. We
adopted as a maximum distance Dist = size+ 1′ from the stream center coordinates for all three crossmatches. Magnitudes in the i-band come
from Cantiello et al. (2020).
References. 1: Drinkwater 2dF. 2: Drinkwater FLAIR II. 3: Ferguson (1989). 4: Bergond et al. (2007). 5: Mieske et al. (2004). 6: P+18. 7: S+2021.
8: D+2021. 9: G+2009. 10: S+10. Brigh GC.
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are also classified as UCDs, although they are close to the lower
limit separating them from bright GCs. FVSS-SS2 has also two
bright dwarfs at less than 5′ (see Table 3) away, NGFS 033819–
353151 with Mi = −14.79 and NGFS 033842–353308 with
Mi = −12.23, but the former has a cz = 1725 km s−1, taken from
the Simbad database5, which makes it inconsistent with S2. We
therefore keep NGFS 033842–353308 as a possible association
in Table 3.

FVSS-S3. This stream is the most recurrent after FVSS-S1,
and has a median reliability of 75% with its maximum at 100%.
It is composed of 20 particles, 8 of which are PNe, giving it a
luminosity of log L/L� = 7.85 and a SB of ∼30 mag arcsec−2.
The low SB does not make it possible to observe any counter-
part in the deep imaging of the Fornax core. It is located very
close to NGC 1404, but because of its mean radial velocity we
exclude the possibility that it is associated to it (1392 km s−1

vs. 1947 km s−1). FVSS-S3 has two dwarfs within ∼5′ of its
median centroid (see Table 3), but none of them has a mea-
sured systemic velocity, and both look too displaced to be a
convincing association. Other more likely associations are two
UCDs from P+18 and one from S+21 within 4′ of the stream
centroid, and having radial velocities within 100 km s−1 of the
stream mean velocity. Among these, one is rather bright (I =
13.66 mag, see Table 4) and represents a convincing association.
Figure 12 (top panel) displays a zoom onto the surrounding area
of FVSS-S3 overlapped also with nearby dwarf galaxies listed in
Tables 3 and 4 (yellow squares). The brightest UCD is directly
above NGC 1404 and is clearly visible in the image. This is the
first UCD ever discovered (Hilker et al. 1999; Drinkwater et al.
2000), and is still the most massive confirmed UCD of the For-
nax cluster (Hilker et al. 2007). It has a small stellar envelope
of 100 pc in size (Evstigneeva et al. 2008) and very likely has a
SMBH (Afanasiev et al. 2018).

FVSS-S4. This structure has the highest median reliability,
together with S6, and is also very recurrent. Moreover, it is the
closest structure to NGC 1399 and is very compact, resulting in
a SB of 27.7 mag arcsec−2. Despite this, it is the candidate with
the greatest SB, but its vicinity to NGC 1399 and NGC 1396
means that its luminous counterpart is undetected in the g-band
image where the SB profile of the BGC has been subtracted. The
only possible association we find is a faint UCD (i-mag = 20.4,
Table 3) from P+18 with radial velocity of ∼1544 km s−1, which
is consistent within 2σ with the mean velocity of the stream.

FVSS-S5. This candidate stream occurs 80 times and has a
median reliability of 68% and a maximum reliability of 98%. It
is located close to NGFS 033750–353302 (Munoz et al. 2015),
which has a measured effective radius of Re = 3.2′′, and a total
magnitude of Mi = −9.75, but no measured systemic velocity
in the literature (Table 3). It has another dwarf placed at 2.5′
(NGFS 033754–353429), but no information about the size or
luminosity (see also Table 3). Another possible association is a
UCD from P+18 at 2.6′ distance from the stream centroid, with
Mi = −11.3 and a radial velocity of 1319 km s−1 (Table 4), very
close to that of the stream (1351 km s−1).

FVSS-S6. Discovery of a giant, undetected stream con-
necting NGC 1380, NGC 1381, and NGC 1382. This is a
very recurrent structure and has the highest median reliabil-
ity, namely of 85%. It is made up entirely of GCs because
there is no coverage of PN observations, and shows a semi-
ellipsoidal shape connecting NGC 1380 with NGC 1382 on one

5 http://simbad.u-strasbg.fr/

side, and possibly with NGC 1381 on the opposite side, suggest-
ing that this stream might originate from one of these galax-
ies. Indeed, its mean radial velocity (1795 km s−1) is consider-
ably higher than that of NGC 1399 (i.e., 1425 km s−1) and very
similar to the radial velocities of the three connected galax-
ies (1877 km s−1, 1724 km s−1 and 1740 km s−1, respectively for
NGC 1380, NGC 1381 and NGC 1382, Vanderbeke et al. 2011;
Drinkwater et al. 2001; D’Onofrio et al. 1995). Because some of
the GCs appear to still be “attached” to the halo of NGC 1382,
we argue this might be the progenitor. This is possibly sup-
ported by the fact that the stream has a velocity dispersion of
89+19
−61 km s−1, which is fully compatible with that of this galaxy

(i.e., 77 km s−1, Wegner et al. 2003). We finally note that the
GCs on the west side of the stream (connecting NGC 1382 and
NGC 1380) have a mean velocity of ∼1748 km s−1 (i.e., consis-
tent with the systemic velocity of NGC 1382), while those on
the east side have a mean velocity of ∼1849 km s−1. Finally,
the stream GCs around NGC 1380 have a mean velocity of
∼1786 km s−1, showing a clear gradient compatible with a hyper-
bolic trajectory with the pericenter being located somewhere
around NGC 1380 itself.

In the same region, there are other dwarf galaxies that have
a systemic velocity within 3σ of the mean velocity of the stream
(F08831, F08944, F16830, F16832, F15915, see Table 3), mean-
ing that this region is highly populated by systems with a signif-
icant velocity offset with respect to the cluster barycenter. How-
ever, the association with these systems is not as significant as
the association with NGC 1382.

FVSS-S7. This structure is located northwest of NGC 1399
and recurs 146 times. As for S1, this stream also seems to lie in a
region with light excess with respect to the surrounding regions.
It has five dwarfs from the Munoz et al. (2015) sample at less
than 5′ from its center; the closest one is about 1′ away and
has a low magnitude in the I-band =−10.48; see Table 3. There
are two systems with a comparable systemic velocity from the
Maddox et al. (2019) catalog. The closest of these two (F15141)
has been re-observed in S+21, while the other one (F10101) was
classified as a UCD by Gregg et al. (2009) and is also brighter
(I-mag =−12.24); see Table 4.

FVSS-S8. Kinematical confirmation of a photometric
stream candidate. This stream has a low occurrence (27) and
a median reliability of 70%, but it overlaps with the photomet-
ric stream previously reported by D’Abrusco et al. (2016) and
Iodice et al. (2016). Therefore, this independent finding from
COSTA represents the first kinematical confirmation of one of
the newly found substructures in the deep photometry of the
Fornax cluster by the FDS survey. From the PNe luminosity
function, we estimate a luminosity of log L/L� = 7.9 and a SB
of ∼29.7 mag arcsec−2, which is fully compatible with the esti-
mates from deep FDS photometry (29 ≤ µg ≤ 31 mag arcsec−2,
Iodice et al. 2016). Kinematically, the measurement of the mean
stream velocity, 1319 km s−1, is comparable with the sys-
temic velocity of NGC 1387 (1302 km s−1). However, the mea-
sured velocity dispersion is 84 km s−1, which is about half
the central value found for NGC 1387 (σ = 170 km s−1,
Wegner et al. 2003). A possible explanation would be a steeply
decreasing velocity dispersion profile towards the outskirts
of the galaxy due to a low-concentration dark-matter halo
(see e.g., Napolitano et al. 2009). However, we cannot exclude
that the stream originates from a different dwarf-like system.
Indeed, there are two cataloged systems in Munoz et al. (2015)
within 5′, three matches with the Maddox et al. (2019) catalog
within 6′, and four UCDs from P+18 with compatible radial
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Fig. 12. Zoom images of each cold substructure. Green circles indicate particles of the streams, whereas blue squares and circles represent all
galaxies listed in Tables 3 and 4, respectively.

velocities (see Table 4). This could indeed explain the inconsis-
tency in terms of stream color with NGC 1399 and NGC 1387,
both redder than the average g − i ∼ 0.9 measured along the
stream (FDS, Iodice et al. 2016). Two of the UCDs in the area
have instead g − i ∼ 0.9. If these latter have interacted with the
halo of NGC 1387, then the stream color from the FDS images
could be a mix of the stripped stars from NGC 1387 and the two
UCDs.

FVSS-S9. This structure is one of the closest to NGC 1399.
It is relatively compact and is found to have 14 members on aver-
age, almost all of which are GCs (11 on average). FVSS-S9 has
a low velocity dispersion (46 km s−1), making it one of the cold-
est stream candidates of the COSTA catalog. There is one object
from Munoz et al. (2015) at about 3′ with a relative low absolute
luminosity, namely Mi = −9.99, and classified as a LSB galaxy,
but with no systemic velocity measurement. FVSS-S9 is also in
the proximity of the largest of the dwarf galaxies, NGC 1396,
in the halo of NGC 1399, which however has a much smaller
systemic velocity (∼808 km s−1, Drinkwater et al. 2001) than the

one estimated for FVSS-S9 (∼1388 km s−1), making an associa-
tion unlikely. The mean velocity of this stream candidate, com-
patible with NGC 1399, and the vicinity to the central galaxy
both suggest that this candidate stream might be produced by
some yet undetected dwarf galaxy falling toward the cluster cen-
ter (similarly to what is seen for FVSS-S4). Its very low surface
brightness (∼30.3 mag arcsec−2) makes this diffuse stream hard
to detect in the deep images of the halo of NGC 1399.

FVSS-S10. This stream has the lowest median reliability
(61%) and occurs only 45 times. It is made up of about 20
particles, of which 75% are PNe. FVSS-S10 has a mean esti-
mated velocity higher than that of NGC 1399 (i.e., 1488 km s−1)
and its velocity dispersion is about 100 km s−1. There is one
cataloged dwarf at about 3′ (see Table 3) with no information
about its systemic velocity. The associations to this is rather
insecure and visual inspection of the FDS images shows no evi-
dent counterpart because of the faint intrinsic SB of the stream
(∼29.9 mag arcsec−2, see Table 2) and the presence of bright
stars to the west. On the other hand, there are two convincing
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associations to the Maddox et al. (2019) catalog (Table 4) with
compatible velocities within 2σ, and located on opposite sides
of the stream. One of the two (F11747) is classified as a UCD,
while the other is a bright GC (I-mag =−12.48, likely a misclas-
sified UCD).

FVSS-S11. This is another stream inhabiting the halo
regions of NGC 1399, but occurring only a few times (23). Like
other similar substructures close to the cluster center (e.g., S4
and S9), it is very compact. FVSS-S11 has an average radial
velocity of about 200 km s−1 lower than that of NGC 1399. It
has two compact objects with a systemic velocity within 2σ
(Table 4), of which the most convincing one has no luminos-
ity information, and a further dwarf at about 3′ with no velocity
and no luminosity information (Table 3). Like the other compact
structures in the strict halo of the central galaxy, these streams
possibly form a family whose progenitors have gone through a
more dramatic transformation, perhaps caught in the final pas-
sages before being fully merged in the BCG.

The possible association with UCD systems of this stream,
and other ones of the same kind, is rather interesting. This sug-
gests that these could be the last phase of the disruption of former
dwarf galaxies before only their compact core (i.e. the observed
UCD) is left surviving (see Sect. 5.2.2).

FVSS-S12. This candidate stream is spatially very close
to NGC 1404; it is very compact (2.2′) and relatively cold
(55 km s−1). FVSS-S12 is made up of 14 particles almost equally
split between GCs (8) and PNe (6), and has a median reliabil-
ity of 69%. As the mean radial velocity of its particles is about
400 km s−1 lower than the systemic velocity of NGC 1404, and
is instead close to that of NGC 1399, FVSS-S12 is more likely
associated to this latter. In light of its compactness and position,
this stream seems to join the family of halo streams containing
S4, S9, and S11, but has no clear associations. We finally note
that this stream is very close in position and radial velocity to
FVSS-S12, with which for some parameter combinations it has
a few particles in common. This suggests a possible connection
between the two substructures that COSTA did not find to be
significant (in the step-v described in Sect. 3.1).

FVSS-S13. This is the most compact stream, and is found to
the west of NGC 1404, but only occurs 27 times. The systemic
velocity suggests a connection with NGC 1404 (2046 km s−1

vs. 1947 km s−1). No dwarfs have been discovered in its prox-
imity. However, there is a UCD from P+18 (confirmed by
S+21) at a distance of 1.4′ with a similarly high radial velocity
(2000 km s−1), which is possibly interacting with the NGC 1404
halo and being stripped of material.

5.2. Summary of the stream–galaxy associations

We conclude this section by summarizing our results for the
stream–galaxy associations. As mentioned above, the difficulty
in finding clear luminous counterparts for the stream candidates
found by COSTA in the Fornax core makes the stream catalog
in Table 2 insecure. On the other hand, convincing indications
that streams have associations with progenitor candidates allow
us to make a step forward in understanding their origin. These
can also trigger further investigations and new observations (e.g.,
dedicated deeper photometry) to look for the integrated light sig-
nature of these streams. In terms of the origin of the streams and
the connection with the Fornax systems we have found, in the
previous section, a series of evidence that we summarize in the
following subsections. However, we stress that a more physical

interpretation of these associations is beyond the scope of this
paper and will be addressed in a forthcoming work (Napolitano
et al., in prep.).

5.2.1. Streams associated to normal galaxies

FVSS-S6 is likely connected to NGC 1382 while FVSS-S8 is
connected to NGC 1387. In particular, FVSS-S6 appears sim-
ilar to the coherent streams of tidally stripped material from
large galaxies found in C15 (Fig. 2 panel 5). For the first time,
we bring evidence of a kinematical link between these streams
and their parent galaxies based on similarities between the mean
velocities of the stream tracers and those of their associated sys-
tems. However, while the velocity dispersion of FVSS-S6 (σ =
89 km s−1) is fully compatible with that of NGC 1382 from stel-
lar spectroscopy (77 km s−1, average from Simbad database), for
FVSS-S8, the stream velocity dispersion value, σ = 84 km s−1,
is much smaller that that of the internal galaxy kinematics (σ∗ =
167 km s−1). We also discuss in Sect. 5.1 that, as the g − i colour
(=0.9) of the stream is bluer than the NGC 1387 outskirts, there
is a chance that the stream GC+PN population contains a mix-
ture of particles coming from NGC 1387 and the bluer UCD
(F09174 and F09244 in Table 4) found in the proximity of the
stream.

We conclude this section by noting that, in general, the veloc-
ity dispersion values estimated for the streams in Table 2, which
are of the order of 70−90 km s−1 (after the subtraction of the
measurement errors), are typical of galaxies with absolute mag-
nitudes of the order of V = −19.5, and total luminosities of
LT ∼ 5× 109 L�,V according to the Faber–Jackson relation (FJR;
e.g., Falcón-Barroso et al. 2011). Looking at the typical lumi-
nosities of the streams also reported in Table 2, we see that
these latter would correspond on average to ∼3−10% of the LT
expected by the FJR. In other words, most of the streams would
be compatible with the stripping of a minimal amount of stars
from these intermediate-luminosity systems (e.g., Rudick et al.
2009; Cooper et al. 2015a). However, we were able to find these
associations for most of the streams above, not even at reason-
ably large distances. This leaves us with the possibility that these
streams might still be produced by dwarf-like systems with inter-
mediate velocity dispersions, but that these have been signifi-
cantly transformed and have not survived as recognizable dwarf
systems (see also Sect. 5.2.3).

5.2.2. Streams associated to ultra-compact dwarfs

Streams FVSS-S1, FVSS-S2, FVSS-S3, FVSS-S4, FVSS-S5,
FVSS-S7, FVSS-S10, FVSS-S11, and FVSS-S13 have, instead,
a kinematical link (i.e., radial velocity within ∼2σ) to systems
classified as compact objects or UCDs (see Table 4). For all
these streams (except S11), the estimated velocity dispersion of
∼70−90 km s−1 is higher than that expected considering a typical
FJR of UCDs (see e.g., Mieske et al. 2008; Penny et al. 2014).
However, the error bars on the velocity dispersions calculated
here are so large that all of them are consistent within 1σ with
the typical velocity dispersions of UCDs on the FJR (∼40 km s−1

at Mi = −12).

5.2.3. Streams with no clear associations

There are two remaining streams that lack a clear kinematical
association, namely FVSS-S9 and FVSS-S12 (see Table 4). As
such, these streams remain dubious and are listed among the
possible spurious streams outlined in Sect. 4.3. However, as
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discussed in Sect. 4.5, clumps of stripped stars apparently dis-
sociated from visible stellar systems are predicted from simula-
tions (C15) as a result of violent relaxation due to the interaction
of galaxies merging in the halo region of the BCG. Among the
stellar streams in Table 2, the two streams with no clear asso-
ciations are the most likely candidates to belong to this fam-
ily. This does not exclude that some other streams associated
to UCDs may be remnants of disrupted galaxies of different
mass. For instance, FVSS-S10, which is not particularly close
to its tentative UCD association (see Fig. 12), or FVSS-S13 in
the halo of NGC 1404 could be good examples. The former has
a velocity dispersion of ∼90 km s−1, after subtraction of mea-
surement errors, while the latter has a velocity dispersion of
35 km s−1, likely produced by the disruption of a rather bright
galaxy, V ∼ −19.5, and a faint dwarf, V ∼ −16.0, respectively.

6. Conclusions

The census of streams around the brightest cluster galaxies is a
key diagnostic with which to understand the origin and assem-
bly of the large galaxy haloes around galaxies in dense envi-
ronments and the construction of the intracluster stellar popu-
lation. Streams have been predicted in simulations and lately
also directly detected in the nearby Universe (Napolitano et al.
2003; Cooper et al. 2010; Romanowsky et al. 2012; Foster et al.
2014; Longobardi et al. 2015). However, without kinematical
information it is hard to connect the streams with the galaxy
formation mechanisms and, ultimately, fully confirm predictions
about their evolution. For instance, one firm prediction of the
galaxy formation scenario is that dwarf galaxies orbiting around
cluster centers experience tidal interactions with the potential
of the cluster and the galaxies orbiting in it. After many pas-
sages, these dwarf galaxies lose most of their stellar mass, which
is accreted in the intracluster medium to form a diffuse com-
ponent (Rudick et al. 2009). Remnants of these disruption pro-
cesses could be at the origin of some of the families of galaxy
populations observed in the cluster cores, such as UCDs, which
have recently been recognized as an abundant population in the
cluster cores (see e.g., Janssens et al. 2019). Therefore, streams
carry a wealth of information about the transformation of the
dwarf systems and the extent to which their baryoninc material
can be fully disrupted, which leads to differences in the lumi-
nosity function of cluster cores with respect to the lower density
environments.

In order to explore all these avenues, the first step is to find
a robust approach to detecting such substructures. Due to their
low SB (of the order of 29 mag arcsec−2), streams are hard to be
detected with deep photometry (Cooper et al. 2010), although
bright streams have been seen in imaging surveys (see e.g.,
Mihos et al. 2005; Martínez-Delgado et al. 2010; Iodice et al.
2017; Montes & Trujillo 2019). The next step should be their
kinematical characterization. There have been a few works able
to kinematically characterize faint streams (e.g., Merrett et al.
2003), including some preliminary experiments making use
of GCs (Romanowsky et al. 2012) and PNe (Longobardi et al.
2015) in galaxy haloes.

In this study, we used a sample of about 2000 objects
accurately selected from the FVSS from Pota et al. (2018) and
Spiniello et al. (2018) in order to have a comparable sample in
terms of number density and depth from the two types of trac-
ers. We also verified that their velocities and spatial distribu-
tions were statistically similar (at more than 5% significance; see
Sect. 2) so that they could be used together to extract candidate

streams with our new COld STream finding Algorithm (COSTA,
Gatto et al. 2020).

We tested the algorithm on a simulated reduced phase
space of the Fornax core where there is the major contribu-
tion of at least three large galaxies, NGC 1399, NGC 1387, and
NGC 1404, which, with their local velocity field, complicate the
overall phase-space structure. We obtained the first catalog of
13 stellar stream candidates, selected in the intracluster regions
of the Fornax cluster (Table 2). For these streams, we provide
mean centroid position (RA and Dec), the number of PN and
GC particles forming them, reliability, radial velocity (i.e., mean
velocity of the PN+GC particles composing them), velocity dis-
persion (as the standard deviation of the PN+GC particles com-
posing them), size, total luminosity (as derived by the number
of PNe multiplied by an average plausible PN specific number
density; see Sect. 4.2), and SB. Based on statistical arguments
(see Sect. 4.3), we predict that more than half of these are likely
to be real. This is the main result of the study, which is designed
to provide a first attempt to select cold substructures in a cluster
environment. The main conclusions we draw from this catalog
are as follows.

– Streams are detected at different distances from the clus-
ter center, with a radial velocity distribution that follows
that of other cluster members (e.g., galaxies and IC PNe
and GCs) but with a smaller velocity dispersion. This has
been explained either with the possible presence of spurious
streams or with a disequilibrium of the stream population
within the cluster.

– The estimates of SB for the streams vary between ∼28 and
∼30 mag arcsec−1, which is too faint to be deblended from
the diffuse light distribution in the core of the Fornax cluster
with current imaging data. Deeper, more targeted observa-
tions are needed to obtain photometric confirmation.

– The internal velocity dispersion values for the streams vary
between ∼35 km s−1 and ∼100 km s−1, in line with typical
velocity dispersions of dwarf-like galaxies, which are very
likely their main progenitor systems.

– Based on the correlations between their luminosity and
velocity dispersion, and between their size and SB as a func-
tion of their distance from the cluster center, we conclude
that streams show signatures of dynamical friction, that is,
they are produced, as expected, by tidal stripping. However,
we are not able to exclude that other physical mechanisms
are also involved in the formation of (a part of) the observed
streams. For instance, violent relaxation of galaxies up to
intermediate luminosity that have merged into the halo of
the central galaxy (see e.g., C15).

– We have discovered a new giant stream (FVSS-S6) likely
connecting NGC 1380 and NGC 1382. In particular, we sug-
gest that this stream is produced by the galaxy NGC 1382
(with which it shares a compatible velocity dispersion) hav-
ing performed a hyperbolic orbit around NGC 1380.

– We independently detected the stream FVSS-S8, photomet-
rically observed in Iodice et al. (2016) and associated to
NGC 1387, and estimated its velocity dispersion which is
about half of that of the galaxy. Due to the compatibility of
the radial velocity of this stream with two blue (g − i ∼ 0.9)
UCDs in the proximity of NGC 1387, we suggest that this
stream might be formed by a mixture of particles stripped by
both NGC 1387 and the two satellite systems.

– We demonstrate kinematical links of most of the streams
with UCDs inhabiting the Fornax cluster core. Within
the large uncertainties on their velocity dispersion esti-
mates, most of the streams are compatible with the velocity
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dispersion values expected for the UCDs they are seemingly
connected with. However, part of the excess on the veloc-
ity dispersion can be reconciled with a dwarf-like FJR if
we assume that these UCDs are the remnants of more lumi-
nous galaxies that have lost a significant fraction of their
initial luminous mass and have therefore moved away from
the original FJR. This would be compatible with the forma-
tion scenario of the UCD galaxies as remnants of nucleated
dwarf spheroidal galaxies (see e.g., Pfeffer & Baumgardt
2013). More evidence of a connection between the physical
mechanism (the tidal stripping) and the transient effect (the
stream) producing the transformation of the dwarf galax-
ies into UCDs will be discussed in a forthcoming paper
(Napolitano et al., in prep.).

– Two stream candidates are lacking a clear close physical
connection (either in position or velocity) with dwarf-like
systems. As such, they may either be spurious detections
or, more interestingly, could represent a class of streams
from disrupted progenitors merged in the halo of the cen-
tral galaxies. These are expected to produce orphan clumps
of stellar tracers with no clear parent systems, very simi-
lar to examples observed as part of the present study (e.g.,
FVSS-S9 and FVSS-S12). However, more accurate predic-
tions on the morphology, photometry, and kinematics of this
family of streams are needed to draw clear comparisons
with our observational findings. In this respect, higher res-
olution N-body+tagging particles or hydrodynamical simu-
lations would be very desirable in order to better resolve and
characterize these substructures.

In a forthcoming analysis, we plan to further explore the last two
families of streams described above. In particular, we will carry
out a detailed investigation of the FJR of the streams for which
we have a clear galaxy association with UCDs and draw more
quantitative conclusions about their origin. Furthermore, we plan
to search for more of the candidate “orphan clumps” predicted
in C15. If some of these clumps come from large galaxies and
follow the FJR, they might have a larger velocity dispersion than
the upper limit we have imposed for dwarf-like systems (i.e.,
120 km s−1) but possibly not too large to be detected as “cold
substructures” by COSTA.
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Appendix A: K-S test for red and blue GCs versus
PNe

Fig. A.1. Outcomes of the K-S test in the three shells at different radial
distances. Top: Blue GCs and PNe. Middle: Red GCs and PNe. Bottom:
Red GCs and PNe.

Table A.1. Parameters and p-values of the Kolmogorov-Smirnov test.

Case PNe red GCs blue GCs Shell p-value

blue GCs - PNe 208 - 94 1 0.95
blue GCs - PNe 202 - 76 2 0.60
blue GCs - PNe 100 - 49 3 0.44
red GCs - PNe 208 139 - 1 0.52
red GCs - PNe 202 75 - 2 0.03
red GCs - PNe 100 43 - 3 0.81
red GCs - blue GCs - 139 94 1 0.45
red GCs - blue GCs - 75 76 2 0.10
red GCs - blue GCs - 43 49 3 0.71

In this section, we test the kinematical consistency of the PNe
with the separated population of red and blue GCs. In §2.5 we
mention that the PNe and GCs are generally dynamically decou-
pled, but that PNe and red GCs usually more closely follow the
properties of the old stellar population of galaxies. The use of the
GC population as a whole can therefore produce some bias if the
kinematical properties are significantly different. For this reason,
we have adopted the same color value used by P+18, namely
g − i = 0.85 mag, to separate blue and red GCs, In Fig. A.1 we
display the K-S test performed on the three populations paired
in turn: blue GCs and PNe (top panels), red GCs and PNe (mid-
dle panels), and finally with blue and red GCs (bottom panels),
for each of the three shells defined in Table 1. The results for all
cases are reported in Table A.1. Overall, the p-values are higher
than the significance level of 5%, with the exception of one case,
i.e., red GCs and PNe in the Shell 2. However, in all other cases,
the derived p−values are even larger that the ones obtained for
the GC as a single population. In particular, we do not find statis-
tical differences between the blue GC population and either the
red GCs or PNe, which was our primary concern. We therefore
conclude that due to the general agreement found in all other
shells, we can reasonably assume that the three populations do
not show difference across the cluster that can introduce biases.
On the contrary, stressing the diversity of tracers could introduce
a selection bias in the search for streams, which we wanted to
prevent because this is the first time cold streams are tentatively
isolated and our understanding of these objects has just begun to
take form.
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Appendix B: Stream reliability maps

In Fig B.1 we display, for each of the 13 cold substructures
found with COSTA, the reliability maps of the Fornax cluster

core obtained using only the WNS as described in §3.2, over-
lapped with the setups in which COSTA detected the streams.

Fig. B.1. Reliability map for the Fornax cluster obtained with a reliability threshold of 50%. For every stream detected by COSTA, we mark the
setups where COSTA revealed them as red points.
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Fig. B.1. continued.

Appendix C: Spuriousness of streams candidates

In §4.3 we mention the possibility that some candidate streams
may simply be a random extraction of “cold tails” of a gener-
ally hotter population of tracers. In order to investigate this lat-
ter possibility, we follow a very simple statistical argument and
suppose that the stream particles are randomly extracted by a
population being in equilibrium with the cluster potential. We
can then assume that they have a normal velocity distribution
with mean equal to the velocity of NGC 1399 and standard devi-
ation σ ∼ 300 kms−1. Then the mean of these groups of particles
should have a standard deviation equal to σ/

√
N where N is the

number of streams, i.e., typically 300/
√

13 = 83 kms−1.
To confirm this, we can use the Monte Carlo simulations

above, with no added artificial streams. We select 13 groups of
20 random particles (i.e., the typical number size of one of the
detected streams) in each simulation and compute their mean
velocity (the mean group velocities). We then use these to deter-
mine the average velocity and the standard deviation, finding that
the mean was compatible with the systemic velocity assumed for
the cluster and the standard deviation of the random groups was
80 ± 17 kms−1 over the 100 simulations, smaller than the one
we measure from the mean velocities of the streams in Table 2.
This suggests that the overall kinematics of the stream candi-
dates is incompatible with random particles extracted from an
equilibrium population. However, this begs the question of why
they do not share the kinematics of other intracluster objects
(i.e., galaxies, PNe, and GCs). It is also unclear as to whether
or not they posses a decoupled dynamics from other equilibrium
populations and it remains possible that some of the candidate
streams are spurious. If spurious, we have seen that they should
contribute to the overall velocity dispersion of the “real stream”

with a low velocity dispersion (of the order of ∼ 80 kms−1, as
discussed immediately above) which would reduce the intrinsic
velocity dispersion of the stream population.

Under the assumption that streams were recently stripped by
the parent galaxy, it is fair to believe that they should still record
the kinematics of the parent galaxy in the cluster potential. If
this is the case, some pseudo-equilibrium should still hold and
the mean velocities of real streams should follow the dynamics
of the cluster as their parent galaxies do. This, in turn, allows
us to estimate what fraction of spurious streams would pro-
duce the observed factor of ∼ 213/300 between the scatter of
the stream radial velocities and the typical cluster velocity dis-
persion value in the area, by simply assuming that all spurious
streams have contributed σspur ∼ 83 kms−1 (see above). Hence
we can write NEqσ

2
Eq = Nobsσ

2
obs + Nspurσ

2
spur, where Nobs and

σobs (=213 kms−1) are the number of stream candidates and the
measured dispersion for them respectively, Nspur and σspur are
the possible spurious streams and their individual velocity dis-
persion (see above), and NEq and σEq (=300 kms−1) are the true
number of streams and the equilibrium velocity dispersion. As,
by definition, NEq = Nobs − Nspur, with a little algebra, we obtain
Nspur = Nobs(σ2

Eq − σ
2
obs)/(σ

2
Eq + σ2

spur), which returns Nspur ∼ 6.
Thus, in the case where streams are a population of dynamical
components in equilibrium with the cluster potential, we expect
that our catalog might contain up to six spurious detections. This
simple estimate does not take into account the density slope of
the streams or the anisotropy of their orbital distribution, which
are fully unknown and can both affect the expected velocity dis-
persion of them as an equilibrium population. On the other hand,
it is likely that the streams are not a canonical equilibrium pop-
ulation and the Nspur ∼ 6 has to be taken as an upper limit.
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Indeed, as we see in §4.5, the stream population shows signa-
tures of dynamical friction, which suggests the presence of ongo-
ing dissipative processes. This would reasonably drive the loss of
kinetic energy and consequently cause a reduction in the velocity
dispersion of the streams as an intracluster population, making
the actual Nspur smaller than that estimated above. In summary,
we can conclude that, even in the worst case (Nspur ∼ 6), at least
half of the stream candidates (i.e., 7 over 13) are real.

Appendix D: The connection between FVSS-S2 and
FVSS-S12

In §5.1 we mention that FVSS-S2 and FVSS-S12 are, among
all streams in Table 2, those with the most similar radial veloc-
ity that are simultaneously close in position. This might indi-
cate a link between the two substructures that has either been
missed or considered not significant by COSTA. This latter pos-
sibility cannot be excluded if the size of a stream is particularly
large (as discussed in Sect. 3.4.2 of G+20). We a posteriori
checked the presence of overlapping particles among the dif-
ferent parameter combinations, e.g., the ones shown in Fig. 8
and Fig. B.1. Indeed, we found a few particles in common
for some parameter setups which favor the detection of large
streams (large k, Nmin and σcut). However, in the majority of
the parameter combinations, COSTA does detect them as two
separate structures with velocity dispersion values that are only
marginally compatible (within 2σ, see Table 2, but with a very
large error on the FVSS-S12 velocity dispersion value). Look-
ing at the σ − Nmin diagrams in Fig. 8, we see that the parameter
spaces of the two streams barely overlap, demonstrating that the
numbers of configurations that return common particles is rather
small. On the other hand, if joined together, the parameter spaces
of the two streams would cover a very large volume, much
wider than a medium-sized cold substructure (see e.g., G20
Fig. 12).

We tried to mimic the presence of a much larger structure
by adding a large artificial stream (10′ × 5′) made of 40 par-
ticles with an intrinsic velocity dispersion of 90 km s−1 to the
combined GC+PN sample of the Fornax core, and then apply-
ing COSTA to recover it (following the procedure adopted for
real streams described in §3.3). This simulated stream should

Fig. D.1. Density plot of the σcut as a function of Nmin for a simulated
stream of stream 40 particles, 10′×5′ size, with an intrinsic velocity dis-
persion of 90 km s−1, mimicking a large stream as expected if FVSS-S2
and FVSS-S12 are part of a single substructure. Color code and smooth-
ing are defined as in the real streams in Fig. 8.

reasonably reproduce the properties of the FVSS-S2 and S12
combined, assuming that FVSS-S2 is a fragment of a bigger
stream with higher velocity dispersion, whose upper limit is
given by the σ estimated for FVSS-S12 (see Table 2). In par-
ticular, we derived the σ − Nmin diagram, which is reported in
Fig. D.1. This shows two main features. First, the parameter
space covered by the allowed configurations is distributed along
a banana-shaped region revealing a parameter degeneracy. This
could be the consequence of an increasing fraction of contami-
nants in larger Nmin, producing larger velocity dispersion config-
urations. Second, the distribution of parameters is multi-variate
with three peaks at (σ; Nmin) ' (10, 10), (20, 80), and (25, 110).
These might correspond to some subgroups that, if not continu-
ously connected, could be selected as independent units.

This test shows that it is possible that FVSS-S2 and -S12 are
part of a larger stream whose main body is formed by the latter.
This would possibly support the origin suggested for FVSS-S12
in §5.1, namely the remnant of a larger galaxy disrupted via vio-
lent relaxation, being similar to the clumpy remnants found in
C15.
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