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ABSTRACT

Context. A variety of formation models for dwarf spheroidal (dSph) galaxies have been proposed in the literature, but generally they
have not been quantitatively compared with observations.
Aims. We search for chemodynamical patterns in our observational data set and compare the results with mock galaxies consisting of
pure random motions, and simulated dwarfs formed via the dissolving star cluster and tidal stirring models.
Methods. We made use of a new spectroscopic data set for the Milky Way dSph Leo I, combining 288 stars observed with
Magellan/IMACS and existing Keck/DEIMOS data, to provide velocity and metallicity measurements for 953 Leo I member stars.
We used a specially developed algorithm called Beacon to detect chemo-kinematical patterns in the observed and simulated data.
Results. After analysing the Leo I data, we report the detection of 14 candidate streams of stars that may have originated in disrupted
star clusters. The angular momentum vectors of these streams are randomly oriented, consistent with the lack of rotation in Leo I.
These results are consistent with the predictions of the dissolving cluster model. In contrast, we find fewer candidate stream signals in
mock data sets that lack coherent motions ∼99% of the time. The chemodynamical analysis of the tidal stirring simulation produces
streams that share a common orientation of their angular momenta, which is inconsistent with the Leo I data.
Conclusions. Even though it is very difficult to distinguish which of the detected streams are real and which are only noise, we can
be certain that there are more streams detected in the observational data of Leo I than expected in pure random data.

Key words. methods: numerical – galaxies: dwarf – galaxies: individual: Leo I – galaxies: kinematics and dynamics –
galaxies: formation

1. Introduction

The Local Group consists of about 80 galaxies discovered to date
(McConnachie 2012), and this number is expected to grow with
observations of future telescopes and surveys. Most of them are
dwarf galaxies, orbiting the two larger galaxies, the Milky Way
(MW) and Andromeda (M 31). Their classifications range from
dwarf irregulars, dwarf ellipticals, and compact ellipticals to
dwarf spheroidal (dSph) galaxies, the last composing the major-
ity of the known dwarfs.

Based on their high velocity dispersions and low lumi-
nosities, dSph galaxies have high mass-to-light ratios and are
believed to be the most dark matter (DM) dominated stellar sys-
tems known (Mateo 1998; Walker et al. 2009). They are among
the oldest structures and are by far the most numerous galaxies in
the Universe; however, due to their intrinsic faintness, the study
of dSph galaxies has been very difficult. In the standard hierar-
chical galaxy formation models, dwarf galaxies are the elemental
systems in the Universe; larger galaxies are formed from smaller
objects like dwarf galaxies through major and/or minor mergers
(Kauffmann et al. 1993; Cole et al. 1994). Thus, it is important
to study these galaxies to understand the formation and evolu-
tion of normal sized galaxies.

DSph galaxies have a low stellar content and are poor in, or
entirely devoid of, gas. The faint and ultra-faint population of
dSph galaxies are widely thought to be the smallest DM struc-

tures that contain stars (Mateo 1998; Łokas 2009; Walker et al.
2009). The larger classical dSph galaxies are characterized by
absolute magnitudes in the range −13 ≤ MV ≤ −9 (Mateo 1998;
Belokurov et al. 2007). Their total estimated masses, consider-
ing the stars and the DM halo is of the order of 109 M�. They
exhibit high velocity dispersions (e.g., Simon & Geha 2007;
Koch et al. 2009) in the range of 5−12 km s−1; the velocity dis-
persion remains approximately constant with distance from the
centre of the galaxy (Kleyna et al. 2002, 2003; Muñoz et al.
2005, 2006; Simon & Geha 2007; Walker et al. 2007).

Leo I is one of the classical dSph galaxies orbiting the MW
detected by A. G. Wilson in 1950 (Harrington & Wilson 1950)
and described in Hodge (1962), among others. It is one of the
most distant MW satellites. At 257 ± 13 kpc (Sohn et al. 2013)
and with a half-light radius of 244 ± 2 pc (McConnachie 2012),
it is classified as a dSph galaxy (McConnachie 2012), based
on its current morphology and lack of gas (Knapp et al. 1978;
Grcevich & Putman 2009).

Leo I displays a very extended star formation history
(Gallart et al. 1999; Hernandez et al. 2000), and is considered
one of the youngest dSph galaxies in our Local Group in
terms of average age (Lee et al. 1993; Weisz et al. 2014a,b).
Most of the star-forming activity in Leo I happened between
7 Gyr and as recently as 1 Gyr ago (Gallart et al. 1999). Sim-
ilar to others dwarf galaxies, Leo I has a low metallicity (of
the order of [Fe/H] = −1.43 dex; Kirby et al. 2011), contains
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no globular clusters, and is a purely dispersion-supported
system.

Given its distance from the Milky Way and recent star for-
mation history, it provides an important tracer to explore the
MW mass (Boylan-Kolchin et al. 2013) and evolution mod-
els. Metallicity studies (Bosler et al. 2007), proper motion
(Gaia Collaboration 2018; Sohn et al. 2013), and radial veloc-
ity measurements (Koch et al. 2009; Sohn et al. 2007) have pro-
vided a significant amount of data on the galaxy, which has been
extensively analysed by various groups.

Studies using statistical comparisons with simulations and
direct comparisons with Jeans spherical dynamical models often
yield contradictory pictures. For example, Mateo et al. (2008)
found evidence for an extended DM halo by observing a flat
velocity dispersion profile at large radii, and Łokas et al. (2008)
found a DM profile similar to the stellar profile. Recently,
Bustamante-Rosell et al. (2021) measured the central kinemat-
ics of Leo I and find that the orbits of the inner stars of the
galaxy indicate the presence of a central black hole of 3.3 ±
2 × 106 M�. All this, combined with the narrow stellar metal-
licity displayed by Leo I, its shallow negative metallicity gra-
dient, and its positive age trend (Gullieuszik et al. 2009), make
Leo I one of the most exciting dwarf galaxies in the Local
Group.

Analysis of the proper motion of Leo I indicate that this
galaxy stopped forming stars about 1 Gyr ago, probably due
to the pericentric approach to the MW (Sohn et al. 2013;
Gaia Collaboration 2018). Previous works have hinted at a
turbulent past characterized by alternating periods of intense
star formation with quiescent intervals (Gallart et al. 1999;
Hernandez et al. 2000).

There are several models that attempt to explain the origin
and features of dSph galaxies by considering different mecha-
nisms. Some of them are based on tidal and ram-pressure strip-
ping (Gnedin et al. 1999; Mayer et al. 2007). In these models the
dSph galaxies are formed due to the interaction between a rota-
tionally supported dwarf irregular galaxy and a MW-sized host
galaxy. These models show that dSph galaxies tend to appear
near massive galaxies, but they do not explain the presence of
distant isolated dSph galaxies, such as Tucana, Cetus, and Leo T.

The model proposed by D’Onghia et al. (2009) considers a
mechanism known as resonant stripping, which can be used to
explain the formation of isolated dSph galaxies. Basically, these
objects are formed after encounters between dwarf disc galaxies
in a process driven by gravitational resonances.

According to the dissolving star cluster scenario (Assmann
et al. 2013a,b; Alarcón Jara et al. 2018), a dSph galaxy is formed
by the fusion and dissolution of several star clusters (SCs) with
low star formation efficiency (SFE), formed within one DM
halo. This model does not need gravitational interactions with
other galaxies to explain the formation of dSph galaxies, and
can therefore can account for the formation of isolated galaxies
as well.

Several recent studies have been performed analysing the
chemo-kinematical patterns among the stars in multiple dwarf
galaxies from the Local Group, applying different methods
(Cicuéndez & Battaglia 2018; del Pino et al. 2017; Lora et al.
2019). Using our new extended data set, we are searching for
similar chemo-kinematical patterns in the Leo I dSph galaxy.

In the next section we describe the spectroscopic data set
used and introduce the method Beacon used to search for
chemo-kinematical patterns. We present the results from sim-
ulations and observations in Sect. 3, and we discuss them in
Sect. 4.

2. Data and methods

2.1. Observations

For this project we combine spectroscopic data for Leo I from
three different samples. We used the samples from Sohn et al.
(2007) and Kirby et al. (2010), obtained with the Deep Imaging
Multi-Object Spectrograph (DEIMOS, Faber et al. 2003) on the
Keck II telescope. These data sets provide 749 stars with radial
velocities and metallicities. We also acquired our own data set,
making use of the IMACS spectrograph on the Magellan Baade
Telescope (Dressler et al. 2006). This data set adds the spec-
tra of 288 red giants stars. The combination of these spectro-
scopic samples provides kinematics and metallicities for a total
of 953 Leo I member stars, a factor of ∼3 larger than was used
in previous Leo I analyses.

Figure 1 shows the 953 stars from the final sample used
in this work in three panels, with the star positions in the left
panel, colour coded according to their radial velocities. The
red lines show the centre considered for this work with (α2000,
δ2000) = (152.1146, 12.3059; Muñoz et al. 2018).

The middle panel shows the metallicity distribution and a
Gaussian fit with a mean of [Fe/H] = −1.498 dex and a standard
deviation of σFe/H = 0.346 dex. Using the MCMC method we
calculate a mean [Fe/H] = −1.48 ± 0.01 dex with a standard
deviation of σFe/H = 0.27.

Finally, the right panel shows all measured vLOS along the α-
axis centred in α2000 = 152.1146 showing a mean heliocentric
velocity of the dSph galaxy, calculated with the MCMC method,
of vhel = 285.2±0.3 km s−1. We measure a velocity dispersion of
σ = 9.2 ± 0.2 km s−1. With this we calculate the mass contained
within the half-light radius using the formula from Wolf et al.
(2010), valid for dispersion-supported stellar systems in dynam-
ical equilibrium. Using the half-light radius R1/2 = 244 ± 2 pc
measured by Muñoz et al. (2018), following a Sersic profile,
gives us an enclosed dynamical mass of M1/2 = 1.9±0.1×107 M�
which is in agreement with previous calculations.

2.2. BEACON: a software that finds chemo-kinematical
patterns

The Beacon software package was developed by del Pino et al.
(2017) to search for rotation patterns in resolved stellar popu-
lations. The code is publicly available1, and is free to use and
modify. It is written in Python, and was created to check the
results of del Pino et al. (2015), who show that the Fornax dSph
galaxy contains different stellar populations with different angu-
lar momenta.

Beacon is designed to find groups of stars with similar
positions, velocities, and metallicities or chemical compositions.
Based on the Optics clustering algorithm (Ankerst et al. 1999)
it searches in a given data set for groups of stars with similar
chemical composition and velocities, and if the number of stars
in the group is bigger than a minimum cluster size (MCS), the
code classifies them as a one-side stream (OSS). If on the oppo-
site side of the centre of mass (CM) there isi a stream with sim-
ilar chemical composition, but with opposite velocity, then the
two groups are classified as a both-side stream (BSS) or circular
stream. The full description and clustering process is described
in del Pino et al. (2017), their Sect. 3.

Apart from the observational data, we needed some galaxy
parameters and clustering parameters in order to create a refer-
ence frame centred on the CM of the galaxy and to control the

1 https://github.com/AndresdPM/BEACON
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Fig. 1. Illustration of our Leo I data set. The left panel shows the spatial distribution of the stars, colour-coded by velocity. The middle panel shows
the metallicity distribution; the mean metallicity for the galaxy is shown (black curve). The right panel shows the radial velocities as a function of
right ascension, which closely corresponds to the major axis of the galaxy.

Table 1. Clustering parameters: Input values for Beacon used in this work.

Galaxy parameters Clustering parameters

Coordinates Mean velocity Distance Standardization weights Maxima εc Standardization Uniqueness
RAS, Dec [km s−1] [kpc] RAS, Dec, vLOS, [Fe/H] ratio method method
[152.1146, 12.3059] 285.1994 254 Alarcón Jara et al. (2018), Amorisco & Evans (2012) 0.85 1/4 St.dev. Any

clustering process. The galaxy parameters are the coordinates of
the CM and the vhel of the CM, which are necessary to detect
rotation patterns in the galaxy. The clustering parameters, on the
other hand are a collection of parameters defining the cluster-
ing criteria: the standardization method and the standardization
weight, the uniqueness of solution, the maxima ratio, and the
inimum cluster size (MCS).

The standardization method and the standardization weight
are used for the standardization of the state vector, which affect
the relative importance of each coordinate during the clustering.
Depending on the uniqueness of solution, Beacon can merge
clusters that share stars into one cluster, thus avoiding duplicate
stars, i.e., considering clusters different if they differ in at least
one star. The maxima ratio is the reachable distance ratio; the
higher the maxima ratio is, the more sensitivity Beacon has,
making it prone to spurious detections. The minimum cluster
size (MCS) is the minimum number of stars that a cluster should
have to be considered a stream during the clustering process.

All these parameters have to be tuned for the specific galaxy
under study and/or the scientific case, and depend on the num-
ber of sampled stars and on the completeness of the sample and
its spatial coverage. We use the parameters given in Table 1 and
use MCS as a parameter we vary. We give a stronger weight to
the metallicity in our study as we want to compare the obser-
vations mainly to the dissolving star cluster model in which we
expect the stars in one cluster to have a similar metallicity. In
addition, the weight on the two coordinates is higher, as it is in
studies where the authors are searching for an overall rotation
pattern.

In previous studies the weights on positions and metallic-
ities were lower as the authors were searching for an overall
rotation pattern in the data. If we expect a rather flat rotation
curve (as seen in dSph galaxies in the velocity dispersion versus
radius results), it is possible to enhance the signal by placing less
weight on the positions. Furthermore, expecting that the rotation
is being supported by stars from different populations or at least
different star-forming events, placing a weight on the metallic-

ities would be counterproductive and make the detection much
more difficult.

In contrast, when trying to find evidence for the dissolving
star cluster scenario (DSCS), this choice of parameters will not
work at all and will lead to a much higher rate of false detections.
In the DSCS we expect each possible stream to stem from the
dissolution of a small star cluster or association, formed inside
the central region of the dwarf galactic DM halo; in other words,
the stars should not only have similar velocities, but should also
be coherent in space and have the same metallicity. Such streams
are meanwhile found in our MW in the recent Gaia data cata-
logues. Only when placing weights on positions and metallic-
ity do such structures become visible. On the other hand, our
choice of weights does not inhibit the detection of a grand design
rotation, it is just more difficult to find within the noise. The
destroyed dwarf disc models we introduce at the end of our
manuscript show that we are in fact able to recover an overall
rotation pattern as well.

2.3. Mock data

To be able to compare our observational results with purely ran-
domized mock data, we constructed two types of data sets that
have no streaming motion.

The first type of data set represents a Plummer sphere with
a Plummer radius equal to the half-light radius of Leo I. The
Plummer mass is chosen to obtain a velocity dispersion similar to
that of Leo 1 (i.e., the sphere is in virial equilibrium), but has no
sign of rotation or any streaming motion. From the distribution
function we construct 1000 samples of 1000 radial velocities. To
these sets of ‘exact’ data we add random errors according to the
observational uncertainties of our Leo I data.

As a second type we constructed data sets based on a similar
Plummer distribution, but taking the shape of Leo 1 into account
(i.e., the same eccentricity as Leo 1). The velocities are corrected
as if a DM halo is present, as implied by the observations, but
having no rotation or streaming motions. This model is not in

A131, page 3 of 12
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Fig. 2. Shapes of streams produced by dissolving star clusters in the
dissolving star cluster model. The panels in the left column show all
particles of a single star cluster in the chosen sample, while the right
column includes only the stars of the same star cluster that are recov-
ered and flagged as a stream by Beacon. The top row shows a recently
dissolved cluster recovered by Beacon as a one-side stream. The mid-
dle row illustrates a cluster orbiting mainly in the x−z plane. The bottom
row shows a cluster orbiting mainly in the x−y plane. Beacon recovers
the main feature of the one-side stream of the recently dissolved cluster.
It also recovers the both-side streams of the two other clusters inde-
pendent of the orbital orientation. It is clear that Beacon has problems
recovering the stars in the central region, which do not have large veloc-
ity differences. This behaviour is caused by the relatively large weights
for the spatial coordinates.

equilibrium by itself, but is the closest mock representation of
Leo 1 without actual rotation or streaming motion. Again, we
draw 1000 samples of 1000 radial velocities from the resulting
distribution function and convolve the data sets with the obser-
vational errors.

This procedure is statistically equivalent to analysing
1000 data sets of 1000 different objects (i.e., dSph galaxies) with
similar parameters.

2.4. Simulations

In this study we focus on the dissolving star cluster model, as
described in Assmann et al. (2013a,b), and Alarcón Jara et al.
(2018). We use simulations with 16 star clusters (SCs), placed
in a cusped DM halo following a Navarro Frenk and White
(NFW) profile (Navarro et al. 1997) with a scale length of rs =
1 kpc, modelled with 1 000 000 particles and an enclosed mass
at 500 pc of M500 = 107 M�. For the 16 star clusters, we
adopt a SFE = 20%, amounting to a final total mass of stars
Mstars = 4.5 × 105 M�. Each star cluster itself is modelled
using 100 000 particles, following a Plummer distribution with a
Plummer radius of rsc = 4 pc.

The star clusters are inserted into the simulation accord-
ing to a constant star formation history, as described in

Alarcón Jara et al. (2018; i.e., forming one star cluster every
625 Myr). For simplicity, we assign a metallicity to each star
cluster following a linear age-to-metallicity ratio given by

[Fe/H] = −0.0004 · Age[Myr] + 0.3267. (1)

The initial positions and velocities of the star clusters are ran-
domly drawn from a Plummer distribution to ensure that more
clusters are inserted in the central area than in the outskirts of
the DM halo. The velocities are corrected for the presence of the
DM halo to keep the orbit of the SCs the same as without the
DM halo.

The simulations are carried out using the particle-mesh code
Superbox (Fellhauer et al. 2000). For more details about the
initial conditions and the simulations carried out, we refer to the
previous study of Alarcón Jara et al. (2018). After the simula-
tions we add randomly drawn errors to the exact values given by
the final simulation data (i.e., to the radial velocities and metal-
licities of our ‘stars’) according to the mean errors of our Leo I
sample which are ±2.5 km s−1 and ±0.2 dex.

In these models the star clusters orbit the centre of the dark
matter halo while they dissolve leaving streams of stars that
conserve their kinematic properties. This is the main prediction
of this model, which could be corroborated with spectroscopic
observations. Examples of these rotating patterns are shown in
the left panels of Fig. 2, which show their positions and veloc-
ities. To produce Fig. 2 a larger sample of particles from each
SC is used (i.e., 7000 per SC) to better present the qualitative
behaviour than in the subsequent analysis and to ease compari-
son of the different data sets.

The first panel shows a young star cluster that is not entirely
dissolved, but is in the process of dissolution; after a few hundred
million years more its stars will be dispersed around the galaxy.
The second and third panels show the stars for clusters that spread
their stars completely around the dark matter halo, it is clear to see
the streaming motion in these cases. Most of the stars with positive
velocities are on one side of the dark matter halo; on the opposite
side we see the stars with negative velocities.

The right panels show the stars that Beacon is able to
recover for each stream. We can see that it has difficulty detect-
ing the stars in the centre as they have relative velocities close
to zero and their positions are far from the stars that have sim-
ilar velocities. The lack of sensitivity in the centre can be cor-
rected by setting a smaller weight for the radial coordinate of
the stars. This would allow Beacon to find more radially dis-
tributed groups, but it could also negatively impact the purity of
the resulting detected clusters.

To compare the data sets from the simulations with our
observational data, we took 62 random particles from each star
cluster, which gave us 992 particles in total for each set. This
means that each simulated data set has an amount of stars that is
similar to our observational data set.

3. Results

3.1. Simulations

It is a very difficult task to correctly recover all stars of all
streams, especially once we add errors similar to the observa-
tional data. Instead of sharp metallicity peaks, we have smeared
out distributions which might even overlap. In the same spatial
region we might have stars from different dissolved star clusters
but with very similar radial velocities. To understand better the
efficiency of Beacon we define three parameters: F1, F2, and
F3.

A131, page 4 of 12
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Fig. 3. Fractions of recovered stars as functions of the clustering param-
eter MCS (all other parameters are kept constant, as shown in Table 2).
We show as F1 the fraction of stars assigned to streams as black squares.
As F2 we show the fraction of correctly assigned stars in relation to the
recovered stars. Finally, as F3 we show the fraction of correctly recov-
ered stars compared to all stars as blue circles. We see that Beacon is
indeed able to recover about 20–25% of stars as belonging to streams
correctly, even though the data is degraded by errors similar to those in
the observational data.

F1 is the fraction of recovered stars. We count all that stars
that Beacon attributes to the different streams it finds. We divide
this number by the total number of stars. F2 is the fraction of
correct stars (recovered). We only count the stars that Beacon
has assigned to the correct stream, and divide this number by
all recovered stars. F3 is the fraction of correct stars (all). We
count all correctly assigned stars, but now divided by the total
number of stars. As in our simulations, all stars of the dwarf
galaxy originate in streams; the division by all stars also implies
the ratio of stars with respect to all stars originating in streams
as well.

In Fig. 3 we plot these three fractions as a function of the
clustering parameter MCS. All other values are kept constant
at the values given in Table 1. We take the data sets from the
three simulations of the dissolving star cluster model. This gives
results with their respective error margins.

The black squares show the fraction of stars that are assigned
to streams. This fraction is constant at 40% as long as MCS is
well below our sample size of 62 stars from each cluster. As soon
as MCS gets closer to our sample size, this value drops.

We can see that this is not the full story if we look at the
red triangles, which record the fraction of correctly assigned
stars. Here we see a fraction of 70–80% of stars assigned to
streams that actually belong to that stream, especially at MCS
values below 20. Once we raise this parameter further this frac-
tion drops to about only half of the recovered stars.

Finally, and most importantly, the blue dots give us the frac-
tion of stars that are correctly assigned to their streams of all the
stars in the sample. This fraction is of the order of 20–25% for
small MCS values and drops below 20% if MCS gets closer to
the sample size.

This in turn means that even in simulations where we should
be able to recover all possible streams, once we restrict ourselves
to an overall sample of about 1000 stars and adding observa-
tional errors to our data, we can only expect to recover about
one-fourth of the stars correctly. This could mean, in the worst
case scenario, that we might be missing the detection of three-
fourths of the streams actually present in the data. This is not

seen in our samples based on simulated streams, where we detect
about 70% of the actual streams (see below). These values give
us confidence that we can use Beacon on an observational data
set and that we will obtain a sufficiently good answer; in other
words, that we are able to see about a quarter of the stars assigned
to their correct streams if there are any.

In Fig. 4 we show some examples of recovered streams by
Beacon for one of the simulations using MCS = 10. The left
panels show the positions of the stars with a colour bar for the
velocities, the coloured stars are the stars that belong to the same
star cluster, and the black dots are the rest of the stars in the
simulated galaxy. The black arrows show the direction of the
projected angular momentum. It is clearly that the stars from the
same dissolved star cluster follow similar orbits since the stars
with positive velocities are located at one side of the centre of
the galaxy, and on the opposite side are the stars with negative
velocities. The middle panels show on the x-axis the distance to
the centre and on the y-axis vz the velocities. Black dots are the
stars of the dissolved star cluster and red dots are the stars that
Beacon recovers as a stream. We can see that Beacon recov-
ers a large part of the stars from the sample, but a few of them
were missed or misclassified. In addition, some stars from other
star clusters are misclassified as members of a particular stream.
In the right panels we show the particles recovered by Beacon
and the stars that belong to the same star cluster. In these exam-
ples Beacon was able to recover most of the stars which show
a strong rotation signal, with a few false detected stars that do
not belong to the star cluster. We can see that there are a small
mismatches between the projected angular momentum recovered
and the real value, due to the missed stars.

3.2. Comparison with mock data

As a next step we want to check how significant our detection of
streams is in comparison to mock data, which by design contains
no streaming motion whatsoever.

We construct samples of stars from our simulations and from
the mock data of non-rotating Plummer spheres and the fake
Leo I data. The size of the samples is the same as the number
of observed stars we have. To the exact data we add the obser-
vational errors determined for our Leo I data set. Now Beacon
is applied, keeping the parameters shown in Table 1 constant
and varying the sensitivity by varying the parameter MCS. The
results are shown in Fig. 5.

The black and green triangles show the detected streams
in the mock data, which by construction does not contain any
streams. We can see clearly that the number of false detec-
tions decreases exponentially with decreasing the sensitivity
(i.e., requiring more stars for the stream detection; increasing
MCS). Error bars to these values are possible, as we construct
1000 samples of mock data.

The blue squares show the number of detected streams in
our dissolving star cluster simulations, consisting of 16 different
star clusters. We use three different samples from three differ-
ent simulations to be able to place error bars on the measured
values.

If we used the exact data of one sample, which would allow
the detection of all streams, we would expect a curve in which
for small MCS the real detections would be surpassed by the
noise of false detections. Once the false detections fall below
the number of real detectable streams, the data points should
show an almost constant value as function of MCS (i.e., the real
streams plus some small contribution of the noise). Once MCS
reaches the sample size of the stars belonging to a stream, the

A131, page 5 of 12



Alarcón Jara, A. G., et al.: A&A 672, A131 (2023)

Fig. 4. An example of how Beacon can extract substructures hidden in a large data set with 992 particles. Here we apply Beacon to a simulation
of dissolving star clusters with 16 star clusters and a constant star formation. The left panels show the position of the stars and the velocities along
the z-axis are shown as colours for the stars that were formed in the same star cluster. The black triangles show the projected angular momentum
direction and black dots are all other particles from the simulation. Middle panels show the velocities along the line of sight taking as a new y-axis
the projected angular momentum direction, black dots are the values for the stars which belong to the same star cluster and red dots are the stars
recovered by Beacon. In the right panels we show the particles recovered by Beacon in colour and in black the stars which belong to the same
star cluster. In these examples Beacon was able to recover most of the stars which show a strong rotation signal, with a few false detected stars
which do not belong to the star cluster.

detection signal should go rapidly back to the noise level (see
inset of Fig. 5).

As we are using multiple samples from different simulations,
we cannot expect such a curve. Instead, we have to deal with
a super-position of a multitude of such curves, smearing out
this clear signal. Even so, we see that as soon as we require an
MCS > 8, the blue symbols are always above the curves of false
detections. The blue symbols should fall back down within the
noise level once we reach MCS values close to about 20% of
the actual sample size (i.e., stars drawn from that particular dis-
solved cluster) as we expect only to recover about 20–25% of
the stars from a stream correctly (see Fig. 3). The red circles are
based on the observational data of Leo I which we talk about in
the next section.

Unluckily, the small sample size of fewer than a thousand
stars combined with the observational uncertainties leads to
overlapping error bars; the real detections of streams are not
above the noise level by a statistically significant amount.

3.3. Observational results

In Fig. 5 the black and green triangles represented the mock data.
In an ideal world we would like the response of Beacon to be
zero. This is not the case, and if we reduce the sensitivity of
Beacon such that we get an almost zero response in the no-
stream data sets, we also get a similar response for the simulation
data, where streams are clearly present (blue squares). For very
high sensitivities the response of Beacon gives us more streams
than are actually in the data.

To analyse the observational data of Leo I we require that
Beacon does not recover more streams than are actually present
for the dissolving star cluster data (i.e., 16 streams for the blue
symbols). Furthermore, we want the false detection (green and
black) to be below the number of streams detected in the real
observational data (red dots). These requirements are matched
using a MCS range between 8 and 11.

Furthermore, we note that the red data points follow that
pattern that we predict theoretically in Sect. 3.2. This could be
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Fig. 5. Number of streams recovered with Beacon as a function of
MCS. The blue rectangles are mean numbers taken from three simula-
tions of the dissolving star cluster model consisting of 16 streams. The
black triangles (up pointing) are for a Plummer sphere distribution with
no rotation patterns (i.e., no streams); the green triangles (down point-
ing) are Leo I fake data, also with no streams. The red circles are the
results of Beacon applied to the observational data set of the Leo I
dSph. We use 2 as the value for the weight of the metallicity, with a
sensitivity of 0.85 and a change in the minimum cluster size MCS. The
inset shows qualitatively how a few real streams should appear in a ‘sea’
of false detections.

a clear sign that there is actually detectable streaming motion
present in the observational data of Leo I.

For the further analysis we apply a MCS parameter of 10.
With this value we find 14 detections of probable streams with
Beacon. At MCS = 10 we find 11 ± 2 streams out of 16 in
our simulations of the dissolving star cluster model, and we can
calculate the probability of finding 14 or more streams in the
mock data, which is as low as 1.7% in the case of the Plummer
sphere data and just 0.4% in the case of Leo I mock data, making
it a statistically significant detection.

In Fig. 6 we show some examples of the streams detected
in the observational sample of Leo I. The left panels show the
positions of all measured stars as black dots; the stars recov-
ered as a stream are coloured according to their radial velocities.
The black arrows show the direction of the projected angular
momentum. In the middle panels the radial velocities as function
of the distance to the centre are shown, and in the right panels
the metallicity distribution of all measured stars in red and the
metallicities of the recovered stars of that particular stream as
black histograms. The fact that ≈40% of the stars were classified
in a stream is in agreement with the values recovered by Beacon
in a simulation with 16 star clusters using the same parameters
(see Fig. 3, where the black boxes indicate the fraction of stars
recovered in a simulation of the dissolving star cluster model:
≈35%).

No OSS is detected by Beacon in Leo I. The sample of stars
used in this work consider just RGB stars that are older than
2 Gyr, so they would have enough time to be dispersed around
the galaxy to show up as a BSS.

After applying Beacon to our catalogue with input param-
eters shown in Table 1 a total of 406 stars were classified into
14 possible circular streams. The other stars were considered
as stars that do not follow any strong chemo-kinematical pat-
tern. Some of these stars may belong to rotating streams and

may have been misclassified, as in the simulations. Some stars
show nearly zero vLOS, making their classification into BSSs dif-
ficult. Some others may simply belong to poorly sampled popu-
lations that have not fulfilled the minimum requirements to be
considered as a group. Given the fraction of correctly recov-
ered stars in the simulated data (F3), these results are consistent
with most or all of the Leo I stellar population originating in
clusters that have now dissolved, spreading their stars inside the
DM halo of the dSph, but still following orbits similar to their
original SC.

Table 2 shows the properties of the 14 streams recovered by
Beacon. The projected angular momentum can be derived for
each BSS, L =

∑i= j
i=1 ri × miui,LOS, where mi is the mass of the

ith star and j is the number of stars in the BSS. A priori, we do
not have information about the homogeneity of our sample in
terms of metallicity. A sensible way to avoid sampling effect is
to normalize the L vector of every group to the number of stars
in the group. This is roughly the same as expressing the angular
momentum per unit of stellar mass and provides a measure of the
mean momentum p of the stars forming a BSS. In the following
we use only quantities normalized in this way.

The question arises of why, in Table 2, all streams show
member counts of 19 and more, while the red data points of
recovered streams as function of MCS disappears into the noise
already at values equal to 12. This is due to the fact that Beacon
after a first detection (using MCS) is searching for more stars
that could belong to the stream, and is also grouping similar
streams together. Finally, once a OSS is detected, it searches on
the other side of the galaxy for a counterpart to combine into a
BSS. As stated above, all recovered streams in the Leo I data
are BSSs.

3.4. Some caveats

As a final test we vary the mean heliocentric velocity vhel of
Leo I in the application of Beacon on our observational data.
As shown before, streams with velocities almost perpendicular
to the line of sight, as well as stars in a stream close to the cen-
tre of the dwarf with relative velocities close to zero, are unde-
tectable by Beacon. So we expect the detection of some streams
to be highly dependent on the correct choice of the mean velocity
of Leo I. The results of this test are shown in Fig. 7.

Both panels of the figure show the number of recovered
streams as a function of the mean heliocentric velocity, which we
have used in Beacon as a fixed parameter so far. The right panel
is a zoomed-in image of the central part of the left panel. We
see strong variations in the number of recovered streams when
changing the adopted velocity by just a few metres per second;
the maximum number is at the determined systemic velocity of
Leo I.

We can read the results in two fashions. First, the choice
of the mean velocity is much more important than we believed
before and the number of detected streams drops significantly
by changing the velocity by just 0.01 km s−1, while the errors of
every single velocity measurement is of the order of 2.5 km s−1.
Because Beacon is based on Optics, which is a purely geo-
metrical clustering algorithm, changing the velocity by just
0.01 km s−1 can change the way clusters are built. This could
cause some groups to change their member stars and to not fulfil
the MCS and the maxima ratio conditions, and thus to stop being
considered by Beacon as a group.

The second interpretation is that we see the influence of
the randomness of the false detections. This would make the
14 detections in our study just outliers; a more correct result,
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Fig. 6. Examples of stream motions recovered by Beacon in the observational data of Leo I. Left panels: positions of all observed stars as small
black points. The coloured points are the stars Beacon joins to a stream detection; the colour represents the radial velocity measured for each star.
The direction of the projected angular momentum of this stream is shown as a black arrow. Middle panels: radial velocity of the stars belonging to
the stream as a function of their distance to the centre of the dwarf galaxy. Right panels: Metallicity distribution of the whole sample (red) and the
metallicity distribution of the stars from the stream recovered by Beacon (black).

looking at the variations of detected streams, would be 10 ± 3
streams. This would place our result still above the data points
from the pure noise false detections, but with strongly overlap-
ping error bars, similar to the calculated mean value from our
simulations of the dissolving star cluster models.

Our general result would still stand that the observational
data of Leo I is in agreement with the DSCM, but with
not enough real streams to have a detection that is signifi-
cantly above the noise of having no coherent motion at all.
More data with smaller observational errors would be neces-
sary to validate or reject this particular formation scenario for
Leo I.

3.5. Tidal stirring model

Figure 8 (left panel) shows the projected angular momentum
L of the 14 streams recovered by Beacon compared with the
16 streams of a simulation of the dissolving star cluster model
(middle panel). According to the dissolving star cluster model
the projected angular momentum is randomly distributed in the
galaxy, as shown in Fig. 8. The presence of these streaming
motions could be a hint to corroborate our model of the forma-
tion of dwarf spheroidal galaxies.

Finally, we performed N-body simulations of the tidal stir-
ring and ram pressure model (Mayer et al. 2007), in which a
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Table 2. Parameters from the BSS recovered by Beacon in Leo I.

Pop [Fe/H] Angle Modulus Number
[◦] [×103 pc2 s−1] of stars

1 −1.89 ± 0.26 263.5 1.79 21
2 −1.71 ± 0.13 89.4 1.57 35
3 −1.68 ± 0.07 285.0 0.50 37
4 −1.63 ± 0.30 82.6 1.04 31
5 −1.43 ± 0.13 43.1 0.13 20
6 −1.41 ± 0.11 49.3 0.51 19
7 −1.38 ± 0.13 288.0 0.90 88
8 −1.35 ± 0.09 105.0 1.46 12
9 −1.36 ± 0.10 336.9 0.65 28
10 −1.32 ± 0.05 112.1 1.67 21
11 −1.31 ± 0.06 268.3 0.92 22
12 −1.24 ± 0.04 144.9 0.03 24
13 −1.16 ± 0.05 212.4 0.12 35
14 −0.74 ± 0.29 232.5 0.22 13

Notes. Column 1 shows the number assigned by Beacon, Col. 2 the
mean metallicity of the BSS and its standard deviation, Cols. 3 and 4 the
angle (with respect to the major axis) and the modulus of the projected
angular momentum, Col. 5 the number of stars in each BSS.

small disc galaxy is orbiting a large galaxy like our Milky Way
and gets distorted via ram pressure and tidal stirring. Ram pres-
sure removes the gas from the dwarf and tidal stirring destroys
the stellar disc and parts of the DM halo. We use the code
Gadget2 (Springel 2005) to run simulations of the tidal stirring
model using the same set-up as Mayer et al. (2007). We vary the
initial distance of the disc galaxy to mimic the formation of a
dSph galaxy like Leo I. More details of the set-up will be pre-
sented in Alarcon et al. (in prep.).

Preliminary results of the simulations show that after 10 Gyr
of evolution the final objects can have properties that are similar
to those of the observed dwarf spheroidal galaxies. For example
the spherical shapes, exponential surface brightness profiles, and
high velocity dispersion values which remain constant indepen-
dent of the distance from the centre, as predicted by the model.
Applying Beaconwith the same parameters used in our analysis
of Leo I, selecting the same number of stars, and giving the same
metallicity distribution of Leo I to the particles, we can see that
the final object still has a remnant rotation signal that Beacon is
able to recover (see Fig. 8, right panel).

The strength of this remnant rotation is highly dependent on
the number of orbits around the large galaxy, but if the disc
galaxy is far from its host it will not be able to lose its rota-
tion completely. We can see in the right panel of Fig. 8 that the
recovered streams are pointing in the same direction. In this sim-
ulation during 10 Gyr the disc galaxy is able to make one and a
half orbits around the large galaxy, and does not have enough
time to get rid of its rotation.

A detailed analysis with Beacon of simulations using the
tidal stirring model will be performed in the future, and is not
part of the present study. We show the right panel of Fig. 8 just
to give a hint of future results.

4. Discussion and conclusions

Using Beacon to search for streaming motions arising from the
Dissolving Star Cluster Model in case of perfect data (i.e., no
errors and large sample sizes), almost all streams are detected.
Only streaming motions almost perpendicular to the line of sight

are very hard to detect. A slow rotation pattern close to the centre
of the dwarf galaxy may also escape detection. In these cases
the correct determination of the dwarf galaxy’s radial velocity
might become crucial. Very eccentric orbits of streams might
also not get grouped together because the software is searching
for rotation patterns rather than any streaming motion.

False positives decline rapidly and exponentially with the
required minimum cluster size (MCS), so that on perfect simula-
tion data (see above) they do not play a role. This picture changes
when adding the typical observational errors (i.e., noise) to the
data and reducing the sample size dramatically. In our study we
adopted a sample size of 1000 data points and similar errors to
those associated with the observations of the Leo 1 data.

At small MCS, the real streams get drowned in a sea of false
positives, but at one point it seems that most false positives get
suppressed and surpassed by real streams. Otherwise it is not
easy to explain why, in a comparison between no-stream data
and pure-stream data, that we see the data points of the pure-
stream data just above the no-stream data, implying that maybe
just 25% of the streams present are detected and most of the
detected streams are false positives. Even so, we see a detection
rate of 70% of the streams present. A possible explanation could
be that the algorithm includes a re-grouping of detections with
similar properties (i.e., close in position and/or radial velocities).
Somehow, this favours real streams over false positives.

Once MCS is increased further and gets closer to about 25%
of the actual data points belonging to a real stream, the detection
rate drops back into the noise level of false positives. This means
there is a sweet spot or region in MCS where the number of
detections is expected to be larger, if real streams are present,
than the number of pure false positives would predict. This might
not be on a statistically significant level, but it is visible in Fig. 5.
Furthermore, in that region of parameter space more detections
might be real than a simple comparison with no-stream data (i.e.,
pure false positive data) would imply.

Putting our results into context, we are not the first to
use Beacon to search for chemo-kinematical patterns in dSph
galaxies. del Pino et al. (2017) use Beacon to search for chemo-
kinematical patterns in the Fornax dSph galaxy using 2562 stars
from different catalogues (Pont et al. 2004; Battaglia et al. 2006,
2008; Walker et al. 2009; Kirby et al. 2010; Letarte et al. 2010).
We made a similar analysis using data from Leo I, with a total
of 953 stars with their respective metallicity and velocity values
along the line of sight taken from the Keck and Magellan Tele-
scopes. A direct comparison of the results of the two studies are
strikingly similar.

del Pino et al. (2017) found that approximately 40% of the
stars may be part of different substructures, with 985 stars clas-
sified into 24 possible circular streams using a MCS = 13. This
could indicate that Fornax is a rather complex system with var-
ious rotating components and its spheroidal shape is the super-
position of stellar components with distinct kinematics (see their
Fig. 13). In our study we find 14 possible streams in Leo I, con-
sisting of about 40% of all stars in our sample.

If we compare our Fig. 5 with their Fig. 5 we clearly see the
same exponential decrease in false detections as we have proven
with our mock data. In their analysis we can see the same signal
of possible real streams above the noise level at values of MCS
between 20 and 35. In their Fig. 6 we see a peak similar to the
one in our Fig. 7, even though they use a much coarser grid of
possible velocities as they check for the 2D position of the galaxy
centre as well.

The star formation history of Fornax together with the spatial
distribution of its stars and their kinematics suggest that Fornax
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Fig. 7. Number of recovered streams using MCS = 10 vs. the mean heliocentric velocity of Leo I vhel. Left panel: we apply Beacon varying
the vhel = 285.2 between ±0.31 with steps of 0.0001 km s−1. The maximum number of streams is recovered between 285.196442 < Vhel <
285.199738 km s−1. Right panel: magnified image of the central region shown in the left panel. The adopted Vhel = 285.1994 km s−1 in our study
is shown as a red vertical line.

Fig. 8. Angular momentum per unit of stellar mass for different streams. Left panel: different angular momentum patterns recovered by Beacon
in the 14 streams of the sample of 953 stars from Leo I, coloured according to their [Fe/H]. Middle panel: angular momentum for a simulation of
the dissolving star cluster model with 16 star clusters dissolved. Circles have radius from 0 pc2 s−1 to 3 × 103 pc2 s−1 with step of 0.5 × 103 pc2 s−1

for each dotted concentric circle. Right panel: angular momentum of the streams recovered by Beacon in a tidal stirring simulation. There is no
net rotation signal in the Leo I observational data and in the dissolving star cluster model, while in the tidal stirring model the angular momentum
vectors point in roughly the same direction, suggesting a remnant rotation signal.

could be the remnant of a merger between two small galaxies
that collided and merged to form the dSph we observe today
(Alarcón Jara et al. 2018; del Pino et al. 2015, 2017). Apart from
SFH or chemistry, the kinematic features that are similar to
those observed in Fornax could be explained by the dissolv-
ing star cluster model without the necessity of a merger his-
tory (see their Figs. 9 and 15 and compare them with our
Fig. 8).

We compare the observational results to mock data deliber-
ately designed to not show any rotation or streaming signal, to
assess the level of possible false detections in a given data set.
Unluckily, the size and accuracy of the present-day data may not

allow us to obtain streaming motion signals that are statistically
significant beyond any doubt.

We find multiple rotating populations in Leo I with random
orientation of the projected angular momentum, which could
indicate that the overall structure of dSph galaxies is due to
the superposition of different stellar populations with differ-
ent streaming orbits, as predicted in the dissolving star cluster
model. The amount of stars (about 40%) we find to belong to
streaming motions is in agreement with all stars belonging to
streams of dissolved star clusters.

In the context of this model, these chemo-kinematic patterns
are one of the main predictions as explained and demonstrated

A131, page 10 of 12



Alarcón Jara, A. G., et al.: A&A 672, A131 (2023)

in Assmann et al. (2013a,b), and Alarcón Jara et al. (2018) and
come naturally with this model. However, these patterns could
be explained by other models assuming rotating progenitors (e.g.
the tidal stirring model), which explains the formation of dSph
as interactions between a disc galaxy and a MW size galaxy as
well. These interactions could be responsible for the reshaping of
the disc galaxy into a dSph (Mayer 2010). Simulations show that
after a significant time the final object conserves some signatures
of this process and could have remnant rotation around the minor
axis.

Another option to explain these patterns is invoking that
the evolution of dSph galaxies could involve several mergers
between two or more smaller galaxies. In these models two
disc galaxies collide, and as a result they could form a dSph
galaxy. This has been studied before, and shows that some of the
orbits of stars of the progenitors could remain after the collision
(Amorisco & Evans 2012).

Cicuéndez & Battaglia (2018) made an analysis of the chem-
ical composition and velocities of stars from the Sextans dSph
and have shown that there are two different populations that have
chemo-kinematic patterns that could be a sign of a past mate-
rial accretion. They reported a shell structure for young stars
and a ring-like structure for older stars. Karlsson et al. (2012),
Kim et al. (2019), and Aoki et al. (2020) analysed the data of the
Sextans dSph as well, and think they have found the streaming
motion of a dissolved star cluster.

These publications show that the analysis of chemo-
kinematical patterns is indeed possible with modern data sets,
even though our study has shown that the results may not yet
be as statistically convincing as we would like. Nevertheless,
it shows a clear pathway of how the large data sets that we
have today and the much larger data sets of the future should be
analysed.

We have explained the theoretical pattern a given streaming
signal should have when appearing above a given noise level
of false detections. This kind of pattern is clearly visible in our
study and in the previous work of del Pino et al. (2017). This
pattern cannot be explained by pure noise and is for us a clear
sign that there is a streaming motion present in Leo I. We hope
with future observations that the signal will become stronger and
be significantly above the noise level. The fact that it is present in
two different dSph galaxies and two independent studies is more
than promising.

Furthermore, thanks to a rigid comparison with mock data
having no streaming motions and simulations built up by only
streams, we have shown that the number of streams we detect is
unlikely to be from a data set without any streaming motion at a
98–99% level of confidence. Therefore, even though we cannot
tell for certain which of our detections is based on a real stream
and which not, the evidence points to the presence of streaming
motion in the observational data.

In order to have a better understanding of the origin of
dSph galaxies, it is necessary to apply Beacon to other dSph
galaxies for which high quality data sets are available in order
to search for chemo-kinematical substructures in those systems
to be able to distinguish between the different formation sce-
narios for dSph galaxies (Diemand et al. 2008; Hamuy et al.
1996; Koposov et al. 2009; Łokas et al. 2008; Olszewski et al.
1996; Perlmutter 1999; Riess et al. 2004; Spergel 1993; Tolstoy
et al. 2009; Lora et al. 2019; Valenzuela et al. 2007; van den
Bergh & Herbst 2000; McConnachie et al. 2010).

We show that Leo I and Fornax (del Pino et al. 2017) were
very likely formed by the superposition of different stellar com-
ponents, rotating in the galaxy with projected angular momen-

tum pointing in different directions. This result is in agreement
with the dissolving star cluster model.
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