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ABSTRACT

Context. ED-2 is a stellar stream identified as a compact group in integrals-of-motion space in a local sample of halo stars from the
third Gaia data release.

Aims. We investigate its nature and possible association with known halo substructures.

Methods. We explored the current properties of ED-2 members in phase-space and also analysed the expected distribution via orbit
integration. In addition, we studied the metallicity of ED-2 using APOGEE DR17 and LAMOST DR8 (and re-calibrated DR3).
Results. ED-2 forms a compact group in the x—z (or R—z) plane, showing a pancake-like structure as it crosses the solar neighbour-
hood. Dynamically, it is most similar to the globular clusters NGC 3201 and NGC 6101 and to the stellar streams Ylgr and Phlegethon.
However, its orbit is sufficiently different for none of these objects to likely be the ED-2 progenitor. We also find ED-2 to be quite
metal poor: all of its stars have [Fe/H] < —2.42, with a median [Fe/H] = —2.601’8:%?. At this low metallicity, it is unlikely that ED-2
stems from any known globular cluster. Instead, ED-2 seems to be in a similar category as the recently discovered Phoenix and C-19
stellar streams. We find that ED-2 members are scattered across the whole sky, which is due to its current orbital phase. We predict
that as this object moves to its next apocentre, it will acquire an on-sky morphology that is similar to that of cold stellar streams.
Finally, because ED-2 is nearing pericentre, we predict that additional members found below the plane will have high radial velocities

of close to ~500km s~ in the present-day direction of the globular cluster NGC 6101.

Key words. Galaxy: halo — Galaxy: kinematics and dynamics

1. Introduction

Stellar streams can be defined as groups of stars that were
stripped from a parent galaxy or stellar system (e.g., a globu-
lar cluster) by their host galaxy. These objects are of interest
because they provide insights into the evolution and dynam-
ics of galaxies such as the Milky Way (e.g., Kiipper et al.
2015; Koposov et al. 2010). In the past, cold stellar streams
have typically been identified through their spatial coherence
on the sky (e.g., Ibata et al. 1994; Grillmair & Dionatos 2006;
Balbinot et al. 2016), where they form thin bands stars due to
their nearly identical orbits.

Until recently, many of the streams were identified in large
photometric surveys, such as the Sloan Digital Sky Survey
(SDSS; Abbott et al. 2019). The largest of these streams is
the Sagittarius stream (Ibata et al. 1994). The search for stellar
streams has continued in the last decades, and fainter (e.g., Palo-
mar 5; Odenkirchen et al. 2001) and more distant (e.g., Orphan;
Belokurov et al. 2007) streams were found using the increas-
ingly more abundant photometric survey data.

The advent of the Gaia mission has allowed the discovery
of new streams through the use of kinematic data. For exam-
ple, the identification of several large substructures associated
with different accretion events was possible through their dis-
tinct energy and angular momentum distributions (for a recent

* Movie associated to available at

https://www.aanda.org
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review, see Helmi 2020). These structures often do not show the
same degree of spatial cohesion as their more distant counter-
parts. Nonetheless, using the most recent data release of Gaia
(DR3; Gaia Collaboration 2021b), lower overdensities have now
been identified (Dodd et al. 2023; Tenachi et al. 2022), presum-
ably stemming from objects comparable to the progenitors of
the more distant spatially coherent streams (Tenachi et al. 2022).
Furthermore, algorithms such as STREAMFINDER have been
successful at identifying nearby narrower streams, which is a
direct consequence of one of the hypotheses of the algorithm
(Malhan & Ibata 2018; Ibata et al. 2021).

We focus on a structure called ED-2, which is quite com-
pact in the integrals-of-motion space (i.e., energy and angu-
lar momenta; IoM hereafter) and was identified by Dodd et al.
(2023) using Gaia DR3 and a combination of ground-based sur-
veys. ED-2 forms a retrograde group, and it occupies a region in
IoM that has been associated with the Sequoia accretion event
in the literature (Koppelman et al. 2019; Myeong et al. 2019). A
small fraction of its members has been identified by Yuan et al.
(2020) as members of the Sequoia accretion event. However,
Dodd et al. (2023) reported ED-2 as an independent group that is
compact in velocity as well, more specifically, in vs and v;. This
is indicative that this structure is not phase mixed in the solar
neighbourhood.

In this paper, we aim to investigate the origins of ED-2 and
study its metallicity distribution, and we search for additional
members of this stream. The paper is organized as follows. In
Sect. 2 we present the discovery data for ED-2 and investigate
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possible associations with known globular clusters (GCs) and
other stellar streams. In Sect. 3 we present an approach to select-
ing ED-2 members via photometric selections in combination
with Gaia DR3 astrometry. In Sect. 4 we discuss possible for-
mation scenarios for ED-2 and present our general results.

2. ED-2in 6D

ED-2 was identified in Dodd et al. (2023) as a highly retro-
grade structure with a tight distribution in energy and angular
momenta. The authors reported 32 members with radial veloci-
ties within their 2.5 kpc sample. They also find that ED-2 forms a
compact cluster in all velocity components, suggesting that this
structure is not phase mixed and that its stars stream together
through the solar neighbourhood.

We expanded the initial membership of 32 stars to 48 by
examining the dendrogram of the ED-2 cluster produced by the
first step of the single-linkage-based method used in Dodd et al.
(2023). By relaxing the selection threshold on the dendrogram,
it is possible include more stars in the cluster. As ED-2 is also
tightly grouped in velocity space, we removed several stars with
incompatible velocities, and any additional members are very
likely to be part of the structure. This produced a list of 48 high-
confidence members.

Yuan et al. (2020) have found a cluster similar to ED-2 in
the very metal-poor sample (VMP) of Lietal. (2018a), con-
sisting of nine stars, four of which are in common with the
sample from Dodd et al. (2023). Yuan et al. (2020) considered
the cluster (named DTG-5 in their work) to be associated with
Sequoia (Koppelman et al. 2019; Myeong et al. 2019). Based on
the high-degree of similarity to ED-2, and because it is now clear
that the latter is independent of Sequoia, we refer to both simply
as ED-2 throughout.

In Fig. 1 we show the members of ED-2 in a colour—
magnitude diagram using Gaia DR3'. The distances to ED-2
members were computed by inverting the parallax after apply-
ing the zero-point correction by Lindegren et al. (2021). We
note that this distance-estimate method is reliable for distances
<5 kpc and for parallax uncertainties smaller than 20%, as is the
case for ED-2 members. The figure shows that ED-2 members
form a very well defined sequence in the colour—magnitude dia-
gram, and it is consistent with a single stellar population with
a metallicity of [Fe/H] = —2.0. This estimate is based on the
slope of the red giant branch (RGB) when it is visually com-
pared to a MIST v1.2 isochrone (Choi et al. 2016). The age of
ED-2 is not well constrained because the main-sequence turn-
off (MSTO) is not well populated, but we find that to simulta-
neously reproduce the colour of the RGB and main sequence, a
log,, (age/yr) = 10.20 is necessary. In the same figure, we also
show a MIST isochrone shifted by 0.05 to the blue and 0.03 to
the red to define a photometric selection of additional tentative
members (dashed lines).

In Fig. 1 we also show a sample of stars with w/o > 5 and
1/@ < 3 kpc, with high tangential velocities, where

k
Vin = — (2. +12)? > 200kms ™", (1)
@
where p1,+ 5 are the proper motion components, k is a conversion
factor, and @ is the parallax. This preferentially selects stars on
halo-like orbits (see e.g., Gaia Collaboration 2021a). We note

that ED-2 members, and as a consequence, the two isochrones

! 'We adopted the official Gaia cross match with the survey, available
athttps://gea.esac.esa.int/archive/
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Fig. 1. Gaia DR3 CMDs showing ED-2 6D members as blue cir-
cles. In the left panel, the dashed lines were constructed using a
log,, (age/yr) = 10.20 and [Fe/H] = -2.0 MIST v1.2 isochrone. In
the right panel, we show bright, uncrowded, high-probability (>0.99)
members of NGC 6101 (Vasiliev & Baumgardt 2021) with red pluses
(see Sect. 2.2). In both panels, the background shows a linear scale den-
sity of halo stars selected according to Eq. (1). The orange dots show the
VMP cluster from Yuan et al. (2020). In the left panel, symbols marked
by the horizontal lines indicate stars that have spectroscopic metallici-
ties (see Fig. 3).

we used to identify additional members, are bluer than the blue
sequence first reported by Gaia Collaboration (2018, see also
Koppelman et al. 2019; Gaia Collaboration 2021a), and they are
typically associated with the accreted halo component. This is in
favour of ED-2 being more metal poor than the accreted halo.
Most ED-2 members that do not fall within our CMD selection
are located in regions of the sky with E(B — V) 2 0.15 and/or
|b| < 20°. Hence, these are unlikely to have reliable colours and
magnitudes, regardless of the extinction-correction prescription
adopted. In our case, they were over-corrected for extinction?. In
the same figure, we also show (with pluses) a selection of stars
from the globular cluster NGC 6101, which is discussed in more
detail in Sect. 2.2.

In Fig. 2 we show the 3D spatial distribution of ED-2 mem-
bers before and after the colour-magnitude selection described
above. Additionally, we highlight the members from the VMP
cluster found by Yuan et al. (2020). We note that three of the
VMP members disagree with the bulk of ED-2 members and
have negative values of v, and lower values of v,. We mark them
as outliers. We find that in the x—z plane, ED-2 forms a tight
sequence. We estimated the stream width by running a princi-
pal component analysis (PCA) decomposition in 3D position
space. When computing the standard deviation in each principal
axis, we find that ED-2 is distributed in a slightly oval pancake

2 We note that throughout this paper, we corrected all our photomet-
ric data for extinction using the Schlegel et al. (1998) dust maps and a
Cardelli et al. (1989) extinction curve assuming Ry = 3.1.
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Fig. 2. Cartesian heliocentric positions and velocities for ED-2 members. The grey symbols mark members that fall outside our narrow photometric
selection (see Fig. 1). The red dots show the VMP cluster from Yuan et al. (2020). The lines show a small portion of the orbits of ED-2 members,
integrated in a MWPOTENTIAL potential for 20 Myr. The blue arrow indicates the approximate direction in which the stars move. ED-2 form a tight
sequence in the x—z and v,—y panels. We find that three objects of Yuan et al. (2020) are outliers in v, (outside the plot range) and v, , which are
unlikely to belong to ED-2. In the three top left panels, the arrows indicate the mean projected velocity vector. The three top right panels show the
original Dodd et al. (2023) membership (orange) and the expanded membership we adopted in this work (blue). We only show these two samples
in the velocity sub-space because this was the sub-space we used to find new members of ED-2 (see Sect. 2).

shape, with dispersions of 750 pc, 650 pc, and 130 pc. We note
that when we propagated the uncertainty in distance, we found
that the typical position uncertainty is smaller than 25 pc. This
suggests that ED-2 forms a pancake-like structure that extends
very little spatially (dispersion of 130 pc), approximately along
the y-axis. We also show in Fig. 2 a small portion of the orbits of
ED-2 members, which also reveal preferential alignment in the
x—z plane, with a higher density of overlapping orbits at nega-
tive z. The orbits were integrated in the MWPOTENTIAL poten-

tial from GALA (Price-Whelan 2017) for 20 Myr. We note that
the orbit followed by ED-2 members is not exactly aligned with
the stream itself. It resembles an elongated co-moving group of
stars more than a typical stellar stream. This type of morphology-
orbit misalignment has been observed for cold streams that have
been perturbed by large satellites (Shipp et al. 2021), but a mis-
alignment like this can also arise when a stream approaches
a sharp turning point in its orbit. This seems to be the case
for ED-2 because it is close to pericentre (at ~6kpc) and its

Al15, page 3 of 9



Balbinot, E., et al.: A&A 678, A115 (2023)

velocity vector is aligned with the predicted orbit integrated in
the MWPOTENTIAL. We find no different orbit or morphology
between the CMD selected sample and the original one from
Dodd et al. (2023), except that stars near the plane tend to fall
outside our CMD selection. This can be explained by improper
extinction correction, as explained earlier. Finally, we observe a
very clear trend in the y—v, plane, where ED-2 forms a very tight
sequence in velocity. We performed a PCA analysis in velocity
space to determine its dispersion. We find that the lowest veloc-
ity dispersion has an amplitude of ~7.4 kms™'. Because the typ-
ical velocity uncertainty is ~Skms™' amongst ED-2 members
and the PCA decomposition does not take any velocity gradients
that might be present into account, the true velocity dispersion
of ED-2 is likely lower than our estimate.

2.1. Metallicity

Some of the ED-2 members are bright enough to have metallici-
ties measured by ground-based surveys. We find that 22 of these
have metallicities, with 21 in LAMOST DRS8 low- and medium-
resolution spectra (LRS and MRS) and one in APOGEE DR17.
In Table 1 we show the summary of the parameters for these
targets. We also list the mean signal-to-noise ratio (S/N) of the
spectra. For the case of LAMOST LRS, the S/N was computed
in the u, g, r, i,z bands, and the value in the table is the highest
S/N in any of the bands. The LAMOST DRS8 metallicities are
shown in parentheses. In the same table, we also indicate the
stars that fall within our CMD selection from Fig. 1 and those
that are velocity outliers (see Fig. 2).

Additionally, we also took the metallicities from Li et al.
(2018b), who reanalysed LAMOST DR3 LRS spectra to derive
more accurate metallicities for low-metallicity stars. We find that
all but one ED-2 member have metallicities in this catalogue. We
chose to use the Li et al. (2018b) metallicities when available,
as shown in Table 1. We note that these rederived metallicites
were shown by Li et al. (2022) to be reliable when compared to
higher-resolution spectra. However, the authors found that the
typical LAMOST uncertainty were severely underestimated and
indicated that an uncertainty of 0.26 dex is more realistic.

In Fig. 3 we show the [Fe/H] distribution as a function
of magnitude using the rederived metallicities from Li et al.
(2018b), except for one star that is not in that catalogue. In
the bottom panel, we show a kernel density estimate (KDE),
built by stacking the individual distributions (assumed to be nor-
mally distributed), after removing velocity outliers (see Fig. 2).
The dispersion of each individual measurement was computed
using a fixed value of 0.26 dex (see the discussion above), with
the exception of the single APOGEE stars, for which we used
the quoted uncertainty. Finally, we show the metallicity from
Gaia DR3 XP spectra derived via label transfer by Andrae et al.
(2023; labelled XGBoost). These metallicities are less reliable,
although for bright (sub-)giants stars, they seem to agree quite
well with the metallicity distributions derived from the spec-
tra. For this latter sample, we assumed a metallicity uncer-
tainty of 0.35dex. We also adopted a G < 16 and Mg < 5
quality cut, which removed low-S/N stars and low-mass main-
sequence stars, which have less reliable spectrophotometric
metallicities.

The resulting KDE shows a clear peak, with a median at
[Fe/H] = —2.60f8:§?, where the uncertainty is assumed to be
the dispersion around the median computed at the 25 and 75
percentiles of the cumulative KDE. We find no difference in
the median metallicity when considering only stars that fall
within the CMD selection shown in Fig. 1. We also find that
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Fig. 3. Metallicity distribution for ED-2. Top panel: [Fe/H] distribu-
tion as a function of observed G-band magnitude for the spectroscopic
members listed in Table 1 using the Li et al. (2018b) catalogue based
on LAMOST and APOGEE data where available. We also show the
spectro-photometric metallicities from Andrae et al. (2023) after the
quality cuts described in Sect. 2.1. We show the same for members of
NGC 6101. Bottom panel: KDE of the [Fe/H] distribution from spec-
troscopy and Andrae et al. (2023). The median (solid) and 25th and 75th
percentiles (dashed) are shown as vertical lines, matching the colour
scheme of the two samples in the top panel. We note the good agreement
between the spectroscopic and spectrophotometric metallicities for
ED-2 members.

the Andrae et al. (2023) metallicities agree well with the spec-
troscopic ones, with a median [Fe/H] = —2.44f8§%.

We note that all the spectroscopic members of ED-2 that
have high or medium spectra and/or have rederived metal-
licities by Lietal. (2018b), have [Fe/H] < -2.42. This
is consistent with our finding based on the CMD distribu-
tion, where ED-2 members are found to be bluer than the
blue sequence of the halo, which peaks at a metallicity of
[Fe/H] ~ —1.2 (Conroy et al. 2019). The median metallicity of
ED-2 is below the metallicity floor of MW GCs (Harris 1996;
Marin-Franch et al. 2009) and the upper limit of its metallicity
only overlaps with a few GCs, such as Messier 92, NGC 2298,
NGC 2419, NGC 4372, NGC 5053, and NGC 6101 (Harris
1996, 2010 revision).

2.2. Association with known structures
Globular clusters

We investigated possible associations of ED-2 with other known
structures in the Galaxy. First, we sampled 1000 initial condi-
tions for each of the 159 globular clusters (GCs hereafter) in the
Baumgardt & Hilker (2018, 2022 revision) and integrated their
orbits for 3 Gyr forward and backward in the MWPOTENTIAL
using GALA (Price-Whelan 2017).
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Fig. 4. ED-2 in IoM space. Top: L, vs. E,, showing GCs (circles)
coloured by their orbital eccentricity. ED-2 is shown as dark blue cir-
cles, while the squares show known retrograde streams (see the leg-
end; Bonaca et al. 2021). Bottom: same as above, but for L, vs. L,.
Additionally, we show the distribution of L, as a violin plot (shaded
regions), estimated from the orbits of NGC 3201, NGC 6101, and
ED-2. As a comparison, we also show the original ED-2 members iden-
tified by Dodd et al. (2023; orange circles) overlaid on our extended
sample (see Sect. 2 and Fig. 2).

Because of the low degree of phase mixing seen in ED-2,
if it is the stellar stream from a disrupting GC, we expect the
progenitor GC to cross the solar neighbourhood at some point
in its orbit. From the simulated GC orbits described above, we
therefore selected only those that approach the Sun closer than
5 kpc. We further narrowed down the list of possible progenitors
by selecting those that are nearest to ED-2 in IoM space. The top
panel in Fig. 4 shows the z-component of the angular momen-
tum (L;) vs. total energy (E\,; computed using the same poten-
tial as for the GC orbits) for the GCs in our sample whose orbits
cross the solar neighbourhood. We note that the high-energy ret-
rograde region of this diagram is typically devoid of GCs, with

the exception of NGC 6101, and NGC 3201. The latter has a
somewhat large E uncertainty. We also show the distribution
of L, =(L2+ L%)% , which is a quantity that is conserved approx-
imately, in the bottom panel of the same figure. For NGC 3201
and NGC 6101, we show a violin plot in which the width is pro-
portional to the amount of time for which each cluster orbit has
a given value of L, . These values were sampled from the orbit
simulations described previously in this section. For ED-2 stars,
we show the same, but we did not sample from the uncertainties
of each star, but took the distribution of all ED-2 orbits. From
this, we conclude that ED-2 does not overlap with any known
GC in this space.

In addition to the orbital mismatch, NGC 3201 ([Fe/H] =
—1.59) and NGC 6101 ([Fe/H] = —1.98; Harris 1996) are both
more metal rich than ED-2. Although NGC 3201 shows the
highest degree of kinematic association with ED-2, we con-
clude from its metallicity that it is unlikely to be the progen-
itor of ED-2. This cluster has also been associated with the
Gjoll stream (Hansen et al. 2020). In the case of NGC 6101,
the metallicity is marginally consistent with ED-2, although
it has been poorly studied thus far. Dalessandro et al. (2015)
reported a [Fe/H] = —2.25 based on isochrone fitting, while
spectroscopic estimates indicate a value of —1.98 (Zinn & West
1984; Carretta et al. 2009). Geisler et al. (1995) used CaT lines
and reported a value of [Fe/H] = —1.86°. Cohen et al. (2011)
reported that the RR Lyrae period distribution and morphology
of the horizontal branch (HB) are consistent with the spectro-
scopic metallicity estimate.

We further investigated this preliminary assessment by cre-
ating a sample of high membership probability NGC 6101 stars.
We adopted the method of Vasiliev & Baumgardt (2021)* and
defined the sample with a membership probability higher than
0.99 and that are more than 3.6” from the cluster centre (to avoid
crowding issues in the Gaia XP spectra). In Fig. 1 we show
the distribution of these stars in colour—magnitude diagram with
pluses. We adopted the distance modulus and extinction value
from Dalessandro et al. (2015). At a first glance, it would seem
that ED-2 agrees well with the stellar population of NGC 6101,
although the ED2 RGB stars appear to be slightly bluer. To con-
firm this, in Fig. 3 we show the Andrae et al. (2023) metallicity
for NGC 6101 members (in red) for observed G-band magni-
tudes brighter than 16. All of these stars are RGB stars at the
distance of NGC 6101. We note that the median metallicity of
this sample is —1.82f8:§$, and it is significantly offset from both
the median spectroscopic and the metallicity for ED-2 derived in
Sect. 2.1 using the estimates of Andrae et al. (2023).

Although Fig. 5 suggests that the expected orbit of ED-2
crosses the present-day position of NGC 6101 quite well (in
distance and on the sky), its radial velocity is offset by about
100km s~ (Harris 1996 reported 366kms™" for NGC 6101),
and this mismatch is expected given their different IoM loca-
tions (see Fig. 4). Therefore, based on the dynamical and stellar
population differences, we conclude that NGC 6101 is unlikely
to be the progenitor of ED-2.

Stellar streams

The census of stellar streams in the MW is rapidly growing
(e.g., Shipp et al. 2018; Ibata et al. 2019), and currently, more

3 We note that this metallicity estimate is not on the same scale as in
Carretta et al. (2009).

4 https://github.com/GalacticDynamics-0xford/
GaiaTools
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Fig. 5. Galactic b, heliocentric velocity (Vielio), and distance as a func-
tion of galactic / from top to bottom. ED-2 members are shown in blue,
and the grey lines show their predicted orbits. We show the Phlegethon
and Ylgr streams (see legend) when data are available. The red (pur-
ple) star marks the location of NGC 6101 (NGC 3201). We note that
NGC 6101 has an excellent match in distance, but only approximately
aligns with the ED-2 orbit (integrated for 25 Myr and shown in grey) in
the other two panels.

than 100 streams have been claimed (see Mateu et al. 2018, for a
recent compilation). Some of these streams may cross the solar
neighbourhood and may give rise to IoM groups such as ED-2.

We took a set of retrograde streams from Bonaca et al.
(2021). We note that not all these streams have spectroscopic
measurements of their radial velocity. Some are predicted values
based on the STREAMFINDER algorithm. Nonetheless, when
we inspect their (sometimes tentative) location of the streams
in IoM space, we find three possible associations with ED-2,
namely Phlegethon (Ibata et al. 2018), Ylgr (Ibata et al. 2019),
and GD-1 (Grillmair & Dionatos 2006), based on their energy
and L,. We note, however, that they appear to be offsetin L, , as
shown in Fig. 4.

GD-1 has been well studied, also spectroscopically, and
its orbit is known to not cross the solar neighbourhood
(Koposov et al. 2010), which is a reflection of its much larger
L, at its energy. Information on Phlegeton is more limited.
Martin et al. (2022) reported a metallicity of —1.98 + 0.05 using
narrow-band photometry in the CaHK band, and Ibata et al.
(2018) predicted the stream orbit based on two SEGUE DR10
(Yanny et al. 2009) member stars. Figure 5 shows that the track
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Fig. 6. All-sky galactic coordinate of the present day (blue), and at 25
(orange), and 250 (green) Myr in the future position of ED-2 members
evolved in a MW-like potential. The present-day locations of NGC 6101
and NGC 3201 are also shown. In the two insets, we show the x—y and
x—z projections. A schematic representation of the MW disk and bulge
is also given. An animated version of this figure is available online.

of Phlegethon is slightly offset from that of the ED-2 stars orbits
and is located at a larger distance (3.8 kpc compared to ~1 kpc
at the same sky location). Similarly, although there is overlap
between the track of the Ylgr stream with ED-2 stars, at its sky
position, Ylgr is at a distance of 9.5 kpc (Riley & Strigari 2020),
whereas ED-2 is well within 3 kpc. We note that Ylgr has no
confirmed spectroscopic members, so the radial velocity is pre-
dicted, and hence, so is it location in IoM space.

Based on the mismatch between distance, velocity, position,
and metallicity, we conclude that neither Phlegethon nor Ylgr
(nor GD-1) are likely to be the progenitor of ED-2. It is nonethe-
less interesting that these retrograde structures are all abnormally
metal poor. It is tempting to suggest that they may have been part
of a larger group of objects born in a similar environment.

3. Orbit and predicted velocity

Unlike the more distant cold streams known thus far in the
Galaxy, ED-2 is not a very narrow stream in comparison. This
is partly due to its crossing of the solar volume. We can estimate
its properties beyond the solar neighbourhood using the ensem-
ble of orbits of its member stars. Because the ED-2 orbit is near-
ing pericentre, we expect that any additional members found at
smaller galactocentric distances will have very high radial veloc-
ities. Additionally, as a stream approaches pericentre, it reaches
its maximum density (smallest physical size), which may make it
easier to detect (Helmi & White 1999; Balbinot & Gieles 2018).

Because the stream is so close to the Sun, the distribution
of the line-of-sight velocities of its members spans a wide range
from —400 to 400 kms™'. Figure 5 shows that as the stars move
away from the Sun, the predicted line-of-sight velocity reaches
values of ~500kms™" for [ ~ 100° and [ ~ —50° (when the
stars lie at distances greater than 5 and 10kpc from the Sun,
respectively).

To demonstrate how ED-2 morphology would resemble that
of a cold stellar stream when in different orbital phases, we show
in Fig. 6 the expected on-sky distribution of its members stars at
the present time and at 25 and 250 Myr in the future. We note
that initially, ED-2 members converge towards the present-day
position of NGC 6101 (as discussed in Sect. 2.2). However, at its
next apocentre, it resembles a thinner structure in the direction
of the MW bulge (but behind it, as shown in the small insets of
Fig. 6).
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Table 1. Summary of the ED-2 members with spectroscopic metallicities.

Designation source_id RA Dec G [Fe/H] Oy S/N Comment
- - deg deg mag dex dex - -
APOGEE DR17
2M16242491+2140066  1298276602498467072 246.103792 21.668526 12.714 —2.50 0.083 78.82 Dodd
LAMOST DR8 MRS
J103946.65+404300.51 779616592350301952 159.944397 40.7168083 13.129 -2.45 0.023 34.69 Dodd/Yuan
LAMOST DR3(8) LRS
J103946.65+404300.45 779616592350301952 159.944389 40.716803 13.129 —-2.53 (-2.19) 0.018 52.84 Dodd/Yuan
J112518.93+351846.8 759407156314566784 171.328903 35.313008 12.950 -2.78 (-2.07) 0.023 57.54 Dodd
J131903.73+330401.0%"  1472684401070876544 199.765554 33.066957 16.692 —2.21 (-1.91) 0.129 23.66 Yuan
J141708.44+444434.60  1505084294322771200 214.285167 44.7429702 15.391 —2.59(-2.12) 0.044 57.05 Yuan
J122900.74-000542.7%  3696558646635083776 187.2530861 -0.0952172 12.884 -2.15(-1.82) 0.078 34.00 Yuan
J113934.44+101100.5 3915925991063287808 174.8935208 10.1834806 13.588 —2.55(-2.14) 0.027 85.61 Dodd/Yuan
J125210.47+183309.17  3941060277118782208 193.043655 18.552555 14.664 —2.65(—1.88) 0.065 50.53 Dodd/Yuan
J112352.87+113120.0 3963873700285600128 170.970298 11.522233 14.274 -2.89 (-2.15) 0.017 143.3 Dodd/Yuan
J111719.96+111851.6%  3963634453427248256 169.333181 11.314341 14.616 —2.26 (—1.58) 0.028 108.48 Yuan
J122059.26+245937.2  4008274384997266560 185.246941 24.993694 14.178 N/A (-1.67) 0.097 15.61 Dodd
J120727.56+312228.3  4014761984637172480 181.864871 31.374531 13.373 -2.42(-2.35) 0.022 137.72 Yuan

Notes. () Indicates whether this target is inside the CMD selection from Fig. 1; ¢ velocity outliers (see Fig. 2). In the last column, we indicate
wether this members was identified by Dodd et al. (2023) or Yuan et al. (2020).

4. Discussion

We presented an extensive analysis of the newly discovered
ED-2 stream. We find that the stream forms a tight pancake-
like structure, with the least dispersion in the x—z plane. Its
stellar population is consistent with an old, single, metal-poor
stellar population with a metallicity of [Fe/H] = —2.6Of8:§(1),
based on the reanalysis of ED-2 members in LAMOST DR3 by
Li et al. (2018a), but also on a high S/N APOGEE member with
[Fe/H] = —2.50 + 0.08°, and a medium-resolution LAMOST
DR& star with [Fe/H] = —2.45 + 0.023. This estimate is based
on a population of six ED-2 members with spectroscopic metal-
licities that were selected from the original sample of Dodd et al.
(2023), with two additional members from Yuan et al. (2020)
that were selected after velocity outliers were removed. Finally,
we find a good agreement between the spectroscopic metallicity
and the Gaia XP derived metallicities (Andrae et al. 2023).

We closely inspected the possible association with retrograde
stellar streams, namely Phlegethon and Ylgr. We find that despite
sharing a similar orbit to ED-2, the Phlegethon is much more dis-
tant and localised on the sky, additionally its metallicity, if low, is
not as low as ED-2. The second stream, Ylgr, has no radial veloc-
ity or metallicity measurements, but we find that in the regions of
the sky in which the expected orbit of ED-2 intersects the loca-
tion of Ylgr, there is a large distance mismatch between these
two streams. Other retrograde stellar streams were also consid-
ered as progenitors, but were ruled out because their orbits do
not cross the solar neighbourhood or because previous studies
linked them to known progenitors.

The orbit of ED-2 is not consistent with any known GCs,
although we find some similarities with the orbits of NGC 3201
and NGC 6101, clusters that are typically associated with the
Sequoia accretion event (Massari et al. 2019; Callingham et al.
2022). Upon further inspection, we find neither of these GCs to

5 We note that the APOGEE DRI17 spectral library is truncated
at [Fe/H] = -2.5 (see https://www.sdss4.org/drl7/irspec/
apogee-libraries/). Thus, the metallicity for this star could be an
overestimate.

have fully consistent orbits with the dynamics of ED-2 mem-
bers. Additionally, we find that ED-2 is more metal poor than
these two GCs. Gaia-derived metallicities for high-confidence
NGC 6101 members seem to favour a [Fe/H] ~ —1.8 metallicity
value for this cluster, in agreement with spectroscopic estimates.
This strongly suggests that no known GC is the progenitor of
ED-2. Instead, ED-2 seems to be in the same class of progenitor-
less stellar streams that have been recently discovered, such as
C-19 (Martin et al. 2022) and the Phoenix stream (Balbinot et al.
2016; Wan et al. 2020).

We find that ED-2 resembles a shell or elongated pancake-
like structure that is nearing pericentre. We estimate that ED-2 is
a relatively cold stream, with a thickness of 130 pc and a veloc-
ity dispersion of 7.4 kms™'. We note that due to PM and parallax
uncertainties, both the size and especially the velocity dispersion
are likely overestimated (given the 5kms™" velocity error typi-
cal of its members). The morphology of ED-2 is expected at its
orbital phase, where streams are compressed (and their velocity
dispersions enhanced; see Helmi & White 1999). From orbital
integrations, we find that ED-2 would resemble a thinner stream
if it were observed at apocentre. Based on its characteristics, a
likely scenario is that it had a GC or ultra-faint dwarf galaxy
progenitor.

Recently, Mikkolaetal. (2023) showed that ED-2 is
expected to contain roughly 180 members within 3 kpc from
the Sun. However, we are lacking radial velocity measurements
to be able to find these additional members. Our orbit integra-
tions predict a distinct line-of-sight signature beyond the solar
neighbourhood. In particular, we expect that new members in
the direction of NGC 6101 (i.e., closer to the Galaxy cen-
tre and below its plane) have line-of-sight velocities close to
500kms™".

Future spectroscopic surveys, such as WEAVE and 4MOST,
will thus likely allow the identification of more ED-2 members.
Furthermore, higher-resolution spectroscopic observations of the
stream will enable a robust classification of its progenitor as a
GC or ultra-faint dwarf galaxy based on its internal metallicity
spread (Willman & Strader 2012) and light-element abundance
spreads (Bragaglia et al. 2017).
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Appendix A: List of members

Here we list all the members of ED-2 used in this work. We give
only their Gaia DR3 source_id values, and we note that we
also include the velocity outliers that were removed in Sect 2.

Table A.1. Gaia DR3 source_id for ED-2 members used in this work

source_id

759407156314566784

779616592350301952

1298276602498467072
1355410284693698304
1473531196822925696
1483840527082796160
1504043950164231040
1505084294322771200
1571514072452538752
1574800645851240192
1577319631286280960
1578782394069199488
1607956973038473600
1613368013356040192
1665210536361012480
1693676308288915712
1698151522476505344
1828751586656157952
1835597214774359424
2110672655835482496
3473979147705211776
3549718318990080896
3592103255289580800
3624621311681013504
3723617593434390656
3757312745743087232
3786501309126931328
3869876996687740032
3915925991063287808
3941060277118782208
3951060094855048960
3963873700285600128
3973419660238121728
3992080193627189632
4008274384997266560
4014326268795251712
4025946010756238464
4154818772254357376
4172609385769404032
4245522468554091904
4479226310758314496
4532592619428218624
5444820480268295424
5991844282681283712
6632335060231088896
6646097819069706624
6746114585056265600
6747065215934660608
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