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Abstract

The origins of most stellar streams in the Milky Way are unknown. With improved proper motions provided by
Gaia EDR3, we show that the orbits of 23 Galactic stellar streams are highly clustered in orbital phase space. Based
on their energies and angular momenta, most streams in our sample can plausibly be associated with a specific
(disrupted) dwarf galaxy host that brought them into the Milky Way. For eight streams we also identify likely
globular cluster progenitors (four of these associations are reported here for the first time). Some of these stream
progenitors are surprisingly far apart, displaced from their tidal debris by a few to tens of degrees. We identify
stellar streams that appear spatially distinct, but whose similar orbits indicate they likely originate from the same
progenitor. If confirmed as physical discontinuities, they will provide strong constraints on the mass loss from the
progenitor. The nearly universal ex situ origin of existing stellar streams makes them valuable tracers of galaxy
mergers and dynamical friction within the Galactic halo. Their phase-space clustering can be leveraged to construct
a precise global map of dark matter in the Milky Way, while their internal structure may hold clues to the small-
scale structure of dark matter in their original host galaxies.

Unified Astronomy Thesaurus concepts: Milky Way Galaxy (1054); Milky Way stellar halo (1060); Tidal tails
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(1701); Galaxy accretion (575); Globular star clusters (656)

1. Introduction

Stellar streams hold the promise of delivering fundamental
insights about the Galaxy and the nature of dark matter. Due to
their cold kinematics, even subtle gravitational perturbations will
leave a prominent observational signature (e.g., gaps due to
encounters with dark matter subhalos, fans due to encounters
with the bar; Johnston et al. 2002; Pearson et al. 2017; Bonaca
et al. 2019b). A remarkable and unexpected discovery over the
past few years is that almost every stream displays a variety of
complex morphologies, large velocity dispersions, and/or widths
incommensurate with dynamically unperturbed models (e.g.,
Price-Whelan & Bonaca 2018; Bonaca et al. 2019a, 2020a;
Li et al. 2020; Gialluca et al. 2020).

A key missing piece of context in our modeling of streams is
knowledge of their origins. We have thus far been unable to
answer some of the most basic of questions: Were the stream
progenitors born in situ, or did they enter the Milky Way
during mergers with dwarf galaxies? Which streams originate
from disrupting globular clusters, and which from dissolving
dwarf galaxies? Understanding the origin of streams is critical
to fulfilling their promise as probes of fundamental physics and
the nature of the Galaxy. For instance, properties of the
progenitor dwarf galaxy, including its mass and density profile,
will leave imprints on stream structure and velocity dispersion
(Carlberg 2018; Malhan et al. 2021). Other aspects of the dwarf
host (e.g., its accretion redshift) can help bracket for how long
the stream must be orbiting the Milky Way, and thus constrain

important parameters such as the expected number of subhalo
encounters (e.g., Erkal et al. 2016).

In this Letter we use stream proper motions from Gaia and
ground-based radial velocities to derive orbits, including
angular momenta and energies. This information, along with
metallicities where available, is used to associate 23 stellar
streams with disrupted dwarf galaxies and/or known globular
clusters. Throughout the Letter we use the term “stream
progenitor” for an object whose tidal disruption formed that
stream and the term “host galaxy” for a galaxy in which the
stream progenitor was born.

2. Stream Orbits

More than 60 long and thin stellar streams have been
discovered in the Milky Way (see Mateu et al. 2018 for an up-
to-date catalog). Due to their small width, these are expected to
be tidally dissolved globular clusters, although low-mass dwarf
galaxy progenitors are also allowed (and can be distinguished
with the presence of a metallicity spread). Only a handful of
streams directly connect to a surviving globular cluster (e.g.,
Rockosi et al. 2002; Grillmair & Johnson 2006). The vast
majority of streams have no apparent progenitor within the
stream and here we explore the origin of such streams.

Thanks to data released by the Gaia mission, 3D positions
and two proper motion components are known for a sample of
23 streams without a discernible progenitor (Ibata et al. 2019;
Shipp et al. 2019; Riley & Strigari 2020). Gaia DR2 proper
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Figure 1. Left: posterior samples of orbital energy and angular momentum L, for stellar streams, colored by the average orthogonal component of the angular
momentum, L;, and compared to field stars (black points). Right: median energy and angular momentum for stellar streams (stars) compared to globular clusters
(circles), both color-coded by L, . Unlike stars and clusters, streams predominantly occupy tangential orbits (large |L,|) and are more strongly clustered in phase space.
Globular clusters in close proximity to streams are indicated as plausible progenitors (cyan triangles).

motions detected in Elqui, Phoenix, Turbio, Turranburra, and
Willka Yaku are significantly more uncertain than along other
streams in our sample. For these streams we selected blue
horizontal branch stars from the Gaia EDR3 catalog (Gaia
Collaboration et al. 2020) with a box in the Gaia color—
magnitude diagram at the expected stream distance, and used
their more precise proper motions in orbit fitting. Radial
velocities have been measured for five of these streams, thereby
providing full 6D phase-space information (Caldwell et al.
2020; Li et al. 2020; Bonaca et al. 2020b).

In this work, we use stream orbits derived by Bonaca &
Kruijssen (2021), and provide here a brief overview of their
fitting procedure. Assuming a static, axisymmetric model of the
Milky Way (Price-Whelan 2017, v1.2 MilkyWayPoten-—
tial), Bonaca & Kruijssen used the available stream data to
constrain their orbits. They sampled the stream orbital
parameters using a Monte Carlo Markov Chain ensemble
sampler and provide direct samples from the posterior to
account for correlations between parameters. In this work we
characterize the orbit by its total energy, E. and the z
component of the angular momentum, L, (perpendicular to the
Galactic disk)—both conserved quantities in the adopted
gravitational potential. We further employ the orthogonal

component of the angular momentum L, = ,/ Lf + Lyz, which
is not fully conserved in an axisymmetric potential, but is still a
useful quantity for orbital characterization (e.g., Helmi et al.
1999). We use a right-handed coordinate system, such that
L, < 0 denotes prograde orbits.

3. Streams in Phase Space
3.1. Overview

We present the phase-space distribution of Galactic streams
in Figure 1. In the left panel, each stream is represented in
energy and L, angular momentum with 1000 samples from the
posterior distributions, while the medians of these distributions
are shown as stars in the right panel. In both panels points are

color-coded by the in-plane component of the angular
momentum, L. As a comparison, we include the phase-space
distribution of giant stars from the H3 Spectroscopic Survey
(left panel, small black points; Conroy et al. 2019), and
Galactic globular clusters (right panel, small circles colored by
L, ; Baumgardt et al. 2019).

In general, stellar streams occupy different regions of the
energy—angular momentum phase space compared to the bulk
of globular clusters and field stars. In our sample, ~25% of
streams are retrograde (L, > 1 kpc? Myr~!), compared to 8%
and 6% of field stars and globular clusters, respectively.
Furthermore, at a given angular momentum, the orbits of
prograde streams are typically more inclined than those of field
stars and globular clusters (their L, /L, ratio is larger than unity
for ~85% of streams with L, < —0.5 kpc? Myr~!, compared to
55% of stars and 30% of globular clusters at the same angular
momenta). Retrograde and highly inclined orbits already
indicate that a large fraction of stellar streams may have an
ex situ origin.

The two most striking features of streams in phase space are
(1) the significant degree of clustering, and (2) the lack of
streams on radial orbits (L, =~ 0). In contrast, the major feature
in stars and globular clusters is the large population of objects
on radial orbits, identified as debris from the Gaia—Sausage—
Enceladus (GSE) merger (e.g., Belokurov et al. 2018; Helmi
et al. 2018; Naidu et al. 2020). Only two stellar streams are
found on radial orbits, Ophiuchus and Elqui. Unlike stars and
globular clusters, the majority of the streams are highly
clustered in two groups, a retrograde group containing 7
streams, and a prograde group comprised of 14 streams. We
quantify the degree of the streams’ phase-space clustering in
Section 3.2.

Most of the retrograde streams are found in a narrow
locus from (Ey, L;) ~ (—0.08 kpc> Myr—2, 4 kpc? Myr—!) to
(Eoir L) = (—0.11 kpc® Myr—2, 1 kpc? Myr—1), which includes
Leiptr, Gjoll, GD-1, Phlegethon, Ylgr, and Wambelong.
Fimbulthul is on the extension of this diagonal to lower energies.
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Figure 2. Left: positions of halo stars (black) and stellar streams (red) in the energy—angular momentum phase space scaled to unity dispersion. Right: phase-space
correlation function (black line) and the 16th—84th percentile uncertainty sampling the posterior distribution of the streams’ orbital parameters (gray shading). Streams
are more strongly clustered than field halo stars on small scales (solid orange line, corresponding to a typical distance between streams of common origin) and large

scales (dashed orange line, typical distance between different stream associations).

With the exception of GD-1 and Leiptr, all retrograde streams
have uniformly low L; < 1kpc?>Myr~!. This clustering in
orbital poles suggests that the entire retrograde group may share a
common origin. Within this group, Wambelong, Leiptr, and Gjoll
are highly aligned, defining a potential “plane of streams.”

The prograde group of streams appears to separate into three
distinct regions: (1) Triangulum and Willka Yaku at
L, ~ —3 kpc? Myr~!; (2) Slidr, ATLAS, Aliga Uma, Turbio,
Turranburra, and Fjérm at L.~ —2kpc> Myr~!; and (3)
Jhelum, Sylgr, Ravi, Indus, Phoenix, and Svol at
L.~ —1kpc?Myr~!. For prograde streams, the in-plane
angular momentum is strongly correlated with the orbital
energy (Pearson’s r = 0.87), such that the more energetic the
stream, the more likely it is to have a highly inclined orbit. The
median energy of these subgroups also decreases with
decreasing |L.|, while its dispersion increases, such that the
most radial clump spans the largest range in energy levels.
Clustering of the prograde streams provides tantalizing
evidence of a common origin among stellar streams, which
we explore further in Section 3.3.

Several streams are also very closely associated with a globular
cluster in phase space, suggesting a possible physical connection.
Clusters that appear close to streams in energy, both components
of the angular momentum, and also distance and metallicity are
outlined in cyan triangles in the right panel of Figure 1. The
identified cluster—stream groups include Omega Cen—Fimbulthul,
NGC 3201-Gjoll, NGC 4590-Fjorm, NGC 5024-Sylgr and
Ravi, NGC 5272-Sv¢l, and NGC 5824-Triangulum. We explore
these connections further in Section 3.4.

3.2. Phase-space Correlation Function

To quantify the degree of the streams’ clustering in phase
space, we define the phase-space correlation function. In

cosmological studies of large-scale clustering, the spatial
distribution of galaxies is customarily compared to a random
distribution of points (e.g., Landy & Szalay 1993). However, a
completely random distribution poorly represents the intrinsic
V-shape of the orbital phase space. Instead, we compare the
phase-space distribution of streams to the distribution of halo
stars observed by the H3 survey. We opted to report the
streams’ clustering relative to the empirical catalog of halo
stars; however, we also compared streams to halo stars from the
Rybizki et al. (2018) Gaia mock stellar catalog and reached the
same conclusions, both qualitatively and quantitatively.

Our phase-space correlation function estimator, &(r), is
defined as

ey

£ = <§&> -1

SH Ns

where SS is the number of stream pairs at a distance r, SH is the
corresponding number of stream-halo star pairs, Ng and Ny
give the number of streams and halo stars, respectively, and the
brackets denote averaging over the streams in our sample. To
equally weight the energy and the angular momentum
dimensions of the phase space, we scale both components by
the standard deviations in the better populated sample of halo
stars (og,, and oy, respectively). Therefore, the dimensionless
distance between two points in the phase-space (L j, Eior,1) and
(L;2, Eor2) 1s defined as

2 2
L,i—L Eo1 — E
ra = [ z1 z.Z] + [ tot, 1 tol,Z) ) )

oL, OFE

The scaled phase-space distribution of stellar streams (red)
and halo stars (black) used to calculate the streams’ phase-
space correlation function is shown in the left panel of Figure 2.
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Figure 3. Left: the phase-space positions of stellar streams in our sample (stars) are largely outside the region of in situ halo stars (dashed contour). Right: streams can
be mapped to individual accretion events onto the Milky Way (contours of different colors) based on their orbits.

The right panel shows the median phase-space correlation
function in black and the 16th—84th percentile uncertainty
calculated using a 1000 samples of the streams’ orbits in gray.
Were the streams clustered the same as halo stars on all scales,
the correlation function would be flat at £ ~ 0. Instead,
Figure 2 shows that streams are clustered significantly more
strongly than field halo stars on two scales. The strongest
enhancement (factor of ~4) is attained at large scales (scaled
distance r = 2.8, marked in both panels with a dashed orange
line). This scale corresponds to the distance between different
stream associations, in particular between the prograde and
retrograde streams. The enhanced large-scale clustering of
streams is mainly driven by streams being on preferentially
tangential orbits, while most field stars are on radial orbits.

Surprisingly, stellar streams are clustered more strongly than
field halo stars also on small scales. The correlation function
indicates a two-fold enhancement in clustering of streams at a
scaled distance r = 0.35, marked in both panels of Figure 2
with a solid orange line. This scale corresponds to the typical
distance between neighboring streams within large associations
(one retrograde and three prograde groups). Prominent
clustering of streams on small scales indicates that streams
within the association may be physically related.

3.3. Association with Disrupted Galaxies

Naidu et al. (2020) performed a detailed chemo-dynamical
decomposition of stars observed in the H3 Spectroscopic
Survey to identify structures in the Galactic halo. In Figure 3
we compare the locations of streams in E — L, space to the
structures identified in Naidu et al. The left panel compares the
stream locations to the stars inferred to be born within the
Milky Way (in situ; dashed line), while the right panel
compares streams to the populations of stars inferred to have an
accretion origin. In the right panel we use contours of different
colors to mark the phase-space distribution of structures
identified in Naidu et al. (2020), most of which likely
constitute distinct accretion events. Specifically, we performed
kernel density estimation and encompass the region where the

average density for a given component is higher than 20% of its
maximum. Most of the streams have energies and angular
momenta consistent with the distribution of one of the known
halo substructures.

The high-energy group of retrograde streams is well aligned
with debris from Sequoia, I'itoi, and Arjuna. These three Milky
Way progenitors differ in metallicity (Naidu et al. 2020), so it
might be possible to further refine the streams’ association with
these structures based on their metallicity. While GD-1
(spectroscopic [Fe/H] = —2.3; Bonaca et al. 2020b), Ylgr
(spectroscopic [Fe/H] = —1.9; Ibata et al. 2019), and Wambe-
long (isochrone [Fe/H] = —2.2; Shipp et al. 2018) have low
metallicities that can be plausibly associated with any of these
progenitors, Gjoll (spectroscopic [Fe/H] = —1.5; Hansen et al.
2020), Leiptr (isochrone [Fe/H] = —1.6; Ibata et al. 2019),
and Phlegethon (spectroscopic [Fe/H] = —1.6; Ibata et al.
2018) are sufficiently metal-rich to favor association with
Sequoia or Arjuna.

Turning now toward the streams on more radial orbits,
Fimbulthul lies at low energies associated with the inner
Galaxy, beyond the region of energies and angular momenta
surveyed by H3. Despite being slightly retrograde, its high
metallicity rules out association with the low-mass satellites on
retrograde orbits. On the other hand, numerical simulations
show that debris from the massive GSE can attain similar
angular momentum at these energies (Naidu et al. 2021). We,
therefore, associate GSE as the host galaxy of Fimbulthul.

Ophiuchus is on a low-energy radial orbit and we therefore
associate it with GSE. Although some in situ stars have orbits
similar to Ophiuchus, the low metallicity of [Fe/H] = —1.95
(Sesar et al. 2015) disfavors Ophiuchus as an in situ stellar
stream. Furthermore, the curious morphology of Ophiuchus
(the short extent of the narrow, dense stream, which is
surrounded by a wide, low-density envelope) is naturally
expected from globular clusters that first started dissolving in a
dwarf galaxy host and continued dissolving in the Milky Way
upon the host galaxy’s disruption (see Carlberg 2018; Malhan
et al. 2021).



THE ASTROPHYSICAL JOURNAL LETTERS, 909:1.26 (8pp), 2021 March 10

Table 1
The Origins of Stellar Streams in the Milky Way
Host Galaxy Associated
Name Candidate Progenitor with Type
Aliga Uma Sagittarius ATLAS GC
ATLAS Sagittarius Aliga Uma GC
Elqui none itself “e DG
Fimbulthul Gaia—Sausage— NGC 5139 GC
Enceladus
Fjorm Sagittarius NGC 4590 GC
GD-1 Sequoia/ - - GC
Arjuna/T’itoi
Gjoll Sequoia/Arjuna NGC 3201 GC
Indus - (Wukong/ Jhelum DG
Helmi)
Jhelum - (Wukong/ Indus DG
Helmi)
Leiptr Sequoia/Arjuna e GC
Ophiuchus Gaia—Sausage— e e GC
Enceladus
Phlegethon Sequoia/Arjuna e e GC
Phoenix Helmi/Wukong = e GC
Ravi Helmi/Wukong NGC 5024 Sylgr GC
Slidr Sagittarius S “e GC
Svol in situ/Helmi/ NGC 5272 GC
Wukong
Sylgr Helmi/Wukong NGC 5024 Ravi GC
Triangulum Cetus NGC 5824 Turbio GC
Turbio Cetus NGC 5824 Triangulum GC
Turranburra Sagittarius e e GC
Wambelong Sequoia/ e e GC
Arjuna/Titoi
Willka Yaku Cetus GC
Yigr Sequoia/ - - GC

Arjuna/Titoi

Note. Progenitor is the object that dissolved to create the stellar stream. The last
column determines the progenitor as globular cluster (GC) or dwarf galaxy
(DG). Host galaxy is the galaxy that brought the stream progenitor into the
Milky Way. Tentative host galaxy candidates and progenitors are placed in
parentheses. Unknown or very uncertain associations are labeled with ellipses.

Elqui is on a high-energy radial orbit and appears
unassociated with any of the Milky Way progenitors. Ji et al.
(2020) found significant metallicity spread in Elqui, a telltale
signature of a dwarf galaxy origin with an extended star
formation history. Elqui could plausibly have been a satellite of
GSE, but we disfavor this association because GSE accreted
~10 Gyr ago (Bonaca et al. 2020c) and disruption of satellites
on radial orbits is fast. Most likely, Elqui is tidal debris of a
recently accreted dwarf galaxy without a more massive host.

At slightly lower energies and on prograde orbits, Jhelum
and Indus are two streams that have been linked together based
on their 3D orbits (Bonaca et al. 2019a). Curiously, they have
similar metallicities ([Fe/H] ~— 2.1) and detectable spread in
chemical abundances (Ji et al. 2020), which suggests they are
tidal debris from the same dwarf galaxy at different orbital
phases, possibly from separate pericenter passages. This region
of phase space is occupied by debris from Helmi'' and
Wukong; we therefore suggest that Jhelum and Indus may

"'n the literature this structure is often referred to as the Helmi Streams
(Helmi et al. 1999). To avoid confusion with the thin streams discussed in this
work, we refer to this structure simply as “Helmi” throughout.

Bonaca et al.

represent the remaining coherent debris from either of these
galaxies. Wukong is the more metal-poor of the two
([Fe/H] ~ —1.6 versus —1.3), which, given the low metalli-
cities of Jhelum and Indus, would favor an association with
Wukong over Helmi. Alternatively, Jhelum and Indus might
originate from a satellite of a more massive merger like
Sagittarius or GSE.

Ravi, Sylgr, and Phoenix are thin streams with orbits similar
to Indus. With little metallicity variation within either Sylgr or
Phoenix (Ibata et al. 2019; Wan et al. 2020), these streams
likely originate from globular clusters hosted by the progenitor
of Indus and Jhelum.

Svdl is the final stream in this group of low and prograde
angular momentum, found at substantially lower energy from
the rest of the group. Based on its energy and angular
momentum, Svél may be associated with Helmi, Wukong, or
the in situ component of the stellar halo. Interestingly, Ibata
et al. (2019) identified a star with Svol kinematics, but marked
it as a probable contaminant because of a metallicity [Fe/
H] = —1.08. If this star is confirmed to be associated with Svol
and is determined to have a high [«/Fe] abundance, Svol
would be the first known halo stream to be strongly associated
with an in situ population in the Milky Way.

A large group of streams including Aliga Uma, ATLAS,
Fjorm, Slidr, and Turranburra forms a tight sequence at
intermediate  prograde angular momenta (centered on
L, ~ —2kpc*Mpc Y. Stars from both the Cetus stream and
the Sagittarius dwarf galaxy have been observed at these
E — L, (Figure 3). We associate these streams with Sagittarius
based on their low L, angular momenta (Johnson et al. 2020).
All of these streams are thin and no metallicity spreads have
been detected, which suggests they were originally globular
clusters associated with Sagittarius that were disrupted by the
Milky Way tidal force. Several streams in this group are very
close in the phase space, which suggests that some of them
might be part of the same stream, despite appearing spatially
distinct in the sky. In fact, Li et al. (2020) found that ATLAS
and Aliga Uma have a radial velocity gradient consistent with
the same orbit. Perturbations from the dynamic Sagittarius
environment can produce a large gap in the originally
continuous stream (Bonaca et al. 2020b; de Boer et al. 2020).

Finally, Triangulum and Willka Yaku form a distinct
association on highly prograde, high-energy orbits. This region
of phase space is occupied by stars from the Cetus stream
(Yuan et al. 2019), with an extension to lower orbits that
captures Turbio, a stream we find associated with Triangulum
in Section 3.4. Triangulum, Turbio, and Willka Yaku also
overlap with Cetus spatially, but they are significantly narrower
than the Cetus stream (0.25° versus ~2°; Bonaca et al. 2012;
Shipp et al. 2018; Newberg et al. 2009). This suggests that
Triangulum, Turbio, and Willka Yaku are dissolved globular
clusters that were brought into the Milky Way by the
progenitor of the Cetus stream.

These results imply that the original host galaxy for a large
fraction of stellar streams in the Galactic halo was not the
Milky Way, but one of its lower-mass progenitors. Tentative
associations of streams and their host galaxies are listed in
Table 1.

3.4. Association with Globular Clusters

In this section we explore whether globular cluster
progenitors of stellar streams can be identified based on their
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Figure 4. Sky positions of stellar streams (circles) and globular clusters (crosses) that have similar orbital energies and angular momenta (see Figure 1), shown in
equatorial coordinates in the top and Galactic at the bottom. Thick lines are the best-fit orbits of globular clusters, whereas thin lines sample observational uncertainties
in the clusters” 6D positions. Despite being spatially separated, these clusters are likely stream progenitors because their orbits connect them to the streams.

proximity in phase space. Inspection of the right panel of
Figure 1 reveals several cases in which a globular cluster is
very close in E — L, — L, space to one or more stellar streams.
Figure 4 shows the sky positions of the six most compelling
associations (close also in distance and metallicity), with
equatorial coordinates in the top panel and Galactic in the
bottom panel. In this figure the globular clusters are shown as
crosses and stream stars as circles (associated objects have the
same color). Starting with the best-fit 6D positions from
Baumgardt et al. (2019) we integrated orbits of these clusters
and in all cases found that they clearly connect to stellar
streams (shown as thick lines of matching colors in Figure 4).
Thin lines show a 100 samples from the observational
uncertainties. The connections between NGC 5139 (Omega
Cen) and Fimbulthul, NGC 3201 and Gj6ll, and NGC 4590
(M 68) and Fjorm have been previously identified (Ibata et al.
2020, and references therein). These results suggest that

associations between a globular cluster and a stellar stream,
where the stream does not connect directly to the cluster, are
common in the Milky Way (8 out of 23 streams).

These associations challenge the established picture in which
tidal tails are developed symmetrically around globular clusters
through steady mass loss (e.g., Kiipper et al. 2010). None of the
streams here connects directly to the progenitor, and we
identified both the leading and the trailing tails only for
NGC 5024. Parts of stellar streams might be missing due to
observational limitations, such as footprints of photometric
surveys in the case of Ravi, Triangulum, and Turbio, the
varying degree to which streams stand out against the bulk of
the Milky Way stars in proper motions (for Fimbulthul, Fjorm,
Gjoll, Svol, and Sylgr), and crowding in the disk plane (for
Gjoll, Turbio, and Ravi). Dedicated searches with more precise
Gaia EDR3 proper motions (Gaia Collaboration et al. 2020)
and extended photometric catalogs (Dey et al. 2019) along the
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leading and trailing sides of orbits shown in Figure 4 should
determine whether the stream asymmetries and gaps are
physical or a selection effect.

Orbits of globular clusters in a simple model of the Milky
Way match stellar streams remarkably (Figure 4), but there are
deviations that could refine our model of the Galaxy. At certain
phases of the orbit, streams can be misaligned from the
progenitor’s orbit (Sanders & Binney 2013), which may
account for the misalignment of Sylgr and Ravi with the orbit
of NGC 5024 and precisely constrain the streams’ formation
time. Massive satellites like Sagittarius or the Large Magellanic
Cloud change orbits of globular clusters (Garrow et al. 2020),
which may have caused the spatial offsets of Svol and
Triangulum from the orbits of their matching clusters.

4. Discussion

In this Letter we used clustering in the phase space of orbital
energies and angular momenta to illuminate the origin of 23
cold stellar streams in the Milky Way halo. For 20 halo streams
we identified host galaxy candidates that brought them into the
Milky Way, and found that only Svdl plausibly originated from
a globular cluster born in situ. We used the proximity of stellar
streams in phase space to identify streams that appear as
separate entities spatially, but which have a common orbit and
are therefore part of a single, much more extended structure.
Finally, we identified six globular clusters as progenitors of
eight stellar streams (the orbits of NGC 5024 and NGC 5824
each pass through two streams). The host galaxy candidates
and individual stream progenitors are summarized in Table 1.

Stellar streams of extragalactic origin may provide new
insight into low-mass galaxies. The progenitors of these
streams are globular clusters that have until recently been a
part of their host galaxies’ globular cluster system. This
recently dissolved population might shed light on the origin of
scatter in the relation between the globular cluster system and
the galaxy mass for low-mass galaxies (e.g., Harris et al. 2013).
On the other hand, assuming that streams were formed only
recently would suggest larger pre-infall halo masses of their
host galaxies, many of which already have a sizeable
population of globular clusters (e.g., 5-7 in Sagittarius,
Johnson et al. 2020; up to 6 in Sequoia, Myeong et al.
2019). This is especially pertinent for the accretion of
Sagittarius as its impact throughout the Milky Way strongly
depends on its mass (Laporte et al. 2019).

Our findings have wide implications on stellar streams as
tracers of dark matter. To list a few: (1) associating shorter
streams into a single, longer structure increases their sensitivity
to global properties of the gravitational potential (Bonaca &
Hogg 2018); (2) high clustering of many stellar streams in
phase space can be directly used to constrain the gravitational
potential (Sanderson et al. 2015; Reino et al. 2021); (3) if the
retrograde streams represent debris from a single merger event,
then they depict dynamical friction in action (e.g., Chandra-
sekhar 1942; White 1978), whose magnitude depends on the
nature of dark matter (e.g., Lancaster et al. 2020); (4) a known
stream progenitor allows the construction of direct N-body
models that best capture the inherent structure of stellar streams
(e.g., Kiipper et al. 2008; Just et al. 2009) and improve their
modeling in the Milky Way potential (Kiipper et al. 2015); (5)
a known host galaxy provides the time of accretion onto the
Milky Way (e.g., Kruijssen et al. 2020), which allows for
properly capturing a stream’s early formation in its host galaxy

Bonaca et al.

(e.g., Carlberg 2018; Malhan et al. 2021) as well as subsequent
evolution in the Milky Way that accurately accounts for
perturbations from molecular clouds, spiral arms, and dark
matter subhalos (e.g., Erkal et al. 2016; Banik et al. 2021).

We close by discussing new stream observations that are
most urgently needed. Expanding this study to the entire
population of streams in the Milky Way requires high-quality
proper motions of 240 streams, many of which are distant and
faint (e.g., Grillmair 2009, 2017). As we approach a complete
census, understanding the selection function of streams in the
Galaxy will be crucial for interpreting the phase-space
distribution and origin of streams. For example, accounting
for selection biases is necessary to ascertain whether streams
are preferentially more retrograde than field stars. Similarly, a
selection function is needed to assess whether there is a genuine
lack of streams on radial orbits (as shell rather than stream
morphologies are expected on such orbits; Hendel &
Johnston 2015) or whether genuine radial streams are
misclassified as dwarf galaxies (that have anomalously large
velocity dispersions and/or distance gradients; Kiipper et al.
2017). Further, we inferred a predominantly extragalactic
origin of halo streams at high galactic latitudes; however, tidal
tails of in situ star clusters might be more common closer to the
Galactic plane (e.g., Meingast et al. 2019; Roser et al. 2019).
Precise radial velocities, such as those provided by the H3
(Conroy et al. 2019) and S5 (Li et al. 2019) surveys, are needed
to further constrain the streams’ orbits. Metallicity and multi-
element abundances are the ultimate tool in discriminating
globular cluster versus dwarf galaxy progenitor systems (e.g.,
Hansen et al. 2020), with Svol, Indus, Jhelum, and the
retrograde debris being the top priority.
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