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Abstract

The Magellanic Stream (MS)—an enormous ribbon of gas spanning 140° of the southern sky trailing the
Magellanic Clouds—has been exquisitely mapped in the five decades since its discovery. However, despite
concerted efforts, no stellar counterpart to the MS has been conclusively identified. This stellar stream would reveal
the distance and 6D kinematics of the MS, constraining its formation and the past orbital history of the Clouds. We
have been conducting a spectroscopic survey of the most distant and luminous red giant stars in the Galactic
outskirts. From this data set, we have discovered a prominent population of 13 stars matching the extreme angular
momentum of the Clouds, spanning up to 100° along the MS at distances of 60-120kpc. Furthermore, these
kinematically selected stars lie along an [«/Fe]-deficient track in chemical space from —2.5 < [Fe/H] <— 0.5,
consistent with their formation in the Clouds themselves. We identify these stars as high-confidence members of
the Magellanic Stellar Stream. Half of these stars are metal-rich and closely follow the gaseous MS, whereas the
other half are more scattered and metal-poor. We argue that the metal-rich stream is the recently formed tidal
counterpart to the MS, and we speculate that the metal-poor population was thrown out of the SMC outskirts
during an earlier interaction between the Clouds. The Magellanic Stellar Stream provides a strong set of constraints
—distances, 6D kinematics, and birth locations—that will guide future simulations toward unveiling the detailed
history of the Clouds.

Unified Astronomy Thesaurus concepts: Large Magellanic Cloud (903); Magellanic Clouds (990); Magellanic

Stream (991); Small Magellanic Cloud (1468); Stellar streams (2166)

1. Introduction

The Magellanic Stream (MS) is an immense gaseous
structure encircling the Milky Way, spanning over 140° of
the southern sky (see D’Onghia & Fox 2016, for a
comprehensive review). Initially discovered via HI gas, all-
sky radio surveys have revealed the full extent of the stream
emerging in the wake of the Magellanic Clouds (hereafter
“Clouds”; see Dennefeld 2020 for a discussion about this
name) and also in a leading arm ahead of the Clouds
(Dieter 1965; Wannier & Wrixon 1972; Mathewson et al.
1974; Lu et al. 1998; Putman et al. 1998; Venzmer et al. 2012;
Foret al. 2013). The MS is bifurcated into two interwoven
filaments separable in velocity and chemical composition, with
one component originating from each of the Clouds
(Cohen 1982; Morras 1983; Putman 2000; Putman et al.
2003; Nidever et al. 2008; Fox et al. 2013; Richter et al. 2013).

Despite extensive observations and simulations of the
gaseous MS, its origin has remained enigmatic for decades.
In particular, the relative contribution from two major
formation processes—tidal disruption and ram pressure strip-
ping—remains uncertain. The tidal disruption model suggests
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that the MS primarily formed through past gravitational
interactions between the Clouds and predicts several observed
features of the MS like its leading arm (Fujimoto & Sofue 1976;
Lin & Lynden-Bell 1977; Murai & Fujimoto 1980; Yoshizawa
& Noguchi 2003; Connors et al. 2006; Besla et al. 2012, 2013;
Guglielmo et al. 2014). The ram pressure model forms the MS
predominantly via hydrodynamical drag on the Clouds’ gas,
with both the Milky Way (MW) and LMC’s coronal gas
playing a key role (Meurer et al. 1985; Moore & Davis 1994;
Murali 2000; Diaz & Bekki 2011; Wang et al. 2019; Lucchini
et al. 2020; Krishnarao et al. 2022). In practice, a combination
of both models is likely required to explain the concert of
observed stream properties.

A key source of uncertainty is the past orbit of the Clouds,
which is significantly affected by hydrodynamical influences
that are challenging to model (Lucchini et al. 2021).
Regardless, proper-motion measurements of the Clouds have
revealed that they are likely on their first pericentric passage
around the MW as a loosely bound pair (Besla et al. 2007;
D’Onghia & Lake 2008; Nichols et al. 2011; Kallivayalil et al.
2013; Zivick et al. 2018, although see Vasiliev 2023b). This
has broad implications for our own MW, due to the LMC’s
outsize influence on the MW’s stellar and dark matter halo
(e.g., Erkal et al. 2020; Conroy et al. 2021; Erkal et al. 2021;
Vasiliev et al. 2021; see Vasiliev 2023a for a recent review).
The MS can likewise teach us about our own Galaxy, from
measuring the MW’s mass (e.g., Craig et al. 2022) to revealing
recent Seyfert activity in the MW’s supermassive black hole
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(Bland-Hawthorn et al. 2013). Constraints from the MS are
highly sensitive to its distance, which has historically been
difficult to pin down in the absence of a stellar component.

Models of the MS predict that there should be a tidally
stripped stellar counterpart that traces the gaseous stream (e.g.,
Lin et al. 1995; Gardiner & Noguchi 1996; Connors et al. 2006;
RuaZi¢ka et al. 2010; Diaz & Bekki 2011; Besla et al. 2012;
Diaz & Bekki 2012; Besla et al. 2013). The existence and
characteristics of this “Magellanic Stellar Stream” (MSS)
would place strong constraints on the distance and kinematics
of the gaseous MS, and consequently the past interaction
history of the Clouds. Furthermore, in order to quantify the
influence of the LMC on the MW’s outer stellar halo, unmixed
substructure like the MSS must be carefully modeled or
removed (Garavito-Camargo et al. 2019, 2021a, 2021b).
Finally, the MSS and MS together would sensitively trace the
joint gravitational potential of the MW and Clouds, enabling
measurements of their dark matter distribution (e.g., Vasiliev
et al. 2021; Lilleengen et al. 2023).

However, despite concerted efforts over five decades, no
unambiguous extended MSS has been identified to date (e.g.,
Recillas-Cruz 1982; Brueck & Hawkins 1983; Guhathakurta &
Reitzel 1998). Stripped stars have been identified in the
Magellanic Bridge feature connecting the Clouds, which is
thought to be the imprint of a past direct collision (Irwin et al.
1990; Demers & Irwin 1991; Harris 2007; Bagheri et al. 2013;
Noél et al. 2013; Skowron et al. 2014). Belokurov & Koposov
(2016) used blue horizontal branch (BHB) stars from the Dark
Energy Survey to find stream-like protrusions extending away
from the Clouds at 50-80 kpc, including a 20° long stream
aligned with the gaseous MS. Petersen et al. (2022) present
evidence of RR Lyrae (RRL) stars in the leading arm of the MS
at =50 kpc, but a definitive association is challenging without
radial velocities and abundances.

Recently, Zaritsky et al. (2020, hereafter Z20) presented 15
stars in the H3 Survey that are spatially coincident with the
trailing tip of the MS, lie ~50kpc from the Sun, and have
similar Galactocentric radial velocities to the MS H 1 gas in that
region. They identified these stars as originating from the
Clouds based on their highly negative Galactocentric radial
velocities and cold velocity dispersion. However, a hallmark
feature of the orbital trajectory of the Clouds is a large negative
angular momentum around the Galactocentric X-axis (Ly; see
Figure 2), which the Z20 stars puzzlingly lack.

As the above examples demonstrate, it is challenging to
definitively associate stars with the MS without 6D kinematics
(proper motions and radial velocities) and chemical abun-
dances. In the inner halo (<50 kpc), it is only with exquisite
Gaia astrometry and ground-based spectroscopic surveys that
various stellar streams, globular clusters, and field stars have
been traced back to distinct dwarf galaxies (e.g., Helmi 2020;
Kruijssen et al. 2020; Naidu et al. 2020; Bonaca et al. 2021;
Malhan et al. 2022). Here we seek to apply a similar approach
to the outer halo and to the quest for the MSS.

We have been executing a spectroscopic survey of the MW’s
mostly uncharted outskirts beyond =>50kpc. This survey
complements existing halo surveys like the H3 Survey (Conroy
et al. 2019a), with its focus on the most distant stars in the
Galaxy. In this work, we present the first results from our
survey: 13 high-confidence members of the MSS beyond
60 kpc, spanning over 100 degrees along the gaseous MS.
These stars are kinematic outliers in our spectroscopic sample,
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with past orbital trajectories leading back to the Clouds.
Furthermore, they have chemical abundances consistent with
their formation in the Clouds themselves.

We describe our data collection and analysis in Section 2,
and we present the MSS in Section 3. We discuss the
implications of our results and conclude in Section 4.
Throughout this work, we use “MS” to refer to the gaseous
stream and “MSS” to refer to the stellar counterpart we
present here.

2. Data and Analysis

In this section we briefly describe our ongoing spectroscopic
survey of luminous red giant branch (RGB) stars in the
>50kpc outer halo. This work presents the first scientific
results from our survey, with other results currently in
preparation.

2.1. Target Selection

We first assemble a sample of plausible RGB stars using
GaiaDR3 astrometry and unWISE infrared photometry
(Mainzer et al. 2014; Schlafly et al. 2019; Brown et al. 2021;
Lindegren et al. 2021; Gaia Collaboration et al. 2023). The
selection procedure for our parent sample is described in
Chandra et al. (2023). Briefly, we initially query the Gaia DR3
catalog for stars with < 0.4 mas, <5 mas yr', and
|b| >20° to remove obvious nearby dwarfs and mask out the
MW disk. We derive a significance statistic x, that encodes
how many standard deviations lie between the observed Gaia
parallax and the predicted parallax for a dwarf with the same
apparent magnitude and color. Using stars from the H3
Spectroscopic  Survey (Conroy et al. 2019a) as a guide,
Chandra et al. (2023) find that removing stars with x, <2
results in a ~90% pure sample of stars with logg < 3.5. We
further purify this sample by applying a broad color cut in the
(BP — RP, RP — W1) color space to remove dwarfs based on
their WISE infrared colors (Conroy et al. 2018, 2021), which
increases the sample purity to =95%.

We derive approximate distances to these presumed giants
using a 10Gyr MIST isochrone (Choi et al. 2016) with
[Fe/H] = — 1.2, matching the peak of the H3 Survey’s
metallicity distribution beyond 30 kpc (Conroy et al. 2019b).
Although we only use these photometric distances for target
selection, we note that their precision has been validated at the
20% level compared to clusters, dwarf galaxies, and stars from
the H3 Survey (Conroy et al. 2021). We mask out stars that lie
within 1° of known dwarf galaxies and globular clusters from
the catalogs of McConnachie (2012) and Baumgardt et al.
(2020), respectively. We also remove stars in the northern
Galactic hemisphere that are beyond d > 50 kpc and lie within
20° of the Sagittarius Stream. Our final sample of targets
contains ~400 stars with implied distances =100 kpc. This is
the primary target sample for our spectroscopic survey.

For the present work, we additionally targeted stars with
50 kpc <d < 100kpe that lie near the Pisces Plume over-
density (see Figure 11). The Pisces Plume is thought to mainly
be composed of field halo stars that have been dragged by the
dynamical friction wake of the LMC (Belokurov et al. 2019;
Conroy et al. 2021). However, it shares an on-sky location with
the gaseous MS, and consequently the Pisces Plume could
contain stars from the MSS, which would stand out owing to
their extreme angular momenta and chemical abundances.
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Since these stars lie closer than our main d > 100 kpc sample,
all are brighter than G < 17.65 and consequently have low-
resolution “XP” spectra available from Gaia DR3 (De Angeli
et al. 2023; Gaia Collaboration et al. 2023; Montegriffo et al.
2023). We utilized the Gaia XP K giant catalog of Chandra
et al. (2023) to select stars in the Plume, since the XP
metallicities enable more precise distance estimates than the
color—isochrone methodology outlined above. There were a
total of ~100 stars in this Pisces Plume selection, of which we
randomly observed 45 stars.

2.2. Observations and Analysis

We have been executing a spectroscopic survey of the
above-selected giants with the Magellan Echellete
Spectrograph (MagE; Marshall et al. 2008) on the 6.5m
Magellan Baade Telescope at Las Campanas Observatory (Pls:
Chandra & Naidu). The stars are typically between
17 <G < 18.6, and we utilize magnitude-dependent exposure
times ranging from 10 to 40 minutes per star to achieve signal-
to-noise ratio ~10 pixel "' at 5100 A. We take a single ThAr
arc exposure after each science exposure to ensure a reliable
wavelength calibration.

We reduce our data with a fully automated pipeline’ built
around the PypeIt utility (Prochaska et al. 2020, 2020).
Spectra are flat-fielded, wavelength-calibrated with the paired
arc exposure, and then optimally extracted by PypeIt.

We derive stellar parameters for our stars using the fully
Bayesian MINESweeper fitting routine (Cargile et al. 2020).
We fit the Mg triplet region of the MagE spectra (from 4800 to
5500 A), where our line lists are best calibrated. We also
include all archival broadband photometry in the likelihood,
along with the Gaia parallax (Fukugita et al. 1996; Gunn et al.
1998; Skrutskie et al. 2006; Mainzer et al. 2014; Chambers
et al. 2016; Brown et al. 2021; Gaia Collaboration et al. 2023).
MINESweeper compares these observables to synthetic
Kurucz model spectra and additionally constrains the models
to lie on MIST isochrones (Kurucz 1970; Kurucz &
Avrett 1981; Choi et al. 2016).

For our main survey catalogs we utilize a broad Gaussian
prior on the stellar ages—centered at 10 Gyr with a 4 Gyr
dispersion, truncated between 4 and 14 Gyr—informed by the
age distribution of more nearby halo stars (e.g., Bonaca et al.
2020). For the present search for MSS stars, we adopt a
uniform prior between 4 and 14 Gyr on the stellar ages, since
the Clouds have an extended star formation history (e.g.,
Nidever et al. 2020). Furthermore, the age distribution of the
outer halo is quite unconstrained. As long as very young (age
<4 Gyr) solutions are excluded, the choice of age prior affects
isochrone distances at the <10% level. Our main results are not
significantly altered by the choice of prior, i.e., we can recover
the MSS stars regardless of the assumed prior.

The posterior distribution of stellar parameters is sampled
with dynesty (Speagle 2020), producing measurements of
the radial velocity v,, effective temperature 7., surface gravity
log g, metallicity [Fe/H], [«/Fe] abundance, and heliocentric
distance. Repeat observations of bright radial velocity standard
stars—HIP 4148 and HIP 22787—over multiple nights indicate
that our systematic RV precision floor is ~1 kms ', and the
statistical radial velocity uncertainty reported by MINESwee-—
per is typically ~0.5kms ™' for our main survey sample. For
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more details on the implementation and validation of MINE-
Sweeper, we defer to Cargile et al. (2020). Coordinates are
transformed to a right-handed Galactocentric frame with a solar
position x. = (—8.12, 0.00, 0.02) kpc and solar velocity
ve =(12.9, 245.6, 7.8) km st (Reid & Brunthaler 2004,
Drimmel & Poggio 2018; GRAVITY Collaboration et al.
2018).

To test both the absolute and relative scale of our spectro-
scopic distances, we observed giants from our K giant catalog
belonging to the Sextans (86 + 1 kpc; Irwin et al. 1990; Mufioz
et al. 2018) and Crater 2 (117 £ 1 kpc; Torrealba et al. 2016)
dwarf galaxies. We observed 15 K giants in Sextans and 5 stars
in Crater 2 that were shared between our K giant catalog and
the spectroscopic sample of Ji et al. (2021). Our resulting
spectroscopic distances are shown in Figure 1, with literature
distances overlaid. Our inverse-variance-weighted mean spec-
troscopic distance to Sextans (Crater2) is 86+ 1kpc
(119 £ 3 kpc), validating the absolute distance scale of the
survey. Furthermore, the distance uncertainties appear to be
well calibrated, with 60% (100%) of the stars lying within 1o
(2.50) of the literature distances.

To date, we have observed 225 stars in this survey, of which
191 are spectroscopically confirmed to lie beyond 50 kpc, and
53 are beyond 100 kpc. This is already the largest data set of
stars with precise abundances and 6D phase-space information
beyond 100 kpc. Broader results from this data set—along with
a public data release—will be presented in forthcoming
publications. For the present work, we select 191 stars with
spectroscopic d > 50kpc, targeted from both selections
described in Section 2.1: photometry + parallax selected stars
estimated to lie beyond 100 kpc, and stars from Chandra et al.
(2023) beyond ~50kpc that lie within the Pisces Plume
overdensity.

3. The Magellanic Stellar Stream
3.1. Selection with Angular Momenta

The LMC and SMC are likely on first infall and consequently
possess high angular momentum that is yet to dissipate via
dynamical friction (Kallivayalil et al. 2006; Besla et al. 2007;
Kallivayalil et al. 2013). The angular momentum vector of the
Clouds lies almost parallel to the Galactocentric X-axis, causing
the Clouds to have highly negative angular momenta in the Ly
component: ~ —15.7(—12.1) x 10*kpckms™' for the LMC
(SMC). One would expect that stellar debris stripped from the
Clouds will have similar Ly—or even more negative, since the
angular momentum decays as the Clouds fall into the MW.
Although Ly is not formally a conserved orbital quantity, the Ly
of these stars is not expected to have changed much in the short
time since the arrival of the Clouds.

The left panels of Figure 2 illustrate predicted angular
momenta for various contributors to the outer halo beyond
30 kpc, including a mock “smooth” halo, the Clouds and the
MSS, the Sagittarius Stream, and the Gaia-Sausage/Enceladus
(GSE) merger (Besla et al. 2012; Robin et al. 2012; Naidu et al.
2021; Vasiliev et al. 2021). The MS Model 1 from Besla et al.
(2012) is designed to best match the kinematics of the gaseous
MS, whereas Model 2 is a better match to the present-day
kinematics of the Clouds themselves. Figure 2 demonstrates the
power of angular momenta—chiefly Lx—to isolate debris
originating from the Clouds.
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Figure 1. Validating the spectroscopic distance scale of our survey with stars
from the Sextans and Crater 2 dwarf galaxies. We recover literature distances
within 1o in the mean, and the statistical distance uncertainties are well
calibrated.

In the right panels of Figure 2 we apply this angular momentum
selection methodology to our survey sample of >50kpc giants.
The top right panel of Figure 2 shows our 191 MagE survey stars
beyond 50 kpc in L, — Ly space. A prominent tail of stars with
modest |L| but highly negative Ly is immediately apparent, with
few corresponding analogs at positive Ly. We perform a selection
of Lx<—85x10°kpckms™!, Ly<5 x10°kpckms™!,
L;<5 x10° kpckmsfl, and Lys < — 15° to isolate plausible
MSS stars, also including stars with Ly within 1o of the selection
boundary. The boundary is chosen to select stars with Ly
plausibly as or more extreme than the Clouds. We manually
excise one star (Gaia DR3 6538374163768839424) that lies very
close to these selection boundaries but has very large angular
momentum errors, as well as two stars with large proper-motion
errors and Vggg = 0kms™'. Another cut is applied to remove one
energetic field star with highly positive Ly (bottom right panel of
Figure 2), since the Clouds have modest Ly <1 x
10° kpc kms~'. The selected region of negative Ly also contains
the Sagittarius Stream, but we expect Sagittarius stars to be
confidently removed by the Ly cut. The cuts presented in this
section are admittedly fine-tuned to produce a pure sample of
MSS candidates, and more detailed modeling may isolate further
MSS candidates from our sample.

3.2. The Stellar and Gaseous Magellanic Streams

The combination of angular momentum cuts described in
Figure 2 (and reproduced in the top panels of Figure 3)
efficiently selects stars moving in the same high-momentum
orbital plane as the Clouds. This kinematic selection yields 13
stars that trail the past orbit of the Clouds on sky (Figure 3,
bottom). We show the on-sky distribution of our entire MagE
spectroscopic sample in gray. In the background we display the
log-normalized H I column density of the gaseous MS, with the
MW’s HI1 contribution subtracted out (Nidever et al. 2010).
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The observed properties of these stars are summarized in
Table 1.

To more directly compare our MSS stars to the gaseous MS,
we transform our coordinates to the Nidever et al. (2008) MS
frame, which defines an Ly coordinate aligned with the MS
gas. In the top panel of Figure 4, the MSS stars are displayed
over the total HI column density of the MS (Nidever et al.
2010). The stars are colored by metallicity, and the point size is
inversely proportional to the heliocentric distance—the largest
(smallest) point corresponds to 60 (120) kpc. Proper-motion
vectors are overlaid, inflated to reflect 50 Myr of motion. These
vectors are corrected for the solar reflex motion. For the LMC
and SMC we utilize the proper-motion measurements of
Kallivayalil et al. (2013) and Zivick et al. (2018), respectively.
We display on-sky tracks containing 90% of simulation
particles for both MSS models from Besla et al. (2012). The
bottom panel of Figure 4 shows the LSR-corrected radial
velocity of the MS and our MSS candidates, again with the
Besla et al. (2012) models overlaid.

Two distinct populations can be seen in our MSS sample
shown in Figure 4: a spatially thin metal-rich component that
closely traces the HI gas and predicted MSS track from
simulations, and an extended metal-poor component that is
offset from the H1 gas by =20°. A distance gradient can be seen
in the metal-rich component along the gas, with the MSS stars
getting more distant farther away from the Clouds (see Figure 6).
The metal-poor stars form a scattered cloud with little distance
gradient but still have velocities that closely trace the MS.
Although only the HI gas can be mapped out in detail and is
consequently shown in Figure 4, the MS contains even more
mass in the ionized H1I phase (e.g., Lu et al. 1998; Fox et al.
2005, 2010, 2013, 2014, 2020). Absorption-line spectroscopy
has demonstrated the presence of MS HII gas out to
Bus ~ = 30° (dashed blue line in Figure 4), resulting in a much
more extended gas distribution. The HI gas only traces the
coldest, most dense phase of the MS, and the wider ionized MS
encompasses most of the MSS stars presented here.

3.3. Abundances and Distances

Figure 5 shows the kinematically selected stars in [Fe/H]-
[a/Fe] abundance space. We overlay the median chemical
tracks for the LMC, SMC, and GSE from Hasselquist et al.
(2021). Since our MagE abundance scale uses the same
spectroscopic models as the H3 Survey, we add 0.05 dex to the
APOGEE [«/Fe] tracks, informed by the offset measured in
stars shared by APOGEE and H3. It is notable that all of the
selected stars—isolated purely based on kinematics and on-sky
location—lie along an alpha-poor abundance track that is
consistent with formation in a recently accreted dwarf galaxy
with an extended star formation history, like the Clouds (Font
et al. 2006; Nidever et al. 2020). This a-deficient region of
chemical space is also well populated by non-MSS stars, as
evidenced by the gray points in Figure 5. This is predicted for
an outer halo built out of relatively recently accreted satellite
galaxies (e.g., Font et al. 2006), and further work is underway
to investigate the provenance of these stars.

The observed distances of our MSS stars are presented versus
Lys in Figure 6, with points colored by metallicity on the same
scale as Figure 4. We fit these stars with a linear distance trend—
taking into account heteroskedastic errors with a 10% systematic
error floor on individual distances—and derive a distance
gradient of —0.5 +0.2kpcdeg™" along the Lys coordinate. If
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Figure 2. Selecting stars associated with the Clouds in angular momentum space. The left panels show predictions from existing data and simulations. Gray contours
indicate the 3o distribution of stars beyond 50 kpc in the smooth mock halo of Robin et al. (2012). We show simulation particles beyond 30 kpc of the three largest
contributors to the outer halo: the Clouds and MSS (Besla et al. 2012, 2013; blue and orange), the Sagittarius Stream (Vasiliev et al. 2021; green), and the GSE merger
(Naidu et al. 2021; pink). Black stars indicate the observed mean angular momenta of the Clouds. The right panels show data from our MagE survey beyond 50 kpc,
along with the corresponding red (blue) selection made in the Lx (Ly) space. The combination of Lx—Ly—L; cuts isolates stars moving with the Clouds.

we instead only fit the seven stars that directly trace the HI MS
with By < 15°, the fitted distance gradient is almost identical.
Later in Section 3.7 we use this observed distance gradient to
recompute the HI mass of the MS.

For comparison, we overlay onto Figure 6 trailing tidal
debris from both MSS simulations in Besla et al. (2012). Our
identified MSS stars lie close to the predicted distances in the
Besla et al. (2012) simulation, with a better match to Model 1
than Model 2. Lucchini et al. (2021) utilized a different orbital
orientation for the SMC compared to Besla et al. (2012), and
the trailing MS in their fiducial model is mostly contained
within 20kpc. Our observed MSS stars all lie well beyond
60 kpc and are consequently inconsistent with this model.
However, the more nearby MSS predicted by Lucchini et al.
(2021) cannot be entirely ruled out, since our spectroscopic
sample was targeted toward the outer halo and does not
contain more nearby stars. Furthermore, rerunning the

Lucchini et al. (2021) model with different initial orbital
configurations produces a wide range of MSS locations from
~10 to 80 kpc (S. Lucchini, private communication).

Regardless, our discovery of a substantial population of MSS
stars from 60 to 120 kpc—coupled with their kinematic
similarity to the simulations—argues in favor of the LMC
—SMC orbital configuration in Besla et al. (2012) as a plausible
origin for these stars. Future spectroscopic surveys in the
southern hemisphere like SDSS-V (Kollmeier et al. 2017) will
fill in the nearer regions of the sky and enable a search for
observational analogs to the nearby MSS debris predicted by
the fiducial model in Lucchini et al. (2021).

3.4. Comparison to Prior Discoveries

Figure 7 summarizes various properties of our MSS stars
along the Ly5 coordinate. We overlay the two Magellanic tidal
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Figure 3. Selection of the MSS from our survey data. Top: 191 stars beyond 50 kpc in angular momentum space, with our kinematically selected MSS stars colored
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H 1 column density of the MS, with our identified MSS stars overlaid. The dashed lines trace the past 500 Myr orbit of the Clouds (Patel et al. 2020).

debris models from Besla et al. (2012). To reiterate, Model 1 is
designed to best match the velocity of the MS, whereas Model
2 presents a better match to the kinematics of the Clouds
themselves. Our MSS stars are remarkably consistent with both
models, exhibiting similar trends along Lys in By, helio-
centric distance, Galactocentric radial velocity, and proper
motions. We emphasize that these simulations were developed
with no a priori knowledge of an MSS and were only designed
to match the gas properties of the MS and the kinematics of the
Clouds. Regardless, it is clear that the Besla et al. (2012)
simulations already reproduce the broad properties of our
observed MSS. The key difference between our data and the
Besla et al. (2012) models is the secondary diffuse population
of metal-poor stars most clearly visible in Figure 4.

We also show in Figure 7 the Clouds-associated debris
discovered in the H3 Survey by Z20. As discussed in that work,
these debris provide an excellent match to the Besla et al.
(2012) models in on-sky location and radial velocities.
Furthermore, these stars lie at the mean metallicity of the
SMC and are systematically alpha-deficient compared to the
field halo. However, there is a clear mismatch between the
distances of the Z20 stars and the Besla et al. (2012) models in
the same region of sky, by over a factor of 2. Chandra et al.
(2023) discussed the possibility that the Z20 stars could be a
part of the distant GSE debris identified in that work, but no
definitive association could be made.

The other dominant contributor to the halo at these distances
is the Sagittarius Stream. Our identified MSS stars have

markedly different properties than the Sagittarius Stream,
particularly in distance and in proper motion along the Ly
coordinate. The stars identified by Z20 lie much closer on sky
to the MS than Sagittarius, although they have distances,
Galactocentric radial velocities, and proper motions that are
similar to those of Sagittarius. However, they do not fall in the
L7 — Ly locus that is characteristic of Sagittarius stars (see the
bottom left panel of Figure 2; Johnson et al. 2020; Pefiarrubia
& Petersen 2021).

Given their chemical abundances and coherent kinematics,
the stars presented by Z20 most plausibly also originate from
the Clouds. One possibility is that they might have been
stripped from a much earlier interaction between the Clouds,
throwing these debris closer toward the MW. Another
possibility is that these stars represent a tidally disrupted
satellite that fell in with the Clouds, although their SMC-like
metallicity argues against formation in a smaller satellite
galaxy. It will be interesting to see whether future N-body
simulations of the MW—-LMC—-SMC system can reproduce
both the Z20 debris and the two-component MSS presented
here, or if including an additional component like a satellite
galaxy provides a better match.

3.5. Orbital Histories

We have kinematically identified MSS stars using their
outlying behavior in the Ly angular momentum (Figures 2, 3).
Such selections based on angular momenta are straightforward
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Table 1
13 High-confidence Members of the Magellanic Stellar Stream from Our MagE Survey

Gaia Source ID R.A. Decl. g V,.GSR (Fe/H) (av/Fe) Distance Joound.LMC
EDR3 (deg) (deg) (mag) (kms™h) (dex) (dex) (kpc)
6611869850296545024 333.05859 —33.8833 17.1 —110.3 —2.45 £+ 0.05 0.25 +£0.09 64+5 0.11
6619464348908375808 329.91349 —27.49912 17.6 —74.7 —2.25 £ 0.04 0.40 £ 0.06 80+ 6 0.01
6465479360347429888 321.90473 —51.3359 17.2 —148.7 —1.99 + 0.05 0.28 +£0.05 71+£6 0.80
6568195388720305280 333.31103 —42.98636 17.4 —140.8 —1.87 £ 0.05 0.17 £ 0.06 72+6 0.40
6544712569129986944 340.89748 —41.18518 17.5 —171.2 —1.84 £ 0.06 0.37 £ 0.06 70+£6 0.59
6477086664083654528 316.1877 —51.15244 17.2 —163.6 —1.73 £ 0.04 0.15 £0.05 71+7 0.49
2633051523542392320 353.06779 —4.94589 17.6 —75.5 —1.20 +£0.02 0.12 +£0.02 107 £5 0.09
2601407505880573696 339.05471 —12.89394 17.7 —83.7 —1.19 £ 0.03 0.12 £0.02 105+ 6 0.01
6495806880338282496 353.0589 —56.37423 16.8 —136.9 —0.80 £+ 0.02 0.05 +0.01 80+3 0.16
2392166457384504320 354.26508 —19.37407 17.9 —169.9 —0.71 £ 0.03 0.06 £ 0.02 113+6 0.33
2311053770911989504 359.37789 —36.24547 16.7 —174.1 —0.64 £ 0.01 0.15 +£0.01 79+1 0.83
2661637550258741376 346.0394 2.60228 17.7 —176.0 -0.64 £ 0.03 0.07 £ 0.01 84 +7 0.23
6499025043497382272 349.88113 —55.86038 17.9 —119.1 —0.51 +0.04 0.14 +£0.02 61 +8 0.03

Note. Uncertainties are purely statistical, as returned by the MINESweeper fitting routine. f,ouna.Lmc denotes the fraction of Monte Carlo orbit trials in which the star

becomes bound to the LMC 22 Gyr ago (see Section 3.5).

and useful since they do not require orbital integration in an
assumed potential but strongly link outer halo debris to their
progenitors (see, e.g., Johnson et al. 2020; Pefarrubia &
Petersen 2021, for an analogous selection of Sagittarius Stream
stars). However, it is informative to explore the past orbits of
these stars, to compare their past trajectories with those of the
Clouds. Similar methods have been used to identify satellite
galaxies that came in with the Clouds (Erkal & Belokurov 2020;
Patel et al. 2020).

We implement a rigid time-varying MW-+LMCHSMC
potential in gala (Price-Whelan 2017; Price-Whelan et al.
2020). We fix the orbits of the LMC and SMC “on-rails” using
trajectories calculated by Patel et al. (2020), which are designed
to match the latest kinematic measurements of the Clouds
(Kallivayalil et al. 2013; Goémez et al. 2015; Patel et al. 2017;
Zivick et al. 2018). In that work, the three bodies are self-
consistently modeled with a prescription for dynamical friction,
and the MW barycenter is allowed to shift in response to the in-
falling Clouds (i.e., it has a reflex motion). Patel et al. (2020)
explore two MW (halo + disk + bulge), three LMC (halo +
disk), and two SMC (halo) potential models with varying mass
and size parameters. We adopt their fiducial MW1_TMC2_SMC1
model, using trajectories for the MW, LMC, and SMC going
back 6 Gyr in steps of 1 Myr. This model has a 1.8 x 10" M,
LMC dark matter halo, which is the dominant time-varying
component of the potential (e.g., Erkal et al. 2019; Shipp et al.
2021; Vasiliev 2023a).

At each step of the integration, we build a composite
potential from the MW, LMC, and SMC components, centered
on their trajectories in the Patel et al. (2020) model. We
emphasize that our time-varying potential is entirely rigid and
does not self-consistently model the deformation of the
potentials. We integrate the phase-space positions of all of
our 191 distant giants back in time for 1 Myr in the present-day
potential snapshot, then update the potential to the next time
step, and so on up to 6 Gyr in the past.

Figure 8 illustrates the integrated past orbits of our
kinematically selected MSS stars. As the bottom right panel of
Figure 8 demonstrates, some of our MSS stars actually become
bound to the LMC—SMC system in the past, as evidenced by
their repeated pericenters in 7y pc. This does not mean that the
other stars were not bound to the Clouds in the past—these

trajectories are very sensitive to uncertainties in the phase-
space position of the stars and Clouds, and we further quantify
the probability of being bound later in this section. Further-
more, the simplistic and rigid time-varying potential does not
factor in the range of other physical processes that would have
influenced these orbits, including ram pressure, tidal forces, and
deformation. Regardless, it is compelling that a large fraction
of our MSS stars trace directly back to the Clouds in this model
(top left panel of Figure 8).

We have experimented with modifying the time-varying
potential to the other orbital models presented by Patel et al.
(2020). In particular, there are two more LMC models that have
a factor of ~2 lighter and heavier LMC than the fiducial model,
respectively. We find that adopting a different LMC mass—and
self-consistently updating both the orbital trajectory and
potential in our model—qualitatively changes the trajectories in
Figure 8 but does not dramatically alter the results. Future work
should self-consistently model the deformation of the potentials
to investigate the effect of our assumed rigid potentials.

To quantify whether our MSS stars have past orbital
trajectories binding them to the Clouds, we perform a Monte
Carlo experiment. We sample the observed phase-space
measurements within their Gaussian uncertainties and integrate
past orbits for 6 Gyr in the above-described potential. In each
trial, we check whether the star has a pericenter 2—6 Gyr ago
within 60 kpc of the LMC—if so, we consider it “bound” to the
LMC in that trial. The threshold of 60kpc was chosen to
roughly match the radius within which the LMC’s potential
dominates the MW’s potential in the present day, and our
results are insensitive to the exact threshold used. A parameter
JoounaLmc 1s consequently derived, which quantifies the
fraction of a star’s phase-space distribution that leads to a past
orbit bound to the LMC.

Figure 9 plots foounaLmc against the median pericenter
relative to the LMC for our MSS stars, in addition to all stars in
our >50 kpc giant sample. Only pericenters older than 0.5 Gyr
are considered, to remove trivial recent encounters as the LMC
moves through the field of halo stars. Our simplistic angular
momentum selection in Figure 3 isolates all stars with
Soouna.Lmc 2 0.3, validating the use of angular momenta to find
stars that move with/from the Clouds. Four of our MSS stars
have foounarmc < 0.1. Since all other evidence points to them
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being plausible stream members, this likely represents a
shortcoming in our simplistic orbital model—both the adopted
rigid potential and past Cloud orbits are uncertain in detail.

Conversely, there are a couple of stars in our MagE sample
with significant fiounarmc that were not selected as “MSS”
members by our angular momentum cuts (gray points with
Soouna.Lmc 2 0.5 in Figure 9). Examining these stars in detail,
they are far from the MS on the sky and have distances and/or
kinematics that are quite discrepant from any simulation-based
expectations of the MSS. A plausible explanation for these
high-fyounaLMc stars is that they are field halo stars that have
been stirred up by the LMC, or simply have orbits that
coincidentally lead back to the LMC. In Appendix B, we
estimate the magnitude of the latter effect using a mock smooth
outer halo and demonstrate that these chance alignments are
rare (S4% of field halo stars) and would not artificially create
the MSS we present in this work.

3.6. Mass of the Magellanic Stellar Stream

Our MSS sample consists of 13 stars with logg < 1.5. We
can use this to place a lower limit on the stellar mass contained
in the MSS, by integrating the expected unseen stellar mass
given the number of stars we observe. This is a relatively weak
lower limit for two reasons: first, our spectroscopic survey of
the outer halo is far from complete in this logg < 1.5 range at
these distances. Our survey strategy aims to observe all stars in
our sample beyond 100kpc but only sparsely samples the
50-100 kpc range. Furthermore, within this survey sample, we

have aimed to produce a pure sample of MSS stars rather than a
complete one.

We utilize a 10 Gyr, [Fe/H] = — 1.5 MIST isochrone (Choi
et al. 2016) and integrate the stellar mass with logg > 1.5
using a Kroupa (2001) initial mass function. We normalize this
“visible” mass to be equal to the expected mass of our 13
observed stars and consequently integrate the total stellar mass
of this simple stellar population. This results in a lower bound
on the stellar mass of the MSS M > 10> M. The tidal models
of Besla et al. (2012) predict of order M > 10° M, of stars in
the trailing arm of the MSS. Although this simulation-based
prediction is highly uncertain, it remains likely that we have
only unearthed a small portion of the observable giant stars in
the MSS.

3.7. Mass of the HI Magellanic Stream

Mass estimates of the gaseous MS require a distance to
convert the HI column density to a total mass. Fiducial
estimates place the stream’s H1 mass at 2.7 x 10%(d” /55) M,
where d is in kpc and is chosen to match the mean distance of
the Clouds (Briins et al. 2005; D’Onghia & Fox 2016). For
comparison, the main body of the LMC contains an HI mass
~4.4 % 10° M., (Briins et al. 2005). In Section 3.3, we
measured a significant distance gradient with our MSS stars,
—0.5+0.2kpcdeg'. It is reasonable to expect that the MS
gas approximately follows the stellar component in distance
gradient (e.g., Nidever et al. 2010; Besla et al. 2012, 2013).
Here we rederive the HI mass of the MS, assuming that our
stellar distance gradient applies to the gas as well.
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We utilize the HI MS maps from Nidever et al. (2010),
selecting a region with —150° < Lyg < —24° such that the
integrated mass matches the fiducial estimate of
2.7 % 108(d2/55) M. This region includes the so-called
“interface region” between the Clouds and MS but excludes
gas from the LMC and SMC themselves. We reintegrate the
mass in the gaseous MS out to Lys = —150 with a fixed
distance, and then with our measured distance gradient, and
display the results in Figure 10. The shaded red band indicates
our new measurement and the corresponding 1o uncertainty
propagated from the uncertainty in the slope of the distance
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in our orbital simulations (see Figure 9).

gradient. We infer an H I mass of (5.2 + 1.2) x 10® M., for the
trailing MS, about a factor of two larger than fiducial estimates
at fixed distance.

This new value implies that the MS has an HI gas mass
comparable to or even greater than the LMC today
(~4.4 x 108 M,; Briins et al. 2005), albeit still less than the
estimated ionized HII gas in the MS (~10°M_; Fox et al.
2014). The MS is the dominant contributor to the MW’s gas
inflow rate and will perhaps trigger an increase in the Galactic
star formation rate if it survives its journey toward the disk
(Richter et al. 2017; Fox et al. 2019). Pinning down the
distance and consequently mass of the MS—by identifying
more MSS stars with reliable distances, and quantifying any
expected offsets between the MS and MSS distances—
therefore has broad implications for the future evolution of
our Galaxy.

4. Discussion
4.1. The Magellanic Stellar Stream

We have presented the discovery of 13 high-confidence
members of the MSS, the elusive stellar counterpart to the
gaseous MS. These stars have spectroscopic distances placing
them between 50 and 120 kpc from the Sun, with a significant
distance gradient away from the Clouds. Assuming that the

10

stars broadly trace the past orbit of the Clouds—and
consequently the approximate location of the gas—a key
implication of our discovery is that the MS itself extends out to
2100 kpc and beyond, as has long been speculated (e.g.,
Connors et al. 2006; Besla et al. 2007; Nidever et al. 2010;
Besla et al. 2012, 2013).

With the tip of the MS extending out to ~150 kpc, the MS
could serve as a powerful tool to constrain the MW’s
gravitational potential at large distances. The key remaining
uncertainty is linking the observed stellar distances to the
implied gas distances. While updated simulations that repro-
duce both the MS and MSS will provide some intuition about
any expected offsets between the gas and stars, it would be
desirable to measure the distance to the gas directly. One
promising avenue is a more densely sampled spectroscopic
survey of the outer halo, using the efficient techniques outlined
here to select distant K giants (see also Conroy et al. 2018;
Chandra et al. 2023). Searching for MS absorption along lines
of sight to giants at different distances would enable us to
tomographically reconstruct the MS gas distribution in 3D,
mapping its full spatial extent. Improved distances to the stellar
component of the MS would be valuable as well, for which
future southern surveys of RRL and BHB stars will be crucial.

Our MSS stars can be cleanly divided into two populations
on the basis of their on-sky positions and metallicity (see
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Figures 4, 5). About half of the stars reside in a metal-rich
([Fe/H] ~ — 0.8) stream that closely traces the H1MS gas. The
other half form a diffuse cloud that is distinctly metal-poor
([Fe/H] ~ — 2.0) and offset from the MS by ~20°. Yet both of
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these populations exhibit extreme kinematics and past orbits
that associate them with the Clouds with high probability
(Figure 9).

The most likely origin of the metal-rich stream is that it
forms the bona fide stellar counterpart to the gaseous MS and
was formed with it. Even disregarding their kinematic
association, it would be difficult to explain the existence of
five stars beyond 60kpc at [Fe/H] > — 0.8 without invoking
origin in a massive dwarf galaxy like the LMC. These stars are
metal-rich enough that they may have formed in the LMC disk
itself and perhaps became unbound during a direct collision
between the Clouds (e.g., Mastropietro et al. 2005; Hammer
et al. 2015). There is a remarkable kinematic correspondence
between our observations and predictions from the simulations
of (Besla et al. 2012; see Figure 7). While our MSS stars have
velocities most consistent with Model 2 from Besla et al.
(2012), their distances are closer to Model 1. Reiterating that
neither model reproduces the observed kinematics of the
Clouds and the gaseous MS, there is a strong need for updated
simulations.

The origin of the metal-poor cloud is more speculative, since
a direct on-sky analog does not exist in existing simulations of
the MSS (Figure 4). A plausible explanation is that the metal-
poor cloud was thrown out of the SMC’s outskirts during a past
interaction/collision between the Clouds. The mean metallicity
of the SMC was [Fe/H] ~ — 1.0 around 2.5 Gyr ago, when
most tidal models suggest that the MS began to form (e.g.,
Pagel & Tautvaisiene 1998; Harris & Zaritsky 2004; Besla
et al. 2010; Cignoni et al. 2013). Therefore, our [Fe/H] ~ — 2.0
MSS stars either were ejected from the main body of the SMC
even earlier or originate from the lower-metallicity outskirts of
the SMC (Carrera et al. 2008; Dobbie et al. 2014; Grady et al.
2021). Given their scattered positions and distances, they might
originate from the stellar halo of the SMC, but more modeling
will be required to investigate this possibility.

Another possible origin—for the metal-rich stream at least—
is that it formed out of the MS gas itself. The MS gas has two
filaments with LMC-like and SMC-like metallicity measure-
ments, respectively (Gibson et al. 2000; Fox et al. 2013;
Richter et al. 2013). Given evidence for recent star formation in
the leading arm of the MS (Nidever et al. 2019; Price-Whelan
et al. 2019), it is plausible that similar star formation events
occurred in the trailing MS as well. This could also explain
why the two MSS populations are spatially offset, since the gas
may have been significantly perturbed via ram pressure before
forming these stars (e.g., Belokurov et al. 2017). If the MSS
stars were indeed formed out of the MS gas itself, they are
likely younger than our adopted age prior limit of 4 Gyr for our
stellar isochrone fits, implying that they might be 10%-20%
further than we estimate. Precise stellar age estimates of the
trailing MSS will be vital to investigate this possibility. The
subgiant branch of a ~1 Gyr stellar population at 100 kpc is
around G =20.5. This is just within the reach of future
kinematic searches with the full-term Gaia data set but likely
too faint for wide-field spectroscopic surveys.

4.2. A Dual Magellanic Origin for the Pisces Plume: A Stream
and a Wake?

Early maps of the d > 60 kpc MW outer halo—primarily with
RRL stars—had hinted at stellar overdensities in the distant
southern sky toward the Pisces constellation (the Pisces over-
density or PO; e.g., Sesar et al. 2007; Kollmeier et al. 2009;
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Figure 11. The emerging picture of the MW’s outer halo. The color map shows the density distribution of RGB stars beyond >50 kpc from the Gaia XP catalog of
Chandra et al. (2023), smoothed with a 5° beam. We highlight the prominent overdensities that dominate the outer halo, as well as their most plausible progenitors.
The Sagittarius Stream was first extensively mapped by Majewski et al. (2003), and the outer Virgo Overdensity (Sesar et al. 2017) and Pisces overdensity (Sesar
et al. 2007) were argued by Chandra et al. (2023) to be distant imprints of the GSE merger. The elongated Pisces Plume was previously identified as the dynamical
friction wake of the LMC (Belokurov et al. 2019; Conroy et al. 2021). In this work, we have found a substantial population of MSS stars that overlap with the Pisces

Plume.

Watkins et al. 2009; Sesar et al. 2010; Nie et al. 2015). Chandra
et al. (2023) used RGB stars with precise distances derived with
Gaia DR3 XP spectra to show that the Pisces overdensity and
Pisces Plume appear distinctly separated on sky (Figure 11).
Furthermore, Chandra et al. (2023) find that the kinematics and
metallicities of stars in the PO suggest that at least some portion of
the PO is composed of coherent debris from the GSE merger,
piling up near orbital apocenters.

Armed with Gaia DR2, Belokurov et al. (2019) used all-sky
RRL to uncover a plume-like elongation near the PO to larger
distances, stretched along the same direction as the gaseous
MS, suggesting an origin related to the Clouds. Based on the
kinematics of this “Pisces Plume,” they argued that it
predominantly represented the dynamical friction wake
imprinted on the MW’s halo by the LMC'’s infall, rather than
stripped stars from the Clouds. Conroy et al. (2021) utilized all-
sky RGB stars to argue that the southern overdensity and a
northern counterpart, respectively, correspond to the dynamical
friction wake and “collective response” of the LMC’s infall,
matching predictions from simulations (Garavito-Camargo
et al. 2019, 2021a). However, they find a southern overdensity
that is a factor of two stronger in the data than simulations
predict, perhaps hinting at multiple populations in the Pisces
Plume.

Of the 191 stars beyond 50 kpc analyzed in this work, 45
were targeted from the Gaia XP sample of Chandra et al.
(2023) to lie within the Pisces Plume at 50 kpc < d < 100 kpc.
From the 13 stars we identify as high-confidence members of
the MSS, 7 were targeted from this Pisces Plume sample, with
the remaining 6 originating from our broader 2100 kpc
selection. Therefore, at least 7/45 or >15% of stars in the
Pisces Plume appear to be confidently identified as debris from
the Clouds. This is certainly a lower limit, since our MSS
sample was designed toward purity rather than completeness,
and several stars from the 2100 kpc selection lie within the
Pisces Plume on sky but are too faint for the Gaia XP sample.

Up to 50% of stars in the Pisces Plume selection lie along the
[a/Fel-deficient track in chemical space (e.g., top right panel
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of Figure 3), some of which may be MSS stars with less
extreme Ly angular momenta. Furthermore, it is reasonable to
expect a high fraction of the field halo at these distances to
consist of stars on the [«/Fe]-deficient chemical track,
assuming that the outer halo contains numerous disrupted
dwarf galaxies. It will be valuable to disentangle the
contribution of [«/Fe]-deficient stars from larger progenitors
like Sagittarius and the Clouds, to obtain a census of the
smaller, more ancient dwarf galaxies that have merged and
perished in the Galactic outskirts.

In summary, although the MSS clearly contributes to the
Pisces Plume, it is probably not the sole cause of this stellar
overdensity. It remains likely that field halo stars are perturbed
in the wake of the LMC owing to dynamical friction, further
enhancing the Pisces Plume in a region of sky coincident with
the MSS. As aforementioned, Conroy et al. (2021) find an
overdensity in the Pisces Plume that is a factor of two larger
than that expected from models of the dynamical friction wake
alone. If up to ~50% of the Pisces Plume is indeed composed
of stars from the MSS, this tension could be alleviated.

Although we have here used tailored cuts to excise high-
confidence members of the MSS, accurately measuring the
relative contribution of both Clouds-induced progenitors of the
Plume—the stream and the wake—will likely require a
sophisticated and probabilistic chemodynamical model. This
will be the subject of future work from our survey, once we
have spectroscopically observed all our targets in this region of
the sky.

5. Conclusions

In this work, we have discovered a stellar counterpart to the
gaseous MS as a part of our ongoing spectroscopic survey of
the Galactic outskirts. Our key conclusions are summarized as
follows:

1. From a spectroscopic sample of 191 stars observed with
MagE beyond 50kpc, we isolate 13 high-confidence
members of the MSS based on their extreme angular
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momenta that strongly associate them with the Clouds
(Figures 2, 3).

2. The LMC/SMC origin of these kinematically selected
stars is further supported by two direct observations: the
stars closely trace the gaseous MS on sky and have
chemical abundances consistent with their formation in
the Clouds (Figures 3, 4, 5).

3. The MSS stars have past orbits that coincide with those of
the Clouds. When integrated backward in a rigid time-
varying potential that includes the LMC and SMC, the
majority of our MSS stars could have a nonzero
probability of being bound to the LMC—-SMC system
in the past (Figures 8, 9).

4. About half of our MSS stars are relatively metal-rich
(-1.2<[Fe/H] < —0.5) and form a thin stream right
along the HI MS gas, stretching up to a hundred degrees
away from the Clouds. The other half are metal-poor
(—2.5 < [Fe/H] < — 1.7) and form a diffuse cloud that is
offset from HI MS gas but is still within the ionized H1I
extent of the MS (Figures 4). We argue that the thin
stream is the bona fide stellar counterpart formed with the
gaseous MS, whereas the diffuse cloud was perhaps
expelled from the SMC during an earlier interaction
between the Clouds.

5. We measure a significant distance gradient in the MSS of
—0.5+0.2kpcdeg™" along the Lygs coordinate, with a
mean distance of ~80kpc (Figures 6). These measure-
ments imply that the gaseous MS itself extends to
=100 kpc and beyond, and its distance constrains the past
orientation of the LMC—SMC system.

6. We reintegrate the mass of the HI MS gas under the
assumption that the gas follows the distance gradient of
the stars, obtaining (5.2 4 1.2) x 10* M., (Figure 10).
This is a factor of two greater than fiducial mass estimates
that assume that the entire stream is at 55 kpc, although
more detailed simulations—and perhaps direct distance
measurements to the gas—will be required to ascertain
how closely the gas truly follows the stars.

7. Our MSS stars are spatially and kinematically consistent
with past numerical simulations of tidally stripped MSS
stars (Figures 4,6,7). Interesting differences persist,
chiefly the existence of the diffuse metal-poor population.
Our MSS stars will provide strong constraints on future
simulations of the MW—LMC—SMC interactions, parti-
cularly via their 3D kinematics and distances. Further-
more, their metallicities constrain where in the Clouds
they might have been stripped from, with the metal-poor
population almost certainly requiring formation in the
outskirts of the SMC.

8. Our results suggest that at least 20% and up to 50% of the
Pisces Plume outer halo overdensity is composed of
debris from the Clouds. Accounting for this contribution
would bring the observed Pisces Plume overdensity in
line with simulations of the LMC’s dynamical friction
wake, but further work is required to perform a more
quantitative separation between the MSS and field halo
wake in this region.

These are the first scientific results from our ongoing
spectroscopic survey of the MW’s outer halo to 100 kpc and
beyond. As Figure 11 illustrates, full chemodynamical
information is the key to revealing various progenitors of the
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richly structured outer halo. The Clouds play an outsize role in
shaping these outskirts of our Galaxy, both by depositing stellar
and gaseous debris and via their strong gravitational influence
on the stellar and dark matter halo. They were also the first
Galactic satellites discovered, with records dating back to
antiquity. Armed with the novel constraints from the MSS
discovered here, we can more directly trace the history of our
Galaxy’s most familiar and dominant neighbors.
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Appendix A
MSS MagE Spectra

In Figure 12 we show a region of our MagE spectra for the
13 high-confidence members of the MSS we identify in this
work. For our MINESweeper fits, to determine stellar
parameters and abundances, we used a broader wavelength
region from 4800 to 5500 A.
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Figure 12. A segment of our MagE spectra for the MSS stars presented in this
work, with the data shown in black and the fitted MINESweeper model
shown in red. Spectra have been shifted to the rest frame.

Appendix B
Ruling Out False Positives from the Field Halo

In this work, we have kinematically selected a population of
stars beyond 50 kpc with angular momenta and chemistry that
are consistent with formation in the Clouds. Furthermore,
integrating their orbits back in time results in a significant
fraction becoming bound to the LMC (Figure 9). However, it is
plausible to wonder whether such a population of stars might
be a “false positive,” artificially created by a tailored selection
of field halo stars. The metal-rich, alpha-poor chemistry of the
main stream stars beyond 60kpc (up to [Fe/H]= —0.6)
already argues against this interpretation, pointing to formation
in a metal-rich dwarf like the LMC. The remarkable
correspondence between our selected stars and the tidal debris
simulations of Besla et al. (2012) is also highly encouraging
(Figure 7). Regardless, in this appendix we repeat our selection
on a mock stellar halo with a “smooth” distribution of star
particles, to investigate the false-positive rate of our selection.
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We select stars from the Gaia Universal Model Simulation
(GUMS; Robin et al. 2012), a simulated catalog of Gaia
measurements drawn from a smooth MW based on the
Besancon galaxy model (Robin et al. 2003). We select
simulated giants with 50 < d/kpc < 160, with G < 19, and
that satisfy the angular momentum cuts shown in Figure 3,
resulting in 165 mock stars that match our kinematic selection.
We then integrated their past orbits in the MW+LMC+SMC
potential described in Section 3.5. Applying the same criteria to
quantify whether a star becomes “bound” to the LMC—a
pericenter >2 Gyr ago with rpyc < 60 kpc—only 6/165 mock
stars (~4%) do become bound. Half of these stars lie in the
northern hemisphere, and only two have Lys < 0. They have
on-sky positions, distances, and kinematics that are inconsistent
with both the gaseous MS and the tidal models of Besla et al.
(2012).

We therefore conclude that although our time-varying
potential experiment can indeed result in a small fraction of
field halo stars becoming “bound” to the LMC in the past, these
stars would not look anything like the MSS we have identified.
On the other hand, applying this kinematic selection to our data
produces a stream with location and chemistry consistent with
origin in the Clouds, cementing our confidence in their
provenance.
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