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ABSTRACT

Chemical abundances of stellar streams can be used to determine the nature of a stream’s progenitor.
Here we study the progenitor of the recently discovered Leiptr stellar stream, which was previously
suggested to be a tidally disrupted halo globular cluster. We obtain high-resolution spectra of five
red giant branch stars selected from the Gaia DR2 STREAMFINDER catalog with Magellan/MIKE. One
star is a clear non-member. The remaining four stars display chemical abundances consistent with
those of a low-mass dwarf galaxy: they have a low mean metallicity, ([Fe/H]) = —2.2; they do not
all have identical metallicities; and they display low [a/Fe] ~ 0 and [Sr/Fe] and [Ba/Fe] ~ —1. This
pattern of low o and neutron-capture element abundances is only found in intact dwarf galaxies with
stellar mass < 10° M. Although more data are needed to be certain, Leiptr’s chemistry is consistent
with being the lowest-mass dwarf galaxy stream without a known intact progenitor, possibly in the
mass range of ultra-faint dwarf galaxies. Leiptr thus preserves a record of one of the lowest-mass early

accretion events into the Milky Way.

Subject headings: Stellar streams (2166), Dwarf galaxies (416), Globular star clusters (656), Chemical
abundances (224), High resolution spectroscopy (2096)

1. INTRODUCTION

Over the course of their lifetimes, stellar systems can
be torn apart by the gravitational potential of massive
galaxies. Stellar streams form during the intermediate
stage of tidal disruption where they preserve their co-
herence in phase-space before mixing into a stellar halo
(Helmi & White 1999). Current models of galaxy for-
mation predict that there should be a large population
of globular cluster and dwarf galaxy stellar streams in
the Milky Way’s stellar halo as a result of past accretion
events (Helmi 2020). These systems provide observa-
tional evidence to evaluate theoretical models of hierar-
chical structure formation (e.g., Johnston 1998; Helmi &
White 1999; Freeman & Bland-Hawthorn 2002; Bullock
& Johnston 2005) and quantify the amount of dark mat-
ter substructure (e.g., Ibata et al. 2002; Johnston et al.
2002; Carlberg 2009; Varghese et al. 2011; Erkal et al.
2016b). Large photometric surveys such as the Sloan
Digital Sky Survey (York et al. 2000) and the Dark En-
ergy Survey (Dark Energy Survey Collaboration et al.
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2016) in combination with proper motions from Gaia
data releases (Gaia Collaboration et al. 2016; Lindegren
et al. 2021; Gaia Collaboration et al. 2023) have revealed
over 140 streams (Grillmair & Carlin 2016; Shipp et al.
2018; Mateu et al. 2018; Mateu 2023; Ibata et al. 2024;
Bonaca & Price-Whelan 2025).

It is often unclear whether a given stream’s progenitor
is a dwarf galaxy, a globular cluster, or possibly a su-
perposition of both (e.g., Carlberg 2018; Malhan et al.
2021). In some cases, streams are clearly identified with
intact progenitors, such as the Sagittarius dwarf galaxy
(Ibata et al. 2001; Majewski et al. 2003), the Antlia II
and Crater II dwarf spheroidals (Ji et al. 2021; Coppi
et al. 2024), and several globular clusters (e.g., Simp-
son et al. 2020; Hansen et al. 2020b; Gull et al. 2021).
The majority of streams do not have associated intact
progenitors. Instead, a stream’s morphology and kine-
matics can provide a strong prior on the progenitor (e.g.,
Erkal et al. 2016a; Shipp et al. 2018; Ibata et al. 2024).
However, a definitive classification requires studying a
stream’s chemical abundances (e.g., Li et al. 2019, 2022;
Ji et al. 2020a; Martin et al. 2022).
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The majority of known streams are thought to have
globular cluster progenitors, due to their thin widths and
in many cases small or unresolved metallicity dispersions
<0.05 dex (Li et al. 2022; Ibata et al. 2024). These in-
clude the Phoenix (Wan et al. 2020; Casey et al. 2021)
and C-19 streams (Martin et al. 2022; Yuan et al. 2022a)
which are below the globular cluster metallicity “floor”;
the dynamically perturbed GD-1 (Grillmair & Dionatos
2006; Price-Whelan & Bonaca 2018) and ATLAS-Aliga
Uma streams (Shipp et al. 2018; Li et al. 2021); disrupted
globular clusters embedded within the Indus, Jhelum,
and Wukong/LMS-1 dwarf galaxy streams (Hansen et al.
2021; Awad et al. 2024; Limberg et al. 2024); and the
300S stream, which was originally thought to be a dwarf
galaxy stream (Simon et al. 2011; Frebel et al. 2013b; Fu
et al. 2018) but has since been chemically confirmed to
be an accreted globular cluster stream (Li et al. 2022;
Usman et al. 2024).

Less common by number are the dwarf galaxy streams.
Many of the first discovered streams, such as the Helmi
stream (Helmi et al. 1999; Roederer et al. 2010; Lim-
berg et al. 2021b; Matsuno et al. 2022b) and Sagittar-
ius stream (Ibata et al. 2001; Majewski et al. 2003),
were easily identified as dwarf galaxies as these are
well-populated streams from relatively massive (M, 2>
108 M) dwarf galaxy progenitors. More recently, several
lower-mass dwarf galaxy streams have also been identi-
fied. Based on their chemical patterns, the Indus and
Jhelum streams have progenitor mass M, ~ 105=7 Mg
(Hansen et al. 2021); the Orphan-Chenab stream (Be-
lokurov et al. 2007; Casey et al. 2013; Shipp et al. 2018;
Koposov et al. 2019; Erkal et al. 2019) has progenitor
mass M, ~ 105°5Mgy (Koposov et al. 2019; Hawkins
et al. 2023); the Wukong/LMS-1 stream has progeni-
tor mass M, ~ 107 Mg (Naidu et al. 2020; Yuan et al.
2020; Limberg et al. 2024); the Cetus/Palca stream has
progenitor mass M, ~ 10°Mg (Newberg et al. 2009;
Yuan et al. 2022b; Sitnova et al. 2024); and the Elqui
stream has progenitor mass M, ~ 10° M, (Shipp et al.
2018; Ji et al. 2020a; Li et al. 2022). This does not in-
clude more disrupted and phase-mixed dwarf galaxies like
Gaia-Sausage/Enceladus (GSE, Belokurov et al. 2018;
Haywood et al. 2018; Helmi et al. 2018; Carrillo et al.
2022), Sequoia (Myeong et al. 2019; Matsuno et al. 2019),
Thamnos (Koppelman et al. 2019), and others (Naidu
et al. 2020; Helmi 2020; Deason & Belokurov 2024).

Current predictions for globular cluster streams are
that the Milky Way has ~1000 globular cluster stellar
streams that have yet to be fully phase-mixed. These
are predicted by mock stellar streams from the orbital
histories of progenitors generated by hierarchical models
of globular cluster formation (Pearson et al. 2024). There
are also expected to be many hundreds of dwarf galax-
ies that have been tidally disrupted around the Milky
Way. A number of strategies have been developed for
this over time, such as semi-analytic methods for deter-
mining phase-space populations of tidal debris, simula-
tions of satellite galaxy disruption, and clustering stellar
dynamics in 4D phase space (e.g., Johnston 1998; Helmi
& White 1999; Santistevan et al. 2020; Brauer et al. 2022;
Gandhi et al. 2024). However, it is harder to identify the
dwarf galaxy streams. Current stream searches, espe-
cially those relying on Gaia parallaxes (e.g., Ibata et al.

2019, 2024; Dodd et al. 2023), mostly search at nearby
galactocentric radii, where globular cluster streams are
likely more numerous than dwarf galaxy streams (John-
ston et al. 2008; Gomez et al. 2013; Pearson et al. 2024;
Bonaca & Price-Whelan 2025). Dwarf galaxy stars have
larger velocity dispersions and metallicity spreads, so at
fixed stellar mass they are harder to find compared to
globular clusters that are more spatially compact and
at single metallicities. Finally, the vast majority of the
tidally disrupted dwarf galaxies are very low-mass, with
M, < 10° Mg, i.e. ultra-faint dwarf galaxies (e.g., Weisz
& Boylan-Kolchin 2017; Simon 2019; Brauer et al. 2019;
Santistevan et al. 2020; Gandhi et al. 2024), so they
should be even harder to identify. Obtaining a full census
of the Milky Way’s accretion history thus requires ex-
tending stream discoveries down to this regime of ultra-
faint dwarf galaxies. Since these ultra-faint dwarf galax-
ies are also the most dark matter-dominated galaxies
that live in the lowest-mass star-forming dark matter ha-
los, understanding the number of these streams in the
Milky Way could contribute to understanding reioniza-
tion and the small scale structure of dark matter (e.g.,
Bullock & Boylan-Kolchin 2017; Jethwa et al. 2018; Si-
mon 2019; Nadler et al. 2021).

In recent years, much progress has been made in find-
ing streams from the lowest-mass dwarf galaxies. The
first clear stream around an intact ultra-faint dwarf
galaxy was found around the Tucana III system (Drlica-
Wagner et al. 2015; Shipp et al. 2018), which has been
spectroscopically confirmed (Hansen et al. 2017; Li et al.
2018). More recently, a tidal stream likely emanating
from the Hydrus I dwarf galaxy was found (Ibata et al.
2024). Several individual stars with chemistry similar
to ultra-faint dwarf galaxy stars have also been found
throughout the Milky Way halo (e.g., Casey & Schlauf-
man 2017; Roederer 2017). Motivated by the discov-
ery of the highly r-process (rapid neutron-capture pro-
cess) enhanced ultra-faint dwarf Reticulum II (Ji et al.
2016a; Roederer et al. 2016), several stellar dynamical
groups within the Milky Way that are highly enhanced
in r-process elements have also been suggested to origi-
nate from ultra-faint dwarf galaxies (e.g., Roederer et al.
2018; Lee et al. 2019; Limberg et al. 2021a; Gudin et al.
2021), but the probability that the stars in these groups
all come from individual ultra-faint dwarf galaxies is sta-
tistically unlikely (Brauer et al. 2022). Thus far, there
is no progenitor-free bona-fide stellar stream that can be
cleanly associated with an ultra-faint dwarf galaxy. The
only claimed candidate, Specter (Chandra et al. 2022),
has a high mean metallicity that suggests we are only
seeing part of the stream from a much higher-mass pro-
genitor dwarf galaxy.

Here we investigate the progenitor of the Leiptr stellar
stream, which was previously thought to be a tidally dis-
rupted globular cluster. Leiptr was discovered among a
group of inner galaxy streams in the Gaia DR2 catalog
by Ibata et al. (2019) using the STREAMFINDER algorithm.
They identified candidates from streams with distinct
and coherent sky positions, proper motions, and paral-
laxes that were clearly distinguishable from the Galactic
disk or bulge. They determined Leiptr was 48° long and
located toward the Galactic anticenter with a heliocentric
distance of 7.9+ 0.4 kpc, pericenter distance of 12.8+0.6
kpc, apocenter distance of 85.2 + 26.0 kpc, and strong



TABLE 1
LEIPTR STARS

Name Gaia DR3 Source ID ExpTime SNR

(s)

SNR
4500 A 6500 A

RV
(kms™1)

RA
(°)

Dec G
®) (mag)

BP
(mag)

RP
(mag)

Leiptr-186
Leiptr-208
Leiptr-252*
Leiptr-321
Leiptr-342

2909738294618626048
2963688139034857472
3181161746481442432
5531991922485962624
5561352147121401216

300
1500
5400
2400

300

44
35
35
29
38

80
53
53
55
77

191.1
144.2
—4.2
372.0
337.4

89.11202
84.19212
71.34197
115.32295
108.16171

—28.18913 12.33
—23.48547 14.84
—11.61942 16.21
—44.58400 15.21
—40.85943 12.43

12.90
15.26
16.63
15.81
13.14

11.61
14.25
15.61
14.44
11.61

NOTE. — SNR 4500 A and 6500 A is the signal-to-noise per pixel at 4500 A

with 1 km s~! uncertainty.

*
Non-member

retrograde motion of L, = 46894314 km s~! kpc where
L, is the vertical component of angular momentum in
a Galactocentric Cartesian frame. Malhan et al. (2022)
updated these orbital parameters, estimating the peri-
center to be 12.3+ 0.1 kpc and the apocenter to be 45.1
+ 0.2 kpc, with a resulting eccentricity of 0.57. Leiptr
has the highest |L,| of stellar streams in their sample,
next to Gaia-12. Bonaca et al. (2021) identified Leiptr,
Gjoll, GD-1, Phlegethon, Ylgr, and Wambelong as po-
tential members of a highly aligned “plane of streams”
that may share a common origin. They suggested the
retrograde streams are most likely globular clusters from
the Sequoia/Arjuna dwarf galaxy (Myeong et al. 2019;
Naidu et al. 2020) based on photometry and clustering
in orbital poles; Gjoll in particular has been shown to
be connected to the NGC 3201 globular cluster (Hansen
et al. 2020b; Riley & Strigari 2020). Bonaca & Price-
Whelan (2025) independently determined that Leiptr has
a mean heliocentric distance of 7.4 kpc, mean Galactic
radius of 13.8 kpc, angular length of 73°, angular width
of 0.5° (74 pc), and a stellar mass of 1038 M. However,
there have been no previous chemical studies of Leiptr.

We present the chemical abundances of four mem-
ber stars in the Leiptr stream and one non-member us-
ing high-resolution spectroscopy. We find that Leiptr
is likely the first spectroscopically confirmed ultra-faint
dwarf galaxy stream without an intact progenitor. Sec-
tion 2 explains the observations. Section 3 describes the
abundance analysis. Section 4 compares the chemical
abundances of Leiptr to those of halo, dwarf galaxy, and
globular cluster stars. We discuss what these results sug-
gest about Leiptr’s chemical signature and progenitor in
Section 5 and conclude in Section 6.

2. OBSERVATIONS

Of 67 original Leiptr candidate stars from the Gaia
DR2 STREAMFINDER catalog (Ibata et al. 2019), we se-
lected five of the brightest candidate stars to observe,
giving them arbitrary ID numbers. We obtained spec-
tra of these stars on November 2, 2022 using the 6.5-
meter Magellan Clay Telescope’s Magellan Inamori Ky-
ocera Echelle (MIKE; Bernstein et al. 2003) spectrograph
at Las Campanas Observatory in Chile. Figure 1 shows
the declinations and radial velocities against right ascen-
sions of these stars compared to the other Leiptr can-
didates from the Gaia DR3 STREAMFINDER catalog in
Ibata et al. (2024). The arrows represent reflex-corrected
proper motions. One of these five stars, Leiptr-252, is no
longer a kinematic Leiptr member star in the Gaia DR3

and 6500 A. RV is the heliocentric radial velocity
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FiG. 1.— Positions and reflex-corrected radial velocities of Leiptr
candidate stars. The members from the STREAMFINDER catalog are
represented by black circles and four members analyzed in this work
are represented by light-blue stars. The non-member, Leiptr-252,
is emphasized as a red X. The reflex-corrected proper motions in
degrees per Myr are indicated by arrows in the top panel. Any stars
in the STREAMFINDER catalog without confirmed radial velocities
were omitted.

STREAMFINDER catalog (Ibata et al. 2024), which will also
be apparent from its chemistry. This non-member star is
shown as a red X in Figure 1 and all subsequent figures.

We used the 0.7”x5.0” entrance slit resulting in R ~
35,000 in the blue arm from 3300 — 5000 A and R ~
28,000 in the red arm from 5000 — 9000 A. The data
were reduced using the CarPy software package’s MIKE
reduction pipeline (Kelson 2003). A metal-poor tem-
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plate spectrum of HD122563 was cross-correlated with
the echelle order containing the Mg b triplet to deter-
mine radial velocities. The uncertainty is dominated by
wavelength calibration accuracy and is about 1 km s—!
(Ji et al. 2020b). Table 1 reports each star, exposure
time, signal-to-noise per pixel at 4500 A and 6500 A,
heliocentric radial velocity, right ascension, declination,
and Gaia magnitudes. Gaia DR3 RVS (Gaia Collabora-
tion et al. 2023) gives velocities of 190.43 + 0.49 km s~1
and 335.96 & 0.43 km s~! for Leiptr-186 and Leiptr-342,
respectively, which closely agree with our results. Fig-
ure 2 shows spectral regions around Ba II at 4554.0 A,
the Mg b triplet, and Sr II at 4077.7 A.

3. ABUNDANCE ANALYSIS

The chemical abundance analysis was performed us-
ing a custom analysis code LESSPayne (Ji et al. 2025),
generally following Ji et al. (2020a). As described in
Limberg et al. (2024), LESSPayne is a combination of
the PayneEchelle (Ting et al. 2019) and SMHR (Casey
2014) programs. First, we ran a full spectrum fit be-

tween 5000 — 6800 A using a neural network emulator of
high-resolution spectra. We did not use the stellar pa-
rameters from this fit, but instead used the best-fit spec-
trum to locate and mask regions where absorption lines
were expected to occur and initialize an SMHR analysis.
We manually inspected and corrected the normalization
for every spectral order before stitching them together.
We then fit Gaussian profiles to determine equivalent
widths using the line list from Ji et al. (2020a), which is
based on atomic data from linemake (Placco et al. 2021),

mostly keeping to lines with 4000 A < A < 7000 A. Some
stronger lines required Voigt profile fits. We also fit some
lines using spectral synthesis with the same line lists as
Ji et al. (2020a).

We determined chemical abundances using the 1D lo-
cal thermodynamic equilibrium (LTE) radiative trans-
fer code MOOG (Sneden 1973) and the ATLAS model at-
mospheres (Castelli & Kurucz 2003). Stellar parame-
ters were determined spectroscopically following Frebel
et al. (2013a), due to uncertain distances to the Leiptr
stars. Effective temperature was derived by balancing Fe
I abundance against excitation potential, surface grav-
ity by balancing Fe I and II abundances, and microtur-
bulence by balancing Fe II abundance against reduced
equivalent width. Next, we applied the correction to a
photometric temperature scale from Frebel et al. (2013a)
and redetermined the other stellar parameters. We es-
timate the microturbulence using Fe II lines because of
the photometric correction: using Fe I lines computed in
LTE with photometric temperatures results in artificially
high microturbulence (Ji et al. 2020a). This is possible as
we used ~20 Fell lines per star. The corrected effective
temperature (Teo), surface gravity (log g), microturbu-
lence (v;), metallicity ([Fe/H]), and their associated un-
certainties (er, ey, €y, and epe, respectively) are given in
Table 2. Tog systematic uncertainty was estimated at 150
K due to intrinsic scatter in the temperature correction
from Frebel et al. (2013a). The corresponding systematic
uncertainties for the remaining stellar parameters, log g,
vy, and [Fe/H], were set to 0.3 dex, 0.2 km s~!, and 0.2
dex, respectively. These are added in quadrature to the
statistical uncertainties in the slopes and standard errors

I Ball
1.0 N BN
051 —— Leiptr-186 (4640K) \/
0.0
Ball
1.0 a——
X N \/
S 93] — Leiptr-342 (4650K)
L oo
© Ball
U 10 s /o e
N \/ N
T %% — Leiptr-208 (5020K)
g oo
5 Ball
1.0 e TN NG
051 — Leiptr-321 (5095K)
0.0
Ball A
1.0 /5 —
NN/ = VoW
051 — Leiptr-252 (5360K)
0.0 4552 4553 4554 4555 4556
Wavelength (Angstroms)
10 Mg | Mgl , Mg |
NN T ALY
051 — Leiptr-186 (4640K)
0.0
10 Mgl Mg 1 - . Mgl
; \w Voo
Ssa'alatamaiaiana
3 03] — Leiptr-342 (4650K)
L oo
A PO PR SO N VR SO OO N |
N VATV
o %% — Leiptr-208 (5020K)
g oo
S ohmeptal TN T P L1
: . M AW IAA A A
=4 NN TP
051 — Leiptr-321 (5095K)
0.0 -
1.0 “V{’Igfl"\ r-'\_'_v'A\ Mgl Ny e V_A o Mg |
051 — Leiptr-252 (5360K)
v
0.0 5166 5168 5170 5172 5174 5176 5178 5180 5182 5184
Wavelength (Angstroms)
Srll
1.0 ——V v NNy
051 — Leiptr-186 (4640K) "V'
0.0
sl
1.0 "
x v
S 93 — Leiptr- 342 (4650K)
L oo
° J Sril
fo7) 1.0 — - - SN _—
© %3] — Leiptr-208 (5020K)
g oo
S
FE Y PR Y NPTy Y liost o - S = S
=2
051 — Leiptr-321 (5095K)

Srll

051 — Leiptr-252 (5360K)

4076.0  4076.5 4077.0  4077.5 4078.0 40785  4079.0 4079.5

Wavelength (Angstroms)

FiG. 2.— Spectra around the Ba II line at 4554.0 A; Mg I b
triplet; and the Sr II line at 4077.7 A. The stars are ordered top
to bottom from coolest to hottest. The shaded region around the
spectra shows the uncertainty in normalized flux. Leiptr-252 is a
clear outlier with stronger and broader lines.



of the spectroscopic balance to determine the total stellar
parameter uncertainties (see Ji et al. 2020a, for details).

Overall, we detected or put upper limits on 29 species
of 24 elements, where CH, CN, Al 1, Sc II, V I, V II, Mn
I, Col, SrII, Y II, Ba II, La II, and Eu IT were synthe-
sized and O I, Na I, Mg I, K I, Ca I, Ti I, Ti II, Cr I,
CrlIl Fel Fell, NiI, Zn I, Sr I, Zr II, and Dy II were
determined with equivalent widths. Mean abundances
for each species are computed with a weighted average
of individual absorption lines and compared to their re-
spective solar abundances from Asplund et al. (2009).

For a given absorption line ¢ for element X, we measure
an abundance log ¢;(X). The measured abundance is un-
certain, due to uncertainties in the stellar parameters and
the measurement itself. We therefore measure abundance
uncertainties for each absorption line by independently
propagating the stellar parameter uncertainties, denoted
€Tuwi> €g,is €M, and e, ;. Additionally, uncertainty in
the measured equivalent width propagates into an abun-
dance uncertainty denoted egtqt,i-

To measure the overall abundance for the star, we use
a weighted average of measured abundances from all ab-
sorption lines. Weighting is introduced in order to de-
prioritize measurements with high errors to most accu-
rately represent the measured abundance of the star. The
weighted abundance log €,,(X) is calculated as:

logey (x) = ZEGULXI g

The weight w; for a measured line i reflects the total
uncertainty of a measurement by combining all of the
measured uncertainties described above. The weight is
calculated as the inverse of the quadrature sum of each
contributing source of uncertainty:

1 2 2 2 2 2
= €T T €t e T €t Estat i (2)
3

We also calculate the total standard error, 0%, which
represents the contributed systematic and statistical un-
certainties from each individual line measurement to the
overall error of the element abundance, and is calculated

as:

1
> (62 4 €2 )71.

Sys,t stat,?

(3)

2 —
Ostat =

We set the per-line systematic error floor egys; = 0.1 to
account for unforeseen systematics in our stellar models
and inferred abundance measurements.

We calculate the variance of our measurements, and
continue to weight the contribution of each measurement,
to appropriately estimate the systematic uncertainty in
line-to-line scatter. The square of the weighted standard

deviation o2 is calculated as:

i = e e

We also calculate the contribution of the uncertainty
relative to each stellar parameter. The propagated stellar

parameter uncertainty, O’%P, is:

Sileres X wi)\* | [ Silegi x wi)\?
s = (BT Y (Bleyex )

2iw; X w;

n Yileps X wy) 2+ Yi(en x w;) 2
Sw; Yjw;

Each of these terms is treated as the total uncertainty of
the element X due to the corresponding stellar parame-
ter, e.g.:

()

o — Dileqi X wi) (©)
Tost ¥ w; :
Here, we neglect correlations between stellar parameters.
Ji et al. (2020a) gave a formalism for how to propagate
correlated stellar parameter uncertainties to abundances,
but it required the assumption that abundances depend
linearly on stellar parameters. We have unfortunately
found that this assumption often breaks down, which
can result in systematic biases in the resulting abun-
dances. By ignoring the correlations, we find that we
slightly overestimate the stellar parameter uncertainties,
which we find preferable to obtaining biased abundances.
The total uncertainty for the abundance of element X
in the star, [X /H], combines all previous uncertainties.
ox/u) is the quadrature sum of the total standard er-
ror, the stellar parameter uncertainties, and the weighted
standard deviation:

O[X/H] = \/Jgtat + 02p + max (02,0.12). (7)

We include a minimum floor of 0.12 on the weighted vari-
ance of measurements to account for elements with too
few lines to measure a standard deviation. In our ta-
bles and figures, we also include the abundance uncer-
tainty excluding this systematic uncertainty buffer and
weighted variance:

O[X/H], no sys — \/M' (8)

We present both sets of uncertainties, one that gives our
best estimate of a total uncertainty, and the other to
estimate abundance precision.

We use [Fe I/H] to calculate [X/Fe]. The uncertainty
of [X/Fe] needs to account for statistical uncertainties
for both X and Fe, in addition to correlated abundance
uncertainties from stellar parameters and the weighted
variance with corresponding uncertainty floors:

2 _ 2 2
U[X/Fe} = Ogat T Ostat,Fe

+ (eTeff - eTeff,Fe)Q + (eg - eg,Fe)Q
+ (ev - ev,Fc)2 + (eM - eM,Fe)z
+ max (O‘EU, 0.12) + max (02 0.12) .

w,Fe»

(9)

Again, we exclude the uncertainty floor to give an ap-
proximate error without a conservative error buffer:

= Uztat + Js2tat,Fc
+ (eTeff - eTeffyFC)2 + (69 - eg,Fc)g (10)

+ (ev - ev,Fe)2 + (eM - eM,Fe>2-

2
O[X/Fe], no sys



TABLE 2
LEIPTR CANDIDATE STELLAR PARAMETERS AND UNCERTAINTIES

Name T er  Tef, phot 1089 eg o ey [Fe/H] epe
Leiptr-186 4640 152 4607 1.00 0.31 251 024 —254 0.21
Leiptr-208 5020 157 5126 1.90 0.31 1.85 0.24 -—-2.25 0.21
Leiptr-252 5360 163 5329 3.60 0.31 1.31 0.25 —1.20 0.33
Leiptr-321 5095 160 5059 2.40 0.31 1.95 0.27 —-1.80 0.22
Leiptr-342 4650 153 4513 1.00 0.30 2.32 0.25 —1.93 0.21

NOTE. — Temperatures are given in K and microturbulence in km s~1. Tog

is spectroscopic effective temperature with the correction from Frebel et al.
(2013a), log g is surface gravity, and v; is microturbulence. We also include the
photometric temperature Teg, phot, as calculated using Mucciarelli et al. (2017)
color-temperature relations for Gaia BP-RP colors. The e values represent the
stellar parameters’ respective uncertainties, which are a quadrature sum of the
statistical uncertainty calculated from the iron lines and adopted systematic
uncertainties for Teff, log g, v¢, and [Fe/H] of 150 K, 0.3 dex, 0.2 km s~!, and

0.2 dex, respectively.
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F1G. 3.— A comparison of normalized spectra of stars with sim-
ilar stellar parameters around the Hf line at 4861 A. Additional
absorption lines are shown adjacent to the central line. The top
plot has the stars Leiptr-186 (purple dashed line) and Leiptr-342
(gold solid line), both with Teg around 4650 K. The bottom plot
has stars Leiptr-208 (blue dot-dashed line) and Leiptr-321 (red
solid line), both with T.g around 5050 K. The similarity of the
hydrogen line profiles suggest each pair of stars has very similar
temperatures; but Leiptr-321 and Leiptr-342 have stronger metal
lines than Leiptr-208 and Leiptr-186, respectively, indicating their
metallicities must differ.

We present the start of a list of line measurements
for the Leiptr candidate stars in Table 3 which pro-
vides each line’s wavelength, excitation potential, oscil-
lator strength, equivalent width, and full width at half
maximum. The full table is available in the arXiv source
as a CSV file. The SMHR analysis files that include
the spectra and line fits are available upon request to
the first author. The final abundances for our five stars
are given in Tables 4-8. We record element, number of
lines used, and log €, as well as [X/H] and [X/Fe] and
their respective uncertainties, ox /i) and o[x /], for each
star. [X/Fe]y gives the non-LTE (NLTE) abundances for
sodium, aluminum, potassium, and manganese (see Sec-
tions 4.4 and 4.5). We comment on the NLTE effects
for all significantly impacted elements, ignoring smaller
contributions that are not informative to this analysis.

3.1. Differential Abundance Analysis

Our overall abundance uncertainties are dominated by
stellar parameter uncertainties, in particular the system-
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F1G. 4.— A comparison of normalized spectra of stars with sim-
ilar stellar parameters around the He line at 6563 A. Additional
absorption lines are shown adjacent to the central line. The top
plot has the stars Leiptr-186 (purple dashed line) and Leiptr-342
(gold solid line), both with Teg around 4650 K. The bottom plot
has stars Leiptr-208 (blue dot-dashed line) and Leiptr-321 (red
solid line), both with Tpg around 5050 K. The similarity of the
hydrogen line profiles suggest each pair of stars has very similar
temperatures; but Leiptr-321 and Leiptr-342 have stronger metal
lines than Leiptr-208 and Leiptr-186, respectively, indicating their
metallicities must differ.

atic 150 K temperature uncertainty set from the Frebel
et al. (2013a) calibration. However, abundance differ-
ences between two stars of similar stellar parameters can
be much more precise (e.g., McWilliam et al. 2013; Nissen
& Gustafsson 2018; Matsuno et al. 2022a; McKenzie et al.
2022). The four Leiptr member stars come in two pairs
of stars with similar effective temperatures and surface
gravities: Leiptr-186 and Leiptr-342 have Tog ~ 4650 K
and Leiptr-208 and Leiptr-321 have Tog =~ 5050 K. This
similarity is clearly visible in the spectra: Figures 3 and
4 show the HS and « lines. The Balmer lines in Leiptr-
186 are very similar to Leiptr-342 except that Leiptr-342
has some hydrogen emission; and Leiptr-321 and Leiptr-
208 have identical Balmer line shapes. It is also visually
clear that the narrow metal absorption lines in Leiptr-321
and Leiptr-342 are substantially stronger than those in
Leiptr-208 and Leiptr-186, respectively, suggesting each
pair of stars in fact has different compositions. Figure 5
shows several significant differences between the spectra
for Leiptr-321 and Leiptr-208 when we zoom in on metal
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Fic. 5.— A comparison of normalized rest-frame spectra of Leiptr-321 and Leiptr-208 that have similar stellar parameters, centered

around the Mg I b triplet; Ca I line at 4454.8 A; Ti II line at 4395.0 A; Na I line at 5895.9 A; K I line at 7664.9 A; and Sc II line at 5526.8
A. Additional absorption lines are shown adjacent to the central line, including interstellar medium and telluric features in the sodium
and potassium panels, respectively. The telluric features around K I are offset because the stars are shifted to rest frame. The plots have
stars Leiptr-208 (blue dot-dashed line) and Leiptr-321 (red solid line), both with Tog around 5050 K. It is clear that Leiptr-321 has overall
higher metallicity, as well as much higher abundances of sodium, potassium, and scandium.

TABLE 3
LEIPTR CANDIDATE LINE LIST

Star Name Element Species Wavelength (A) expot loggf logeps estat e€sys eqwW eeqw FWHM et eg ey em
Leiptr-186 Mg I 12.0 3986.75 435 —1.06 5.27 0.06 0.10 36.5 3.7 0.14 0.09 —-0.02 —0.01 —0.00
Leiptr-186 Fel 26.0 4001.66 2.17 —1.90 4.92 0.04 0.10 579 2.8 0.13 0.19 —0.03 —0.03 —0.02
Leiptr-186 Til 22.1 4012.38 0.57 —1.78 2.58 0.08 0.10 118.2 3.8 0.20 0.07 0.08 —-0.16 0.03
Leiptr-186 Til 22.1 4025.13 0.61 —2.11 247 0.07 0.10 94.6 3.7 0.18 0.08 0.09 -—-0.09 0.03
NOTE. — This table is available in its entirety in machine-readable form as part of the arXiv source (leiptr_lines.csv). expot

is excitation potential; loggf is oscillator strength; logeps is the absolute stellar abundance to H; estqt is the statistical abundance
uncertainty due to the equivalent width uncertainty; esys is the systematic uncertainty, which we adopt to be 0.1 for all lines; eqw is
equivalent width; eequw is uncertainty in equivalent width; FWHM is the full width of the line at half maximum; er,,, is the difference on

the abundance due to 1o uncertainties on effective temperature, and similarly for ey for the surface gravity, e, for

and ejps for the metallicity.

absorption lines for Mg I, Ca I, Ti II, Na I, K I, and Sc
11.

We thus conduct a differential abundance analysis be-
tween these two pairs of stars to examine whether a
more precise analysis can distinguish between the star
compositions. Adopting the same stellar parameters as
our main analysis, we calculate abundance differences for
matched lines between the two pairs of stars using Ta-

£ .
tile microturbulance,

ble 3'. Unlike the initial abundance analysis, we do not
apply any weighting for the differential analysis. We esti-
mate uncertainties by taking the standard deviation and
standard error of the line abundance differences, and not

I Note that differential abundance analyses in the literature usu-
ally use one reference star to compare to all other stars, but in this
case we are simply looking at two pairs of stars with similar stellar
parameters.
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Fic. 6.— Abundance differences between matched pairs of stars
with similar temperatures. The top panel shows the difference be-
tween the cooler pair, Leiptr-342 and Leiptr-186, indicated by light-
blue squares in this and future figures. The bottom panel shows
the difference between the warmer pair, Leiptr-321 and Leiptr-208,
indicated by light-blue circles in this and future figures. The longer
error bars with smaller cap sizes show the standard deviation. The
shorter error bars with larger cap sizes show the standard error.
No error bar is shown if just one line is used. A horizontal dashed
line is shown corresponding to A log e(Fe); differences of other ele-
ments relative to this line indicate A[X/Fe].

propagating any stellar parameter uncertainties that we
expect to largely cancel out in this differential analysis.

The results are shown in Figure 6. Matching the vi-
sual impression from Figures 3, 4, and 5, each pair of
stars differs by over 0.4 dex in iron abundance, clearly
demonstrating that the Leiptr stars do not all have the
same chemical composition. There are also several other
[X/Fe] differences (e.g., lower magnesium, europium,
and zinc in Leiptr-342 vs Leiptr-186 and higher sodium,
potassium, and scandium in Leiptr-321 vs Leiptr-208)
that will be discussed in the next section.

4. ABUNDANCE RESULTS

We first discuss the overall metallicity dispersion in the
Leiptr stream in Section 4.1. Then, we discuss the abun-
dance trends for halo, dwarf galaxy, and globular cluster
stars in each element group (Sections 4.2-4.6) and com-
pare to our results for Leiptr. Total uncertainty is shown
in black for accuracy and abundance uncertainty with-
out additional systematic errors is shown in the same
color as the stars for statistical precision as described
in Section 3. Our literature sample is compiled based

TABLE 4
LEIPTR-186 ABUNDANCES

Element N loge [X/H] ox/m [X/Fe] [X/Fely 0[x/pe]
CH 2 5.38 —3.05 0.44 —0.50 - 0.36
CN 1 6.12 < —-1.70 - < 0.84 - -
Na I 2 3.52 —2.72 0.33 —-0.18 —-0.41 0.27
Mgl 9 5.22 —2.38 0.16 0.17 - 0.18
All 1 3.06 —3.39 0.40 —-0.84 —0.24 0.41
KI 2 2.87 —2.16 0.21 0.39 —0.11 0.20
Cal 23 3.92 —2.42 0.16 0.13 — 0.19
Sc 11 8 0.35 —2.80 0.17 —0.26 - 0.27
TiI 29 2.38 —2.57 0.25 —0.02 - 0.20
Ti IT 49 254 —2.41 0.17 0.13 — 0.26
VI 2 1.13 —2.80 0.28 —0.25 - 0.25
V II 2 1.28 —2.65 0.19 —-0.11 - 0.31
Crl 14 285 —2.79 0.23 —-0.24 — 0.18
Cr I 4 2.96 —2.68 0.14 —-0.14 - 0.29
Mn I 6 2.51 —2.92 0.18 —0.38 0.05 0.18
Fe I 124 4.95 —2.55 0.23 0.00 - -
Fe II 21 4.96 —2.54 0.14 - — —
Col 4 2.39 —2.60 0.36  —0.05 - 0.31
Nil 19 3.67 —2.55 0.21 —0.00 - 0.20
Zn 1 2 2.15 —2.41 0.14 0.14 — 0.22
Sr 11 2 —0.73 -3.60 0.32 —1.05 - 0.34
Ba II 5 —126 -—3.44 0.20 —0.90 - 0.26
Eu II 2 —-230 —2.82 0.22 —0.28 — 0.30

NOTE. — CN is an upper limit. [X/Fe]y gives the NLTE abun-

dances.
TABLE 5
LEIPTR-208 ABUNDANCES
Element N loge [X/H] ox/m [X/Fe] [X/Fely 0[x/Fe]

CH 2 6.4 —2.03 0.26 0.22 - 0.24
CN 1 6.08 < —1.75 - < 0.51 - -
Nal 2 3.68 —2.56 0.23 —-0.30 —-0.70 0.23
Mg I 6 529 —2.31 0.15 —0.05 - 0.18
All 1 3.22 —3.23 0.37 —-0.97 —0.37 0.38
KI 2 286 —2.17 0.13 0.09 —0.21 0.17
Cal 16 4.16 —2.18 0.12 0.08 - 0.16
Sc II 7 0.50 —2.65 0.15 —0.39 - 0.21
Til 20 2.74 —2.21 0.18 0.05 - 0.20
Till 32 272 —2.23 0.18 0.03 - 0.23
V II 2 1.64 —2.29 0.14 —0.03 - 0.23
Crl 12 3.15 —2.49 0.16 —0.23 - 0.18
CrlI 3 3.19 —2.45 0.15 —-0.19 - 0.23
Mn I 4 2.68 —2.75 0.13 —-049 -0.12 0.17
Fel 111 5.24 —2.26 0.16 0.00 - -
Fe II 22 5.21 —2.29 0.17 - - -
Col 3 2.68 —2.31 0.21 —0.06 - 0.23
Nil 11 3.85 —2.37 0.14 —0.11 - 0.18
Zn 1 2 223 —2.33 0.11 —-0.07 - 0.18
Sr 11 2 —0.56 —3.43 045 —1.17 - 0.46
Ba II 5 —=0.83 -3.01 0.18 —0.75 - 0.22
Eu II 1 —1.71 <-2.23 - < 0.03 - -
NOTE. — CN and Eu II are upper limits. [X/Fe]y gives the

NLTE abundances.

on references whose analysis process is very similar to
ours (i.e., high-resolution optical spectroscopy of individ-
ual stars, mostly with spectroscopic stellar parameters).
Abundances for stars in the metal-poor Milky Way halo
come from selected references in JINAbase (Abohalima &
Frebel 2018, from Barklem et al. 2005; Cohen et al. 2013;
Roederer et al. 2014; Jacobson et al. 2015) and abun-
dances of GSE stars come from Carrillo et al. (2022). We
take stellar masses of dwarf galaxies from the compilation
by Simon (2019). Massive dwarf galaxy (M, > 107 M)

~



abundances come from Lemasle et al. 2014 (Fornax),
Jonsson et al. 2020 (Sagittarius, APOGEE stars), and
Hill et al. 2019 (Sculptor). Intermediate-mass dwarf
galaxy (M, 2 105My) abundances come from Norris
et al. 2017 (Carina), Cohen 2009 (Draco), Theler et al.
2020 (Sextans), and Cohen & Huang 2010 (Ursa Minor).
Ultra-faint dwarf galaxy (M, < 10°Mg) abundances
come from Koch et al. (2008); Feltzing et al. (2009);
Norris et al. (2010a,b); Simon et al. (2010); Frebel et al.
(2010, 2014); Gilmore et al. (2013); Koch et al. (2013);
Roederer & Kirby (2014); Ishigaki et al. (2014); Frangois
et al. (2016); Ji et al. (2016b,c, 2019, 2020b); Venn et al.
(2017); Kirby et al. (2017); Hansen et al. (2017, 2020a,
2024); Nagasawa et al. (2018); Spite et al. (2018); Mar-
shall et al. (2019); Chiti et al. (2018, 2023); Waller et al.
(2023); and Webber et al. (2023). Chemical abundances
for Milky Way globular clusters come from Carretta et al.
(2009), Cohen & Kirby (2012), Kirby et al. (2023), Roed-
erer et al. (2011), and Worley et al. (2013). Stars from
dwarf galaxy and globular cluster streams come from Ji
et al. (2020a).

Before we begin, it is clear that Leiptr-252 is a non-
member star, and we have shown it as an X on all fig-
ures. Leiptr-252 was originally selected to be a mem-
ber using Gaiec DR2 kinematics in Ibata et al. (2019),
but our analysis suggests it is a chemical non-member,
with a discrepantly high metallicity and abundance ra-
tios all matching background Milky Way stars. After our
chemical analysis was complete, Ibata et al. (2024) re-
leased a new Leiptr kinematic selection using Gaia DR3,
and Leiptr-252 is no longer considered a member with
the more precise astrometry. Thus Leiptr-252 is a clear
chemodynamic non-member, and we do not discuss it
further.

The four Leiptr member stars fall into two categories.
The three lowest-metallicity stars (Leiptr-186, Leiptr-208
and Leiptr-342) have similar element abundances: low
a, odd-z, and neutron-capture ratios. The most metal-
rich star (Leiptr-321) has similar abundances to the low-
metallicity stars, but higher o and odd-z ratios. We fur-
ther investigate our pairs from Section 3.1 by marking
Leiptr-208 and Leiptr-321 as circles and Leiptr-186 and
Leiptr-342 as squares in Figures 7-11. Halo stars are
marked as plus signs in gray if from the Milky Way or
dark-blue if from GSE; dwarf galaxy stars are marked as
triangles in yellow if massive (M, > 107 M), pink if
intermediate-mass (105 Mg < M, < 107 Mg), or pur-
ple if ultra-faint (M, < 10° Mg); globular clusters are
marked as upside-down triangles in dark-red; and stel-
lar streams are marked as stars in pink if from a dwarf
galaxy or dark-red if from a globular cluster.

4.1. Metallicity Mean and Dispersion

The four Leiptr stars fall between [Fe/H] = —2.54 and
—1.80. We follow the method used in Usman et al. (2024)
to determine the mean metallicity and intrinsic disper-
sion, assuming a single Gaussian with heteroskedastic
uncertainties, sampled using the nested sampling algo-
rithm dynesty (Speagle 2020; Higson et al. 2019; Ko-
posov et al. 2022) to calculate the Bayesian posteriors
of the means and dispersions. The reported uncertain-
ties are determined with 1o percentiles and 90% upper
limits. We acknowledge that [Fe/H] may be underesti-

TABLE 6
LEIPTR-252* ABUNDANCES

Element N loge [X/H] oix/m) [X/Fe] [X/Fely o[x/pe]

CH 2 726 —1.17 0.33 0.03 - 0.34
CN 1 6.63 —1.20 040 —-0.00 - 0.40
Nal 4 512 -1.12 0.15 0.08 —0.09 0.21
Mg I 4 6.83 —0.77 0.18 0.43 - 0.21
All 1 467 —-1.78 0.37 —0.58 0.02 0.34
KI 2 473 —-030 0.21 0.89 0.30 0.22
Cal 18 5.49 -0.85 0.15 0.35 - 0.18
Sc II 4 207 —-1.08 0.15 0.11 - 0.23
Til 41 4.05 —0.90 0.22 0.30 - 0.25
Ti Il 38 4.15 —-0.80 0.18 0.40 - 0.25
VI 1 269 —124 0.24 —-0.04 - 0.29
VII 1 299 —-094 0.31 0.26 - 0.39
Crl 15 447 -1.17 0.19 0.03 - 0.20
CrI1 5 462 —-1.02 0.15 0.18 - 0.25
Mn I 6 4.15 —-1.28 0.20 —-0.08 0.01 0.24
Fel 105 6.3 —1.20 0.20 0.00 - -
Fe II 19 6.3 -1.20 0.18 - - -
Col 4 386 —1.13 0.27 0.07 - 0.29
Nil 19 5.04 -1.18 0.17 0.02 - 0.21
Zn 1 2 3.51 —-1.05 0.15 0.15 - 0.23
Srl 1 183 —-1.04 0.21 0.16 - 0.24
Sr IT 2 194 —-093 0.21 0.27 - 0.25
Y II 3 1.03 -1.18 0.20 0.02 - 0.27
Zr 11 1 174 —-0.84 0.21 0.35 - 0.31
Ba II 5 123 —-095 0.20 0.25 - 0.23
La II 3 024 -086 0.20 0.34 - 0.29
Eu IT 2 -0.03 —0.55 0.18 0.64 - 0.27
Dy II 1 03 —-0.80 0.53 0.40 - 0.54

NoOTE. — [X/Fe]y gives the NLTE abundances.

Non-member

mated by about 0.2 dex by ignoring NLTE effects on
the measured iron lines (e.g., Bergemann et al. 2012¢,a;
Ezzeddine et al. 2017), but each star will shift a simi-
lar amount, so as a whole Leiptr will maintain the same
metallicity dispersion.

Using our full abundance uncertainties, which are dom-
inated by propagating both statistical and systematic
uncertainties in stellar parameters, the mean [FeI/H]
metallicity of the four Leiptr stars is —2.20 £ 0.15, with
a dispersion 90% upper limit less than 0.38. If instead
we use [Fell/H], the per-star uncertainties are reduced
to ~0.15 dex for each star, as the effect of our surface
gravity uncertainties on Fell are much less than the ef-
fect of our effective temperature uncertainties on Fel.
We then resolve a [FeIT/H] spread to be 0.29703% with
>90% confidence that the spread is larger than 0.1 dex.
We note the mean metallicity is 0.6 dex lower than the
photometric estimate by Ibata et al. (2019).

A resolved metallicity dispersion, indicating internal
enrichment by supernovae, is crucial for classifying Leiptr
as a dwarf galaxy (Willman & Strader 2012). We thus
performed a more sensitive test of internal metallicity
variations by looking at our pairwise differential abun-
dances (Section 3.1, Figure 6). These clearly show that
our full uncertainties for [Fe I/H] are too conservative for
intrinsic dispersion measurements. The four likely Leiptr
member stars come in two pairs of stars with similar stel-
lar parameters and clearly distinct chemical abundances.
Thus, the metallicity differences and [Fe II/H] metallic-
ity dispersion strongly suggest that Leiptr was a dwarf
galaxy, rather than a globular cluster.
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F1G. 7.— Comparison of Leiptr-208 and Leiptr-321 (light-blue circles) and Leiptr-186 and Leiptr-342 (light-blue squares) nitrogen
abundances against carbon on the leftmost plot. The other two plots to the right illustrate carbon and nitrogen abundance in relation to
effective temperature. The non-member Leiptr-252 is shown as a red X. Total uncertainty is shown in black for accuracy and abundance
uncertainty without additional systematic errors is shown in the same color as the stars for statistical precision as described in Section 3.
[X/Fe] = 0 is plotted as a bold black line. Abundances of metal-poor Milky Way halo stars appear as gray plus signs and abundances from
the M15 globular cluster appear as dark-red upside-down triangles.

TABLE 8
LEIPTR-342 ABUNDANCES

TABLE 7
LEIPTR-321 ABUNDANCES

Element N loge [X/H] ox/m [X/Fe] [X/Fely 0[x/Fe] Element N loge [X/H] oix/m [X/Fe] [X/Fely o[x/re]
CH 2 6.67 —1.76 0.26 0.09 - 0.28 CH 2 574 —-269 022 -0.70 - 0.27
CN 1 651 <—-1.32 - < 0.53 - - CN 1 6.19 —-1.64 041 0.35 - 0.42
Nal 1 459 -1.65 0.29 0.20 —0.29 0.29 Ol 1 709 —-1.60 0.19 0.40 - 0.28
Mg I 8 587 —-1.73 0.17 0.12 - 0.23 Nal 1 416 —-2.08 0.33 -0.08 —0.36 0.32
All 1 384 -261 033 -0.76 —0.15 0.34 Mg 1 4 545 -—-2.15 0.17 —-0.15 - 0.21
KI 2 413 —-0.90 0.22 0.95 0.25 0.24 All 1 355 —=290 035 —-091 —-0.30 0.38
Cal 22 475 —1.59 0.13 0.26 - 0.20 KI 2 321 —-1.82 0.17 0.17 —0.42 0.21
Sc 11 4 1.6 —1.55 0.16 0.30 - 0.25 Cal 17 432 -2.02 0.13 —-0.02 - 0.20
Til 28 334 -—1.61 0.19 0.24 - 0.23 Sc 11 6 08 —-235 014 -0.35 - 0.25
Till 41 349 —1.46 0.17 0.39 - 0.25 Til 28 2.8 -2.15 0.18 -0.15 - 0.21
VI 1 215 —1.78 0.19 0.07 - 0.25 Till 41 294 -2.01 0.17 -0.01 - 0.27
V II 2 228 -—-1.65 0.22 0.20 - 0.31 VI 1 146 -247 0.21 —-0.48 - 0.25
Crl 13 3.74 —-1.90 0.18 —0.05 - 0.22 VII 1 194 —-199 0.19 0.00 - 0.29
Cr1I 4 372 —-1.92 0.14 —-0.07 - 0.26 Crl 14 3,53 —-2.11 0.19 —-0.12 - 0.21
Mn I 6 314 —2.29 0.12 -0.44 —-0.20 0.21 Cr 1l 6 355 —2.09 0.14 -0.10 - 0.26
Fel 109 5.65 —1.85 0.22 0.00 - - Mn I 6 297 —-246 0.13 —-047 —0.16 0.19
Fe II 23 5.68 —1.82 0.16 - - - Fel 93 5.51 —-1.99 0.21 0.00 - -
Col 3 331 -—1.68 0.27 0.17 - 0.29 Fell 20 5.56 —1.94 0.15 - - -
Nil 16 439 —-1.83 0.15 0.02 - 0.22 Col 4 286 —2.13 032 -0.14 - 0.34
Zn 1 2 275 —-181 0.12 0.04 - 0.22 Nil 18 4.06 —-2.16 0.20 —-0.17 - 0.24
Sr IT 1 0.07 -2.80 0.33 —0.95 - 0.36 Zn I 2 235 —-221 0.10 -0.22 - 0.22
Ba II 4 -0.89 —=3.07 0.16 —1.22 - 0.24 Sr 11 2 -0.21 —-3.08 0.42 —-1.08 - 0.43
Eu II 1 -132 <-184 - < 0.01 - - Ball 5 -0.81 —299 0.18 —0.99 - 0.26

Eu II 2 -2.06 —2.58 0.16 —0.58 - 0.28
NOTE. — CN and Eu II are upper limits. [X/Fe]y gives the
NLTE abundances. NoTE. — [X/Fe]y gives the NLTE abundances.
4.2. Cand N

In principle, carbon and nitrogen abundances can be
used to distinguish between globular clusters and dwarf
galaxies. This is because the majority of stars in mas-
sive globular clusters display unusual carbon depletions
and nitrogen enhancements, a phenomenon whose ori-
gin is not understood but is empirically well-documented
(e.g., Bastian & Lardo 2018; Gratton et al. 2019). We
use the 4310 and 4323 A CH absorption bands to deter-
mine the carbon abundance and 3877 A CN band to find
upper limits on nitrogen for Leiptr-186, Leiptr-208, and
Leiptr-321. The NLTE correction is negligible for car-
bon (Amarsi et al. 2019a,b) and nitrogen (Amarsi et al.
2020; Mashonkina & Ryabchikova 2024). We find that

Leiptr-342 has high nitrogen and low carbon. Thus, this
star could potentially indicate that Leiptr is a disrupted
globular cluster.

However, red giant branch stars also change composi-
tion as they ascend the red giant branch due to extra
mixing that also depletes carbon and enhances nitrogen
(e.g., Shetrone et al. 2019), so we must also examine the
relationship between chemical abundance and effective
temperature. We plot carbon and nitrogen abundance
against Tog in the right two panels of Figure 7. We ex-
pect to see higher nitrogen and lower carbon as Teg de-
creases due to extra mixing (e.g., Figure 6 of Spite et al.
2005). Enriched globular cluster stars would not follow
this temperature dependence and instead show a distinct
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Fi1c. 8.— Comparison of Leiptr-208 and Leiptr-321 (light-blue circles) and Leiptr-186 and Leiptr-342 (light-blue squares) « abundances
with other stellar populations. The non-member Leiptr-252 is shown as a red X. Total uncertainty is shown in black for accuracy and
abundance uncertainty without additional systematic errors is shown in the same color as the stars for statistical precision as described in
Section 3. [X/Fe] = 0 is plotted as a bold black line. Metal-poor Milky Way halo stars appear as gray plus signs and GSE stars appear
as dark-blue plus signs. Abundances of stars from massive dwarf galaxies, intermediate-mass dwarf galaxies, and ultra-faint dwarf galaxies
appear as yellow triangles, pink triangles, and purple triangles, respectively. Abundances of stars from the M92 and NGC 2419 Milky
Way globular clusters appear as dark-red upside-down triangles. Abundances from dwarf galaxy stream stars appear as pink stars and
abundances from globular cluster stream stars appear as dark-red stars.

group of stars with high nitrogen and low carbon, irre-
spective of measured temperature. Compared to Cohen
et al. (2005), which specifically targeted stars in M15
that are on the lower red giant branch to avoid extra
mixing, the Leiptr stars are cooler and within the regime
of possible extra mixing effects. Since we do observe that
the coolest Leiptr stars have higher nitrogen and lower
carbon, the trend with T.g suggests that extra mixing is
most likely the reason for Leiptr’s chemical abundance
pattern. Furthermore, the nitrogen increase is not as ex-
treme as it is in globular clusters like M15 (Cohen et al.
2005). However, with only one nitrogen determination
in the Leiptr member stars, more stars would be needed
for this to be a strong constraint on whether Leiptr’s
progenitor is a globular cluster or dwarf galaxy.

4.3. « elements (Mg, Ca, Ti)

The [a/Fe] ratio is an excellent indicator of a stream’s
progenitor due to galactic chemical evolution. « ele-
ments are primarily produced by core-collapse super-
novae, while iron is produced by both core-collapse and
Type Ia supernovae. The [«/Fe] ratio thus starts high
early then declines to lower values later as a galaxy forms.
Efficiently star-forming galaxies with lower mass-loading
factors like the Milky Way maintain a high [o/Fe] un-
til relatively high metallicities, while inefliciently star-
forming dwarf galaxies with higher mass-loading factors
have an o downturn at lower metallicities (e.g., Tinsley
1979; Matteucci & Brocato 1990; McWilliam 1997; Tol-
stoy et al. 2009; Sheffield et al. 2012). This downturn,
often called an o “knee”, tends to occur at lower metal-
licities in lower-mass galaxies (e.g., Tolstoy et al. 2009;
Kirby et al. 2011, 2020; Frebel & Bromm 2012; Helmi
et al. 2018; Hill et al. 2019; Theler et al. 2020). Globular
clusters can be understood in this context as inheriting
the chemical patterns of their host galaxies at their birth
metallicity, as they are the most massive star clusters to

form in a galaxy (e.g., Forbes et al. 2018; Choksi et al.
2018; Reina-Campos et al. 2019). Thus, globular clus-
ters born in the Milky Way will tend to be high-a, while
those born in dwarf galaxies will be low-« (e.g., Muccia-
relli et al. 2017; Usman et al. 2024).

Figure 8 shows that Leiptr’s stars are overall low-
«. The NLTE correction is negligible for magnesium
(Mashonkina 2013; Bergemann et al. 2017), calcium
(Mashonkina et al. 2007; Spite et al. 2012), and titanium
(Bergemann 2011; Sitnova et al. 2016). While Milky Way
halo stars and stars in Milky Way globular clusters M92
and NGC 2419 have [a/Fe] ~ 0.3 — 0.4 (NGC 2419 has
some low-magnesium stars, but this is from magnesium
depletion due to multiple populations), the three lowest-
metallicity Leiptr stars’ magnesium, calcium, and tita-
nium abundances are within lo of [a/Fe] = 0. Thus,
the Milky Way halo and its globular clusters’ high-«
abundances are overall inconsistent with Leiptr. How-
ever, several dwarf galaxies have low [«/Fe] ratios similar
to Leiptr. At [Fe/H] ~ —2, lower-mass classical dwarf
galaxies (M, < 10°My) like Draco, Ursa Minor, and
Sextans, as well as the dwarf galaxy stream Elqui, have
low [a/Fe] abundances similar to Leiptr. The lowest-
mass ultra-faint dwarf galaxies like Carina II, Reticu-
lum II, and Horologium I (M, < 10°Mg) also mostly
have low [a/Fe] abundances at [Fe/H] ~ —2. In con-
trast, higher-mass dwarf galaxies like Sculptor, Fornax,
and GSE (M, 2 10" M) still have relatively high [o/Fe]
ratios at [Fe/H] = —2, not seeing a significant « decline
until higher metallicity, [Fe/H] 2 —1.5. Thus, Leiptr’s a
element abundances are most similar to lower-mass dwarf
galaxies.

Examining the differential abundances allows us to in-
terpret possible trends with metallicity in the a elements.
Comparing Leiptr-186 and Leiptr-342 (light-blue squares
in Figure 8, top panel of Figure 6), there is a signif-
icant decline in [Mg/Fe] and potentially small decline
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F1G. 9.— Comparison of Leiptr-208 and Leiptr-321 (light-blue circles) and Leiptr-186 and Leiptr-342 (light-blue squares) odd-z abundances
with other stellar populations. The non-member Leiptr-252 is shown as a red X. Total uncertainty is shown in black for accuracy and
abundance uncertainty without additional systematic errors is shown in the same color as the stars for statistical precision as described
in Section 3. [X/Fe] = 0 is plotted as a bold black line. Metal-poor Milky Way halo stars appear as gray plus signs and GSE stars
appear as dark-blue plus signs. Abundances of stars from massive dwarf galaxies, intermediate-mass dwarf galaxies, and ultra-faint dwarf
galaxies appear as yellow triangles, pink triangles, and purple triangles, respectively. Abundances of stars from the M92 and NGC 2419
Milky Way globular clusters appear as dark-red upside-down triangles. Abundances from dwarf galaxy stream stars appear as pink stars
and abundances from globular cluster stream stars appear as dark-red stars. Leiptr-208 and Leiptr-321 (blue circles) and Leiptr-186 and
Leiptr-342 (blue squares) abundances for sodium, aluminum, and potassium are additionally plotted to correct for especially significant
NLTE effects.

* approximate NLTE corrections are calculated as an average for aluminum and independently for sodium and potassium (see text for
details)

in [Ca/Fe] as the metallicity increases by 0.45 dex be- average of the corrections from each of the used lines for
tween these two stars. This decline in [a/Fe] with metal- each star. All five stars include the 5895 A sodium line
licity would be expected in a dwarf galaxy due to in- and some of the five also use the 5682, 5688, and 5889 A
creased Type la supernova enrichment. The most metal- lines. The typical size of the correction is —0.35 dex.
rich star, Leiptr-321, is potentially somewhat different Aluminum is determined using the 3961 A resonance line,
than its matched star Leiptr-208 (light-blue circles in Fig- and we adopt a constant correction for all stars of adding

ure 8). It has a similar low [Mg/Fe] abundance as the 0.6 to [Al/Fe], following Roederer & Gnedin (2019). For
other three Lelptr stars, but it also has slightly higher potassium, we use the two resonance lines at 7664 A
[Ca/Fe] and [Ti/Fe] abundances. The bottom panel of and 7669 A. The two lines always agree excellently in
Figure 6 shows the differential abundances give only a bund ) q te the 7664 A line i ¢ affected
0.1-0.2 dex increase in [Mg,Ca,Ti/Fe| relative to Leiptr- abundance, and we note the mne 15 not atlecte
by tellurics given Leiptr’s range of radial velocities (Fig-

208, which is not very significant compared to the line- ¢ . . e
to-line scatter, but it will be interesting to interpret this ure 5). We identify stars in Table A.1 of Reggiani et al.
in the context of the odd-Z elements discussed next. (2019) th?t have the most comparable stell.a I parameters
as the Leiptr stars and use the corresponding potassium
4.4. Odd-Z elements (Na, Al, K, Sc) NLTE corrections. We use the corrections from stars
HD 186478, CS 29513-014, BD +19 1185A, HD 45282,
and HD 126238 with a range from —0.7 to —0.3 dex.
. - . The NLTE correction is negligible for scandium (Zhang
to sodium, aluminum, and potassium for NLTE effects
on the lines where the radiation field is partially decou- et al. 201.4 ). The LTE and NLTE abundances are both
reported in Tables 4-8.

pled from local conditions. Using the calculations for .
neutral sodium from Lind et al. (2011), we compute the In Figure 9, compared to halo stars (whose abundances

Figure 9 shows the abundances for the odd-Z elements.
In blue points, we show the effect of applying corrections
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F1G. 10.— Comparison of Leiptr-208 and Leiptr-321 (light-blue circles) and Leiptr-186 and Leiptr-342 (light-blue squares) iron-peak
abundances with other stellar populations. The non-member Leiptr-252 is shown as a red X. Total uncertainty is shown in black for
accuracy and abundance uncertainty without additional systematic errors is shown in the same color as the stars for statistical precision
as described in Section 3. [X/Fe] = 0 is plotted as a bold black line. Metal-poor Milky Way halo stars appear as gray plus signs and GSE
stars appear as dark-blue plus signs. Abundances of stars from massive dwarf galaxies, intermediate-mass dwarf galaxies, and ultra-faint
dwarf galaxies appear as yellow triangles, pink triangles, and purple triangles, respectively. Abundances of stars from the M92 Milky Way
globular cluster appear as dark-red upside-down triangles. Abundances from dwarf galaxy stream stars appear as pink stars and abundances
from globular cluster stream stars appear as dark-red stars. Leiptr-208 and Leiptr-321 (blue circles) and Leiptr-186 and Leiptr-342 (blue
squares) abundances for manganese are additionally plotted to correct for especially significant NLTE effects.

* approximate NLTE corrections are calculated independently for manganese (see text for details)

are mostly computed in LTE and should be compared to
the light-blue points), Leiptr lies on the lower end of the
abundance scatter for sodium, potassium, and scandium.
Abundances of aluminum in the Milky Way globular clus-
ters, M92 and NGC 2419, are also substantially higher
than in all four Leiptr stars. The globular clusters should
be compared to the NLTE aluminum abundances (blue
points): the M92 stars use the same aluminum 3961 A
line and were corrected using Nordlander & Lind (2017)
while the NGC 2419 stars use the subordinate doublet
at 6696 — 6698 A that are minimally affected by NLTE.
These aluminum abundances further disprove that Leiptr
may be an accreted globular cluster with multiple popu-
lations, which should result in aluminum enhancements
as shown by the globular clusters in Figure 9 (see Bastian
& Lardo 2018; Gratton et al. 2019, for details).

However, Leiptr is consistent with some odd-z ele-
ment abundances from ultra-faint and intermediate-mass
dwarf galaxies. Overlap between the halo scatter, glob-
ular clusters, and dwarf galaxy stars make it difficult to
distinguish how Leiptr compares to these systems in most
of the elements, but the potassium abundances from stars
in ultra-faint dwarf galaxies are the only others as low as
Leiptr’s three low-metallicity stars. The most metal-rich
star, Leiptr-321, appears to be an outlier in the odd-Z el-
ements compared to the other stars, with clearly higher
potassium and scandium, and possibly higher sodium,
than the three lower-metallicity stars. This is corrobo-
rated (in LTE) by comparing to Leiptr-208 in the bottom
panel of Figure 6 and visually apparent in Figure 5. As
noted previously, this star also has a mild enhancement
in the a elements.

4.5. Iron-peak elements (Cr, Mn, Co, Ni, Zn)

Figure 10 shows some of the iron-peak abundances in
Leiptr. Manganese deserves special discussion due to

NLTE effects. We reject the resonance lines at 4030 A
and only use weaker lines around 4800 A. This was moti-
vated due to expecting relatively small NLTE corrections
(Bergemann & Gehren 2008), but more recent calcula-
tions show that the corrections for the weaker lines can
also be 0.2 — 0.4 dex (Bergemann et al. 2019), so we ap-
ply an individual NLTE correction from Bergemann et al.
(2019) to each star from the average of the corrections
for each line, which appear as blue points in Figure 10.
We note that the comparison stars in Figure 10 do not
have NLTE corrections applied, so these should be com-
pared to the LTE abundances. The NLTE correction is
negligible for nickel (Eitner et al. 2023) and zinc (Takeda
et al. 2005; Ezzeddine et al. 2019).

Overall, the iron-peak elements are not that informa-
tive for understanding Leiptr’s origin, because the [X/Fe]
ratios do not vary significantly as a function of environ-
ment in the metallicity range of Leiptr stars. In addi-
tion to manganese, nickel, and zinc, we record chromium
and cobalt abundances for each star in Tables 4-8. All
of Leiptr’s stars have approximately equal manganese,
cobalt, and chromium abundances, similar to other stars
in the Milky Way halo, globular clusters, and dwarf
galaxies at [Fe/H] ~ —2. The nickel and zinc abundances
also match the background halo stars, but there are some
differences comparing the most metal-poor star, Leiptr-
186, to its similar-temperature counterpart, Leiptr-342,
which has substantially lower [Ni/Fe| and [Zn/Fe] (light-
blue squares in Figure 10 and top panel of Figure 6).

4.6. Neutron-capture elements (Sr, Ba, Eu)

Figure 11 shows that Leiptr has very low neutron-
capture abundances, [Sr/Fe] ~ [Ba/Fe] ~ —1. The
NLTE correction is negligible for strontium (Mashonk-
ina & Gehren 2001; Bergemann et al. 2012b), barium
(Mashonkina et al. 1999; Mashonkina & Gehren 2001),
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F1G. 11.— Comparison of Leiptr-208 and Leiptr-321 (light-blue circles) and Leiptr-186 and Leiptr-342 (light-blue squares) neutron-capture
abundances with other stellar populations. The non-member Leiptr-252 is shown as a red X. Total uncertainty is shown in black for accuracy
and abundance uncertainty without additional systematic errors is shown in the same color as the stars for statistical precision as described
in Section 3. [X/Fe] = 0 is plotted as a bold black line. Metal-poor Milky Way halo stars appear as gray plus signs and GSE stars appear
as dark-blue plus signs. Abundances of stars from massive dwarf galaxies, intermediate-mass dwarf galaxies, and ultra-faint dwarf galaxies
appear as yellow triangles, pink triangles, and purple triangles, respectively. Abundances of stars from the M15, M22, M92, and NGC 2419
Milky Way globular clusters appear as dark-red upside-down triangles. Abundances from dwarf galaxy stream stars appear as pink stars
and abundances from globular cluster stream stars appear as dark-red stars.

and europium (Mashonkina & Gehren 2001; Guo et al.
2025). The four Leiptr member stars have significantly
lower [Sr/Fe] and [Ba/Fe] than halo stars, most dwarf
galaxy stars, or any of the Milky Way globular clusters.
For example, globular clusters M92 and NGC 2419 have
higher [Sr/Fe] between —0.5 and 0, and Leiptr’s [Sr/Fe]
only falls within the extreme tail end of the halo scatter
in Figure 11. The systems with the most similar neutron-
capture element abundances, especially for strontium,
are the ultra-faint dwarf galaxies with M, < 10° Mg,
which typically have low [Sr/Fe] and [Ba/Fe] between
—2 and —1 (Frebel & Norris 2015; Kirby et al. 2017; Ji
et al. 2019).

We detect [Eu/Fe] in the two cooler Leiptr members at
quite low values, [Eu/Fe] ~ —0.4. These two stars have
[Ba/Eu] ~ — 0.5 compared to a pure heavy r-process ra-
tio of —0.8 (e.g., Simmerer et al. 2004), suggesting the
neutron-capture element abundances in Leiptr are dom-
inated by production via the r-process but potentially
with some contribution from the s-process (slow neutron-
capture process) in asymptotic giant branch stars.

The most chemically similar dwarf galaxy stream
is Elqui (Ji et al. 2020a), which also has low [a/Fe]
at [Fe/H] ~ —2. Based on its low mean metallicity
similar to Leiptr, Li et al. (2022) argued Elqui was
an ultra-faint dwarf galaxy using the mass-metallicity
relation (as well as the Turranburra stream). But Elqui
has sharply rising [Ba/Fe] with increasing metallicity
and solar [Sr/Fe], which is more similar to the faintest
classical dwarf spheroidal galaxies like Draco, while
Leiptr has constant or declining [Sr/Fe] and [Ba/Fe]
with metallicity, which is most similar to the ultra-faint
dwarf galaxies. This suggests Leiptr is the stream of an
even lower-mass dwarf galaxy than Elqui.

5. DISCUSSION

We have observed and analyzed four member stars
from the Leiptr stellar stream with the goal of classify-
ing its progenitor, as well as identifying one non-member
star Leiptr-252. We now discuss the four main conclu-
sions we draw from these abundances, starting from the
most certain and ending with the least certain. Over-
all, the chemistry of these four stars suggests that Leiptr
is likely the first known ultra-faint dwarf galaxy stream
without an intact progenitor.

In Figure 12, we compare [Mg/Fe] and [Ba/Fe] for
known dwarf galaxies to Leiptr-208 and Leiptr-321
marked as light-blue circles and Leiptr-186 and Leiptr-
342 marked as light-blue squares. From highest to low-
est mass using LOESS smoothing we include GSE as a
thick blue line (Ou et al. 2024), Fornax as a purple line
(Lemasle et al. 2014), Sculptor as a dotted purple line
(Hill et al. 2019), Sextans as a thin gray line (Theler et al.
2020), Draco as a dashed gray line (Cohen 2009), Bootes
T as a thin green line (Mashonkina et al. 2017), and Ca-
rina IT as a dot-dashed green line (Ji et al. 2020b). Addi-
tionally, we mark Chenab as a yellow square, Elqui as an
orange diamond, Indus as a pink triangle, and Jhelum as
a dark-orange star (Ji et al. 2020a).

5.1. Extragalactic Origin

Leiptr’s eccentric and retrograde orbit is indicative of
the progenitor’s ez-situ formation (Ibata et al. 2019,
2024). The orbit has most recently been determined
by Malhan et al. (2022) to have a pericenter of 12.3 +
0.1 kpc and the apocenter to be 45.1 £ 0.2 kpc, with
a resulting eccentricity of 0.57. The stream is also the
second-most retrograde system in that sample. Accreted
systems can sometimes be linked together by looking at
their energy and angular momentum, indicating that the
systems have fallen into the Milky Way together, perhaps
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M, < 105Mg. It’s neutron-capture abundances are even lower, only consistent with dwarf galaxies of mass M, < 10°Mg. Unlike Elqui,
the previous lowest-mass dwarf galaxy stream, Leiptr’s neutron-capture abundances are constant or declining with increasing metallicity

which suggests that it is even lower-mass.

having formed with each other. Bonaca et al. (2021) sug-
gested Leiptr could be associated with other retrograde
streams, including GD-1, Phlegethon, Ylgr, and espe-
cially Gjoll and Wambelong. They suggest this group
of streams originated from the retrograde Sequoia/T’itoi
group using the average isochrone [Fe/H] = —1.6 from
Ibata et al. (2019). While they did not explicitly address
Leiptr, Malhan et al. (2022) also associated these retro-
grade streams with the Sequoia/I'itoi group®. Given the
updated metallicity from this work, we further note that
Leiptr has clearly distinct chemical abundances from Se-
quoia (Matsuno et al. 2022a), with similarly low [a/Fe]
~ 0 but at lower-metallicity, [Fe/H] = —2.2, compared
to Sequoia at [Fe/H] = —1.5 and with lower strontium
and barium abundances. Therefore, it is unlikely that
Leiptr originated from a globular cluster in this dwarf
galaxy. Instead it is expected to be the last stream of a
fully disrupted object.

An extragalactic formation would also be consistent
with the o elements derived in Leiptr. At a given metal-
licity, dwarf galaxies have lower values of [a/Fe| than
Milky Way in-situ stars and globular clusters. Thus,
globular clusters that formed ez-situ in dwarf galaxies
and their remnants show similarly low levels of « ele-
ments. For example, the globular cluster stellar stream
300S was originally mistaken for a dwarf galaxy stream
due to its low « element abundances (Usman et al. 2024).
With only this information, Leiptr’s progenitor could ei-

2 The more metal-rich Arjuna system is also kinematically as-
sociated with this group (Naidu et al. 2020), but it is likely debris
from an early orbit of GSE (Naidu et al. 2021).

ther be a dwarf galaxy, or a globular cluster that formed
in an « poor dwarf galaxy and later accreted onto the
Milky Way.

5.2. A Dwarf Galaxy, Not a Globular Cluster

Stellar metallicity dispersion is the primary chemical
distinguisher between disrupted globular clusters and
dwarf galaxies. Dwarf galaxy stars have a large spread
in their metallicities due to extended chemical evolu-
tion, while stars in globular clusters usually have the
same metallicity (Willman & Strader 2012). Our stars’
metallicities span a wide range, [Fe/H] = —2.54 to
—1.80. Our conservative metallicity uncertainties for
[FeI/H] only allow a 90% confidence upper limit of 0.38
dex on the metallicity dispersion, but our more precise
[FeII/H] abundances show a resolved metallicity disper-

sion of 0.2970%) dex. Additionally, we can clearly see
a metallicity difference within Leiptr using differential
abundances, as described in Section 4.1. The spectra
shown in Figures 3 and 4 demonstrate that the pairs of
stars have similar temperatures (based on their match-
ing hydrogen lines), while also showing qualitatively dif-
ferent strengths of the nearby metal lines, indicating
that the chemical compositions between the matching
stars differ significantly. In Figure 6, the changes in el-
ement abundance between these pairs of stars are quan-
tified. The iron abundance clearly shows a large dis-
crepancy between both pairs of stars, with a change of
A[Fe/H] = 0.42 £ 0.21 between Leiptr-321 and Leiptr-
208 and A [Fe/H] = 0.45 + 0.13 between Leiptr-342 and
Leiptr-186. These disparities are inconsistent with the
uniform metallicities found in globular cluster stars, in-
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dicating Leiptr’s progenitor was a dwarf galaxy.

For completeness, we note that detailed chemical abun-
dances are less useful at classifying a stream as a dwarf
galaxy or globular cluster. This is because globular clus-
ters track the overall composition of their birth galaxies
(e.g., Mucciarelli et al. 2017; Usman et al. 2024), the
[X/Fe] ratios just help confirm whether a stream is ac-
creted or not (as discussed in Section 5.1). However, the
detection of multiple stellar populations, e.g. high nitro-
gen, sodium, and aluminum abundances, would be strong
evidence that a stellar stream is a globular cluster (Bas-
tian & Lardo 2018; Gratton et al. 2019; or at least con-
tained a disrupted globular cluster, Hansen et al. 2021;
Limberg et al. 2024). This is more difficult in low-mass
stellar streams, because the fraction of 2P enriched stars
with high nitrogen, sodium, and aluminum decreases at
lower globular cluster masses (Milone et al. 2017, 2020;
Gratton et al. 2019; Usman et al. 2024). Thus the lack
of stars with enhanced nitrogen, sodium, or aluminum
in Leiptr prefers a dwarf galaxy, but it is not a strong
constraint.

5.3. Low-Mass, Possibly Ultra-Faint

Based on the chemistry of our stars, we conclude
Leiptr’s progenitor was probably a low-mass dwarf
galaxy with M, < 10°Mg, possibly small enough to
be considered an ultra-faint dwarf galaxy. First, ac-
cording to the empirical galaxy mass-metallicity relation
(Kirby et al. 2013), Leiptr would have a stellar mass of
10+4%9-5 M, given its mean [Fe/H] = —2.240.15. Sec-
ond, Leiptr’s a abundances are also consistent with low-
mass galaxies. This is shown in Figure 8, where the low
magnesium, calcium, and titanium in Leiptr are consis-
tent with ultra-faint or intermediate-mass galaxies with
M, < 10°M, but not with higher-mass galaxies like
Sculptor, Sagittarius, or Fornax with M, > 107 M. This
is also shown with [Mg/Fe] in comparison to intact dwarf
galaxies and dwarf galaxy streams in Figure 12, showing
Leiptr’s [Mg/Fe| is most comparable to Sextans, Draco,
Boodtes I, Carina II, and Elqui. These dwarf galaxies
have masses between 104! and 10° M. Leiptr’s o chemi-
cal evolution therefore most closely resembles a low-mass
galaxy with mass < 10 Mg,.

The strongest progenitor mass constraint is from the
neutron-capture abundances derived in the Leiptr stars.
Ultra-faint dwarf galaxies have M, < 105M@, mean-
ing that a typical ultra-faint dwarf galaxy is enriched
by fewer than one rare and prolific r-process event such
as a binary neutron star merger, which typically occurs
once per 105 Mg, of stars formed (Ji et al. 2016a). This ex-
plains the empirical result that the vast majority (~90%)
of ultra-faint dwarf galaxies have such low strontium,
barium, and europium abundances ([Sr,Ba/Fe] < —1;
Ji et al. 2019; Frebel & Ji 2023) that can be used as a
chemical tag to identify stars from these low-mass galax-
ies (e.g., Casey & Schlaufman 2017; Roederer 2017).
Figures 11 and 12 highlight that the differences are
largest at [Fe/H| = —2, where all dwarf galaxies with
M, > 10°Mg have high abundances of strontium and
barium, while those with M, < 10°Mg, like Bootes I
and Carina II, keep low strontium and barium abun-
dances below —1. Leiptr’s neutron-capture abundances
are also lower than the previous lowest-mass dwarf galaxy

stream documented, Elqui, whose chemical evolution is
similar to the dwarf galaxy Draco (Ji et al. 2020a),
suggesting Elqui had a more massive progenitor than
Leiptr despite their similar mean metallicity. This sug-
gests that Leiptr was sufficiently low-mass to still be in
the stochastic neutron-capture element regime, or stellar
mass < 10° M. We note that the origin of the low but
non-zero neutron-capture element abundances in most
ultra-faint dwarf galaxies remains unknown, though it
could be attributed to neutrino-driven winds, magne-
torotationally driven jets, spinstars, or other unknown
low-yield r-process sources (Ji et al. 2019).

Leiptr’s low mean metallicity of [Fe/H] = —2.2, low
[a/Fe]~ 0, and low [Sr, Ba/Fe] ~ —1 all point toward
the progenitor of Leiptr being a very low-mass dwarf
galaxy. Given that the intact galaxies with the most sim-
ilar chemical compositions are ultra-faint dwarf galaxies
with M, < 10° M, we conclude that Leiptr’s progenitor
was likely an ultra-faint dwarf galaxy. Leiptr is thus the
first confirmed spatially and kinematically coherent stel-
lar stream without a known intact progenitor from the
myriad ultra-faint dwarf galaxies that should have con-
tributed to the stellar halo (Brauer et al. 2019, 2022).

5.4. Inhomogeneous Core-Collapse Supernova
Enrichment?

The four Leiptr stars are very close in composition,
but they display some interesting chemical differences.
Focusing on the o and odd-Z elements, there is a some-
what decreasing [«/Fe] ratio with increasing [Fe/H] for
the three most metal-poor stars, followed by a sharp in-
crease of both the a and odd-Z elements in the most
metal-rich star, Leiptr-321. These differences are visi-
ble in Figures 8 and 9. The differential analysis in Fig-
ure 6 emphasizes the significant decrease in magnesium,
potassium, and calcium [X/Fe| ratios from the metal-
poor Leiptr-342 to the more metal-rich Leiptr-186; and
a small increase in magnesium, calcium, and titanium
[X/Fe] ratios along with a large increase in sodium, alu-
minum, potassium, and scandium ratios going from the
metal-poor Leiptr-208 to the metal-rich Leiptr-321. This
is unusual because [« /Fe| is usually expected to mono-
tonically decrease with increasing [Fe/H], and if the odd-
7 elements are also produced hydrostatically they should
follow this broad trend (e.g., McWilliam et al. 2013).

We suggest Leiptr-321 may show a signature of inho-
mogeneous enrichment from a core-collapse supernova.
Inhomogeneous Type Ia supernova enrichment has pre-
viously been suggested as a way to explain unusual mag-
nesium and calcium scatter in Carina (Venn et al. 2012)
and an “iron-rich” star in Ursa Minor (McWilliam et al.
2018). In contrast, in Leiptr we see an enhancement of
both o and odd-Z elements, which are synthesized by
core-collapse supernovae. If this is inhomogeneous core-
collapse supernova enrichment, it would allow probing
the nucleosynthesis output of material dominated by a
single core-collapse supernova in the same manner that
McWilliam et al. (2018) did for a Type Ia supernova.
However, with just four member stars, we believe more
observations are needed in Leiptr before such an explo-
ration is warranted.

An alternative explanation is that the increase in o and
odd-Z elements is due to a late-time starburst. Spikes in
star formation can cause rising [X/Fe] (Colavitti et al.



2009) and such a late-time starburst has been suggested
to explain a slight [«/Fe] increase in the highest metal-
licity stars in the Magellanic Clouds (Nidever et al. 2020;
Hasselquist et al. 2021). While certainly a valid explana-
tion, we consider this a less likely scenario than inhomo-
geneous enrichment, as it seems like most stars should
then be in this higher-a starburst component. However,
more stars in Leiptr are needed to make any clear con-
clusions.

6. CONCLUSION

Prior to this work, it was not known whether Leiptr’s
progenitor was a dwarf galaxy or globular cluster, though
its thin morphology and orbit suggested it might be an
ex situ globular cluster. We have collected new high-
resolution spectroscopic follow-up of four member stars,
as well as one non-member star. The chemical abun-
dances of this stream suggest Leiptr’s progenitor was
likely a very low-mass galaxy, possibly an ultra-faint
dwarf galaxy. We have four main conclusions:

o FExtragalactic Origin: Leiptr’s extremely retro-
grade and eccentric orbit makes it clear the pro-
genitor formed ez-situ and was later accreted onto
the Milky Way. The stars’ low [Mg/Fe] reinforces
this, as they are significantly lower than the Milky
Way halo stars and globular clusters (see Figure 8).

o Dwarf Galaxy Progenitor: The metallicity range
between the four probable member stars spans
[Fe/H] = —2.54 to —1.80. We identify a clear metal-
licity difference between stars with similar stellar
parameters (Figure 6) and measure a ~0.29 metal-
licity dispersion using [Fe IT/H]. This large spread
in metallicity shows that Leiptr is more likely a
dwarf galaxy than a globular cluster.

o Ultra-Faint Dwarf Galary Progenitor: Leiptr’s
chemical pattern is most similar to ultra-faint
dwarf galaxies with M, < 10° Mg, (Figure 12). The
mean metallicity of [Fe/H] = —2.2, low [Mg/Fe]
and other o abundances (Figure 8), and low stron-
tium and barium abundances (Figure 11) all sug-
gest a low-mass galaxy.

e Inhomogeneous Mixing?: We find an intriguing and
unusual enrichment in the highest-metallicity star,
Leiptr-321, which shows a significant increase in «
and odd-Z elements (Figures 5, 8, and 9). This
abundance difference could occur due to inhomo-
geneously mixed material from an individual core-
collapse supernova. However, another possible ex-
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planation is that Leiptr experienced a late-time
starburst.

Leiptr is thus the lowest-mass dwarf galaxy stream
known, and likely the first identified ultra-faint dwarf
galaxy stream without a known intact progenitor. How-
ever, due to our small sample of member stars, fur-
ther high-resolution spectroscopic follow-up is needed for
a more confident mass estimate, as well as being able
to verify evidence for inhomogeneous supernova enrich-
ment.
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