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Abstract

We present Magellan/IMACS and Magellan/MIKE spectroscopy of the ultra-faint dwarf (UFD)
galaxy Pictor I (Pic II) that is located only 12 kpc from the Large Magellanic Cloud (LMC). From
the IMACS spectroscopy, we identify 13 member stars and measure a mean heliocentric velocity of
326.941.1 km s~', a velocity dispersion of 3.57 05 km s~', a mean metallicity of [Fe/H] = —2.99+0.06,
and an upper limit on the metallicity dispersion of oy < 0.18. We measure detailed elemental
abundances for the brightest star, finding [Fe/H] = —3.3, high [«/Fe] ratios, and no detectable neutron

capture elements, similar to stars in other UFDs. However, this star has an unusually high [Sc/Fe]

ratio. The dynamical mass-to-light ratio (M/L = 7607935 My L3'), size, and chemical abundances

confirms that Pic IT is a dark matter-dominated dwarf galaxy. We perform detailed orbit modeling
of Pic II in a combined Milky Way (MW) and LMC potential and find that Pic II is highly likely
to be a long-term LMC satellite. Furthermore, we find that Pic II is likely still bound to the LMC
today. Pic II is the seventh LMC-associated UFD and among the most metal-poor UFDs known. We
further update the morphological parameters with deeper Dark Energy Camera (DECam) photometry,
compute the dark matter properties for dark matter indirect detection searches, verify the extremely
low metallicity with narrowband CaHK imaging, and briefly discuss tidal influences of the LMC and
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1. INTRODUCTION The advent of wide and deep optical surveys has pre-

cipitated the discovery of a large number of ultra-faint
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dwarf galaxies (UFDs, My 2 —7.7) around the Milky
Way (MW) (e.g., Willman et al. 2005; Belokurov et al.
2007; Laevens et al. 2015; Bechtol et al. 2015; Koposov
et al. 2015a; Drlica-Wagner et al. 2015; Cerny et al.
2023a; Smith et al. 2023; Homma et al. 2024; Tan et al.
2025). UFDs are among the oldest, most chemically pris-
tine, and dark matter dominated galaxies known (Mc-
Connachie 2012; Simon 2019; Pace 2024) and are excel-
lent probes to test ACDM at small scales (Bullock &
Boylan-Kolchin 2017). UFDs are old and metal-poor,
and their stars trace chemical enrichment from the first
Population III stars (Simon & Geha 2007; Brown et al.
2014; Frebel & Norris 2015). The population of UFDs
probes galaxy formation before the epoch of reionization
(e.g., Bose et al. 2018) and constrains the small-scale
power spectrum of dark matter (e.g., Jethwa et al. 2018;
Newton et al. 2018; Nadler et al. 2021).

The MW’s most massive companion galaxies, the
Large and Small Magellanic Clouds (LMC/SMC), also
have had an impact on the UFD population. This pair of
galaxies constitute ~10-15% of the MW'’s dark halo mass
(e.g., Erkal et al. 2019; Koposov et al. 2023), and they are
likely on their first infall into the MW (Besla et al. 2010;
Kallivayalil et al. 2013). The LMC and SMC are pre-
dicted to have brought their own group of faint satellite
galaxies with them (e.g., D’Onghia & Lake 2008; Dea-
son et al. 2015; Jethwa et al. 2016), thus increasing the
total number of MW satellites (e.g., Dooley et al. 2017;
Newton et al. 2018; Nadler et al. 2020). Evidence of this
accreted population can be inferred from the clustering
of MW satellites around the LMC and SMC in the Dark
Energy Survey (DES) footprint (Koposov et al. 2015a;
Drlica-Wagner et al. 2015).

The Magellanic SatelLites Survey! (MagLiteS; PI: K.
Bechtol) was designed to search for additional satellites
near the Magellanic Clouds (Drlica-Wagner et al. 2016),
particularly on the southern side of the LMC/SMC that
the DES did not cover. Three UFD candidates were
discovered with MagLiteS: Pictor II (Pic II), Carina II
(Car II), and Carina IIT (Car IIT) (Drlica-Wagner et al.
2016; Torrealba et al. 2016a). The radial velocities of
Car IT and Car III (Li et al. 2018a) suggested they were
associated with the LMC based on simulated LMC satel-
lites (Jethwa et al. 2016) and this association was con-
firmed with full 6-D phase space information from Gaia
DR2 proper motion measurements (Gaia Collaboration
et al. 2016, 2018) and orbit models that included the
LMC (Erkal & Belokurov 2020; Patel et al. 2020). Sev-
eral other UFDs, Horologium I (Hor I), Hydrus I (Hyi I),
Phoenix II (Phe II), and Reticulum IT (Ret II), have ad-
ditionally been associated with the LMC (Koposov et al.
2018; Simon 2018; Kallivayalil et al. 2018; Erkal & Be-
lokurov 2020; Patel et al. 2020; Correa Magnus & Vasiliev
2022; Battaglia et al. 2022; Pace et al. 2022; Vasiliev
2023). While some of these UFDs may be SMC satellites,
as the SMC is a satellite of the LMC, we only consider

*This paper includes data gathered with the 6.5 meter Magellan
Telescopes located at Las Campanas Observatory, Chile.
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I MagLiteS was a precursor survey to the DECam Local Volume
Exploration survey.

the LMC connection in this work.

The LMC UFD population enables studying UFDs
that formed in a different and lower mass environment
compared to the in-situ MW UFDs. Star formation his-
tory measurements suggest that on average the LMC
satellites were quenched ~ 600 Myr more recently com-
pared to MW satellites (Sacchi et al. 2021; Durbin et al.
2025). This may be due to patchy reionization al-
lowing lower density environments to form stars longer
(e.g., Lunnan et al. 2012; Katz et al. 2020; Kim et al.
2023). Conversely, no difference has been seen in the
size-luminosity plane between the LMC and MW UFDs
(Richstein et al. 2024) but the number of LMC confirmed
UFDs is an order of magnitude smaller than MW UFDs
and confirming more LMC UFDs is key to studying en-
vironmental differences.

Pic II was identified as a highly probable LMC-
associated system due to its close proximity to the LMC
(dume ~ 11 kpe; Drlica-Wagner et al. 2016), but has
not yet been studied spectroscopically. The properties
of Pic II are summarized in Table 1. Here we present
the first stellar spectroscopy of Pic II to assess its nature
and potential association with the LMC. In Section 2,
we present our observational data including new Magel-
lan/IMACS (§ 2.1) and Magellan/MIKE (§ 2.2) obser-
vations. In Section 3, we derive the systemic properties
of Pic II including: updated structural and morpholog-
ical parameters (§ 3.1), stellar kinematics (§ 3.4), and
the spectroscopic metallicity distribution (§ 3.5). In Sec-
tion 4, we discuss the nature of Pic IT (§ 4.1), derive the
orbit and discuss the association with the LMC (§ 4.2),
discuss the detailed chemical abundances of the brightest
star (§ 4.3), and determine the dark matter properties of
Pic IT (§ 4.4). We summarize our findings in Section 5.

2. DATA

2.1. Medium-resolution spectroscopy: Stellar
Kinematics and Metallicities

2.1.1. Target Selection and Observations

Pic II was observed using Inamori Magellan Areal
Camera and Spectrograph (IMACS) (Dressler et al. 2006,
2011), a multi-object slit spectrograph at the Magellan
Baade 6.5m telescope over 4 observing runs spanning Jan
2017 to Feb 2019. Our observations are summarized in
Table 2. We used the same instrument configuration as
our previous IMACS observations of UFD galaxy can-
didates (Simon et al. 2017; Li et al. 2017, 2018a; Simon
et al. 2020; Bruce et al. 2023; Cerny et al. 2023b). Specif-

ically, we observed the spectral region 7500-9000 A at
resolution R ~ 11,000 and an effective field-of-view of
8" x 15’ with the f/4 camera, the 1200/32°7 grating, and
a slit width of 0//7.

Target selection was performed using MagLiteS pho-
tometry (Drlica-Wagner et al. 2016). We selected po-
tential members of Pic II as those that lie spatially near
the center of Pic II and photometrically near a PARSEC
isochrone (Bressan et al. 2012) with [Fe/H] = —2.2 and
age = 12.5 Gyr at distance modulus of m — M = 18.3
as measured by Drlica-Wagner et al. (2016). In 2019,
we added Gaia astrometry to our target selection and
included high probability members using the proper mo-
tion information provided by Gaia DR2 (Gaia Collabo-
ration et al. 2018), using the methods described in Pace
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Pictor II: Stellar Kinematics and Chemical Abundances

TABLE 1
PHOTOMETRIC AND KINEMATIC PROPERTIES OF Pic II.
Parameter Description Pic 11 Units Section
0.006
R.A. R.A. (J2000) 101.17573-006 deg 3.1
Decl. Decl. (J2000) —59.90170-063 deg 3.1
ap Angular semi-major axis length 2.8J_r8j§ arcmin 3.1
a2 Physical semi-major axis length 36.1151:; pc 3.1
Ry Azimuthally-averaged angular half-light radius 2.4J_r8j§ arcmin 3.1
Ry /o Azimuthally-averaged physical half-light radius 32.0;_?% pc 3.1
€ Ellipticity 0.227 573 3.1
P.A. Position angle of major axis (defined east of north) 551?3 deg 3.1
(m—M)o Distance modulus 18.26f818§ +01¢° 3.1
D¢ Heliocentric distance 44.9J_r8'_?3 +2.0° kpc 3.1
My, Absolute (integrated) V-band magnitude —2.65i8:29 mag 3.1
Ly V-band luminosity 9707535 Lo 3.1
M, Stellar mass (assuming M, /Ly = 2) 1950f%§80 Mg 3.1
E(B-YV) Mean reddening within the half-light radius 0.11 mag 3.1
Dinvc Distance from the LMC 11.81’8:2 kpc 3.1
Dgc Galactocentric distance 45.61'8:2 +20¢ kpc 3.1
Thel Systemic velocity in the heliocentric frame 3269+ 1.1 km s~! 3.4
TUgsr Systemic velocity in the Galactocentric frame 1045+ 1.1 km s~ 3.4
ov Velocity dispersion 3.5:1):@1; km s—?! 3.4
My /o Dynamical mass within the half-light radius 3.6t%2 x 107 Mo 3.4
M/L Dynamical mass-to-light ratio within the half-light radius 760f2§8 Mg Lél 3.4
[Fe/H] Mean metallicity from spectroscopic CaT —2.99 + 0.06 3.5
O[Fe/H] Metallicity dispersion from spectroscopic CaT <0.18° 3.5
Fox Systemic proper motion in the R.A. direction 1.1875-05 £ 0.023 © mas yr—! 3.6
s Systemic proper motion in the Decl. direction 1.16f8:8? +0.023 ¢ mas yr—! 3.6
Clios X s Correlation between pia. and ps -0.035 3.6
Tperi Orbital pericenter relative to MW 38.9t§:g kpc 4.2
Tapo Orbital apocenter relative to MW 2191’22 kpc 4.2
e Orbital eccentricity relative to MW 0.70t8:8§ 4.2
Tperi, LMC Orbital pericenter relative to the LMC 7.8f§:i kpc 4.2
Tapo, LMC Orbital apocenter relative to the LMC 29'91%:5. kpc 4.2
erLMC Orbital eccentricity relative to the LMC 0.62t8'&g 4.2
pLMC Fraction of orbits bound to the LMC 0.91 4.2
logqo J(0°2) Integrated J-factor within a solid angle of 0°2 18.33 +0.53 log,q GeV? cm ™5 4.4
logqo J(0°5) Integrated J-factor within a solid angle of 0°5 18.48 £ 0.55 log,q GeV? cm™5 4.4

NoTE. —

2 A systematic error of 0.1 is included in the distance modulus which corresponds to a systematic error of ~ 2 kpc in the

heliocentric and Galactocentric distance.
Upper limits listed here are at the 95% credible level.
¢ The last term corresponds to the systematic proper motion error from Lindegren et al. (2021).

TABLE 2
SUMMARY OF IMACS OBSERVATIONS.

MJD®¢ Run Mask R.A. (him:s) Decl. (dim:s) Y texp (S) Seeing # targets  # useful®
57779.17 Jan 2017 Pic2_maskl 06:44:50.000 -59:54:15.00 14400 175 45 37
58103.53 Dec 2017 Pic2_mask2 06:44:45.100 -59:55:22.00 34200 0/65-1"725 40 27
58104.13 Dec 2017 Pic2_mask3 06:44:50.000 -59:53:35.00 9600 0’75 26 19
58499.11 Jan 2019 Pic2_mask4 06:44:32.000 -59:57:00.00 9000 0”6-1"1 19 19
58526.54 Feb 2019 Pic2_mask5 06:44:13.800 -59:47:00.00 7346 0/65-2"'0 13 10

a The MJD presented is the average over multiple nights of a single run (where applicable).

b The number of observed spectra with a reliable radial velocity measurement.
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& Li (2019).

The IMACS data were reduced as described by Simon
et al. (2017) and Li et al. (2017, 2018b), employing a com-
bination of the Cosmos reduction pipeline (Dressler et al.
2011; Oemler et al. 2017) and a version of the DEEP2
data reduction pipeline (Cooper et al. 2012; Newman
et al. 2013) adapted for IMACS. In order to keep the tem-
poral information to check binarity as well as to check po-
tential systematics, we only coadded spectra taken with
the same mask and within a given < 3 night run.

2.1.2. Velocity and Metallicity Measurements

The line-of-sight velocity and metallicity measure-
ments follow the same method as described in other pa-
pers by our group (e.g., Li et al. 2017, 2018a,b). Specifi-
cally, the velocities are derived via template fitting with a
Markov chain Monte Carlo sampler; and the metallicities
are derived by measuring the equivalent widths (EWs)
of the Calcium Triplet (CaT) lines around 8500 A us-
ing the calibration from Carrera et al. (2013). Spectra
with signal-to-noise > 5 (S/N >9) usually have good ve-
locity (metallicity) measurements. Successful velocities
and metallicities are presented in Table 3 and per-mask
measurements are included in the zenodo repository?. In
total, we observed 143 targets with 112 good quality ve-
locity measurements of 94 unique stars. We obtained 99
good quality CaT EW measurements of 84 unique stars.

For our primary analysis, we combined repeat measure-
ments at the catalog level. For the combined velocities we
fit a free velocity and dispersion to the repeat measure-
ments and use the mean velocity and error for the star’s
intrinsic properties. The velocity errors from this method
will match the variance of the weighted mean for non-
variable stars (the expected behavior for non-variable
sources with errors that are Normally distributed) and
will be larger for stars with evidence of variability. This
combination method can be more robust to unidentified
binary stars as stars with variation will have larger er-
rors (Buttry et al. 2022). In principle, the center-of-
mass velocity for binary stars should be used but this is
extremely difficult to correctly identify with only a few
velocity measurements. For repeat metallicity measure-
ments we combine measurements with the weighted mean
and variance of the weighted mean for the combined er-
ror. We have verified that using the best measurement
(highest signal-to-noise) instead of the combined value
gives similar results (when excluding binary stars).

2.2. High-resolution spectroscopy: Chemical
Abundance Analysis

2.2.1. Observations and Radial Velocity

We obtained Magellan Inamori Kyocera Echelle
(MIKE) spectra (Bernstein et al. 2003) at the Magel-
lan Clay 6.5 m telescope of star 102863000710323, here-
after Picll-1, the brightest known member of Pic II
(G ~ 17.05), on 2017 December 06. We used the 170 slit
which has a spectral resolution of R ~ 28,000 and 22,000
in the blue and red arms, respectively. We obtained 3 x
2700s exposures with 2x2 binning, resulting in S/N per

2 https://doi.org/10.5281/zenodo . 156706700
3 Gaia DR3 source_id = 5480249356255194112

pixel ~14 at 4250A and ~35 at 6000A. Data were re-
duced using the standard MIKE pipeline in CarPy (Kel-
son 2003)*. We analyzed the spectrum using the 2017
version of the 1D LTE radiative transfer code MOOG
(Sneden 1973) updated to include opacity from scatter-
ing (Sobeck et al. 2011; Sobeck & Sneden 2023)°. We
used the alpha-enhanced plane-parallel Castelli & Ku-
rucz (2003) (ATLAS) model atmospheres. Normaliza-
tion, radial velocity correction, equivalent width mea-
surements, and spectral synthesis fitting was done with
smhr®, first described in Casey (2014).

The radial velocity was determined following Ji et al.
(2020a). Each MIKE spectral order from 3700A-6800A
was cross-correlated against a rest frame spectrum of the
metal-poor red giant HD122563. As velocity uncertain-
ties are dominated by wavelength calibration issues, we
adopt the order-to-order scatter as the velocity uncer-
tainty. The final velocity is vpe; = 331.0 £ 1.0 km s~ 1.
Separately, our IMACS data found PiclI-1 to have veloc-
ities 330.0, 328.2, 329.9 km s!, each with uncertainty 1
km s~!. There is no evidence for large radial velocity
variations for PiclI-1.

2.2.2. Stellar Parameters and Abundances

Stellar parameters were determined following the pro-
cedure in Frebel et al. (2013), i.e. excitation, ioniza-
tion, and line strength balance of Fe lines with an em-
pirical correction to match a photometric temperature
scale. We find Teg = 4520 + 174K, logg = 0.80 + 0.37,
v; = 2.07 £ 0.22 km s7!, and [Fe/H] = —3.27 & 0.22
for the effective temperature, surface gravity, microtur-
bulence velocity, and metallicity, respectively. The un-
certainties include statistical error from the Fe lines as
well as systematic uncertainties of 150K, 0.3 dex, and
0.2 km s~ for Tog, log g, and v, respectively that reflect
scatter in the Frebel et al. (2013) calibration. Line lists
were adopted from Ji et al. (2020a). Abundances of most
elements were determined from equivalent widths, but
for the following features we determined the abundance
with spectral synthesis: molecular CH bands; hyperfine
structure in Sc, Mn, Co; and Al and Si lines somewhat
blended with CH. We only use lines with A > 4000A be-
cause the S/N is too low at bluer wavelengths (< 8 per
pixel). The exception is a strong Al line at 3944A as no
other Al lines are available: this line is clearly detected,
but given the S/N the abundance is extremely uncertain
(constraint no better than 0.5 dex). We also determined
formal 50 upper limits for Sr, Ba, and Eu using spectral
synthesis of the 4215A, 4934A, and 4129A lines, respec-
tively (see Ji et al. 2020b for more details).

Final abundances and uncertainties of PiclI-1 are given
in Table 4. For each element, IV is the number of lines
measured. loge(X) is the average abundance of those
lines weighted by the abundance uncertainty. If loge; and
o; are the abundance and uncertainty of line i, then we
define w; = 1/0? and loge(X) = Y, (w;loge;)/ >, wi.
The uncertainty o; for an individual line is found by
propagating spectrum noise uncertainty. o is the stan-
dard deviation of those lines (undefined if one line). oy,

4 http://code.obs.carnegiescience.edu/mike
5 https://github.com/alexji/moogl7scat
6 https://github.com/andycasey/smhr


https://doi.org/10.5281/zenodo.15706700
http://code.obs.carnegiescience.edu/mike
https://github.com/alexji/moog17scat
https://github.com/andycasey/smhr

Pictor II: Stellar Kinematics and Chemical Abundances 5

TABLE 3
PROPERTIES OF SPECTROSCOPICALLY CONFIRMED MEMBER STARS OF Pic II

1D Gaia DR3 source_id RA DEC ) T0 Vhel > EW CaT [Fe/H]
(deg) (deg)  (mag) (mag) (kms™') (A) (dex)

10286300071032 5480249356255194112 101.22791 -59.91751 17.48 16.75 329.44+0.6 1.924+0.12  -3.08%+0.08
10286300171312  5480252100736880640 101.07264 -59.92858 19.03  18.51 327.1+£0.6  1.46+0.11 -3.06£0.09
10286300169004 5480170908676338432 100.89608 -59.88540 19.19  18.71 320.5%£1.6 1.61+0.60 -2.91+0.41
10286300346714  5480248011928003968 101.28227 -59.97635 18.91  19.05 330.8+1.4

10286300169363 5480252444334270080 101.20003 -59.89651 18.86  19.08 331.0%£1.9

10286300169338  5480252276833093248 101.15539 -59.89063 19.76  19.28 327.44+0.9 1.414+0.17 -2.9440.14
10286300001346  5480252066377147008 101.17612 -59.90296 20.08 19.63 325.3+1.1  1.534+0.24 -2.79+0.19
10286300417761 5480158092493302272 100.94904 -59.97386 20.38  19.92 328.7+1.5  1.214+0.28 -3.00+£0.28
10286300169343  5480252341255057536 101.15827 -59.88901 20.41  19.97 326.9£1.7 1424044 -2.821+0.36
10286300001343  5480252276831909376 101.17167 -59.89087 20.70  20.25 329.1+7.5  1.354+0.20 -2.74+0.18
10286300071017 5480247840129310848 101.18892 -59.98813 20.89  20.45 317.0+2.4

10286300300125  5480249008361992448 101.15214 -59.94265 20.96 20.53  330.942.7

10286300171369 101.10710 -59.94019 21.51 21.13 326.0+£2.3 1.02£0.81 -2.8140.73
NOTE. — Pic II spectroscopic members ordered by increasing r-band magnitude. Details of each parameter can be found in

Section 2.1. The full spectroscopic sample along with additional columns (e.g., select Gaia DR3 astrometry, MAGIC/CaHK
photometry and metallicity, and additional DELVE photometry) can be found at the following zenodo repository: https:

//doi.org/10.5281/zenodo. 15706700

accounts for the abundance uncertainty due to propa-
gating individual line uncertainties, i.e. 1/02 = > w;
(McWilliam et al. 1995). [X/H] is the abundance relative
to solar abundances from Asplund et al. (2009). [X/Fe]
is calculated using either [FeI/H] or [Fe II/H], depending
on whether X is neutral or ionized. oxys is the quadrature
sum of o/ V/N, oy, and abundance uncertainties due to
1o stellar parameter variations. oxpe is similar to oxy,
but when calculating the stellar parameter uncertainties
we include variations in Fe. We use the difference in
Fel abundance for neutral species and the difference in
FeIl abundance for ionized species to calculate this er-
ror. The [X/Fe] error is usually smaller than the [X/H]
error, since abundance differences from changing T, and
log g usually affect X and Fe in the same direction. All
analyses are conducted in LTE, but non-LTE effects are
significant for many elements (e.g., Sitnova et al. 2021).
Due to inhomogeneities in how non-LTE corrections are
determined and applied, we reserve a full discussion of
this for a future analysis of all UFD stars. However, the
most significant effects in cool giants are that Al and Mn
increase by 0.5-1.0 dex (Nordlander & Lind 2017; Berge-
mann et al. 2019); Na and K decrease by up to 0.5 dex
(Lind et al. 2011; Reggiani et al. 2019). Other elements
change by < 0.2 dex (Sitnova et al. 2021).

2.3. DELVE photometry

We utilize data from the DECam Local Volume Ex-
ploration Survey (DELVE; Drlica-Wagner et al. 2021), a
southern sky survey performed with DECam (Flaugher
et al. 2015) on the 4-m NSF Victor M. Blanco Tele-
scope at the NSF Cerro Tololo Inter-American Obser-
vatory (CTIO). For this analysis, we used the stellar
catalog from the upcoming Third Data Release (DR3)
of DELVE (Drlica-Wagner, DELVE Collaboration in
prep.), which utilizes the DES Data Management data
processing pipeline (Morganson et al. 2018) as described
by Tan et al. (2025) and Anbajagane et al. (2025). The
data release covers ~14,000 deg? of the sky with a me-
dian limiting magnitude of g ~ 24.1, r ~ 23.6, i ~ 23.2,

z ~ 22.5 (estimated at S/N = 10 in 2”7 aperture) and
the DELVE catalog contains the MagLiteS observations
used to discover Pic II. The DECam data were processed
through the image coaddition pipeline closely following
the procedure described for DES DR2 (Abbott et al.
2021). The survey uses SourceExtractor to perform
object detection on the r + i + z detection coadd image,
with a detection threshold of ~ 5o. We use photometry
derived using multi-epoch PSF model fits which are ob-
tained using fitvd (Hartley et al. 2022). fitvd obtained
fluxes for each detected source by fitting individual-epoch
PSF models at the individual constituent images that
went into the coadd at the object’s location. For star-
galaxy separation we use 0 < EXT FITVD < 2 (Bechtol
et al. 2025). We note the photometry presented in this
paper is corrected for extinction using the F(B —V) val-
ues from the reddening map of Schlegel et al. (1998) with
the correction from Schlafly & Finkbeiner (2011). We
find the mean reddening within the half-light radius of
Pic IT to be E(B — V) = 0.11.

2.4. MAGIC Metallicity Sensitive Narrowband
Photometry

Pic II was imaged with the narrow-band N395 filter on
DECam as part of the Mapping the Ancient Galaxy in
CaHK Survey (DECam MAGIC; Chiti et al., in prep)
with NOIRLab Prop. ID 2023B-646233. The N395
filter includes the Ca IT H and K lines at 3968.5 A
and 3933.7 A, respectively, similar to other metallicity-
sensitive filters (e.g., the Pristine survey; Starkenburg
et al. 2017), allowing the derivation of reasonably pre-
cise metallicities (o[pe/m) ~ 0.16; Barbosa et al. 2025)
for individual stars through photometry. Specifically,
MAGIC obtained 3x 12 min exposures that were dithered
and centered on Pic II on the night of February 7th,
20247. More details on the processing and photometric
metallicities will be presented in Chiti et al., (in prep),
but we refer the reader to Barbosa et al. (2025) for an
overview and early result from the MAGIC survey. In

7 Our analysis uses the internal MAGIC version v250130
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TABLE 4
ABUNDANCES OF PiclI-1

El. N loge(X) ow o X/H]  oxu [X/Fe] oxpe
CH 2 4.80 0.04 0.04 -3.63 048 -0.36 0.21
Nal 1 3.96 006 --- -2.28 0.27 0.99 0.12
Mg I 5 5.24 0.07 0.15 -2.36 0.23 0.91 0.10
All 1 282 ... e -3.63 .- -0.36 e
Sil 2 4.87 0.20 0.12 -2.64 044 0.64 0.21
KI 2 2.89 0.04 0.03 -2.14  0.17 1.13 0.07
Cal 8 3.47 0.06 0.15 -2.87 0.15 0.40 0.10
Sc II 7 0.46 0.09 0.09 -2.69 0.18 0.59 0.18
Till 18 2.15 0.04 0.14 -2.80 0.15 0.48 0.08
Crl 5 2.15 0.09 0.16 -3.49  0.25 -0.22 0.10
Mn I 2 1.04 0.18 0.18 -4.39 0.34 -1.12 0.19
Fel 96 4.23  0.02 0.22 -3.27  0.21 e e
Fell 11 4.22  0.07 0.21 -3.28 0.14 e e
Col 2 1.81 0.11 0.11 -3.18 0.29 0.09 0.13
Nil 1 271 011 - -3.51  0.24 -0.24 0.12
Sr II 1 <-206 --- < —4.93 < —1.65 e
Ba II 1 < -268 < —4.86 < —1.58
Eu II 1 <-205 < —2.57 <0.71

NOTE. — ID=10286300071032 and Gaia DR3 sourceid =

5480249356255194112. The Al abundance has an uncertainty > 0.5

dex. The CH abundance has not been corrected for the star’s evolutionary
status here, but the correction is +0.73 dex (Placco et al. 2014).

particular, see Figure 4 of Barbosa et al. for metallic-
ity error calibration. Specific to this work, we use this
narrow-band CaHK data to verify the metal-poor nature
of Pic IT members as an additional check on their mem-
bership. Lastly we note that the MAGIC catalog uses
DELVE DR2 photometry for the metallicity derivation
and future MAGIC catalogs will utilize the upcoming
DELVE DR3 (Drlica-Wagner et al. 2022).

2.5. Gaia Astrometry

We use Gaia DR3 astrometry (Lindegren et al.
2021; Gaia Collaboration et al. 2023) to assist in
Pic II membership and to measure the systemic
proper motion of Pic II. We apply the following
cuts to select stars with good quality astrometry:
astrometric_params_solved> 3, ruwe< 1.4, and
astrometric_excess noise_sig < 2 (following Linde-
gren et al. 2021; Pace et al. 2022).

3. SYSTEMIC PROPERTIES OF PIC II
3.1. Updated Morphological Parameters

DELVE DR23 photometry extends roughly a magnitude
fainter than the discovery analysis (Drlica-Wagner et al.
2016) and will provide significantly improved constraints
on the structural and morphological parameters of Pic II.
We use the ugali toolkit ® (Bechtol et al. 2015; Drlica-
Wagner et al. 2015, 2020) to update the morphological
parameters. Briefly, ugali simultaneously fits the struc-
tural and stellar population parameters of a UFD. The
structural component is fit with a Plummer (1911) pro-
file and the free parameters are: centroid coordinates
(12000, 032000), Semi-major axis (ayp,), ellipticity (€), po-
sition angle (P.A.) of the major axis (defined east of
north). The magnitude and colors are fit with PARSEC
stellar isochrones (Bressan et al. 2012; Chen et al. 2014;

8 https://github.com/DarkEnergySurvey/ugali

Tang et al. 2014; Chen et al. 2015) with the following
free parameters: distance modulus (m — M), age (7),
and metallicity (Zpnot). The model lastly includes a pa-
rameter for the stellar richness (\), which normalizes the
total number of stars in the system (Drlica-Wagner et al.
2020). We use emcee (Foreman-Mackey et al. 2013) to
simultaneously fit all parameters in the model. The pos-
teriors from the ugali fits are summarized in Table 1.

We find an azimuthally averaged half-light radius of
Ry/3 ~ 32 pe, an ellipticity of € ~ 0.22, an absolute V-
band magnitude of My ~ —2.6, and a distance modulus
of (m — M)y = 18.45 or D¢ = 45 kpc. To compute the
V-band magnitude of Pic II, we convert from g,r mag-
nitudes using the relation in Abbott et al. (2021). Com-
pared to the discovery paper (Drlica-Wagner et al. 2016),
the centroid is offset by ~ 17", the size is 25% smaller
(Rij2 ~ 32 pc vs Ryjp ~ 43 pc), the luminosity is 30%
lower (My ~ —2.6 versus My ~ —3.2), and shape and
orientation are better constrained. Our updated morpho-
logical parameter measurements are broadly consistent
within the uncertainties of the discovery analysis (Drlica-
Wagner et al. 2016). With our updated size and lumi-
nosity measurement, Pic II remains larger than known
globular clusters and ambiguous systems and has prop-
erties similar to other MW and LMC UFDs.

3.2. Spectroscopic Membership Classification

We assess the membership of each star based off its
kinematics, chemistry, and photometric properties. We
note that “background” stars here can refer to either
foreground MW stars or LMC stars at a similar dis-
tance. The properties of the spectroscopic sample are
summarized in Figure 1. We highlight our final spectro-
scopic sample, along with clear background stars, and
background stars with a velocity similar to Pic II but
classified as non-members. The velocity distribution of
our spectroscopic sample has two peaks, a wide peak at
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x’s (NM in legend). Upper-left: spatial position of the sample relative to the center of Pic II. Dotted ellipses correspond to 1,2,3 X Rp,.
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to the distance of Pic II. Upper-right: projected radius (R) vs heliocentric velocity (vpe). Dotted vertical lines are multiples of the
half-light radius. Lower-left: Vector point diagram (pa« vs ps). Lower-middle: V-band absolute magnitude vs Calcium Triplet (CaT)
equivalent width. Lines of constant [Fe/H] from Carrera et al. (2013) are overlaid. Note that the V-band absolute magnitude assumes the
Pic IT distance modulus and only Pic II members will have the correct absolute magnitude. Regardless, there is a clear difference in the
equivalent width between Pic II members and MW /LMC foreground stars. Lower-right: metallicity-sensitive color-color diagram with
MAGIC CaHK photometry. Lines of constant [Fe/H] with logg = 2 are overlaid. Similar to the CaT equivalent width, there is a clear

difference in color between Pic II members and the foreground stars.
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F1G. 2.— Membership score (Tolstoy et al. 2023) for stars in our
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a 30 cut for selecting members. The colors and markers are the
same as Figure 1.

~ 50 km s~! which we associate with the MW and a
second narrow peak at vhe ~ 330 km s~ which we as-
sociate as Pic II. The majority of the stars closest to
Pic II match the vhe ~ 330 km s~! peak and the veloc-
ity association is further confirmed by selecting on proper
motion. The proper motion selection can be done with
the membership from Gaia proper motion based mixture
models (membership probability > 0.1; Battaglia et al.
2022; Pace et al. 2022) or a proper motion and parallax
selection such as the membership score (Z3 < 13.2) from
Tolstoy et al. (2023). All proper motion selections un-
cover the same velocity peak which confirms the Pic 11
systemic velocity.

While the majority of the background peaks at
50 km s~! there is a tail beyond ~ 200 km s~! that we
associate with the LMC. The velocity at the center of
the LMC is v},e = 262+3.4 km s~ ! (van der Marel et al.
2002) and at the position of Pic II, the LMC velocity
is vnel &~ 300 km s7! (see Figure 3 of van der Marel &
Kallivayalil 2014). We note the excess of stars near the
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Pic IT systemic velocity that are non-members and these
stars have kinematics that are consistent with the broad
LMC distribution. As Pic IT is a likely LMC satellite (see
Section 4.2), it is not surprising to see some overlap with
the LMC foreground. We note that LMC stars have been
found in the foreground of other dwarf galaxies includ-
ing Carina (Munoz et al. 2006) and Carina II (Li et al.
2018a).

Our final membership selection also considers metallic-
ity, derived both from the spectroscopic CaT equivalent
width and the CaHK photometry, and the location on an
old, metal-poor isochrone (Dotter et al. 2008, age=12.5
Gyr and Z=0.0001). The lower-middle panel of Figure 1
compares the absolute V-band magnitude with the spec-
troscopic CaT equivalent width. Overlaid are lines of
constant [Fe/H] from Carrera et al. (2013). The spec-
troscopic members have much lower equivalent widths
than the background stars. We present a color-color di-
agram in CaHK — g — 0.9 (9 — i) vs. g — i space in
the lower-right hand panel of Figure 1, which has been
established to define axes where metal-poor and metal-
rich stars separate from each other (e.g., Keller et al.
2007; Starkenburg et al. 2017; Chiti et al. 2020; Huang
et al. 2022). As expected, we find that our spectro-
scopic members of Pic II appear more metal-poor than
MW halo stars in this plot, adding confidence to their
membership. For completeness, we note that the g,
photometry in this metallicity-sensitive color-color plot
is from DELVE DR2, and that iso-metallicity contours
from a grid of Turbospectrum-generated synthetic spec-
tra at logg = 2dex are overplotted (Chiti et al. 2020;
Barbosa et al. 2025).

To quantitatively assess membership, we compute the
membership score (Tolstoy et al. 2023). The member-
ship score is effectively a 3-0 selection around the sys-
temic properties with either proper motion and parallax,
Zs, or proper motion, parallax, and velocity, Z,. Mem-
bers are identified within Z; < 16.3 (the 3o limit for a
4-dimensional y? distribution) and we show the member-
ship score of all stars in Figure 2. All members previously
identified satisfy this quantitative selection.

Of the non-members within 30 km s~! of the Pic II
velocity (green points in Figure 1), five stars are clear
astrometric non-members and two stars have a metallic-
ity (either CaT EW or CaHK colors) that is much larger
than Pic II. Both of the metallicity outlier stars are con-
sistent with the velocity and proper motion of Pic IT and
have Zy < 16.3. The first, (ID=10286300169398), has
[Fe/H]car = —1.5340.15 and is 1.2 dex more metal-rich
than any of the Pic II members. This star does not have
a [Fe/H]cank in the MAGIC catalog but is located in
the CaHK color space near this metallicity. Lastly, we
note this star is located on the old, metal-poor stellar
isochrone. While a [Fe/H] ~ —1.5 star in a UFD is not
uncommon or implausible a large metallicity gap seems
unlikely and we consider this star a likely LMC inter-
loper. The second, (ID=10286300169327), does not have
a CaT EW measurement and has [Fe/H]canx = —1.2.
This star is redder than the stellar isochrone. As this
star is even more metal-rich it is even less likely to be a
Pic IT member. While both these stars are more metal-
poor than the bulk of LMC, they are consistent with the
LMC halo metallicity distribution (e.g., Borissova et al.

2006). In total, we identify 13 Pic II members, which
includes two horizontal branch stars.

The spatial distribution of the spectroscopic member
sample in Figure 1 is quite asymmetric and nearly all
the members are located on the southern side of Pic II
(all spectroscopic members are at y < 1’). Obtaining
this distribution by chance is unexpected and there are
more successful velocity measurements on the northern
side (y > 0; N=63) than the southern side (y < 0; N=49)
of Pic II. This asymmetry is partly caused by the pres-
ence of a nearby relatively bright star (G ~ 9.4) that is
located 2’ from the center of Pic II and there are only a
few sources within ~ 1’ of this star in our photometric
catalogs. Two of our five masks utilize Gaia astrometry
to target high priority targets missing from past obser-
vations. Neither of these masks targeted the northern
central side of Pic II. There are additional unobserved
high-probability Gaia candidates (Battaglia et al. 2022)
that are outside our Gaia target selection (three high
probable candidates are near the bright star) and if these
stars were confirmed as members, the spectroscopic sam-
ple would become more symmetric. Overall, we suspect
that our spectroscopic target selection and the presence
of a nearby bright star is the cause of at least some the
asymmetric spectroscopic member distribution.

3.3. Constraints on Binarity

Almost half of the Pic II spectroscopic members have
repeat velocity measurements. Of the 6 members with re-
peat measurements, only one star, ID=10286300001343,
shows clear evidence for velocity variations. From the re-
peat measurements, this star has a reduced x? of ~ 63
with a probability of P(x2?,n = 4) ~ 10713 that the mea-
surements are drawn from a constant velocity distribu-
tion and it is highly likely to be a binary star. All other
stars with repeat measurements do not show evidence
for velocity variation. Due to the low number of epochs
(there are four velocity measurements but 2 epochs are
1 day apart), we are not able to constrain any binary
orbital parameters.

3.4. Stellar Kinematics

We assume the velocity distribution follows a Nor-
mal distribution and use an unbinned likelihood to com-
pute the systemic velocity and velocity dispersion (e.g.,
Walker et al. 2006). We use a Jeffreys prior for the ve-
locity dispersion (—2 < log;yo, < 1.7), and from the
13 spectroscopic member sample we find Ty = 326.9 £
1.1 km s~ and o, = 35755 kms™'. If we assume a
linear prior in the velocity dispersion (0 < o, < 20) we
find Tpe = 327.04+ 1.2 km s™! and 0, = 3.8 )5 km s71.
Including or excluding the binary star does not affect
our inferred stellar kinematics due to the large velocity
error for the combined velocity measurement for this star
(Vnel = 329.1 £ 7.5 km s~ 1).

To assess the significance of resolving the velocity dis-
persion, we compute the Bayes factor (B) comparing a
free velocity dispersion model and zero velocity disper-
sion model. The Bayes factor is the ratio of Bayesian
evidence between two models and is a commonly utilized
model selection tool (see Trotta 2008, for a review).

9 Gaia DR3 source_id=5480252276831909376
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We use the pocoMC package (Karamanis et al. 2022b,a)
to sample the posterior distributions and compute the
Bayesian evidence for both models. We find In B = 12.1
strongly favoring the non-zero dispersion model'®. We
use Jeffreys’ scale to interpret the Bayes factor where
values of In B < 1, 1-2.5, 2.5-5, > 5 correspond to incon-
clusive, weak, moderate, and strong evidence in favor of
one model, respectively (negative value favor the other
model) (Trotta 2008). Overall, we find strong evidence
for a non-zero velocity dispersion.

To assess the robustness of the velocity dispersion to
outliers, we perform a jackknife test. This test recom-
putes the velocity dispersion by excluding one star at
a time. There are two stars (ID = 10286300169004,
10286300071017) that when excluded decrease the ve-
locity dispersion to ~ 2.5 km s™! from ~ 3.5 km s7!
and if both are removed the velocity dispersion be-
comes marginally unresolved (the posterior peaks at
~ 1.2 km s~!' but there is a tail in the posterior dis-
tribution consistent with zero velocity dispersion). Nei-
ther star has a repeat velocity measurement and both are
likely members given either Gaia astrometry or a metal-
licity measurement!®. It is possible that either or both
are binary stars but further radial velocity measurements
are required to test binarity.

Unresolved binary stars can inflate the inferred ve-
locity dispersion (e.g., Minor et al. 2010; McConnachie
& Coté 2010; Buttry et al. 2022). To assess the im-
pact the identified binary could have had on the stel-
lar kinematics without our multi-epoch data, we re-
compute the velocity dispersion using the first epoch
velocity measurement instead of the combined velocity
(Vfirst epoch = 346.84+2.8 km s™!). The binary-influenced
stellar kinematics are Tpe = 328.1 + 1.8 km s~! and
o, = 6.377% km s~'. While the inferred velocity disper-
sion is almost twice as large, the binary star may not have
been considered a member as it is a 4.50 velocity outlier
(with o, = 3.5 km s~1). Without the multi-epoch veloc-
ity data the velocity dispersion of Pic I could have been
inflated similar to Bootes II and Triangulum IT (Kirby
et al. 2017; Bruce et al. 2023).

We compute the dynamical mass and mass-to-light ra-
tio of Pic IT with the mass estimator from Wolf et al.
(2010). We note this estimator computes the dynami-
cal mass within the 3D half-light radius (ry/2) which is
slightly larger than the projected half-light radius for a
Plummer profile (712 ~ 4/3R;/3). From the velocity dis-
persion measurement here and the half-light radius, dis-
tance, luminosity measurements in Section 3.1, we infer
M5 = 3.6%7:2 x 10° Mg and M/L = 760733 Mg, /L.
The high dynamical mass-to-light ratio implies that
Pic I is a dark matter-dominated system.

A velocity gradient is a clear sign of disequilibrium and

10 The Bayes factor drops to 11.9 if we compare to the stellar only
velocity dispersion of 0.18 km s~! which still strongly favors the
velocity dispersion model. For the linear prior we find In B = 12.4
comparing to the zero dispersion model.

11 10286300071017 does not have a IMACS CaT measurement
due to low signal-to-noise nor a CaHK [Fe/H] measurement due to
the lack of i-band photometry. However, when g-r color is used
in place of g-i color for the CaHK color-color diagram (i.e., in
the lower-right hand panel of Figure 1), 10286300071017 clusters
with the other Pic II members and is consistent with the Pic II
metallicity.

has been searched for in many UFDs (e.g., Martin & Jin
2010; Collins et al. 2017; Li et al. 2018b; Ou et al. 2024).
The velocity gradient model adds two additional param-
eters, the magnitude of the velocity gradient (v,), and
its direction (f,). With our stellar-kinematic sample we
measure an upper limit of v, < 1.3 km s~! arcmin™! for
the velocity gradient (95% credible level). With the ma-
jority of the spectroscopic sample located on the south-
ern side of Pic II, the small sample size, and the angular
extent of the data, measuring a non-detection is not sur-
prising.

3.5. Metallicity Dispersion

We apply the same likelihood analysis to determine
the mean metallicity and metallicity dispersion of Pic 11
assuming that the metallicity distribution of Pic II is a
Normal distribution (with a Jeffreys prior for the metal-
licity dispersion). From the nine RGB members with

good quality CaT measurements, we obtain [Fe/H| =
—2.99+0.06 and ope/m) < 0.18 (95% credible level). Us-
ing a linear prior instead for the metallicity dispersion,
we find ope /) < 0.27 (95% credible level).

To verigf our results, we apply the same analysis to the
photometric CaHK metallicity. There are ten RGB spec-
troscopic members with photometric metallicity mea-
surements and we determine the metallicity distribution
to be [Fe/H]qyx = —2-98 £ 0.10 and ofpe/H]cpx < 0.35
(95% credible level). The [Fe/H] measurements with
both spectroscopic CaT and photometric CaHK agree
and infer that Pic IT is an extremely metal-poor system
with a small (unresolved) metallicity dispersion.

We apply the same Bayes factor significant test to the
metallicity to assess whether the metallicity dispersion is
resolved. For linear priors, we find In B = —1.7, —0.4 for
the CaT and CaHK [Fe/H] measurements, respectively,
and for Jeffreys priors we find In B = —0.5, 0.1 for the
CaT and CaHK [Fe/H] measurements, respectively. In
general, we do not find evidence for a non-zero metal-
licity dispersion and either a larger sample and/or more
precise metallicity measurements are required to resolve
the dispersion.

As discussed in Section 3.2, there are two more meta-
rich stars that have a velocity and proper motion consis-
tent with Pic IT. If we include the more metal-poor star of
the two (ID=10286300169398; [Fe/H]car ~ —1.5) in the

metallicity distribution calculation, we find [Fe/H] ., =

—2.76%51% and O[Fe/H|car = 0.4970-1%. These values are
consistent with other UFD galaxies. Due to the large
metallicity gap between this star and the current most
metal-rich Pic II star (~ —2.7), we do not consider this
star a member.

The brightest member star in Pic IT has a CaT metal-
licity of [Fe/H] = —3.08 + 0.08 and is further ob-
served with high-resolution spectroscopy discussed in
Section 4.3.

3.6. Systemic Proper Motion

As shown in Figure 1, all 12 spectroscopic members
with Gaia astrometry cluster nicely around (pqs, fts) ~
(1,1) mas yr=!. From the 11 members with good qual-
ity Gaia astrometry, we calculate the systemic proper
motion of Pic II to be fi,, = 1.18 + 0.05 mas yr—!
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Fic. 4.— Absolute V-band magnitude vs dynamical mass-to-
light ratio comparing Pic II (red star) to MW (blue circle) and
LMC (gold squares) UFDs. The large mass-to-light ratio of Pic II
is similar to other UFDs and Pic II is a dark matter-dominated
dwarf galaxy.

and 7i; = 1.16 &+ 0.05 masyr~! with the likeli-
hood in Pace & Li (2019). Our measurement agrees
with literature Gaia DR3 proper motion measure-
ments (McConnachie & Venn 2020; Pace et al. 2022;
Battaglia et al. 2022). We note that one member!? is
just outside our selection for good quality astrometry
(astrometric_excess noise_sig= 2.2). While this star
is excluded for our default measurement, including or
excluding this star does not affect our systemic proper
motion results.

4. DISCUSSION
4.1. The Nature of Pic II

Based on its size and luminosity, Pic II was consid-
ered an UFD galaxy candidate in the discovery analysis

12 Gaia DR3 source_id=5480248011928003968
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F1G. 5.— Absolute V-band magnitude vs metallicity ([Fe/H], top
panel) or metallicity dispersion (o[pe/m], bottom panel) comparing
Pic II (red star) to MW (blue circle) and LMC (gold squares) UFDs
and MW globular clusters (brown triangle). The black line is the
stellar mass-stellar metallicity relation (Kirby et al. 2013b; Simon
2019). Pic II is notably one of the most metal-poor UFD known.

(Drlica-Wagner et al. 2016). Following the definition of
a galaxy from Willman & Strader (2012, i.e., the pres-
ence of a dark matter halo), our spectroscopic follow-up
of Pic IT and measurement of the large dynamical mass-
to-light ratio (~ 700) confirms the dwarf galaxy classi-
fication. While a dynamical classification is the most
straightforward, as the resolved dispersion is dependent
on the membership and velocity of 2 stars in the 13 star
member sample, it is worth exploring the other classifi-
cation criteria.

A metallicity spread is indirect evidence for a presence
of a dark matter halo massive enough to retain super-
nova ejecta to enable self-enrichment of a galaxy. The
metallicity dispersion is not resolved with either CaT or
CaHK [Fe/H] and this classification method is inconclu-
sive for Pic II. The mean metallicity of Pic II is more
metal-poor ([Fe/H] ~ —3) than any intact MW globu-
lar cluster (Harris 1996) and is well below the globular
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cluster metallicity floor at [Fe/H]~ —2.5 (e.g., Beasley
et al. 2019). While there are some globular clusters stel-
lar streams below the metallicity floor (e.g., Phoenix and
C-19; Wan et al. 2020; Martin et al. 2022) as well as a
M31 globular cluster (Larsen et al. 2020), the MW lacks
any intact systems below this value. The updated size of
Pic II (ry/2 ~ 32 pc) with DELVE DR3 photometry re-
mains larger than the typical globular cluster (typically
12 S 5 pe but there are some GCs with ry /5 ~ 5—20 pc;
Baumgardt & Hilker 2018) and it is located in the dwarf
galaxy locus in the size-luminosity plane (see Figure 3).

Another defining characteristic of UFDs is their low
neutron-capture element abundances from their ineffi-
cient star formation'? (e.g., Koch et al. 2008; Frebel &
Norris 2015; Ji et al. 2019, 2020a). The neutron cap-
ture abundances for the brightest star in Pic II are con-
sistent with this picture (Section 4.3). We only obtain
upper limits for Ba, Eu, and Sr; the Sr and Ba upper
limits exclude MW halo neutron capture values. Trian-
gulum IT and Grus I are examples of galaxies with unre-
solved or barely resolved velocity /metallicity dispersions,
but whose low neutron-capture element content suggests
they are (or once were) UFDs (Kirby et al. 2017; Venn
et al. 2017; Ji et al. 2019). In contrast, all known globu-
lar clusters have moderately super-solar neutron-capture
element abundances (e.g., Pritzl et al. 2005).

Lastly, we compare the properties of Pic II with the
MW and LMC UFD population. In general, Pic II has
properties similar to the bulk MW+LMC UFD popula-
tion. As we show in the next section, Pic II is highly
likely to be associated with the LMC and should be con-
sidered part of the LMC population for LMC and MW
UFD comparisons (§ 4.2). Figure 3 compares the size
and luminosity of the MW satellites and includes both
UFDs and MW GCs. We note that at fixed My, the
LMC UFDs are smaller on average than MW UFDs but
there may be selection effects as the LMC and many of its
satellites are at lower Galactic latitude with higher stellar
background. In a more detailed statistical analysis Rich-
stein et al. (2024) did not find any differences between
the LMC and MW in the size-luminosity plane. Fig-
ure 4 shows the absolute V-band magnitude versus the
dynamical mass-to-light ratio. Pic II follows the trend
that lower luminosity UFDs have larger dynamical mass-
to-light ratios.

Figure 5 shows the absolute V-band magnitude ver-
sus the metallicity and metallicity dispersion. Pic II is
among the most metal-poor UFD known and is roughly
0.12 dex more metal-poor than Eridanus IV (Heiger et al.
2024), the previous most metal-poor UFD from spectro-
scopic measurements'®. The LMC UFDs are more metal-
poor than expected from the stellar mass-metallicity re-
lationship and Pic II is 0.44 dex more metal-poor than
expected from this relation. Our metallicity measure-
ments do not resolve a metallicity dispersion for Pic II
and our upper limit is smaller than most UFD measure-

13 Although there are some exceptions: Reticulum II, (Ji et al.
2016a; Roederer et al. 2016); Tucana III, (Hansen et al. 2017; Mar-
shall et al. 2019)), and Grus II (Hansen et al. 2020).

14 We note that Canes Venatici IT and Hydra II have photo-
metric CaHK metallicities that are more metal-poor or around the
same metallicity as Pic II (Fu et al. 2023) but these photomet-
ric metallicity measurements are more metal-poor than previous
spectroscopic measurements (Kirby et al. 2013b, 2015).

ments. Only Hor I, Eridanus IV, Leo VI, and Tucana III
have metallicity dispersions around or smaller than 0.20
dex, similar to the Pic II upper limit (Koposov et al.
2015b; Simon et al. 2017; Heiger et al. 2024; Tan et al.
2025). The small metallicity dispersion of Pic IT may be
due to its lower star formation efficiency relative to other
UFDs.

We note that most dwarf galaxies contain RR Lyrae
stars (e.g., Martinez-Vézquez 2023; Tau et al. 2024) and
we present an unsuccessful RRL search in Appendix A.
We list the literature references for Figures 3-5 in Ap-
pendix B.

In summary, based on its size, low metallicity, mass-to-
light ratio, and chemical abundances, we conclude Pic II
is an UFD and has properties similar to the UFD popu-
lation.

4.2. Orbit and Connection to the Magellanic Clouds

With a 3D distance of ~ 12 kpc from the LMC, Drlica-
Wagner et al. (2016) suggested that Pic IT was likely ac-
creted with the LMC and gravitationally bound to the
LMC. With the 3D motions measured in this work, we
compute the relative 3D velocity between the LMC and
Pic I to be 166.0713 3 km s~! and an association is pos-
sible given the low relative velocity. Jethwa et al. (2016)
built dynamical models to predict the phase space distri-
bution of LMC and SMC UFD satellites. These models
predict that Pic II will have a Galactic standard of rest
line-of-sight velocity of 15 km s < v < 175 km s™*
and Pic IT measured value vgs, ~ 105 km s™! is in the
middle of this distribution.

To verify a potential association, we compute the orbit
of Pic II in a combined MW and LMC potential. We
follow the methods of Erkal & Belokurov (2020) which
treats the MW and LMC as individual particles that
source their respective potentials and are able to move
in response to each other. This technique accounts for
the MW reflex motion with respect to the infall of the
LMC (Gémez et al. 2015) and it includes the effect of
dynamical friction of the MW on the LMC calculated
with the prescription in Jethwa et al. (2016). For the
MW potential, we use the McMillan (2017) potential,
which includes an Navarro, Frenk, and White (NFW)
halo (Navarro et al. 1996), a stellar bulge, and four disks
(thin, thick, HI, and H2). To account for uncertain-
ties in the MW potential, we sample over the poste-
rior chains from the McMillan (2017) analysis. For the
LMC potential, we use a Hernquist profile with a to-
tal mass of 1.38 4 0.255 x 101* My (from Erkal et al.
2019) and a scale radius chosen to match the enclosed
mass of 1.7 x 10'° M, at 8.7 kpc from van der Marel &
Kallivayalil (2014). In addition to Monte Carlo sampling
over the LMC mass measurement, we sample over the
observed phase space uncertainties including the radial
velocity (van der Marel et al. 2002), the proper motion
(Kallivayalil et al. 2013), and the distance (Pietrzynski
et al. 2019). The orbit of Pic II is rewound for 5 Gyr
or until the LMC passes its apocenter in the MW and
LMC potential. For more details see Erkal & Belokurov
(2020).

We use our new Pic IT phase space measurements (Ta-
ble 1 and Section 3) sampled over the observational un-
certainties to compute the orbit of Pic II in the presence
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F1G. 6.— Example orbits of Pic II and other LMC associated UFDs relative to the LMC and MW. Left: Lookback time versus relative
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FiGc. 7.— Distance and velocity relative to the LMC at each UFD’s previous closest approach to the LMC (left) and current distance
and velocity relative to the LMC (right). Both at closest approach and present moment, Pic II (red star) and other confirmed LMC UFDs
(gold symbols) are under or very close to the LMC escape velocity curve, which is further evidence of their association with the LMC. The

MW UFD (blue circles) data is from Pace et al. (2022). The black line is the LMC escape velocity curve with My = 1.38 x 10! M.

of the MW and LMC. In Figure 6, we show example or-
bits of Pic II and LMC UFDs with respect to the LMC
and MW in both lookback time and spatial location. In
this realization, the considered UFDs are gravitationally
bound to the LMC, so their distances relative to the LMC
are periodic. They also move away from MW as a group
over time in galactocentric coordinates. Since we do not
account for the evolution of the MW or the LMC po-
tentials, we compute the pericenter and apocenter here
at their global minimum and maximum with respect to
the MW or LMC. We find the pericenter and apocenter
of Pic IT are ~ 39 kpc and ~ 219 kpc with respect to
the MW and are ~ 8 kpc and ~ 30 kpc with respect to
the LMC. D’Souza & Bell (2022) find that the most re-

cent pericenter and apocenter can be reliably determined
during backwards integration but previous pericenters or
apocenters are more unreliable.

We estimate the probability of Pic II being an LMC
satellite by computing its energy relative to the LMC 5
Gyr ago (at the end of integration) following Erkal &
Belokurov (2020) to determine whether they were en-
ergetically bound. If the LMC reaches the apocenter
before 5 Gyr, we stop the rewinding and compute the
energy at that time. With this definition, we compute
that Pic II has a 91% association probability with the
LMC!. We show this visually in Figure 7, where we

15 Patel et al. (2020) present an alternative LMC probability
that is determined on whether the satellite was within the escape
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show the minimum distance between Pic I and LMC
compared to the relative velocity between Pic IT and the
LMC along with the current values. We note that Cor-
rea Magnus & Vasiliev (2022) computed orbits of Pic II
in a LMC and MW potential but varied the line-of-sight
velocity between -200 to 800 km s~! and found that at
Unel ~ 330 km s~ the probability of LMC association is
near 100% (in particular the range of 100 to 500 km s~1
has high probability for LMC association).

Pic II is the seventh LMC UFD to be confirmed with
full phase space measurements and orbit modeling. The
spatial distribution of the LMC UFDs is asymmetric
and there are more LMC UFDs in the leading orbit of
the LMC (Car II, Car III, Hyi I, Pic II, and Ret II)
than trailing the orbit (Hor I and Phe IT). This spatial
anisotropy is similar to M31 (e.g., McConnachie & Irwin
2006; Savino et al. 2022), where there are more satellites
on the MW side of the satellite system compared to the
far side. With the LMC system there are fewer confirmed
UFDs overall and the system is being tidally heated by
the MW. The satellite sensitivity is lower for more dis-
tant systems and the coverage for satellite searches is
lower on the southern side of the LMC and this asym-
metry may be due to selection effects. This asymmetry
does not appear long lived as the number of LMC satel-
lites on the near/far sides changes multiple times during
our orbital integration. Of the known UFD candidates
without spectroscopy, DELVE 2 (Cerny et al. 2021a) is
a candidate member of the LMC system based on its
spatial location and proper motion (Cerny et al. 2021a;
Correa Magnus & Vasiliev 2022; Vasiliev 2024) and it is
located on the far side of the LMC.

In Figure 8, we show the orbital pericenter versus av-
erage density within the half-light radius for Pic II, MW
UFDs, and LMC UFDs. Strong tidal disruption is ex-
pected when the average UFD density is less than twice
the average MW or LMC density at its pericenter. Pic II
is unlikely to be strongly stripped by the MW based on
the Jacobii radius approximation. The right-hand panel
of Figure 8 repeats the same exercise but with respect to
the LMC instead of the MW. The overall tidal influence
the LMC exerts on its UFDs is smaller than the MW ex-
erts on its UFDs due to its roughly order of magnitude
smaller halo mass. The orbital pericenters with respect
to the LMC of the LMC UFDs are generally smaller than
the MW UFDs with respect to the MW and vary between
~ 6 — 30 kpc here. While Pic II has a smaller pericen-
ter (~ 8 kpc) with respect to the LMC compared to the
MW, its tidal radius is still much greater than its half-
light radius and strong tidal stripping is not expected.

To more quantitatively estimate the Pic II tidal ra-
dius'® with respect to the LMC, we first compute the
tidal radius with s = 7peri (mUFD/2MhOSt)1/3 which as-
sumes the host has a flat rotation curve and the satellite
is on a circular orbit (King 1962). For the tidal radius
computations, we assume that the mass distribution of
Pic II follows an NF'W profile with several different scale
radius values (specifically rs = 40,100,200 pc) and set
the scale density based on matching the M; /5, dynamical

velocity of the LMC at its most recent approach to the LMC and
we find similar results with this definition.

16 See van den Bosch et al. (2018) for an overview of the different
tidal radius definitions.

mass. We assume that the LMC mass follows a Hern-
quist profile as above. We find r; = 330, 450, 590 pc for
rs = 40,100,200 pc. The smallest ry value is set by the
size of Pic IT (~ 32 pc). These tidal radii are more than
10 times larger than the half-light radius.

To account for the non-circular motion and extended
mass profiles, we also compute the tidal radius using

2 1/3

re = |(G murp)/(Q2? — 7dd¢Rh§St)]
gular speed and ¢ is the LMC gravitational potential
(King 1962). Here we find smaller tidal radii with the
same scale radii values, ry = 190,270,340 pc and the
smallest value is approximately 5 times larger than the
half-light radius. We note that in both the FIRE (Shipp
et al. 2023) and Auriga (Riley et al. 2024; Shipp et al.
2024) simulations nearly all dwarf galaxy satellites in
MW-like galaxies are undergoing tidal stripping and con-
tain tidal tails but these are commonly below current de-
tection limits (Shipp et al. 2023). However, we note that
some disruption in simulations may be numerical (van
den Bosch et al. 2018). We note that the actual tidal ra-
dius should also account for the MW and SMC but both
will have a smaller impact relative to the LMC.

, where {2 is the an-

4.3. Detailed abundances of an extremely metal-poor
star

With [Fe/H] = —3.3, PiclI-1 is one of the most Fe-poor
stars known in any UFD. As such, the abundances of this
star are closely connected to the nucleosynthetic yields
of the first metal-free (PopIII) stars (e.g., Ji et al. 2015).
Still, most of its abundance ratios are quite similar to
other metal-poor stars found in UFDs: the [«/Fe] ra-
tios are enhanced; most elements up to the iron peak are
similar to halo stars at [Fe/H] ~ —3; and the neutron-
capture element abundances are low compared to typi-
cal halo stars. The abundances of PiclI-1 are similar to
one of the most metal-poor stars in the Coma Berenices
UFD (ComBer-S2 from Frebel et al. 2010). ComBer-
S2 is enhanced in Mg and Sc, deficient in Mn, is not
Carbon enhanced, and lacks neutron-capture elements
(Frebel et al. 2010). In Figure 9, we compare the [C/Fe],
[Mg/Fe], [Sc/Fe], and [Ba/Fe] abundances to a represen-
tative MW halo sample and abundance measurements
from other UFDs. The low neutron-capture element
abundances lend additional confidence that Pic II is a
dwarf galaxy and not a star cluster (see Section 4.1) (Ji
et al. 2019).

Carbon-enhanced metal-poor stars are thought to be
especially related to PopIII stars (e.g., Frebel & Norris
2015). About 40% of halo stars with [Fe/H] < —3 have
[C/Fe] > 0.7 (Placco et al. 2014; Arentsen et al. 2022),
but it is still debated whether a similar trend is found in
dwarf galaxies like Sculptor (e.g., Salvadori et al. 2015;
Chiti et al. 2018b) and Sagittarius (e.g., Limberg et al.
2023; Sestito et al. 2024). We measure this Pic IT star to
have [C/Fe] = —0.36, and corrections for internal mixing
in red giant evolution (Placco et al. 2014) suggest a natal
abundance [C/Fe] &~ +0.37. This star is thus clearly not
significantly carbon-enhanced. Including this star, there
are now 22 stars across 9 UFDs that have [Fe/H] < —3
and carbon measurements: 3 in Seguel, (Frebel et al.
2014); 2 in UMa II, (Frebel et al. 2010); 3 in BootesI,
(Norris et al. 2010; Gilmore et al. 2013; Frebel et al.
2016); 3 in Ret II; (Ji et al. 2016¢; Roederer et al. 2016);
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6 in Tuc II, (Ji et al. 2016b; Chiti et al. 2018a, 2023); 2
in Car II (Ji et al. 2020a); 1 in Car III (Ji et al. 2020a);
and 1 in Tuc V (Hansen et al. 2024). 13 (8) of these
22 stars are carbon-enhanced with [C/Fe] > 0.7 (> 1.0),
which is higher than but consistent with the stellar halo
fraction, as shown in Ji et al. (2020a). We note that
every one of these UFDs other than Pic II has at least
one carbon-enhanced star at [Fe/H] < —3, but with one
star in Pic II it would be premature to conclude that
Pic IT does not contain any carbon-enhanced stars (e.g.,
Koch et al. 2008; Gilmore et al. 2013; Ishigaki et al. 2014;
Jiet al. 2016b, 2019, 2020a; Chiti et al. 2023; Waller et al.
2023; Webber et al. 2023; Hansen et al. 2024).

The a-elements (magnesium, silicon, calcium, tita-
nium) in this Pic IT star have super-solar ratios, similar
to stars in all UFDs other than Hor I. Nagasawa et al.
(2018) found three stars in that system with [«/Fe] ~ 0.
As Hor 1 is very likely associated with the LMC (Ko-
posov et al. 2015b), those authors hypothesized that the
low a-element abundances could be an indication of as-
sociation with the LMC, possibly due to an overall lower
star formation efficiency for galaxies forming near the
LMC instead of the MW. However, both Car II (Ji et al.
2020a) and Ret IT (Ji et al. 2016¢; Roederer et al. 2016),
two other LMC UFDs, do not show this trend. Pic II
provides additional evidence against that hypothesis, as
it is also clearly associated with the LMC but contains a
star with enhanced [a/Fe| ratios. However, this Pic II
star has [Fe/H] = —3.3, significantly lower than the
[Fe/H] ~ —2.6 stars studied so far in Hor I. This low-
[Fe/H] star does not probe the late-time chemical evolu-
tion of the system, and so cannot really test the hypoth-
esis that star formation efficiencies are different for LMC
satellites. Unfortunately, we currently have no a-element
constraints in Pic II stars of higher [Fe/H].

Ratios of different a-elements provide some constraint
on the progenitor mass of a core-collapse supernova (e.g.,
McWilliam et al. 2013; Carlin et al. 2018; Ji et al. 2020a).

In particular, the yield of hydrostatically synthesized el-
ements like Mg increases significantly with progenitor
mass, while explosively synthesized elements like Ca are
less affected by progenitor mass. The detailed relation
between [Mg/Ca] and progenitor mass is not straight-
forward, as Ca yields are affected by the SN explosion,
but higher [Mg/Cal ratios correspond to higher progeni-
tor masses on average (e.g., Heger & Woosley 2010). We
measure [Mg/Ca] = 0.51 £ 0.14 in this star, a high ratio
that suggests this Fe-poor star is predominantly (or per-
haps only) enriched by relatively massive core-collapse
supernovae. Non-LTE corrections corrections'” for this
star result in small increases in Mg (0.04 — 0.07 dex, Os-
orio et al. 2015; Bergemann et al. 2017) and moderate
increases in Ca (0.25 — 0.28 dex, Mashonkina et al. 2007,
2016), so the [Mg/Cal] ratio is 0.2 dex lower but still sig-
nificantly enhanced.

Ji et al. (2020a) explored the evolution of [Mg/Cal
versus [Fe/H] for the UFD population and while most
UFDs do not show a trend with [Fe/H], two LMC satel-
lites (Car II and Ret II), show a declining trend with
increasing [Fe/H]. The lowest metallicity star in Car III
also has high [Mg/Ca] but there are only two stars in
Car III with chemical abundance measurements. This
trend and its difference from other non-LMC UFDs could
be evidence for environmental effects in the chemical evo-
lution of a UFD (see Section 4.3.3 of Ji et al. 2020a).
However, Hansen et al. (2024) recently showed that Tu-
cana V, which does not appear to be associated with the
LMC, also exhibits a similar [Mg/Ca] trend as the Mag-
ellanic satellites identified by Ji et al. (2020a). The star
formation histories of LMC UFDs suggest they formed
later (Sacchi et al. 2021; Simon et al. 2023; Durbin et al.
2025). While we cannot determine how [Mg/Ca] evolves
with [Fe/H] in Pic II, the high value of [Mg/Ca] = 0.51

17 Online correction tools at https://spectrum.inasan.ru/
nLTE/ for Ca, https://www.inspect-stars.com for Mg, and https:
//nlte.mpia.de for both.
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Abohalima & Frebel 2018) and other UFD stars (colored points). Right: Normalized MIKE spectra of the target star around the CH
bands, Mg b triplet, a Sc line, and a Ba line. For CH and Sc, the synthesized fit shown as a red line, with 20 abundance errors shaded.
For Ba, a dashed red line shows the 50 upper limit. The literature references are listed in Appendix B

at [Fe/H] = —3.3 suggests Pic II may follow the trend
observed in other LMC UFDs.

The main other element of note is scandium. We mea-
sured [Sc/Fe] = 0.59 + 0.18 from 7 different lines, an
unusually high value compared to other UFDs and halo
stars at similar [Fe/H]. We fit synthetic spectra including
hyperfine splitting for all Sc lines, the line-to-line abun-
dance scatter is low, and variations due to stellar pa-
rameters are included in the uncertainty. We also verify
that our analysis method reproduces the Sc abundance of
several other UFD and standard halo stars to within 0.1
dex. The somewhat high Sc abundance in this star is thus
real and significant, at least in 1D LTE (3D and NLTE
effects for ScII have not been investigated in metal-poor

red giant stars, Bergemann & Nordlander 2014). The
interpretation of high Sc is somewhat unclear, as stan-
dard models of core-collapse supernovae tend to under-
produce Sc (see discussion in Nomoto et al. 2013; Curtis
et al. 2019). Two ways of increasing Sc production in-
clude the vp-process (Frohlich et al. 2006) or high-energy
hypernova (Nomoto et al. 2006), but the other elements
available in our Pic II star do not constrain these pro-
cesses. We note that Zn tends to be produced with Sc
in these models, but our spectrum provides only a weak
30 (50) limit of [Zn/Fe] < +1.03 (+1.30). Overall, it
seems that there could be substantial [Sc/Fe] variation
across different UFDs (e.g., Ji et al. 2020a; Chiti et al.
2023), which may point to interesting variations in the
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first supernova explosions.

4.4. Astrophysical J-factor and D-factor

The MW UFDs are among the most promising tar-
gets for searches of the products of dark matter annihi-
lation or decay as they are nearby, highly dark matter-
dominated, and nearly background free (e.g., Ackermann
et al. 2015; Geringer-Sameth et al. 2015b; McDaniel et al.
2024; Circiello et al. 2025). While some individual UFDs
are excellent targets on their own, new UFDs are also
useful in stacked joint analyses to boost any signal or
exclusion limits (e.g., Ackermann et al. 2011; Geringer-
Sameth & Koushiappas 2011) and we analyze Pic IT here
for future dark matter indirect detection studies.

The astrophysical component of the annihilation or de-
cay flux is known as the J-factor or D-factor, respectively.
The J-factor is the integral of the dark matter density
squared over the line-of-sight: J(0) = [ p?,,dQdl. The
D-factor is the linear analog: D(0) = [ ppnmdQdi. Here,
ppM is the dark matter density profile and the integral
is performed over the solid angle, AQ2, and along the
line-of-sight, . The standard procedure in MW dwarf
spheroidal galaxies to determine ppy is to fit line-of-sight
stellar kinematic data with dynamical mass models com-
puted from the spherical Jeans equations'® (e.g., Strigari
et al. 2008; Bonnivard et al. 2015; Pace & Strigari 2019).

We follow Pace & Strigari (2019) for our J-factor anal-
ysis and briefly summarize the procedure. For the spher-
ical Jeans modeling, we assume the stellar density pro-
file follows a Plummer distribution (Plummer 1911), the
dark matter profile is an NFW halo (Navarro et al. 1996),
and the stellar anisotropy is constant with radius. We
account for observational errors in the structural param-
eters and compare the line-of-sight velocity dispersion
from Jeans equations solutions to observed stellar kine-
matics with an unbinned likelihood (Martinez et al. 2011;
Geringer-Sameth et al. 2015a). For the J- and D-factor
calculation, the extent of the DM halo is required. We
use the tidal radius computed at the orbital pericenter
with respect to the LMC as it is smaller than the MW
tidal radius. We fix 7 = 0.4 kpc (or r; =0°51) following
the discussion in Section 4.2. We note that few J-factor
measurements in the literature have computed the tidal
radius at the orbital pericenter as many measurements
predate Gaia proper motion measurements.

We measure the J-factor to be:
logy (J/GeV? cm™®) = 18157023, 18.33:£0.53,18.48 &
0.55 for solid angles of # = 0°1,0°2,0°5 (the J-factor does
not increase beyond the tidal radius of 0°51). Similarly,
the D-factor we measure is: logyy (D/GeV em™2) =
17.02 £ 0.28,17.457039 17.867035 for solid angles of
0 = 0°1, 0°2, 0°5 (r; = 0.4 kpc). The J-factor we mea-
sure matches the dynamical J-factor scaling relations
introduced in Pace & Strigari (2019), however, it does
not match the predictions of the luminosity based scal-
ing relations (the prediction is log;, (J(0.5°)) = 18.9).
If the tidal radius is decreased to r; = 0.3 kpc (or
ry =0°38), the J-factor and D-factor at smaller angles
only slightly decrease whereas the maximum angle
decreases to logy, (J/GeVZiem™) = 18.4270-5% and

18 Although other dynamical mass models have been used (e.g.,
Hayashi et al. 2016; Evans et al. 2016).

logyo (D/GeV em™2) = 17.667(5; for a solid angle of
0 = 0°38. The impact and decrease in the J-factor
will be larger for smaller values of the tidal radius.
We note that the D-factor is impacted more than the
J-factor with smaller tidal radii. Pic II is a good target
for dark matter annihilation searches as the J-factor is
fairly large (there are 15 MW dwarf galaxies larger in
Figure 11 in Heiger et al. 2024) and it will be a useful
addition in stacked analysis.

5. SUMMARY

We have presented the first stellar spectroscopy of the
UFD candidate Pic II. Our results are summarized as
follows:

e Using DELVE DR3 and the ugali package, we
have updated the morphological parameters with
data approximately 1 magnitude deeper than the
discovery analysis. Our updated results find Pic 11
to be slightly smaller (R;/; ~ 32 pc) and fainter
(My ~ —2.6) than previous measurements.

e We obtained 4 epochs of Magellan/IMACS medium
resolution stellar spectroscopy and identified 13 ra-
dial velocity members. We determined the sys-
temic heliocentric velocity of Pic II to be vpe =
326.94 1.1 km s~! and resolve the velocity disper-
sion to be ¢, = 3.57 8 km s~

e We measured both spectroscopic and photometric
stellar metallicities ([Fe/H]) with Calcium Triplet
equivalent widths and CaHK photometry and find
good agreement. From spectroscopic [Fe/H], we

found [Fe/H] = —2.99 £ 0.06 for Pic II but are not
able to resolve the metallicity dispersion (o(pe/m) <

0.18; 95% credible level).

o We determined detailed chemical abundances of 13
elements with a high resolution spectrum of the
brightest Pic II star with Magellan/MIKE. No-
tably, the star is extremely metal-poor ([Fe/H]|=
—3.3), enhanced in « elements, and deficient in
neutron-capture elements, similar to the abun-
dances in other UFDs. However, this star has an
unusually high [Sc/Fe] ratio.

e The dynamical mass-to-light ratio (~ 760), size,
and low neutron-capture elements confirm that
Pic II is a dark matter-dominated UFD galaxy.

e We computed the orbit of Pic II in a combined
MW and LMC potential and found that Pic II
is bound to the LMC in 91% of modeled or-
bits and likely entered the MW system with the
LMC. The orbital parameters with respect to the
LMC are rperi, LMC = 7.81'?3 kpce and 7apo, LMC =
29.97%7 kpc. Pic IT is the 7th UFD confirmed to
be associated with the LMC based on its measured
phase space and orbital analysis. Pic II is likely
still bound to the LMC today.

e We computed the dark matter properties of Pic II
in the context of dark matter indirect detection
studies and measured the predicted annihilation
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and decay flux. Pic II has a fairly typical J-factor
of logy, J(0°5) = 18.50 & 0.55 and will be a useful
target in future searches.

The Legacy Survey of Space and Time (Ivezi¢ et al.
2019) at the upcoming Vera C. Rubin Observatory will
find many more UFDs and potentially more LMC as-
sociated systems (e.g., Tsiane et al. 2025). Identifying
LMC associated UFDs will enable the study of UFDs
that formed in a lower density environment. Stellar spec-
troscopic follow-up of UFD candidates is key to clas-
sify and confirm these systems and to determine their
kinematics, orbital properties, metallicity distributions,
and dark matter properties. The next generation of in-
struments (e.g., VLT/MOONS!'Y VIA%®| Subaru Prime
Focus Spectrograph?!), ongoing and upcoming surveys
(e.g., DESI, 4AMOST), and the next generation of 30 m-
class telescopes will be key to characterize the distant
UFDs that will be found with Legacy Survey of Space
and Time, Euclid, and the Nancy Grace Roman Space
Telescope.
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SOFTWARE

astropy (Astropy Collaboration et al. 2013, 2018),
matplotlib (Hunter 2007), NumPy (Walt et al. 2011),
iPython (Pérez & Granger 2007), SciPy (Virtanen
et al. 2020) corner.py (Foreman-Mackey 2016), emcee
(Foreman-Mackey et al. 2013), gala (Price-Whelan
2017), galpy?? (Bovy 2015), CarPy (Kelson 2003),
MOOG (Sneden 1973; Sobeck et al. 2011) SMH (Casey
2014) pandas (pandas development team 2020), seaborn
(Waskom et al. 2016), pocoMC (Karamanis et al.

2022b,a), NOIRLab IRAF (Tody 1986, 1993; Fitzpatrick
et al. 2024)

DATA AVAILABILITY

DELVE DR3 photometry will be released in an up-
coming data release (Drlica-Wagner in prep.) and the
MAGIC photometry with be contained in the first pub-
lic data release (Chiti et al. in prep). Our Magel-
lan/IMACS member catalog is in Table 3 while the full
catalog is in the following zenodo repository: https:
//doi.org/10.5281/zenodo.15706700.
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The chemical abundance references of the UFD stars
in Figure 9 are as follows: Bootes I (Gilmore et al. 2013;
Frebel et al. 2016; Waller et al. 2023), Bodtes II (Ji et al.
2016d), Canes Venatici II (Frangois et al. 2016), Carina
IT and IIT (Ji et al. 2020b), Cetus II (Webber et al.
2023), Grus I (Ji et al. 2019), Grus II (Hansen et al.
2020), Coma Berenices and Ursa Major II (Frebel et al.
2010), Hercules (Koch et al. 2008; Frangois et al. 2016),
Horologium I (Nagasawa et al. 2018), Leo IV (Simon
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2018), Reticulum II (Ji et al. 2016a,c) Segue 1 (Frebel
et al. 2014), Segue 2 (Roederer & Kirby 2014), Triangu-
lum IT (Venn et al. 2017; Kirby et al. 2017; Ji et al. 2019),
Tucana IT (Chiti et al. 2018a, 2023), Tucana III (Hansen
et al. 2017; Marshall et al. 2019), Tucana V (Hansen et al.
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