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Understanding our Universe through low 
mass galaxies

- “Satellites of satellites”

- Star formation histories

- Structure of the smallest satellites and 
comparison to simulations

- Beyond the LG: is the Milky Way 
satellite system typical?



M31: 23 dwarf galaxy targets
244 orbits

Two HST Treasury Programs

Milky Way: 30 dwarf galaxy targets
164 orbits

Co-PIs: Nitya Kallivayalil
& Andrew Wetzel

Co-PIs: Dan Weisz, 
Nitya Kallivayalil & 
Andrew Wetzel

SFHs: Savino et al. 2023; 
2024


Proper motions: HubPUG 
(Warfield et al. 2023)



Satellites of satellites
Patel, NK et al. 2020, NK et al. 2018
see also Jethwa et al. 2016, Sales et al. 2017, Erkal & Belokurov 2019, 
Battaglia et al. 2022, Correa Magnus & Vasiliev 2022; Vasiliev 2024 
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Pace et al. 2022



The Infalling LMC system

NK, Sales et al. 2018



Figure 6. Galactocentric velocity in VX, VY, and VZ (km s−1) vs. Galactocentric distance (kpc) for the observed dwarfs vs. LMCa debris from the simulation, for nine
dwarfs of interest (labeled in each right-hand side panel) sorted by galactic latitude. Gray dots represent the LMCa DMz particles located within 5 deg2 of the position
of the dwarf. Red dashed lines correspond to the observed radial distance of each dwarf together with the ±20% range used to average the predictions in Table 3. The
observed velocities are indicated with blue square symbols. Hyi1, Car3, Car2, and Hor1 are likely associated to the LMC (red labels) whereas Gru1, Tuc2, and Ret2
are currently disfavored. Hya2 and Dra2 cannot be ruled out and deserved further analysis (see the text for more details).
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Patel et al. 2020LMC satellites: Car 2, Car 3, Hor 1, Hyi 1, Phx 2, Ret 2 



Satellites of LMC Analogs 11

Figure 5. Cumulative z = 0 count of satellite galaxies above a given stellar mass within one virial radius of the host. (Left) The satellite
stellar mass functions of LMC-mass hosts in FIRE (colored) and the real LMC (dark grey). Shaded regions show the 1� variance
from over the last ⇠1.3 Gyr. Confirmed LMC satellites are named in red and shown as star markers, while possible LMC satellites are
cumulative with the confirmed population and shown as triangles. ‘Confirmed LMC assoc.’ refers to dwarf galaxies with full proper motion
measurements which have angular momenta in agreement with the LMC infall direction, while those labeled ‘possible’ have incomplete
proper motion data, but existing data is consistent. The teal dotted line is the expected satellite mass function of an LMC-mass host as
predicted by semi-analytic modelling in Sales et al. (2013), which uses the model in Guo et al. (2011). All error bars are Poisson noise.
(Right) The solid grey line represents all satellite galaxies of the MW, while the dashed grey line represents the same satellites of the
MW minus the confirmed satellites of the LMC, which are shown in the left panel and listed in Table 1. This shows what the in-situ
satellite population of the MW was prior to the infall of the LMC and its associated companions. The purple shaded region represents
the range of satellite mass functions of these MW-mass hosts in FIRE, with thin lines representing each individual host, and thick line
indicating the average number of luminous satellites at each mass. The yellow vertical shaded region on the left represent the ultrafaint
mass scale.

confirmed satellites of the LMC (by S17 and K18) include
Car2, Car3, Hor1, Hyd1 and the SMC. No label means that
a given galaxy is unlikely to be associated with the LMC
given the current data. Galaxies confirmed by our calcula-
tions using Gaia DR2 are labelled ‘this work’.

4.2 Simulated LMC Satellite Populations

With new observational context to the number of dwarf
galaxies consistent with co-evolution and co-infall with the
LMC, we can examine these results in a cosmological con-
text. We provide this context by analyzing the satellite pop-
ulation of ⇤CDM cosmological zoom-in simulations of iso-
lated LMC-mass hosts. The left panel in Fig. 5 shows the
stellar mass function of LMC satellites in FIRE (colored lines
refer to the same simulations as previous figures, with the
dashed lines representing an extrapolation to M⇤ ⇠ 104 M�
for the runs with resolution mbary = 7070 M�). In dark gray
we show the observed stellar mass function of LMC satellties
inferred from the kinematics of MW dwarfs from Gaia DR2
data, using starred symbols for the confirmed associations
(SMC, Carina, Fornax, Hyd1, Car2, Hor1, and Car3) and in
triangles including all ‘possible’ associations to the LMC, as
determined by S17 and K18.

We find an overall good agreement between the inferred
satellite population of the LMC and our simulated analogs.
Our simulations predict between 1 and 5 classical satellites

of the LMC, in agreement with the observational estimate
of 3 for the LMC (SMC, Carina, and Fornax). There is an
interesting mass dependence on the ability to predict rela-
tively massive satellites for an LMC-like host. Only the two
highest mass FIRE hosts (m11d with M200m=2.8⇥1011 M�,
and m11v with M200m=2.9⇥1011 M�) are able to reproduce
the high-mass end of the LMC’s satellite mass function, in
very close agreement with the halo mass estimates of the
LMC (⇠3⇥1011 M�) from other methods based on abun-
dance matching (Behroozi et al. 2013b; Moster et al. 2013)
and circular velocity measurements (van der Marel & Kalli-
vayalil 2014). The remaining three centrals with halo mass
⇠ 1.5⇥1011 M�, tend to have lower mass companions than
the SMC. On the other hand, all runs have at least one
satellite within a factor of two the stellar mass of Fornax,
supporting its association to the LMC as suggested by the
newly released Gaia kinematics.

One should keep in mind that the LMC-SMC associa-
tion itself is rather unusual. Previous work on LMC-SMC
selected pairs have showed them to be rare, though not im-
possible (Boylan-Kolchin et al. 2011a; Stierwalt et al. 2015).
For example, Besla et al. (2018) used Illustris and SDSS to
predict that the number of companions with M⇤⇠ 2⇥108 M�
per LMC-mass dwarf is roughly 0.02 once projection e↵ects
have been taken into account. It is unclear how this figure
changes with host mass, but following our results on the
trend with virial mass, the likelihood of such a companion

MNRAS 000, 1–16 (2019)

Consistent with LCDM?

Jahn et al. 2019
See also Sales et al. 2013; Dooley et al. 2017; 
Munshi et al. 2019; Pardy et al. 2020; Santos-
Santos et al. 2021

Where are the classical dSphs 
associated with LMC infall? 

Pardy et al 2020 make a case for 
Carina and Fornax 

Vasiliev 2024 makes a case if 
LMC is on second infall 

Group infall: Li & Helmi 2008, D’Onghia & Lake 
2008; Guo et al. 2011; Wetzel et al. 2015

LMC streams: Shipp et al. 2025; Riley et al. 2025
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Fig. 8.— Left: Orbital pericenter with respect to the MW versus average density with the half-light radius for the MW (blue points),
LMC (gold points), and Pic II (red point). The LMC and blue points are primarily from Pace et al. (2022) but there are new literature
measurements (this includes both updated dynamical measurements and new orbital measurements). The solid black line is the twice the
average MW density and this line denotes where the tidal radius at pericenter will be smaller or larger than the half-light radius and the
dotted lines are 10 and 100 times this value. Right: Orbital pericenter with respect to the LMC versus average density with the half-light
radius for Pic II and other LMC UFDs. The solid line is twice the average LMC density and the dotted lines are 10 and 100 times this
value.

higher [Fe/H].809

Ratios of di!erent ω-elements provide some constraint810

on the progenitor mass of a core-collapse supernova811

(McWilliam et al. 2013; Carlin et al. 2018). In particular,812

the yield of hydrostatically synthesized elements like Mg813

increases significantly with progenitor mass, while explo-814

sively synthesized elements like Ca are less a!ected by815

progenitor mass. The detailed relation between [Mg/Ca]816

and progenitor mass is not straightforward, as Ca yields817

are a!ected by the SN explosion, but higher [Mg/Ca] ra-818

tios correspond to higher progenitor masses on average819

(e.g., Heger & Woosley 2010). We measure [Mg/Ca] =820

0.51 ± 0.14 in this star, a high ratio that suggests this821

Fe-poor star is predominantly (or perhaps only) enriched822

by relatively massive core-collapse supernovae.823

The main other element of note is scandium. We mea-824

sured [Sc/Fe] = 0.59 ± 0.18 from 7 di!erent lines, an825

unusually high value compared to other UFDs and halo826

stars at similar [Fe/H]. We fit synthetic spectra including827

hyperfine splitting for all Sc lines, the line-to-line abun-828

dance scatter is low, and variations due to stellar pa-829

rameters are included in the uncertainty. We also verify830

that our analysis method reproduces the Sc abundance of831

several other UFD and standard halo stars to within 0.1832

dex. The somewhat high Sc abundance in this star is thus833

real and significant, at least in 1D LTE (3D and NLTE834

e!ects for Sc II have not been investigated in metal-poor835

red giant stars, Bergemann & Nordlander 2014). The836

interpretation of high Sc is somewhat unclear, as stan-837

dard models of core-collapse supernovae tend to under-838

produce Sc (see discussion in Nomoto et al. 2013; Curtis839

et al. 2019). Two ways of increasing Sc production in-840

clude the εp-process (Fröhlich et al. 2006) or high-energy841

hypernova (Nomoto et al. 2006), but the other elements842

available in our Pic II star do not constrain these pro-843

cesses. We note that Zn tends to be produced with Sc in844

these models, but our spectrum provides only a weak 3ϑ845

(5ϑ) limit of [Zn/Fe] < +1.03 (+1.3).846

4.4. Dark Matter Properties847

The MW UFDs are among the most promising tar-848

gets for searches of the products of dark matter annihi-849

lation or decay as they are nearby, highly dark matter-850

dominated, and nearly background free (e.g., Ackermann851

et al. 2015; Geringer-Sameth et al. 2015a; McDaniel et al.852

2024; Circiello et al. 2025). While some individual UFDs853

are excellent targets on their own, new UFDs are also854

useful in stacked joint analyses to boost any signal or855

exclusion limits (e.g., Ackermann et al. 2011; Geringer-856

Sameth & Koushiappas 2011) and we analyze Pic II here857

for future dark matter indirect detection studies.858

The astrophysical component of the annihilation or de-859

cay flux is known as the J-factor or D-factor, respectively.860

The J-factor is the integral of the dark matter density861

squared over the line-of-sight: J(ϖ) =
∫

ϱ
2

DM
d”dl. The862

D-factor is the linear analog: D(ϖ) =
∫

ϱDMd”dl. Here,863

ϱDM is the dark matter density profile and the integral864

is performed over the solid angle, #”, and along the865

line-of-sight, l. The standard procedure in dSph galax-866

ies to determine ϱDM is to fit line-of-sight stellar kine-867

matic data with dynamical mass models computed from868

the spherical Jeans equations18 (e.g., Strigari et al. 2008;869

Bonnivard et al. 2015; Pace & Strigari 2019).870

We follow Pace & Strigari (2019) for our J-factor anal-871

ysis and briefly summarize the procedure. For the spher-872

ical Jeans modeling, we assume the stellar density pro-873

file follows a Plummer distribution (Plummer 1911), the874

dark matter profile is an NFW halo (Navarro et al. 1996),875

and the stellar anisotropy is constant with radius. We876

account for observational errors in the structural param-877

eters and compare the line-of-sight velocity dispersion878

from Jeans equations solutions to observed stellar kine-879

matics with an unbinned likelihood (Martinez et al. 2011;880

Geringer-Sameth et al. 2015b). For the J- and D-factor881

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

Pace et al. in prep. 

c.f. Shipp et al. 2025; Riley et al. 2025

Solid black line is twice the MW/LMC average density.

Tidal disruption in LMC satellites?



Star Formation Histories
Satellites in groups versus not
Sacchi, E, Richstein, H et al. 2021, ApJL, 920, L19 (arXiv:2108.04271) 
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Sacchi, Richstein, Kallivayalil et al. 2021, ApJL
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Sacchi, Richstein, Kallivayalil et al. 2021, ApJL

CMF

MC Satellites non-MC Satellites

Brown et al. 2014; Weisz et al. 2014
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Sacchi, Richstein, Kallivayalil et al. 2021, ApJL

CMF

MC Satellites non-MC Satellites

This may arise from “patchy” reionization that varied with individual 
environments of ultra-faints at the time, such as their proximity to their 
host galaxy and its intensity of UV photon emission (Kim et al. 2023; see 
also Aubert et al. 2018; Sorce et al. 2022)



Structural analysis and 
comparison to simulations
Satellite size
Richstein, H; Kallivayalil, N et al. 2024
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Figure 8. Absolute V -band magnitude, MV , versus azimuthally-averaged half-light radius, rh. The dashed light and dark gray
diagonal lines represent constant surface brightness values of 28 and 30 mag arcsec�2, respectively. The dash-dotted horizontal
light gray line marks MV  �7.7, often used as the delineation between classical and ultra-faint dwarfs (Simon 2019). Classical
dwarfs (black inverted triangles) are labelled. Measurements of classical dwarfs, UFDs (black squares), and ambiguous satellites
(open diamonds) are shown as black markers with error bars. LMC-associated satellites are additionally marked with a black
square frame. Globular and “ultra-faint” clusters are shown as gray points and x’s, respectively. All other markers are from
simulations and colored by their baryonic particle mass resolution, except for the TNG points, which have a mass resolution
⇠ 104M�. If di↵erent environments were used within the same simulation grouping, we have marked the di↵erence using black
outlines. Simulated points using alternative DM models are shown as open symbols. The Macciò et al. (2019) WDM galaxies
are connected to their corresponding CDM galaxies with coral dashed lines. Advances in simulations have led many groups to
be able to generate galaxy analogs in and around the observed UFD space. Full references for the data are given in Appendix
B, and references for the simulations are in Table 3.

overall consequence on the bulk of the current UFD size
distribution.
Interestingly, in a study of the extended stellar pop-

ulations of UFDs (i.e., member stars beyond four times
rh), Tau et al. (2024) found that at least 10 satellites
with external populations had a wide range of magni-
tude and pericenter distances. This too suggests that
interactions with the MW are not what dominates the
distribution of UFD stars that we observe today.
Despite the overlap of simulations with the brighter

UFDs, most simulations are unable to produce analogs
of the most compact observed UFDs (rh ⇠ 30 pc; e.g.,
Revaz 2023). Rather, they are creating UFDs with half-
light radii up to an order of magnitude larger than ob-
served. Revaz (2023) speculates that this could be due
to resolution limits, spurious numerical heating, or im-
proper feedback prescriptions, although the widespread

nature of the pattern suggests there is no singular fac-
tor. In their own work using DM-only simulations, Re-
vaz (2023) found that mini-halo mergers played a large
role in the expansion of the simulated UFD sizes.
Conversely, it could be said that simulations are pro-

ducing galaxies that are more di↵use than currently
known observationally. This disparity can be revisited
as new observatories come online and we expand our
knowledge of the low surface-brightness universe. Dis-
coveries of larger, low surface-brightness UFDs could re-
solve the current discrepancy.
The simulations whose data we show in Figure 8 have

a wide range of mass resolutions and distinct imple-
mentations of subgrid physics, which are necessary to
form galaxies in a cosmological simulation, as the range
of scales (e.g., individual supernovae to Mpc-sized vol-
umes) would be too computationally expensive other-

Richstein, NK et al. 2022; 2024
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3.5. Metallicity Dispersion509

We apply the same likelihood analysis to determine510

the mean metallicity and metallicity dispersion of Pic II511

assuming that the metallicity distribution of Pic II is a512

Normal distribution (with a Je!reys prior for the metal-513

licity dispersion). From the nine RGB members with514

good quality CaT measurements, we obtain [Fe/H] =515

→2.99±0.06 and ω[Fe/H] < 0.18 (95% credible level). Us-516

ing a linear prior instead for the metallicity dispersion,517

we find ω[Fe/H] < 0.27 (95% credible level).518

To verify our results, we apply the same analysis to519

the photometric Ca H&K metallicity. There are ten520

RGB spectroscopic members with good quality metallic-521

ity measurements and we determine the metallicity dis-522

tribution to be [Fe/H] = →2.98± 0.10 and ω[Fe/H] < 0.35523

(95% credible level). The [Fe/H] measurements with524

both spectroscopic CaT and photometric Ca H&K agree525

and find that Pic II is a very metal-poor system with a526

small (unresolved) metallicity dispersion.527

The brightest member star in Pic II has a CaT metal-528

licity of [Fe/H] = →3.08 ± 0.08 and is further ob-529

served with high-resolution spectroscopy discussed in530

Section 2.2.531

3.6. Systemic Proper Motion532

As shown in Figure 1, all 12 spectroscopic members533

with Gaia astrometry cluster nicely around (µωε, µϑ) ↑534

(1, 1) mas yr→1. From the 11 members with good535

quality Gaia astrometry, we calculate the systemic536

proper motion of Pic II to be µω cos ε = 1.18 ±537

0.05 mas yr→1 and µϑ = 1.16 ± 0.05 mas yr→1 with538

the likelihood in Pace & Li (2019). Our measurement539

agrees with literature Gaia DR3 proper motion mea-540

surements (McConnachie & Venn 2020; Pace et al. 2022;541

Battaglia et al. 2022). We note that one member13 is542

just outside our selection for good quality astrometry543

(astrometric excess noise sig= 2.2). While this star544

is excluded for our default measurement, including or545

excluding this star does not a!ect our systemic proper546

motion results.547

4. DISCUSSION548

4.1. The Nature of Pic II549

Based on its size and luminosity, Pic II was considered550

an ultra-faint dwarf galaxy candidate in the discovery551

analysis (Drlica-Wagner et al. 2016). Following the def-552

inition of a galaxy from Willman & Strader (2012, i.e.,553

the presence of a dark matter halo), our spectroscopic554

follow-up of Pic II and measurement of the large dy-555

namical mass-to-light ratio (↑ 700) confirms the dwarf556

galaxy classification. While a dynamical classification is557

the most straightforward, as the resolved dispersion is558

dependent on the membership and velocity of 2 stars in559

the 13 star member sample, it is worth exploring the560

other classification criteria.561

A metallicity spread is indirect evidence for a presence562

of a dark matter halo massive enough to retain super-563

nova ejecta to enable self-enrichment of a galaxy. The564

metallicity dispersion is not resolved with either CaT or565

Ca H&K [Fe/H] and this classification method is incon-566

clusive for Pic II. The mean metallicity of Pic II is more567

13 Gaia DR3 source id=5480248011928003968
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is similar to other UFDs and Pic II is a dark matter-dominated
dwarf galaxy.

metal-poor ([Fe/H]↑ →3) than any intact MW globu-568

lar cluster (Harris 1996) and is well below the globular569

cluster metallicity floor at [Fe/H]↑ →2.5 (e.g., Beasley570

et al. 2019). While there are some disrupting globular571

clusters below the metallicity floor ( e.g., Phoenix and572

C-19; Wan et al. 2020; Martin et al. 2022) as well as a573

M31 globular cluster (Larsen et al. 2020), the MW lacks574

any intact systems below this value. The updated size of575

Pic II (r1/2 ↑ 32 pc) with DELVE DR3 photometry re-576

mains larger than the typical globular cluster (typically577

r1/2 ↭ 5 pc but there are some GCs with r1/2 ↑ 5→20 pc;578

Baumgardt & Hilker 2018) and it is located in the dwarf579

galaxy locus in the size-luminosity plane (see Figure 3).580

Another defining characteristic of UFDs is their low581

neutron-capture element abundances from their ine”-582

cient star formation14 (e.g., Koch et al. 2008; Frebel &583

14 Although there are some exceptions: Reticulum II, (Ji et al.

Pictor II: Stellar Kinematics and Chemical Abundances 9
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Fig. 5.— Absolute V-band magnitude vs metallicity ([Fe/H], top
panel) or metallicity dispersion (ω[Fe/H], 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.

Norris 2015; Ji et al. 2019, 2020). Triangulum II and584

Grus I are examples of galaxies with unresolved or barely585

resolved velocity/metallicity dispersions, but whose low586

neutron-capture element content suggests they are (or587

once were) ultra-faint dwarf galaxies (Kirby et al. 2017;588

Venn et al. 2017; Ji et al. 2019). In contrast, all known589

globular clusters have moderately super-solar neutron-590

capture element abundances (e.g., Pritzl et al. 2005).591

Lastly, we compare the properties of Pic II with the592

MW and LMC UFD population. In general, Pic II has593

properties similar to the bulk MW+LMC UFD popula-594

tion. As we show in the next section, Pic II is highly595

likely to be associated with the LMC and should be con-596

sidered part of the LMC population for LMC and MW597

UFD comparisons (§ 4.2). Figure 3 compares the size598

and luminosity of the MW satellites and includes both599

2016a; Roederer et al. 2016); Tucana III, (Hansen et al. 2017; Mar-
shall et al. 2019)), and Grus II (Hansen et al. 2020).

UFDs and MW GCs. We note that at fixed MV , the600

LMC UFDs are smaller on average than MW UFDs but601

there may be selection e!ects as the LMC and many of its602

satellites are at lower Galactic latitude with higher stellar603

background. In a more detailed statistical analysis Rich-604

stein et al. (2024) did not find any di!erences between605

the LMC and MW in the size-luminosity plane. Fig-606

ure 4 shows the absolute V-band magnitude versus the607

dynamical mass-to-light ratio. Pic II follows the trend608

that lower luminosity UFDs have larger dynamical mass-609

to-light ratios.610

Figure 5 shows the absolute V-band magnitude ver-611

sus the metallicity and metallicity dispersion. Pic II is612

among the most metal-poor UFD known and is roughly613

0.12 dex more metal-poor than Eridanus IV (Heiger et al.614

2024), the previous most metal-poor UFD from spectro-615

scopic measurements15. Interestingly, the LMC satellites616

are more metal-poor compared to MW satellites with617

the caveat that the metallicity measurements come from618

an inhomogeneous sample. Our metallicity distribution619

measurements do not resolve a metallicity dispersion for620

Pic II.621

In summary, based on its size, low metallicity, mass-to-622

light ratio, and chemical abundances, we conclude Pic II623

is an ultra-faint dwarf galaxy and has properties similar624

to the UFD population.625

4.2. Orbit and Connection to the Magellanic Clouds626

With a distance of → 12 kpc from the LMC, Drlica-627

Wagner et al. (2016) suggested that Pic II was likely628

accreted with the LMC and gravitationally bound to the629

LMC. With the 3D motions measured in this work, we630

compute the relative 3D velocity between the LMC and631

Pic II to be 166.0+14.9
→15.8 km s→1 and an association is632

possible given the low relative velocity.633

To verify a potential association, we compute the orbit634

of Pic II in a combined MW and LMC potential. We635

follow the methods of Erkal & Belokurov (2020) which636

treats the MW and LMC as individual particles that637

source their respective potentials and are able to move638

in response to each other. This technique accounts for639

the MW reflex motion with respect to the infall of the640

LMC (Gómez et al. 2015) and it includes the e!ect of641

dynamical friction of the Milky Way on the LMC calcu-642

lated with the prescription in Jethwa et al. (2016). For643

the MW potential, we use the McMillan (2017) poten-644

tial, which includes an NFW halo, a stellar bulge, and645

four disks (thin, thick, HI, and H2). To account for un-646

certainties in the MW potential, we sample over the pos-647

terior chains from the McMillan (2017) analysis. For the648

LMC potential, we use a Hernquist profile with a to-649

tal mass of 1.38 ± 0.255 ↑ 1011 M↑ (from Erkal et al.650

2019) and a scale radius chosen to match the enclosed651

mass of 1.7 ↑ 1010 M↑ at 8.7 kpc from van der Marel &652

Kallivayalil (2014). In addition to Monte Carlo sampling653

over the LMC mass measurement, we sample over the654

observed phase space uncertainties including the radial655

velocity (van der Marel et al. 2002), the proper motion656

(Kallivayalil et al. 2013), and the distance (Pietrzyński657

et al. 2019). The orbit of Pic II is rewound for 5 Gyr658

15 We note that Canes Venatici II and Hydra II have photometric
Ca H&K metallicities are that more metal-poor or around the same
metallicity (Fu et al. 2023).

Pace et al. in prep. 
Richstein et al. 2024
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than −2, thus preventing Σ(R) from having infinite mass outside
the observed radii. In addition, we force f� 0 so that potential and
observation are physically consistent. All in all, the fits have nine
free parameters (eight ai plus rsp), which is much smaller than the
207 observed points in Figure 1. The posterior was explored with
32 walkers and 6000 samples—none of the results reported below
depend on these exact values.

The algorithm passed a number of sanity checks with
systems where the DM distribution is known, namely, GCs and
simulated dwarf galaxies. In addition, back-of-the-envelope

estimates assure the stars in UDFs to be collisionless, as
required by EIM.

4. Results

The DF fitting algorithm in Section 3 was applied to the
stellar surface density data of Richstein et al. (2024) rescaled as
in Figure 1. Thus, we consider the observed profile to represent
a spherically symmetric galaxy and assume its velocities to be
isotropic, assumptions critically inspected in Section 5. The

Figure 2. (a) Fits to the data in Figure 1 using f (ò) as free parameter and assuming the galaxies to reside in a Schuster–Plummer gravitational potential. The best fit is
shown as a solid red line. The fits forced to have f � 0 are shown as colored solid lines, where the color code represents the innermost slope ( Sd d Rlog log when
R→ 0) as indicated in the color bar. (b) f (ò) corresponding to the fits in (a) and using the same color code. Note that the best unconstrained fit yields f � 0 everywhere.

Figure 3. Same as Figure 2 but assuming the galaxies to reside in a NFW potential. The color code is the same as that employed in Figure 2. Note that the best fit
requires an unphysical f < 0 (the red solid line in panel (b)) and that the fits forced to have f � 0, contrarily to the observation, present quite negative inner slopes ω
(the coloring is green–yellow rather than orange–red).
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The Milky Way in Context

25 - 40.75 Mpc     DR3: Yao et al. 2024; Geha et al. 2024; Wang et al. 2024



SAGA DR3 includes 378 satellites 
identified across 101 MW-mass 

systems. The number of confirmed 
satellites per system ranges from 0 to 

13.

Satellite numbers

Mao et al. 2024



Is it Quenched?

We define whether a given SAGA 
satellite is 'star-forming' or 
'quenched' based on combined 
criteria in H-alpha and NUV-based 
star-formation rates.

Star forming Quenched

The Milky Way’s quenched fraction 
is more extreme than SAGA

Star forming properties of the satellites

Geha et al. 2024



Take Aways

• The Universe is in fact self-similar.


• UFDs are promising probes of the epoch of reionization.


• UFDs are simple systems, with their baryonic processes basically complete by 
high redshift. Their sizes and metallicities are hard to replicate in simulations, 
but may hold the key to constraining dark matter.


• Further perhaps it’s interesting for this community to think about modeling their 
stellar distributions.


• The MW and its satellite system are both typical and atypical in intriguing ways. 
The details of the MW’s accretion history may hold clues to the explanation.



A new confirmed LMC satellite: Pictoris II

Discovered in the MagLiteS survey (PI: Bechtol) at only ~ 11 kpc from LMC (Drlica-Wagner et al. 
2016).

Pace et al. in prep: Magellan/MIKE; Magellan/IMACS; DELVE (PI: Drlica-Wagner); and MAGIC (PI: Ani Chiti)
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Fig. 1.— Chemo-dynamic properties of the Pic II spectroscopic sample. Pic II members are shown in blue squares while non-members
with a velocity near Pic II are in green triangles (|vhel → vPic II| < 30 km s→1) and the remainder of the non-members are in orange circles.
Upper-left: spatial position of the sample relative to the center of Pic II. Dotted ellipses correspond to 1,2,3 ↑Rh. Upper-middle:
DELVE DR2 color-magnitude diagram (g-r vs g). We include an old, metal-poor red-giant branch isochrone (age = 12.5 Gyr; Z=0.0001)
from Dotter et al. (2008) and the blue-horizontal branch track of the old, metal-poor globular cluster M92 scaled to the distance of Pic II.
Upper-right: Projected radius (R) vs heliocentric velocity (vhel). Lower-left: Vector point diagram (µωε vs µϑ). 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 II distance modulus and only Pic II members will have the correct absolute
magnitude. Regardless, there is a clear di!erence in the equivalent width between Pic II members and MW/LMC foreground stars. Lower-
right: metallicity-sensitive color-color diagram with MAGIC Ca H& K photometry. Lines of constant [Fe/H] with log g = 2 are overlaid.

is not surprising to see the LMC foreground have some379

overlap. We note that LMC stars have been found in380

the foreground of other dwarf galaxies including Carina381

(Muñoz et al. 2006) and Carina II (Li et al. 2018a).382

Our final membership selection also considers metal-383

licity, derived both from the spectroscopic CaT equiva-384

lent width and the Ca H&K photometry, and the loca-385

tion on an old, metal-poor isochrone (Dotter et al. 2008,386

age=12.5 Gyr and Z=0.0001). The lower-middle panel387

of Figure 1 compares the absolute V-band magnitude388

with the spectroscopic CaT equivalent width. Overlaid389

are lines of constant [Fe/H] from Carrera et al. (2013).390

The spectroscopic members have much lower equivalent391

widths than the background stars. We present a color-392

color diagram in CaHK →g→0.9(g→ i) vs. g→ i space in393

the lower-right hand panel of Figure 1, which has been394

established to define axes where metal-poor and metal-395

rich stars separate from each other (e.g., Keller et al.396

2007; Starkenburg et al. 2017; Chiti et al. 2020; Huang397

et al. 2022). As expected, we find that our spectroscopic398

members of Pic II appear more metal-poor than Milky399

Way halo stars in this plot, adding confidence to their400

membership. For completeness, we note that the g, i401

photometry in this metallicity-sensitive color-color plot402

is from DELVE DR2, and that iso-metallicity contours403

from a grid of Turbospectrum-generated synthetic spec-404

tra at log g = 2 dex are overplotted (Chiti et al. 2020;405

Barbosa et al. 2025). Of non-members within 30 km s→1
406

of the Pic II velocity, most are clear astrometric non-407

members and/or have metallicity (either EW or Ca H&K408

colors) that is much larger than Pic II10. In total, we409

identify 13 Pic II members, which includes two horizon-410

tal branch stars.411

To quantitatively asses membership, we compute the412

membership score (Tolstoy et al. 2023). The membership413

score is e!ectively a 3-ω selection around the systemic414

properties with either proper motion and parallax, Z3,415

10 There is only one star (ID=10286300169398) that has velocity
and proper motion that is consistent with Pic II membership. The
photometric Ca H&K and IMACS CaT both suggest [Fe/H]↓ →1.5
which is 1.5 dex larger than Pic II and we do not consider this star
a Pic II member. This star is likely an LMC member.
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overlap. We note that LMC stars have been found in380

the foreground of other dwarf galaxies including Carina381

(Muñoz et al. 2006) and Carina II (Li et al. 2018a).382

Our final membership selection also considers metal-383

licity, derived both from the spectroscopic CaT equiva-384

lent width and the Ca H&K photometry, and the loca-385

tion on an old, metal-poor isochrone (Dotter et al. 2008,386

age=12.5 Gyr and Z=0.0001). The lower-middle panel387

of Figure 1 compares the absolute V-band magnitude388

with the spectroscopic CaT equivalent width. Overlaid389

are lines of constant [Fe/H] from Carrera et al. (2013).390

The spectroscopic members have much lower equivalent391

widths than the background stars. We present a color-392

color diagram in CaHK →g→0.9(g→ i) vs. g→ i space in393

the lower-right hand panel of Figure 1, which has been394

established to define axes where metal-poor and metal-395

rich stars separate from each other (e.g., Keller et al.396

2007; Starkenburg et al. 2017; Chiti et al. 2020; Huang397

et al. 2022). As expected, we find that our spectroscopic398

members of Pic II appear more metal-poor than Milky399

Way halo stars in this plot, adding confidence to their400

membership. For completeness, we note that the g, i401

photometry in this metallicity-sensitive color-color plot402

is from DELVE DR2, and that iso-metallicity contours403

from a grid of Turbospectrum-generated synthetic spec-404

tra at log g = 2 dex are overplotted (Chiti et al. 2020;405

Barbosa et al. 2025). Of non-members within 30 km s→1
406

of the Pic II velocity, most are clear astrometric non-407

members and/or have metallicity (either EW or Ca H&K408

colors) that is much larger than Pic II10. In total, we409

identify 13 Pic II members, which includes two horizon-410

tal branch stars.411

To quantitatively asses membership, we compute the412

membership score (Tolstoy et al. 2023). The membership413

score is e!ectively a 3-ω selection around the systemic414

properties with either proper motion and parallax, Z3,415

10 There is only one star (ID=10286300169398) that has velocity
and proper motion that is consistent with Pic II membership. The
photometric Ca H&K and IMACS CaT both suggest [Fe/H]↓ →1.5
which is 1.5 dex larger than Pic II and we do not consider this star
a Pic II member. This star is likely an LMC member.
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Fig. 6.— Example orbits of Pic II and other LMC associated UFDs relative to the LMC and MW. Left: Lookback time versus relative
distance to the LMC. Right: Galactocentric coordinates (y vs z) relative to the current MW center.

Fig. 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). UFDs of interest are labeled including: Pic II (red diamond), other confirmed LMC satellites (red
symbols), Tucana IV (green diamond; MW UFD with a strong interaction LMC interaction; Simon et al. 2020), and Sagittarius II (MW
satellite). The other remaining MW UFDs in Pace et al. (2022) are labeled with blue points. The black line is the LMC escape velocity
curve with MLMC = 1.38 → 1011 M→.

or until the LMC passed its apocenter in the MW and659

LMC potential. For more details see Erkal & Belokurov660

(2020).661

We use our new Pic II phase space measurements (Ta-662

ble 1 and Section 3) sampled over the observational un-663

certainties to compute the orbit of Pic II in the presence664

of the MW and LMC. In Figure 6, we show example or-665

bits of Pic II and LMC UFDs with respect to the LMC666

and MW in both lookback time and spatial location. We667

find the pericenter and apocenter of Pic II are → 39 kpc668

and → 219 kpc with respect to the MW and are → 8 kpc669

and → 30 kpc with respect to the LMC. D’Souza & Bell670

(2022) find that the most recent pericenter and apocenter671

can be reliably determined during backwards integration672

but previous pericenters or apocenters are more unreli-673

able. Since we do not account for the evolution of the674

Milky Way or the LMC potentials, we compute the peri-675

center and apocenter here at their global minimum and676

maximum with respect to the MW or LMC.677

We estimate the probability of Pic II being an LMC678

satellite by computing its energy relative to the LMC 5679

Gyr ago (at the end of integration) following Erkal &680

Belokurov (2020) to determine whether they were ener-681

getically bound. If the LMC reaches the apocenter before682

5 Gyr, we stop the rewinding and compute the energy at683

that time. With this definition, we compute that Pic II684

has a 91% association probability with the LMC16. We685

note that Correa Magnus & Vasiliev (2022) computed686

orbits of Pic II in a LMC and MW potential but varied687

the line-of-sight velocity between -200 to 800 km s→1 and688

16 Patel et al. (2020) present an alternative LMC probability
that is determined on whether the satellite was within the escape
velocity of the LMC at its most recent approach to the LMC and
we find similar results with this definition.

Pace et al. in prep., orbit modeling by Alexandra Senkevich with methods from Erkal & Belokurov (2020)

A new confirmed LMC satellite: Pictoris II


