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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?



JWST Resolved Stellar Populations ERS Program

PI: Dan Weisz, co-leads: Boyer, Correnti, Geha, Kallivayalil, McQuinn, Sandstrom

JWST resolves individual stars at larger distances, to fainter luminosities, in more 
crowded areas, and in regions of higher extinction:

Cioni et al. 2011



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)



A bit of history…

• NK et al. (2006) measured PMs of 
LMC/SMC from HST measurements 
with a 2-year baseline.

• Besla, NK et al. (2007) suggested that 
LMC is on first infall.

• This picture seems to be holding up 
(NK et al. 2013) and with Gaia: Helmi 
et al. 2018, Luri et al. 2021, Jimenez-
Arranz et al. 2023, Vasiliev 2024
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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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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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Velocities and Distances
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Patel et al. 2020



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

Where are the classical dSphs 
associated with LMC infall? 

Pardy et al 2019 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



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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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



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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Stellar distributions of UFDs favor cores
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The Milky Way in Context

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



THE SAGA SURVEY. III. 3

Local Group

Distance

Local Volume
< 20 Mpc

The SAGA Survey
25 – 40 Mpc

SDSS
Up to ~200 Mpc

MW
~60 sat.

M31
~25 sat.

~10 satellites per system
~30 systems

e.g., ELVES (Carlsten+2022) 
& other single-system surveys

~ 1 satellite per system
e.g., Sales+2013

SAGA Survey (this work)
~4 satellites per system

~100 systems

e.g., 
Drlica-Wagner+2020
McConnachie+2012

Figure 1. A schematic overview of the SAGA Survey in relation to other surveys of MW-mass satellite systems. Each gray circle represents
a satellite system, and the colored points represent the satellites that are observable with current observational capacity. As the cosmological
distance increases from left to right, the volume and the number of systems increase, but the depth and the number of satellites that can be
surveyed in each system decrease. The SAGA Survey fills in the regime where we can survey hundreds of MW-mass satellite systems and still
obtain a sizable satellite population per system. The distances and sizes shown are not to scale.

both the satellite sample and an overall redshift catalog. We
then present the main science results in Section 5, including
the stellar mass functions (SMFs), quenched fraction, radial
distributions, satellite abundance, and co-rotating signals. In
Section 6, we discuss the MW satellite system in the context
of the SAGA results, considerations for comparing SAGA re-
sults with simulations, and planned follow-up work. Readers
who are familiar with previous SAGA work or want to navi-
gate the main results of this paper quickly can read Section 7,
the summary section, first.

As in Paper I and Paper II, all distance-dependent parame-
ters are calculated assuming H0 = 70 km s-1 Mpc-1 and ⌦M =
0.27. Magnitudes and colors are extinction-corrected (de-
noted with a subscript ‘o,’ e.g., ro; using a combination of
data from Schlegel et al. 1998 and Schlafly & Finkbeiner
2011; see Section 2.3). Absolute magnitudes are k-corrected
to z = 0 using the formulas from Chilingarian et al. (2010).

2. THE SAGA SURVEY

2.1. Overview of the SAGA Survey Design

The primary goal of the SAGA Survey1 is to character-
ize the satellite galaxy populations around more than 100
Milky Way-mass galaxies down to an absolute magnitude of

1 sagasurvey.org

Mr,o = -12.3. As of this data release, we have completed
the survey for 101 systems. To balance depth and volume,
the SAGA Survey focuses on the regime slightly outside the
Local Volume, selecting systems from 25 to 40.75 Mpc, as
shown in Figure 1. The survey depth in apparent magni-
tude is roughly ro < 20.7. The primary galaxies in these sys-
tems are selected by stellar masses and environments, which
we detail in Section 2.2. We then identify potential satellite
galaxy candidates based on photometric information, using
the photometric catalogs from DESI Legacy Imaging Sur-
veys DR9 (Section 2.3, Section 2.5). We obtain redshifts
for the candidates, including redshifts from existing litera-
ture, but mostly with new observations (Section 3), to con-
firm whether the candidates have comparable redshifts as the
primary galaxies.

2.2. SAGA Host Selection and SAGA Footprint

The selection of the SAGA MW analogs (“hosts”) remains
the same as described in Section 2.1 of Paper II. We briefly
summarize the selection criteria here and refer the readers
to Paper II for details. Our selection is primarily based on
distance, K-band luminosity, and local environment. The se-
lection criteria are

Stellar Mass: - 23 > MK > -24.6; (1a)
Stellar Foreground: |b|� 25�; (1b)

Mao 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



Takeaways
• The universe is in fact self-similar. 

• Ultra-faint galaxies: promising to test dark matter models, but we 
need to understand the baryonic physics.

• UFDs promising probes of epoch of reionization and stellar feedback.

• The Milky Way and its satellite system are both typical and atypical in 
intriguing ways. The details of the MW’s merger history may hold 
clues to the explanation.
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Galaxy Evolution and COsmology Initiative at UVa



Local Volume Database

QR code to website/GitHub 
https://github.com/apace7/local_volume_database Pace 2024  (arxiv 2411.07424)
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Catalog/database of dwarf galaxies and star clusters in the Local Volume. Complete for dwarf galaxies with D < 3.5 Mpc (updated 
McConnachie 2012 catalog). Includes updated MW globular cluster catalogs, ambiguous faint and compact MW systems, and globular 
clusters in dwarf galaxies. Tables are available on the GitHub and community contributions/updates are welcome.

Galactic coordinates of all dwarf galaxies in the LVDB, with point size 
proportional to the stellar mass and color based on the heliocentric distance. 




