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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?

Crnojevic & Mutlu-Pakdil 2021

Me3k1M,

Pe@agus =

M*., =4 X 10 "MQ i :

- WLM

~ 200 p¢
. Phoenix

2% 10° My ol

o.' Pt ',. -.; ':'4.’.....;:... ;




Two HST Treasury Programs

Milky Way: 30 dwarf galaxy targets

164 orbits

Co-PIs: Nitya Kallivayalil
& Andrew Wetzel
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Co-PlIs: Dan Weisz,
Nitya Kallivayalil &
Andrew Wetzel
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SFHs: Savino et al. 2023;
2024

Proper motions: HUbPUG
(Warfield et al. 2023)
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Satell |tes of sateilltes o it

Patel NK et aI zozo NK et aI 2018 A f*— _' T ST 4

L

see also Jethwa et al. 2016 Sales et aI 2017 Erkal & Belokurov 2019 Pace et aI 2022
Battaglla et aI 2022 Correa I\/Iagnus & VaS|I|ev 2022 Vasnllev 2024
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The Infalling LMC system

75°

100 150 200 250 300 350 400 450
rao [kpc]

50

NK, Sales et al. 2018



Velocities and Distances

Galactocentric velocity [km/s]

200

-200

NK, Sales et al. 2018



Fornax Sculptor
Carina Draco

UrsaMinor LMC sats

t=3.5 Gyr ago

200 . .

100 . o
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~100

~200 .

200
o100
—200 —j00 ’ 100 \y@&

Y [kpc] 100 599 200 h

LMC satellites: Car 2, Car 3, Hor 1, Hyi 1, Phx 2, Ret 2 Patel et al. 2020



30

Nsat = Mstar

201

ultra-faints

H

Sales 2013

5, B
< 0 0 Ao

SRRE

possible LMC assoc.
confirmed LMC assoc. :

T T TS T T A

Mstar / M O]

1010

Consistent with LCDM?

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

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

LMC streams: Shipp et al. 2025; Riley et al. 2025

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



Tidal disruption in LMC satellites”?

101
Tperi, MW (kpe) Foeri, LMC (Kpe)

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

Pace et al. in prep.

c.f. Shipp et al. 2025; Riley et al. 2025
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Satellltesm groups versus not R R
Sacchi, E, R|Chste|n H et aI 2021 ApJL 2 0,119
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Horologium 1
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MC Satellites non-MC Satellites

redshift (z) redshift (z)
1
—
i
I
y | e Hydra 2
== Horologium 1 : - Sagittarius 2
0.2 — Pho.enlx 2 oo Nl | Triangulum 2
== Reticulum 2 ! = Tucana 2
— MC mean ' = = MC mean
- == non-MC mean ‘ — non-MC mean
0.0 | : 0.0 :
13 12 i fa | 10 9 8 13 i [, 13 10 9 8
Lookback time [Gyr] Lookback time [Gyr]

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



MC Satellites

redshift (z)

0.0

13 2 1 i3 | 10
Lookback time [Gyr]

Sacchi, Richstein, Kallivayalil et al. 2021, ApJL

non-MC Satellites

redshift (z)
1 12 6 3 2 1
1.0 —
S — oy N g i iy
0.8
0.6
0.4
wee - Hydra 2
Horologium 1 - Sagittarius 2
Phoenix 2 Triangulum 2
Reticulum 2 =z w Tucana 2
MC mean = == MC mean
non-MC mean — Nnon-MC mean
0.0
9 8 13 ]2 i | 10 9 8

Lookback time [Gyr]

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
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Baryonic Mass Resolution (M)
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OBSERVED

Ultra-Faint Cluster
Globular Cluster
Classical Dwarf
Ultra-Faint Dwarf
Ambiguous Sat.

OmA

CDM

DC Justice League
EDGE

FIRE-2 + CDM
FIRE-2, Jahn 2022
GEAR

Jeon, 2017-21
LYRA

Maccio CDM, 2017-19
Maccio 2017, Sat.

Marvel-ous Dwarfs
TNG (CDM)

> t@n 00

SIDM

FIRE-2 + SIDM
TNG (ETHOS/SIDM)

WDM

FIRE-2 + WDM
Y7 Maccié WDM, 2019

Richstein, NK et al. 2022:; 2024



Sizes and Metallicities:

MW
Ambiguous
GC

LMC

Pic I1 Old
Pic II New

2.5 “ 'y *
109 101 102 10°

Pace et al. in prep.
Richstein et al. 2024
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Stellar distributions of UFDs favor cores

2(R)/2(0)

Innermost Slope w
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Sanchez Almeida et al. 2024




“The Milky Way in Context

‘THE SAGA SURVEY

. - _ 3 — A .

EXPLORING SATELLITES AROUND GALACTIC ANALOGS

DATA RELEASE 3

25 -40.75Mpc DRa3: Yao et al. 2024; Geha et al. 2024; Wang et al. 2024
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Star forming Quenched

O Optical Fiber

Star forming properties of the satellites

O Optical Fiber

\
1.0 -
o _ ® SAGA Corrected @
ﬁ O - SAGA Confirmed ©
08—_ I Ly hosts =
d SAGA Host-to-Host (16)
- MW Satellites ¥
s
O UV Apert O UV Apert 5 0.6-
ﬁ -
FO -
QO
% .
= 0.4
C:S’ 8 0
N | N et
024 N N I
s it Quenched? INE
We define whether a given SAGA 11 g b L G £ (R S _ o 4
satellite is 'star-forming’ or 7.0 7.5 8.0 8.5 9.0 9.5
'‘quenched' based on combined ek tbelcl
criteria in H-alpha and NUV-based The Milky Way’s quenched fraction
star-formation rates. IS more extreme than SAGA

Geha et al. 2024



Take Away_s’

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. Theiksizes and metallicities are hard to replicate in simulations,
but may hold the to constraining dark matter.

Further perhap$ interesting for this community to think about mbde’ling thelr

-~ 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 Il

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

H~ O

YEW CaT (A)

0.0 25 50 75 100 125
R (arcmin)

Pace et al. in prep: Magellan/MIKE; Magellan/IMACS; DELVE (PI: Drlica-Wagner); and MAGIC (PI: Ani Chiti)



A new confirmed LMC satellite: Pictoris |

50
Pic II
0 Car Il
Car III
Hor 1
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Pace et al. in prep., orbit modeling by Alexandra Senkevich with methods from Erkal & Belokurov (2020)



