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Context for this talk
“Placing the Milky Way in a cosmological context for dark matter physics”

Dwarf galaxies are important astrophysical probes for dark matter! 

Observations & Theories - Satellite galaxies (of the Milky Way)
  Dark Matter Physics from the Tiniest Galaxies - Risa Wechsler
  The big power of small haloes to reveal dark-matter interactions - Annika Peter

Simulations - Faint dwarf galaxies 
  Can we constrain dark matter at the limits of galaxy formation? - Ferah Munshi 
  Understanding Dwarf Galaxies in order to Understand Dark Matter - Alyson Brooks 
  
Substructures in other contexts (clusters, lensing, indirect detection) 
  Trouble in CDM? New clues from substructure in cluster-lenses - Priyamvada Natarajan 
  The search of dark satellites with gamma rays - Miguel Sánchez-Conde

Properties of Milky Way’s dark matter halo (direct detection)
  Dark Matter-electron scattering in the Gaia era -  Manuel Buen Abad Najar
  Astrophysical Uncertainties in DM-electron Scattering  & How to Deal with Them 
        - Anna Maria Taki

Zoom-in N-body 
simulations of MW halos

YYM+2015

Observed satellite 
galaxies of the Milky Way
Image by M. S. Pawlowski

Host Halo

Substructures

Milky Way 
(Central) Galaxy

Satellite 
Galaxies
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Photo credit: Reidar Hahn, Fermilab

Milky Way satellite galaxies are close to home.

Large and Small Magellanic* Clouds Milky Way Galaxy 

Blanco Telescope 
in Chile

* They were discovered and recorded in 
books by indigenous people from South 
America, Africa, and Western Asia long 
before Magellan noticed them in 1519! 3
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Satellite Systems around Milky Way analogs
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Local Group

Local Volume
< 20 Mpc The SAGA Survey

25 – 40 Mpc

SDSS (Main Galaxy Sample)
Up to ~200 Mpc

MW
~60 sat.

M31
~25 sat.

e.g., Carlsten+2020
TRBG/SBF

~ 5 satellites per hosts

e.g., Sales+2013: r < 17.77; ~ 1 sat. per host

Geha, Wechsler, YYM+2017, YYM+2021
Redshift survey r < 20.75
(stellar mass 106–9 M

☉
)

~ 3 satellites per host

e.g., 
Drlica-Wagner+2020
McConnachie+2012
and MANY more!
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The SAGA Survey
Exploring Satellites Around Galactic Analogs

Projected Full Sky Map
Fig. 1, YYM+2021 

A galaxy redshift survey to measure distance for 
satellite galaxies around 100 Milky Way-like galaxies.

The SAGA Team
Marla Geha (Yale), Yao-Yuan Mao (Rutgers), Risa Wechsler (Stanford), 
Nitya Kallivayalil (UVa), Ethan Nadler (Stanford), Erik Tollerud (STScI), 
Ben Weiner (Arizona)

sagasurvey.org

YYM+ 2021 ApJ
arXiv:2008.12783
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The SAGA Survey in a Nutshell

~ 2,500 / sq. deg.

SAGA Stage I

~ 1,000 / sq. deg.

SAGA Stage II

~ 200 / sq. deg. ~ 4 / sq. deg.

Photometric catalogs
(DES/LS/SDSS)

AAT/2dF
MMT/Hectospec

Palomar/DBSP

Spectroscopically
Confirmed Satellites
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The SAGA: Census of satellites in 36 Milky Way-like systems

Fig. C1, YYM+2021 7
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127 SAGA Satellites

127 SAGA satellites discovered so far!
Fig. 10, YYM+2021 8
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The SAGA Survey: Satellite Luminosity Functions

MW

0 and 9 satellites per SAGA host
MW LF consistent with being drawn from SAGA LFs

30% of systems host > 1 LMC-mass satellites

Fig. 12, YYM+2021 
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Number of satellites 
brighter than certain 

luminosity (magnitude)

← Bright

Why does this plot look like a rainbow?
The satellites retain information of the 
underlying dark substructures, whose mass 
function amplitude is correlated with host 
halo properties (e.g., mass, formation time).

For people with color vision deficiency:
You may see a non-monotonic, but still 
graduate change in color, where the 
gradient aligns with the change in the 
satellite luminosity function amplitude. 

https://twitter.com/hashtag/DarkSectorRainbow
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SAGA satellites: testing dark matter models
Led by Ethan Nadler (Stanford → Carnegie-USC Fellow; also a participant!)
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(large-scale structures)

Satellite model constrained 
by MW satellites

Nadler, …, YYM+ (DES) 2020

Satellite Model constrained by Milky Way satellites 

SAGA data consistent with LCDM + 
MW satellite model

Steps are observation; bands/curved lines 
from model. 

Examples of 6 individual SAGA 
satellite systems

Deriving constraints 
on minimal halo mass

See Risa Wechsler’s talk & 
Ethan Nadler’s work
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The SAGA Survey: Plane of Satellites?

A potential test of CDM.

189 pairs over 36 systems. 
No signature of co-rotating satellite 
plane in SAGA systems yet (still noisier 
than SDSS).

Hint of excess when satellites are on the 
same side?

Fig. 15, YYM+2021 Fig. 1, Phillips+2015

Opening angle definition:
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The SAGA Survey: Towards 100 “Milky Ways”

SAGA Observational Goal:
Characterize the satellite populations down to Mr = −12.3 around 100 Milky Way-mass galaxies.

Stage I: Build complete sample of a few MW analogs using simple & conservative cuts.

Stage II: Use data from Stage I to design an efficient targeting strategy.

Stage III: Efficiently measure satellite LF for 100 MW analog to Mr = −12.3.

Stage I
Geha et al. (2017)

8 hosts
27 satellites

14 newly discovered
(12,000 redshifts)

Stage II
YYM et al. (2021)

36 hosts
127 satellites

69 newly discovered
(25,000 redshifts)

Stage III
(Expected in 2022)

~100 hosts
~300 satellites

~150 newly discovered
(~50,000 redshifts)
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sagasurvey.org

YYM+ 2021 ApJ
arXiv:2008.12783
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Beyond SAGA - Mapping out very low-redshift universe

A pilot program: using spare fibers in 
Southern Stellar Stream Spectroscopic 
Survey (S5, s5collab.github.io) to target 
very low-redshift isolated galaxies. 
→ compare star formation with satellites
[with Ting Li, Marla Geha]

Using deep learning on SAGA data, we 
can efficiently select likely low-z objects 
for a DESI secondary target program.
[With Elise Darragh-Ford, John Wu, Joshua Peek, and 
SAGA Team]

These data will enable an advance 
photometric redshift algorithm that 
targets galaxies within z < 0.03 to be 
applied to Rubin LSST data!
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Fig. 3, YYM+2021 

SAGA provides an unprecedented data set for 
very low-redshift galaxies ( z < 0.03 ), more 
than doubled previously exist redshifts. 

https://twitter.com/hashtag/DarkSectorRainbow
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Dark Matter Working Group in LSST DESC
Co-led its formation with Alex Drlica-Wagner, Keith Bechtol. Co-lead with Annika Peter.

5 main “astrophysical probes” of dark matter

1. Measuring the minimum halo mass to test light thermal relics and other dark matter models that 
suppress halo formation

2. Measuring halo profiles and shapes to test if they have been altered by dark matter microphysics

3. Identifying compact objects (e.g., primordial black holes) which might make up some fraction of the 
dark matter

4. Using large-scale structure to explore dark matter and dark sector physics

5. Probing anomalous energy losses in stars: dark matter that couples to the standard model may 
change the thermodynamics of stars, altering their internal structure, evolution, and lifetime

Astrophysical constraints on dark matter *AND* particle experiments are both essential
as they must connect to tell the full story.
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Interactive diagrams - lsstdarkmatter.github.io/dark-matter-graph
White paper - arXiv:1902.01055
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Summary 
Faint dwarf galaxies, can (and should) be used to study the nature of dark 
matter →  Complement other astrophysical probes *and* particle searches. 

As many theoretical developments / simulations are often based on Milky 
Way satellite systems and Milky Way dark matter halo, it is critical to 
compare the Milky Way system with other similar systems.

The SAGA Survey provides a census of nearby Milky Way-like satellite 
systems, putting our own Milky Way system in a cosmological context.

SAGA Survey Stage II results find that Milky Way satellite number is 
consistent with SAGA systems, and find no signature of satellite planes 
yet (signal still noisier than SDSS). 

SAGA Stage II satellite public available at sagasurvey.org/#data-sets 

Data from SAGA Survey will enable us to map out the very low-redshift 
universe with ongoing and upcoming surveys (S5, DESI, Rubin LSST), 
allowing us to further utilize faint dwarf galaxies in dark matter study.
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