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The Dark Universe: (Lost) Keys to New Physics

Standard Model of Cosmology Standard Model of Particle Physics

? www.symmetrymagazine.org/standard-model 

http://www.symmetrymagazine.org/standard-model


↖ Bullet cluster [NASA/Chandra/Hubble & Magellan] 
⬆ Einstein Ring [NASA/Hubble]
↗ CMB map [NASA/WMAP]

➡ Supernova Cosmology Project [Knop+ ApJ 2003]

↙ Galaxy rotation curves [V. Rubin+ ApJL 1978]
↘ DES Y1 WL Mass Map [C. Chang+ MNRAS 2018]

https://commons.wikimedia.org/wiki/File:1e0657_scale.jpg


Upcoming surveys await
● Ground-based telescopes +

space missions
● Multi-wavelength sky mapper + 

gravitational waves
● Particle and astrophysical experiments

SLAC

LISA

SPHEREx



Systematics

How to find those keys? Connecting the dots!
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Outline

Dark matter distribution

● Velocity distribution function

● Substructures and halo formation

Galaxy-halo connection

● Mitigation of assembly bias for quantitative cosmology

● Comprehensive empirical models for satellite galaxies

Large-scale surveys 

● Dwarf galaxies as dark matter laboratories: precursor survey to VRO/LSST

● End-to-end simulations in the LSST Dark Energy Science Collaboration (DESC)



Dark Matter
Visualized by Ralf Kaehler (SLAC)

http://www.youtube.com/watch?v=zEEg1XkbXDo&t=22
https://www.youtube.com/watch?v=zEEg1XkbXDo


Dark matter “halo” 
Radius ~ 100 times of galaxy radius
(for Milky Way like galaxies)

Us!

To scale

Not to scale



From cosmological parameters to 
                                   mock galaxy catalogs
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Avila+YYM+2014
Lee+YYM+2014

Behroozi+YYM+2015
Wang+YYM+2016

Lehmann, YYM+ 2017
Hearin+YYM+2017

Lu, Benson, YYM+ 2017

DeRose+YYM+ 2019
McClintock+YYM+2019
Zhai+YYM+2019

Wu+YYM+2013
YYM+2015

A. Kravtsov & A. Klypin

YYM+(LSST DESC) 2018
Korytov+YYM+(LSST DESC) 2019



Direct detection of dark matter
The differential event rate of the DM-nucleon collision depends on:
1. Galactic Density
2. Galactic Velocity Distribution Function (VDF)

[YYM, Strigari, Wechsler 2013 PRL. Illustration:Greg Stewart/SLAC]

[Lewin & Smith, 1996]



What do simulations tell us?
[YYM, Strigari, Wechsler+ 2013 ApJ]

[Kuhlen+ 2013]

[Schneck+ (SuperCDMS) 2015]

Does it matter?
In 2013, yes.

Accurate VDF modeling will become 
crucial when we see direct detection 
signals and start to infer properties of 

dark matter and of the MIlky Way.



Dark substructures (“subhalos”) as dark matter probes

[Images: Bullock & Boylan-Kolchin 2017. Simulations: V. Robles, T. Kelley, and B. Bozek+]

Cold 
Dark 

Matter

Warm 
Dark 
Matter

Fewer 
subhalos

Strong lensing
[Hezaveh, Dalal, Marrone, YYM+ 2016 ApJ]

Indirect Detection
[Fermi-LAT]



The computational cost 
of a dark matter-only 
simulation is ~ N log N

Given limited resources, 
it is always a trade-off 
between:
● a higher resolution
● a larger volume

Resolution

Volume



Form earlier
Fewer substructures

Form later
More substructures

Zoom-in simulations and subhalo models

[YYM, Williamson, Wechsler 2015 ApJ]

[Wang, YYM, Zentner+ in prep.]

Substructure abundance correlates 
with halo concentration

Halo formation time correlates with 
halo concentration

[YYM, Williamson, Wechsler 2015 ApJ]



[Wang, YYM, Zentner+ in prep.]

[Fielder, YYM, Newman, Zentner+ in prep.]

[Fielder, YYM, Newman, Zentner+ in prep.]

With substructures Without substructures Only substructures

Average density profile differs! Merger events changes density profile!



Cosmology / dark matter dependence?

[DeRose, Wechsler, Tinker, Becker, YYM+ 2019 ApJ]

Aemulus Project
Emulating N-body sims

[Nadler, Banerjee, Adhikari, YYM+ 2020]

SIDM simulations



Outline

Dark matter distribution

● Velocity distribution function

● Substructures and halo formation

Galaxy-halo connection

● Mitigation of assembly bias for quantitative cosmology

● Comprehensive empirical models for satellite galaxies
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● Dwarf galaxies as dark matter laboratories: precursor survey to VRO/LSST

● End-to-end simulations in the LSST Dark Energy Science Collaboration (DESC)



ΛCDM works 
reasonably well 
in the late universe...

[Springel+ 2006]

if we know how to 
map galaxies onto 
dark structures.

DES Collaboration 
2017



Illustris Simulation of the Universe
NASA, Harvard CfA, Illustris Collaboration

http://www.youtube.com/watch?v=A23Ro3kiB1E
https://www.youtube.com/watch?v=A23Ro3kiB1E


Empirical modeling of the galaxy-halo connection

(Sub)Halo properties: 
mass, concentration, assembly history, etcGalaxy-halo connection model

Galaxy properties: 
luminosity, stellar mass, colors, sizes, etc.

A coarse-grained / zoom-out view of galaxy 
formation. Parametrized models reduce 

computational costs, and can be 
marginalized over for cosmological studies.



[Matthee+ 2016]

(Host) halo mass

Galaxy 
stellar 
mass

[Guo+ 2005]

[Zhai, Tinker+YYM+ 2019 ApJ]

Galaxy assembly bias



Constraining galaxy assembly bias

Core 
mass

How 
galaxies are 
assigned to 

halos

Dots are 
halos and 
subhalos

A new flexible “subhalo abundance matching” model
Lehmann, YYM+ 2017 ApJ

Conventional mass definition Conventional 
mass definition

Core 
mass

Fit to SDSS data



These challenges already impact our ability to study cosmology

Troxel+ (DES) 2018
Y1 Cosmology from Cosmic Shear

Distance scale (angular separation)
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Uncertainty 

(Inverse of 
constraining 

power)
Wang, YYM, Znetner, 
2019 MNRAS

Combinations of 
observables 

Villarreal, Zentner, 
YYM+ 2017 MNRAS

See also: 
YYM+ 2018 MNRAS

NFW concentration Peebles spin

Mitigation of assembly bias

Clustering
(bias)

Find better 
halo definitions

Find observables 
that provide 
strong priors



Mitigation: cross-correlation and joint analysis 

3x2pt analysis
galaxy-galaxy, galaxy-shear, shear-shear

6x2pt analysis
3x2pt + (galaxy, shear, CMB) x CMB

New observables
3pt, n-pt, cylinder stats, void stats

Images: DECaLS, NASA, Marin+2011 Pan+ 2011

Simulations are still key for 
developing mitigation plan



Applications to small-scale challenges

Images taken from Bullock & Boylan-Kolchin 2017
Simulations done by V. Robles, T. Kelley, and B. Bozek+

Missing Satellites Problem
Observed satellite count does not 
match simulated substructure counts:
too may substructures

Core-cusp Problem
Simulated halo density profile is too 
cuspy (steep) near the center

Too big to fail Problem
Observed satellites have lower circular 
velocity than their simulated 
counterparts

Tight Radial Acceleration Relation
Observed and baryonic radial 
accelerations have a very tight 
relationship



Developing a theoretical framework for 
modeling satellite-dark subhalo connection

Nadler, YYM+ 2018 ApJ



← Velocity-dependent 
self-interacting DM

High-v end is well constrained 
by clusters but much room exist 
at low-v end
[Nadler, Banerjee, Adhikari, YYM+ 2020]

Warm or Fuzzy Dark Matter →

suppressing power spectrum at 
high-k end and reduce subhalos

[Nadler+ 2019]

Nature of dark matter 
impacts macroscopic 
observations



Developing a theoretical framework for satellites

Nadler+YYM+ (DES) 2019



MW satellites → subhalo mass function constraints 

Nadler+YYM+ (DES) 2019
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What if Milky Way (or Local Group) is an outlier?

Fielder, YYM, Newman, Zentner+ 2018 MNRAS

Comparing inferred MW halo properties with simulations

NFW
concentration 

Bullock spin

Halo shape

Last major-merger time



sagasurvey.org 

With the SAGA Team, including:
Marla Geha (Yale) 

Risa Wechsler (Stanford)
Erik Tollerud (STScI)

Ben Weiner (U of Arizona)
Nitya Kallivayalil (UVa)

Ethan Nadler (Stanford)

http://sagasurvey.org/


SAGA Survey Design

Spectroscopic survey to obtain 
confirmed distance for satellites

Goal: observe ~100 MW-like systems 
between 25 to 40 Mpc.

Field of view: at 30 Mpc, a virial radius 
(300 kpc) is equivalent to ~ 1 degree.

Depth: Mr = -12 is equivalent to r = 21 at 
30 Mpc.

[Geha, Weschler, YYM+ 2017.  YYM, Geha, Weschler+, in prep. ]



SAGA science and techniques

[YYM, Geha, Weschler+, in prep. ] [The MSE Science Team+ YYM+ 1904.04907]

New dataset of very nearby dwarf galaxies
Puts MW in cosmological context

Rich astrophysics in satellite LF and demographics

Photometric selection for very low-z galaxies
Training data for photo-z calibration



Beyond SAGA - What can we do with VRO/LSST?
VRO/LSST will identify enormous nearby dwarf galaxies, and they can potentially 

constraints on the dark matter profiles with weak lensing analysis

Challenges include (1) distance measurement (2) shape noise

 Drlica-Wagner, YYM+ 2019 
arXiv:1902.01055



Probing the Nature of Dark Matter with LSST 
Co-lead with Alex Drlica-Wagner, Keith Bechtol

lsstdarkmatter.github.io/dark-matter-graph/ 
White paper: https://arxiv.org/abs/1902.01055 

https://lsstdarkmatter.github.io/dark-matter-graph/
https://arxiv.org/abs/1902.01055


Dark Matter Working Group in LSST DESC
Co-lead with Alex Drlica-Wagner, Keith Bechtol

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 are not just complementary to 
particle experiments. They are essential to each other as they must 

connect to tell the full story.



VRO/LSST will come online sooner 
than you think! 

2021 commissioning & science verification. 2023 full science operation



LSST Dark Energy Science Collaboration + YYM (in prep). Figure credit: Katrin Heitmann & DESC DC2 team

DESC Data Challenge 2 end-to-end simulation



Truth Catalog
(w/ GCR)

sims_GCRCatSimInterface

Input catalog verification & validation

Extragalactic
catalog

Strong lens
catalog

GCR = 
Generic Catalog Reader

GCR

galaxies stars sprinkled

sprinkler (in Twinkles)

CatSim OpSim

PhoSim / ImSim

DESCQA
Validation

DESCQA
Validation

On-the-fly
verification

Instance catalog
(one per visit)

DESCQA
verification

DESCQA verification

DESCQA
Validation

From discussion at CMU 2018 Meeting with DESC DC2 Team
Diagram by YYM

TC; DR: - Use truth catalog to verify/validate instance catalog. 
TC; DR: - Need to implement the components that are greyed out in this diagram.



DESCQA: DESC Quality Assurance
A framework for validating and testing mock galaxy catalogs

YYM+ (LSST DESC) 2018 ApJS

Catalog providers Catalog users



YYM+ (LSST DESC) 2018 ApJS

DESCQA: DESC Quality Assurance
Web interface for easy access / evaluation





Enabling the community: “Stack Club” in DESC





Yao-Yuan Mao
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SAGA Survey

LSST Dark matter

DC2 Challenge in 
LSST DESC

Building a community to 
connect thoery and 

observations
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distribution
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