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U.S. Particle Physics P5 Report, 2014
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Current and Near-Future Experiments
Wide-Area Imaging Spectroscopic Measurements

High Resolution Imaging

DES/DECam

Rubin (future)
Gaia

Keck Magellan

Hubble

ALMA

JWST 
(future)

JVLA

DESI

SKA  
(future)

30m Telescopes  
(future)

MSE  
(future)

SDSS/BOSS

Roman (future)



Dark Matter Candidates

10Bertone & Tait, Nature 562, 51 (2018)

https://www.nature.com/nature


Dark Matter Candidates
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https://arxiv.org/abs/1707.04591 

10-21 eV 1067 eV

https://arxiv.org/abs/1707.04591


What have we learned about dark matter 
from astrophysical observations?



• Dark matter is not baryon. Dark matter consist of 
25% of the universe — CMB, BBN 

What have we learned about dark matter 
from astrophysical observations?



ΛCDM Universe

Planck Collaboration (2016)

Example: Cosmic Microwave Background

6-parameter fit 
to the Universe

DARK MATTER
DARK ENERGY
ORDINARY MATTER

CDM — Cold, Collisionless Dark Matter



• Dark matter is not baryon. Dark matter consist of 
25% of the universe — CMB, BBN 

• Dark matter cannot be hot (i.e. sub-keV-mass) — 
Structure Formation 

What have we learned about dark matter 
from astrophysical observations?



The Large-Scale Structure of the 
Universe
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Sloan Great Wall

   SDSS

2dfGRS Springel et al. (2006)

Dark Matter 
Distribution from 
Simulations

Galaxy Distributions 
from Observations

 CDM vs HDM 
bottom-up vs  top-down 

    hierarchical vs fragmentation



Dark Matter Candidates

17Bertone & Tait, Nature 562, 51 (2018)

https://www.nature.com/nature


The Small-Scale Structure  
of Dark Matter
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Satellite galaxies in WDM 2321

Figure 3. Images of the CDM (left) and WDM (right) level 2 haloes at z = 0. Intensity indicates the line-of-sight projected square of the density and hue the
projected density-weighted velocity dispersion, ranging from blue (low velocity dispersion) to yellow (high velocity dispersion). Each box is 1.5 Mpc on a
side. Note the sharp caustics visible at large radii in the WDM image, several of which are also present, although less well defined, in the CDM case.

the mass they have at the time when they first infall into the main
halo (which is very close to the maximum mass they ever attain).
At this epoch it is relatively easy to match the largest substructures
in these three simulations as the corresponding objects have very
similar positions, velocities and masses.

The number of subhaloes that can be matched between the two
WDM simulations is much smaller than that between the corre-
sponding CDM simulations, and is also a much smaller fraction of
the total number of subhaloes identified by SUBFIND. The majority
of substructures identified in the WDM simulations form through
fragmentation of the sharply delineated filaments characteristic of
WDM simulations and do not have counterparts in the simulations
of different resolution. The same phenomenon is seen in hot dark
matter simulations and is numerical in origin, occurring along the
filaments on a scale matching the interparticle separation (Wang &
White 2007). This artificial fragmentation is apparent in Fig. 3.

We will present a detailed description of subhalo matching in
a subsequent paper but, in essence, we have found that matching
subhaloes works best when comparing the Lagrangian regions of
the initial conditions from which the subhaloes form, rather than
the subhaloes themselves. We use a sample of the particles present
in a subhalo at the epoch when it had half of the mass at infall to de-
fine the Lagrangian region from which it formed. We have devised
a quantitative measure of how well the Lagrangian regions of the
substructures overlap between the simulations of different resolu-
tion, and select as genuine only those subhaloes with strong matches
between all three resolutions. We find that these criteria identify a
sample of 15 relatively massive subhaloes with mass at infall greater
than 2 × 109 M", together with a few more subhaloes with infall
mass below 109 M". This sample of 15 subhaloes includes all of
the subhaloes with infall masses greater 109 M".

We have also found that the shapes of the Lagrangian regions
of spurious haloes in our WDM simulations are typically very as-
pherical. We have therefore devised a second measure based on

sphericity as an independent way to reject spurious haloes. All 15
of the massive subhaloes identified by the first criterion pass our
shape test, but all but one subhalo with an infall mass below 109 M"
are excluded. For the purposes of this paper we need only the 12
most massive subhaloes at infall to make comparisons with the
Milky Way satellites.

For both our WDM and CDM catalogues, we select a sample
made up of the 12 most massive subhaloes at infall found today
within 300 kpc of the main halo centre. In the Aq-AW2 simulation,
these subhaloes are resolved with between about 2 and 0.23 million
particles at their maximum mass. We use the particle nearest the
centre of the gravitational potential to define the centre of each
subhalo and hence determine the values of Vmax and rmax defined in
Section 1.

3 R ESULTS

In this section, we study the central masses of the substructures
found within 300 kpc of the centres of the CDM and WDM Milky
Way like haloes. These results are compared with the masses within
the half-light radii, inferred by Walker et al. (2009, 2010) and Wolf
et al. (2010) from kinematic measurements, for the nine bright (LV >

105 L") Milky Way dwarf spheroidal galaxies.
Following the study by Boylan-Kolchin et al. (2011), in Fig. 4

we plot the correlation between Vmax and rmax for the subhaloes
in Aq-AW2 and Aq-A2 that lie within 300 kpc of the centre of
the main halo. Only those WDM subhaloes selected using our
matching scheme are included, whereas all Aq-A2 subhaloes are
shown. The CDM subhaloes are a subset of those shown in fig. 2 of
Boylan-Kolchin et al. (2011), and show Vmax values that are typi-
cally ∼50 per cent larger than those of WDM haloes with a similar
rmax. By assuming that the mass density in the subhaloes containing
the observed dwarf spheroidals follows an NFW profile (Navarro,
Frenk & White 1996b, 1997), Boylan-Kolchin et al. (2011) found

C© 2012 The Authors, MNRAS 420, 2318–2324
Monthly Notices of the Royal Astronomical Society C© 2012 RAS

Lovell et al. (2012)

Warm Dark MatterCold Dark Matter

Simulations

e.g., Sterile Neutrino

Subhalo mass function
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(not to scale)

Segue 1 Galaxy

(not to scale)

Segue 1 Galaxy
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Milky Way Satellite Galaxy  
Discovery Timeline
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Explosion of discoveries from SDSS, DECam, 
PanSTARRS, HSC, ATLAS, Gaia, …

More distant, fainter, and more diffuse 
systems continue to be found…



Milky Way Satellite Luminosity Function
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Satellite Luminosity

Nadler et al. ApJ 893, 48 (2020)

Observed 
satellites are 
consistent 
with CDM + 

galaxy 
formation.

There is no 
missing 
satellites 
problem!
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Fit to Milky Way  
Satellite 

Census 2020

See also: Jethwa et al. 2018, 
Newton et al. 2018, Kim et al. 
2018, Applebaum et al. 2020



Galaxy-Galaxy Strong Lensing

• Flux ratio anomalies of lensed 
quasar 

• Gravitational Imaging: 
Substructure perturbations in 
lens arcs/rings

Lin et al. (2009); HST

Suyu et al.; HST



Lyman-alpha Forest Measurements
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Wavelength (Å)

QSO J1117+1311

López et al. (2016)

Distant Quasar
Hydrogen Absorption 
in Dark Matter HalosSpectrograph

z = 3.62z = 3.44z = 3.19z = 2.86z = 2.51



Warm Dark Matter Constraints

25

Constraints from: Viel et al. 2005, Viel et al. 2006, Seljak et al. 2006, Polisensky et al. 2011, Kennedy et al. 2014, Birrer 
et al. 2017, Irsic et al. 2017, Jethwa et al. 2017, Murgia et al. 2018, Vegetti et al. 2018, Ritondale et al. 2019, Gilman 

et al. 2019a,b, Hseuh et al. 2019, Palanque-Delabrouille et al. 2020 Enzi et al. 2020, Nadler et al. 2019,2021a,b

Excluded



Pushing to Lower Mass
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Dwarf 
Galaxies

No
Galaxies

Dark Matter Halo Mass (M⊙)
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completely dark 
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Springel et al. (2008)

???



Perturbations to Tidal Streams 

Erkal et al. (2017)



The Shapes of Dark Matter 
Halos
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10 M. Vogelsberger et al.

Figure 6. DM density projections of the zoom MW-like halo simulations for four different DM models. The suppression of substructure, relative to the CDM
model, is evident for the ETHOS models ETHOS-1 to ETHOS-3, which have a primordial power spectrum suppressed at small scales. The projection has a
side length and depth of 500 kpc.

times, where the density is high enough to cause at least some par-
ticle collisions during a Hubble time. We can try to quantify this
already at the resolution level that our parent simulation allows. To
do this, we measure the central or core density for all resolved main
haloes in the uniform box simulations, similar to the analysis pre-
sented in Buckley et al. (2014). The mass resolution of our uniform
box is slightly better than that of Buckley et al. (2014), and we
probe at the same time a volume which is about 3.8 times larger.
We can therefore sample a larger range of halo masses and with bet-
ter statistics. We define the central (core) density within three times
the softening length (8.7 kpc). The upper panel of Fig. 4 shows
the actual core density, while the lower panel shows the ratio with
respect to the CDM case. We take the median value of the distri-

bution within each mass bin. The plot shows the familiar scale of
density with mass at a fixed radius, with core densities that vary
from ⇠ 106 h2M�kpc

�3 for halo masses around ⇠ 1010 h�1 M�
to ⇠ 108 h2M�kpc

�3 for halo masses around ⇠ 1014 h�1 M�.
Models ETHOS-1 (red) and ETHOS-2 (blue) have a significantly
reduced core density compared to the CDM case for low mass
haloes. We note that the effect is strongest in the former than in
the latter, which points to the primordial power spectrum suppres-
sion as the main culprit since the cross section is lower for model
ETHOS-1 than for model ETHOS-2. Low-mass haloes in ETHOS-
1 are therefore less dense than in CDM, mainly because they form
later (analogous to the WDM case). Interestingly, ETHOS-3 shows
a different behaviour. Here the core density is most reduced for

MNRAS 000, 1–18 (2015)

Vogelsberger et al. (2016)

Self-Interacting Dark MatterCold Dark Matter

Simulations

e.g., Dark photon



Halo Density Profiles
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Radius from Galactic Center

Bullock & Boylan-Kolchin (2017)
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SIDM reduces central density… but so do baryons

Radius from Galactic Center
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Fitts et al. (2016)

DM Only
DM + baryons



Cross Section Constraints

• Constraints
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Kaplinghat et al. PRL 116, 041302 (2016)

Dark Matter Velocity
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The Hunt for Dark Matter
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https://github.com/lsstdarkmatter/dark-matter-paper/issues/14

https://github.com/lsstdarkmatter/dark-matter-paper/issues/14
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Use the

to learn about the

Distribution of Dark Matter

Composition of Dark Matter



Dark Matter Candidates

35Bertone & Tait, Nature 562, 51 (2018)

https://www.nature.com/nature


Primordial Black Holes
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GWTC-2 plot v1.0 
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

Primordial black 
holes have re-

emerged as a dark 
matter candidate 
after recent LIGO 

discoveries



MACHO / Primordial Black 
Holes

Carr et al. 2017



Current and Near-Future Experiments
Wide-Area Imaging Spectroscopic Measurements

High Resolution Imaging

DES/DECam

Rubin (future)
Gaia

Keck Magellan

Hubble

ALMA

JWST 
(future)

JVLA

DESI

SKA  
(future)

30m Telescopes  
(future)

MSE  
(future)

SDSS/BOSS

Roman (future)



Examples of Astrophysical Probes of Dark Matter

• Dwarf Galaxy Luminosity Function 

• Density Perturbation in Stellar Streams 

• Galaxy-Galaxy Strong Lensing 

• Galaxy Clusters for SIDM 

• Microlensing for PBH

Bias: Optical Observational Stellar Spectroscopist



Drlica-Wagner et 
al, 2019 
arXiv:1902.01055



Li et al, 2019 
arXiv:1903.03155



https://lsstdarkmatter.github.io/dark-matter-graph/network.html

https://lsstdarkmatter.github.io/dark-matter-graph/network.html


https://lsstdarkmatter.github.io/dark-matter-graph/network.html

https://lsstdarkmatter.github.io/dark-matter-graph/network.html


Summary
• Cosmic surveys probe fundamental particle 

physics of dark matter via gravity.

• Observations and simulations continue to 
improve the constraints on the dark matter 
model.

• Exciting new experiments are under 
construction!

• Next Snowmass is coming in U.S. and we 
should make sure Astrophysical Probes of 
Dark Matter will be in the next P5
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