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Composition of the Universe

Observable
Universe

Large Scale
Structure

Clusters
of Galaxies

Individual
Galaxies

Plank Collaboration (2018)
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Dark Matter
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Smaller



Dark Matter Candidates

Neutrinos

Extra-
dimensions

Modified
Gravity

Effective
Field
Theory

Emergent Simplified
Gravity 4 . Models

Macroscopic Macros Other WIMPzilla
Particle

S f-
P"';:""a' MaCHOs Superfluid int:rg'cting
s

Bertone & Tait, Nature 562, 51 (2018)



https://www.nature.com/nature

Astrophysics

Dark Matter Candidates
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Astrophysics

Astrophysical observations provides the only robust,
positive measurement of dark matter and
of dark matter candidates


https://arxiv.org/abs/1707.04591




Current and Near-Future Experiments

Area Imaging Spectroscopic Measurements

JWST
(future)

High Resolution Imaging

13 SKA
'I" ) 4 ‘ ‘.;v




Advances in Simulations

High-resolution cosmological simulations are now able to robustly

include core elements of baryonic physics at dwarf galaxy scales
(e.g., FIRE/Latte, EAGLE/APOSTLE, etc.)

Simulation

Sanderson et al. [1806.10564 |

Observation

ESA/Gaia/DPAC



The Small-Scale Structure
of Dark Matter



Distribution
of Dark
Matter

Planck TT
Planck EE
¢+ Planck ¢
SDSS DR/ LRG
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DES Y1 cosmic shear

Amount of Clustering
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Composition
of Dark
Matter
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_ CoIdDark I\Ilatter L e Warm Dark Matter

Lovell et al.(2012)

|e.g., Sterile Neutrinol

Sterile

neutrinos

11



S. Birrer

Strong Gravitational Lensing

Lovell et al. (2012)

Flux Ratios

. -
LR
»

Suyu et al.; HST

Gravitational
Imaging




Lyman-alpha Forest Measurements

Hydrogen Absorption
Spectrograph in Dark Matter Halos Distant Quasar

1 | | | 1 1 | I ) 1 | | I ) 1 | | | ) 1 | | I
20 F QSO J1117+1311 Lya
15
oF " ~
5 -
0 , I
3500 4000 4500 5000 5500

Lopez et al. (2016) Wavelength (A)
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Cumulative Number

Milky Way Satellite Galaxy
Discovery Timeline

Explosion of discoveries from SDSS, DECam,
PanSTARRS, Subaru HSC, ATLAS, Gaia, ...
More distant, fainter, and more diffuse
systems continue to be found...
2
10+ o >—* .
g e Confirmed
$ o Candidate
01— : : . , :

1920 1940 1960 1980 2000 2020

Year

15
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<. An Accurate Census of 2020
Milky Way Satellite Galaxies s
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¢ Accurate Census of “2020

v Satellite Galaxies —

e,

THE DARK
ENERCY SURVEY

The Magellanic Clouds contribute
~30% of the satellites galaxies
discovered in the Southern
Hemisphere.

Accurate modeling of the Milky
Way satellite galaxy population
must include this effect.

- Boo I_-.
fmBoo IT "

+30°

Ant Il x

0° W e ew. @\

Car I1 'Car III

ADW, Bechtol, et al. (2020)



1. Resimulate Milky Way-
like halos from large
cosmological volume.

2. Paint satellite galaxies
onto subhalos using
galaxy—halo model.
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Milky Way Satellite Luminosity Function @
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See also: Jethwa et al. 2018,
Newton et al. 2018, Kim et al.
2018, Applebaum et al. 2020
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Dark Matter Physics

Non-Linear BeClirig cits g

Power Spectrum Physics
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Warm Dark Matter Constraints

124 — Lyman-a

- MW Satellites

- (Grav. Imaging I
101 —— Flux Ratios

High-z Galaxies
Stellar Streams

Combinations

4 H ‘f*
d t 1 i‘I ;
ZI I Excluded II *} ﬁ

2001 2005 2009 2013 2017 2021

Publication Year
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, Rudakovskyi et al. 2021, Banik
et al. 2019,2021, Nadler et al. 2019,2021a,b, etc. 23

Constraint on WDM Mass (keV)




Dark Matter Physics

Non-Linear RECCIEIe EUCT S

Power Spectrum Physics
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Warm Dark Matter

Several dark matter models

suppress structure similarly
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Lovell et al. (2012)




Dark Matter Candidates

Axion-like L Sterile
Particles neutrinos

Extra-
dimensions

Sterile

Little

‘neutrinos

Effective
Field
Theory

WIMPzilla

: A Self-
Pr";:rdlal MaCHOs  Superfiuid interacting
; Bertone & Tait




Sterile Neutrino Warm Dark Matter

Sterile Neutrino WDM

MW Satellites
X-ray Bounds === SDSS + Classical
- DES + PS1

Dark matter
must be colder

Sterile Neutrino Mixing Angle
20

Interpretation of 3.5 keV line
* (Boyarsky et al. 2014)

1015 == o T
0.5 1 5 10 50 100

my [keV]
Nadler, ADW, et al. PRL, 126, 091101 (2021) '
See also: Schneider (2016), Cherry & Horiuchi (2017), Dekker et al. (2022), An et al. (2023) 26




Dark Matter Candidates

. Fuzzy | ’
Axion-like Dark Standard Sterile

Particles Matter Model v neutrinos

Extra-
dimensions

Effective

—_— Field

Gravity
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Effective
Field

Models Theory

Macroscopic Macros Other WIMPzilla
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Interacting Dark Matter

DM-Proton Scattering IDM

.24 | i .
10 { MW Satellites
] == SDSS + (Classical CMB

0

-
B
o

1

o

Spin-Independent Dark Matter-
Proton Scattering Cross Section
[em?]

Direct 4+ ,

Dark matter must putoction

Rogers et al. (2022)
Lyman-alpha

be less interacting

10-3 101 101

Nadler, ADW, et al. PRL, 126, 091101 (2021) mx [Ge\/]
See also: Nadler et al. (2019), Rogers et al. (2022)




Dark Matter Candidates

Axion-like Standard Sterile
Particles Model v neutrinos

Light
bosons

Extra-
dimensions

Effective
Field
Theory

IMPzilla

. " Self-
Pr"::rdlal MaCHOs  Superfiuid interacting
= Bertone & Tait




Fuzzy Dark Matter

The de Broglie wavelength of dark matter must be smaller
than the halos hosting ultra-faint dwarf galaxies (~1 kpc)

Ultra-light. Axion FDM

1078 i
MW Satellites

o 10-10 : — DES + PS1
= : SN1987A |
o .
= J—— 19 : X-rays
g 7 07 :
c > Dark matter must A |
2 Q) _14 1 '(_‘8 ,1’
3 ©] 10 be more massive )
ﬂ_ = /l’ y
E S0 &
9 = s
b, & AN

10 18 é /,/ Q »/,.o

o= INeal’s Talk2| .~ -
10 . . . . . . x x . . 4 A . . :
10722 10718 10714 1010 1076
mg [eV]

Nadler, ADW, et al. PRL, 126, 091101 (2021)

See also: Irsic et al. (2017), Rogers et al. (2021), Dalal & Kravtsov (2023)
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Dark Matter Halo Abundance

Pushing to Lower Mass

10°
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Dark Matter Halo Mass (Me)

Standard CDM
predicts the
existence of

small subhalos.

How do we
detect
completely dark
subhalos?
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Analogy: Saturn’s Shepard Moons

Shepard moons are detectable indirectly
through their gravitational wake

32



Stellar Streams

Tidal remains of dwarf
galaxies and star
clusters

Stars spread out along

original orbit; fragile
dynamical systems

Sensitive to both the
smooth and clumpy
distribution of matter

A. Price-Whelan
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Isochrone Selection

w/ Nora Shipp

NGC 1904

NGC 1904

Select old,
metal poor

stars in bins
of distance

Shipp, ADW, DES Collaboration (2018) 34
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Tour Through the Milky Way Halo
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Density Variations in Stellar Streams

ATLAS-Aliga Uma (Li et al. 2020)
Palomar 5 (Bonaca et al. 2019)
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Dark Matter Constraints from
Stellar Streams

Bovy et al. 2017
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Streamrs ( Banik et al. 2021
Classical MW satellitos

Subhalos of different mass 0510107 16 100 00 10T 100
perturb stream density on e
different scales.

Banik et al. 2021

1D power spectrum stream stellar :
density contains information Maybe Neal will talk more about
about impact history streams and fuzzy dark matter a7




Current and Near-Future Experiments

Wide-Area Imaging Spectroscopic Measurements

, 3’ "'} | Gaia

JWST
(future)




DECam Local Volume Exploration Survey

126+ nights to Depth comparable to All data public
complete high- first 2 years of DES. immediately!
galactic latitude

DECam sky coverage. | hitps:/delve-su rvey.github.io/
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TN The Vera C. Rubin

VERA C.RUBIN

CEeEmEATER Observato ry is Comi ng !

Detect the faintest known
satellites out to the edge of the
Milky Way halo!




Summary

» Astrophysics and cosmology probe

fundamental particle physics of dark matter
via gravity.

- Observations and simulations continue to
improve our ability to disentangle dark matter
physics from baryonic effects.

- EXxciting new experiments are under
construction!
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