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Abstract: While it is considered to be one of the most promising hints of new physics beyond the Standard Model, dark matter is as-yet knov
through its gravitational influence on astronomical and cosmological observables. | will discuss our current best evidence for dark matter's ex
as well as the constraints that astrophysical probes can place on its properties, while highlighting some tantalizing anomalies that could |
non-gravitational dark matter interactions. Future observations, along with synergies between astrophysical and experimental searches, |
potential to illuminate dark matter's fundamental nature and its influence on the evolution of matter in the cosmos from the first stars and gal
today.
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Dark Matter

Image: dark matter: K. Mack; Andromeda Galaxy: GALEX, JPL-Caltech, NASA
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What We Don’t Know

® Origin / particle type
® Particle mass

x Thermal history

Particle Zoo
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What We Don’t Know

® Origin / particle type
= Particle mass

x Thermal history

= Non-trivial evolution? Particle Zoo

= One component or many?
®x Non-gravitational interactions (self or SM)?

» Small-scale behavior (mass of smallest halos)
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Candidates (incomplete list)

+ Weakly Interacting Massive Particles (WIMPs)

»  Something not included in the Standard Model of Particle
Physics, generally with weak interactions

»  May be thermally produced (or not)

x Annihilating (e.g., SUSY neutralino WIMP)
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WIMP Miracle

Katie Mack

Standard thermal WIMP

dark matter

* freezes out when no
longer in thermal
equilibrium with baryons
for weak-scale mass and
cross-section, predict
correct abundance of
DM
discovery opportunities:
annihilation, scattering,
production
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WIMP Direct Detection

Katie Mack
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Candidates (incomplete list)

Pirsa: 20040087

+ Weakly Interacting Massive Particles (VWWIMPs)

» Something not included in the Standard Model of Particle
Physics, generally with weak interactions

» May be thermally produced (or not)

Annihilating (e.g., SUSY neutralino WIMP)

Decaying (e.g., sterile neutrino)

Warm (WDM) (e.g., axino)

Self-interacting (SIDM) (particle + dark sector force)

Axion (e.g., QCD axion / string axion) (Mack 201 1; Mack & Steinhardc 201 1)

Fuzzy DM (tiny mass, large deBroglie wavelength)
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Candidates (incomplete list)

+ Weakly Interacting Massive Particles (VWWIMPs)

» Something not included in the Standard Model of Particle
Physics, generally with weak interactions

» May be thermally produced (or not)

Annihilating (e.g., SUSY neutralino WIMP)

Decaying (e.g., sterile neutrino)

Warm (WDM) (e.g., axino)

Self-interacting (SIDM) (particle + dark sector force)

Axion (e.g., QCD axion / string axion) (Mack 201 1; Mack & Sceinharde 201 1)
Fuzzy DM (tiny mass, large deBroglie wavelength)

MACHO (e.g., primordial black holes) (Mack, Ostriker & Ricotti 2007; R,0,M 2008)
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Candidates (incomplete list)

SUSY/extra dimg
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halo mass vs SM interaction SM cross section vs

/ particle mass
(where we expect to see a deviation from CDM) Peter & Buckley 2018
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What We Do Know

x Where it is

x How much is out
there

®x What it’s doing

x (to some degree)
what it isn’t

Planck Collaboration
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Dark matter...
How do | know thee”

Let me count the ways...
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Katie Mack
What we learn:
mass fraction

distribution
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Katie Mack

What we learn:

mass fraction

distribution

NASA, N. Benitez (JHU), T. Broadhurst (Hebrew Univ.), H. Ford (JHU), | Zwicky 1937
M. Clampin(STScl), G. Hartig (STScl), G. lllingworth (UCO/Lick Observatory),
the ACS Science Team and ESA STScl-PRC03-01a
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3. Cluster Gas

Katie Mack

What we learn:

mass fraction

distribution

NASA, N. Benitez (JHU), T. Broadhurst {Hebrew Univ.), H. Ford (JHU),
M. Clampin(STScl), G. Hartig (STScl), G. lllingworth (UCO/Lick Observatory),
the ACS Science Team and ESA STScl-PRC03-01a
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3. Cluster Gas

Katie Mack

What we learn:

mass fraction

distribution

~90% of the luminous
matter in a cluster is
hot gas

NASA, N. Benitez (JHU), T. Broadhurst (Hebrew Univ.}, H. Ford (JHU),
M. Clampin(STScl), G. Hartig (STScl), G. lllingworth (UCO/Lick Observatory),
the ACS Science Team and ESA STScl-PRC03-01a
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Katie Mack ‘."’

4.Strong Gravitational Lensing "Eﬁ

What we learn:

mass fraction

distribution

NASA, N. Benitez (JHU), T. Broadhurst (Hebrew Ul-iiV.), H. Ford (JHU),
M. Clampin(STScl), G. Hartig (STScl), G. lllingworth (UCO/Lick Observatory),
the ACS Science Team and ESA STScl-PRC03-01a
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4.Strong Gravitational Lensing L%__h

Katie Maclf}_. ;

What we learn:

mass fraction

distribution

NASA, N. Benitez (JHU), T. Broadhurst (Hebrew Univ.}), H. Ford (JHU),
M. Clampin(STScl), G. Hartig (STScl), G. lllingworth (UCO/Lick Observatory),
the ACS Science Team and ESA STScl-PRC03-01a
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6. Cosmological Microlensing hu.@ \

Katie Mack

What we learn:

mass fraction

smoothness

Lewis & Irwin 1996
Aug 1994
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B

6. Cosmological Microlensing 3¢

What we learn:

mass fraction

smoothness

Lewis & Irwin 1996
Aug 1994

Joachim Wambsganss
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What we learn:
mass fraction

smoothness

Can constrain the
fraction & of matter
in compact objects
(stars/black holes)

Mediavilla et al. 2009
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v e

Katie Mack

OPTICAL r=5 lt-day

What we learn:
mass fraction

smoothness

Can constrain the
fraction & of matter
in compact objects
(stars/black holes)

Mediavilla et al. 2017
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7. CMB Acoustic

Angular scale
0.5° 0.2°

odd-numbered peaks
boosted relative to even as
baryon fraction increases
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Multipole moment [

Hinshaw et al. 2013
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What we learn:

ratio of DM/
collisional
matter

thermal history
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What we learn:

ratio of DM/
collisional
matter

thermal history

360
430
0
1-30
1-60

Planck 2018
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Concordance Model

v dark matter
v dark energy
v hot big bang
v inflation

v homogeneity
v isotropy

R
130
0
1-30
1-60

Planck 2018

¢

What we learn:

ratio of DM/
collisional
matter

thermal history
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Katie Mack

What we learn:

ratio of DM/

collisional
matter

t  Planck 2018 TT ]
Planck 2018 EE ‘ I .
Planck 2018 b | thermal hlStory
DES Y1 cosmic shear !
SDSS DR7 LRG
BOSS DR9 Ly-a forest

10
Wavenumber & [h/Mpc]

(kMpc)'2 AP, (k) [(Mpc/h)?]

Chabanier et al. 2019
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a[h' Mpc]  m, [keV] : What we learn:
0.002 20.0
ol 78 '. ratio of DM/
0.010 4.0

0.023 2.0 : collisional

0.049 1.0 ]
» 0.105 05 matter

thermal history

W WU VYT N N —"— N ——

0.0 0.5 1.0 1.5
log (k [h Mpc™]) Current limits:

mx > few keV
Kennedy et al. 2013
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9. Large Scale

Katie Mack

What we learn:

ratio of DM/
collisional
matter

density/mean)

thermal history

Excellent agreement
between simulations
and galaxy distribution
on the largest scales

Paul Angel, Tiamat Simulation
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Katie Mack

What we learn:

ratio of DM/
collisional
matter

thermal history
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Excellent agreement
between simulations
and galaxy distribution
on the largest scales

Paul Angel, Tiamat Simulation
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Katie Mack -

What we learn:

ratio of DM/
collisional
matter

thermal history

Excellent agreement
between simulations
and galaxy distribution
on the largest scales

Frenk & White 2012
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Katie Mack

What we learn:

distribution

separation from
collisional
matter

self-interaction

e Difficult to explain
e 3 TR T A WL E without
NASA/Clowe et al. 2006 collisionless matter
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EDGES

EDGES Experiment

Age of the Universe (Myr)
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Bowman et al. 2018 Higher radiation background?
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What we learn:

amount of
baryonic matter

|||T]— TITIHI ITruml T 1

Remaining mystery:

lithium abundance
(but still need low
baryon fraction)

baryon—to—photon

PDG 2018
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