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Event Horizon Telescope

"ESO/M. Kornmesser
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The Relativistic Binary Pulsar B1913+16:
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125.7 GeV

The

Standard
Model of

Particle
Physics




_CMS event display
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“Maximally
Boring Universe”

“Nightma
Scenario”




So what now?

* Test the paradigm in new regimes, in new ways; find
the edges of validity

(Look for the most promising ways to break things.)



* Dark matter: Concordance cosmology, but not

Standard Model I



Image: dark matter: K. Mack; Andromeda Galaxy: GALEX, JPL-Caltech, NASA



I What We Don’t Know

® Origin / particle type
= Particle mass

®x Thermal history

= Non-trivial evolution? Partcle Zoo
x One component or many!?
®x Non-gravitational interactions (self or SM)?

® Small-scale behavior (mass of smallest halos)




I What We Do Know

® Where it is

x How much is out

there J—
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Dark matter...
How do | know thee”
Let me count the ways...



| . Rotation Curves

What we learn:
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2. Cluster Dynamics

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

What we learn:

mass fraction

distribution

|
J

Zwicky 1937




I 3. Cluster Gas

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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4. Strong Gravitational Lensing
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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




5.Weak Gravitational Lensing

What we learn:

distribution

N shape

structure

i e e e oy Abell 222

Dietrich et al. 2016
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‘6. Cosmological Microlensing

S What we learn:

mass fraction

- smoothness

Lewis & Irwin 1996
Aug 1991 Aug 1994
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6. Cosmological Microlensing

What we learn:
mass fraction

smoothness

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

Mediavilla et al. 2009




‘6. Cosmological Microlensing

OPTICAL r=>5 It-day

What we learn:

mass fraction

smoothness

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

Mediavilla et al. 2017



/. Disk Stability

What we learn:

distribution

abundance
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Flat stellar/gaseous disks are unstable B P e
to perturbations without dark matter
halos extending beyond the stars



8. CMB Acoustic

Angular scale
0.2°

What we learn:

ratio of DM/
collisional
matter

thermal history

odd-numbered peaks
boosted relative to even as
baryon fraction increases
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Hinshaw et al. 2013




8. CMB Acoustic Peaks
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What we learn:

ratio of DM/

collisional
matter

thermal history




9. Matter Power Spectrum
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Chabanier et al. 2019
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What we learn:

ratio of DM/

collisional
matter

thermal history




9. Matter Power Spectrum

T 1 L4 T T Y T T T Y \ 4

a[h' Mpc] m, [keV] : WVhat we learn:
® 0.002 20.0 <
¢ 0006 7.0 | ratio of DM/
® 0.010 4.0

0.023 2.0 * collisional

® 0.049 1.0 4
® 0.105 0.5 ] matter

thermal history

Current limits:

mx > few keV
Kennedy et al. 2013




10. Large Scale Structure

What we learn:

ratio of DM/
collisional
matter

thermal history

In(density/mean)
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Excellent agreement
between simulations
and galaxy distribution
on the largest scales

Paul Angel, Tiamat Simulation




10. Large Scale Structure

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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| |. Galaxy/Cluster Collisions

(8>t 3 What we learn:

. distribution

-~ separation from
v «  collisional
8 3 matter
. " self-interaction
P Difficult to explain
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NASA/Clowe et al. 2006 collisionless matter




| |. Galaxy/Cluster Collisions

What we learn:

distribution

separation from
collisional
matter

self-interaction

Difficult to explain
without
NASA/Clowe et al. 2006 collisionless matter



| |. Galaxy/Cluster Collisions

(8>t 3 What we learn:

. distribution

-~ separation from
v «  collisional
8 3 matter
. " self-interaction
P Difficult to explain

: A “ ,‘. . O.A.,I y 2 - . . ,- - ..\. .‘_.. - .? .'.A Without
NASA/Clowe et al. 2006 collisionless matter




2. Big Bang Nucleosynthesis

baryon density () .h?
10-2 o

What we learn:

amount of
baryonic matter

Remaining mystery:

lithium abundance

(but still need low
baryon fraction)

baryon—to—photon ratio 7

PDG 2018
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| 3. Local Stellar Motions

What we learn:

local dark
matter density

Thin disk

+ -
=:— Extreme disk

Estimates:

1000100 10 1 pom ~ 0.3 GeViem?
p ~ 0.008 Msyn/pc?

Buser 2000
CLLLLLLLL———_—_——_—_——_—————SSSSSSSSShEEEE



| 3. Local Stellar Motions

Zof = 1048 pc
Dark Matter ¢/a = 1.0 What we learn:

Dark Matter ¢/a = 1.05

MOND local dark

data

matter density

| _ | Measurements in
ve(Ro) [km/s] | strong tension with
Lisanti et al. 2019 MOND explanations




Bonus: Gravitational VWaves

NASA Goddard

What we learn:

rules out some
DM emulators

Near-simultaneous arrival of light &
gravitational waves in GW 170817
inconsistent with models where GWs
and light follow different geodesics
(Boran et al. 2018)
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Recoil

(Direct Detection)

Annihilation

(Indirect Detection)
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(Collider Searches)

diagram: Jonathan Feng




Possible Hints/Signals



Annihilation?

Gamma rays in the Excess positrons at Excess antiprotons
Galactic Center high energy at high energy

Residual Model (x3)
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AMS Collaboration 2013 Kohri et al. 2015

Daylan et al. 2014

Not pul !
... but maybe pulsars ot pulsars

... but maybe
supernova remnant



Decay!?

Excess x-rays in galaxy clusters

Sterile Neutrino WDM

MW Satellites

X-ray Bounds SDSS + Classical
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‘ Interpretation of 3.5 keV line
(Boyarsky et al. 2014)

... but mqybe. line 4 ee:Nadler+ (DES) 2021
contamination



Scattering!?

Super-cold neutral hydrogen
at high redshift

Age of the Universe (Myr)
150 200
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20 ' ‘ 150 200
Redshift, z v[MHz]

Bowman et al. 2018 Pritchard & Loeb 2010

... but maybe a foreground
subtraction problem




Scorecard

inconclusive

inconclusive

no signal

very sfrong




The Cosmic Frontier

CMB Cosmic Dawn Reionization Today
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Dark Matter: Cosmology
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Paul Angel, Tiamat Simulation



Impact of Dark Matter Annihilation

Major unanswered question:

If dark matter annihilates across all of
cosmic time, how does it affect the first
stars and galaxies?

jonization

Zf—b heating
E ‘ . T photons

gamma rays
Lyman(alpha/VVerner)




Annihilation in the Intergalactic Medium

halo
halo

halo
halo



Annihilation in the Intergalactic Medium

halo
halo

halo
halo

Annihilation energy:
* produced by halos
e deposited in IGM — heat, ionization




AnnihiI%tion in the Intergalactic Medium

iInverse
Compton
scattering

Additional physics:
e structured halos
* delayed energy deposition




Annihilation Feedback on Halo Gas

If dark matter is annihilating
within baryonic halos,
does this constitute an effective
“feedback” process!

CHIMERA code:
modified custom-built
code (in collaboration with
S.Schon) to calculate
energy transfer to baryons

Preliminary results:
arxiv:1411.3783,
1706.04327




Probing Cosmic Dawn

4

Djorgovski et al., Caltech

je—— current instruments
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Take-Home Messages

» The fundamental nature of dark matter is

still a mystery
- but it is almost certainly real
- and we are getting clues

x To identify dark matter from astrophysics, we need
multi-messenger sighals and a solid

understanding of astrophysical foregrounds

® Future surveys can probe the par'ticle thSiCS of

darlk matter and produce a more consistent picture
of cosmology




end



