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‘\yhat The Universe Is Mat_le/llf

“[HYDROGEN/HELIUM 4%

All Other Atoms 0.01%
H and He 0.5%

. “$
Cold Dark Matter 25%

& Dark Energy 70%

Imagine that the entire
universe is an ocean of dark
energy. On that ocean sail billions
of ghostly ships made of dark matter...
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100m light
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galaxies

Fermi two-year all-sky map
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Redshift (km/s)
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Diemer & Joyce 2019

Ludlow et al 2016
Sdnchez—Conde & Prada 2014
Neto et al 2007
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Probes

Gravitational waves Microlensing of

102 M., from compact-object compact-object
Final Gravitational nanolensing DM (mulfi- DM (time
frontier (time domain) messenger) domain)

10° Mg
Milky Way stellar halo

o perturbations (astrometry) .
Invisibles Substructure lensing Substructure

lensing subhalo
mass functions of
group & cluster
halos (galaxy
surveys, ground-
and space-based
spectroscopy)

10° Mg , Lya forest
Dwarf & ultradiffuse (spectroscopy)
galaxy counts as a
function of z (wide-
field galaxy surveys,
targeted surveys )

Visible
dwarfs Stellar-mass—halo-
mass relation w/
cosmological tools
on wide-field
SUrveys

kinematics
(astrometry,
spectroscopy)

10 Mg

(Galaxies

Initial mass function

10M M, < :
“Y Cluster component offsets Cluster mass from wide-

Clusters 1015 M., (lensing. wide-field surveys) field surveys

Galaxy survey & CMB

Large scales Local measurements of :
measurements of

H, (astrometry)

_ Buckley & Peters;
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e Reference

Probe

keV
95% c.1

This work
Birrer et al. (2017)
V18 (Original)

= R19 (Original)

Gilman et al. (2019a)
Gilman et al. (2019b)
Hsuch et al. (2019)
Banik et al. (2018, 2019)
Alvey et al. (2021)

Viel et al. (2005)

S Vicl ot al. (2006)

W Scljak et al. (2006)
B Irsic et al. (2017)

I8 \118 (Original)

- Polisensky & Ricotti (2011)

B Kcnncdy ct al. (2014)

o Jethwa et al. (2017)
Nadler et al. (2019b)
® Nadler et al. (2021a)
Nadler et al. (2021b)

B N20 (Original)

See Section 3
Grav. Imaging
Grav. Imaging
Grav. Imaging
Flux Ratios
Flux Ratios
Flux Ratios
Stellar streams
Dwarf spheroidals
Ly «
Ly
Ly a
Ly a
Ly a
MW satellites
MW satellites
MW satellites
MW satellites
MW satellites
MW satellites
& Flux Ratios
MW satellites

6.048
2.0
0.3

0.26
3.1.44
52
5.6
46,63
0.59, 0.41
0.55
2.0
2.3
35,33
2.7,3.6
23
1.3,5.0
29
3.26
6.5
97

2.02,3.99
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Cluster - Method used

Bullet Cluster < 3cm?/g Scattering depth (g4, =~ 0.3 ecm?/g) |[298]
(1E 0657-558) < 0.7Tcm?/g  |Mass loss < 23% [106]
< 125 Emgfg DM-galaxy offset 25 + 29 kpc [106]
Abell 520 3.8+ 1.1 cm?/g |Scattering depth (Zqm ~ 0.07 cm?/g)|[326]
0.94 & 0.06 cm?/g|Scattering depth (Xgm ~ 0.14 cm?/g)|[128]
Abell 2744 < 128 cm?/g |Offset [340]
< 3cm?/g Scattering depth (Xgqm =~ 0.3 cm?/g) |[329]
Musket Ball Cluster < Tem?/g Scattering depth (Xgm ~ 0.15 cmﬂfg) [316]
(DLSCL J0916.2+2951)
Baby Bullet < 4em?/g  |Scattering depth (Xgm &~ 0.25 em?/g)| [318]
(MACS J0025.4-1222)
Abell 3827 ~1.5cm?/g |Offset

L TUM &Y, 20185
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Positive observations

Urel

Observation

Refs.

Cores 1n spiral galaxies
(dwarf/LSB galaxies)

30 — 200 km/s

Rotation curves

[102, 116]

Too-big-to-fail problem
Milky Way
Local Group

> 0.6 cm?/g
> 0.5 cm?/g

50 km/s
50 km/s

Stellar dispersion
Stellar dispersion

[110]
[111]

Cores in clusters

~ 0.1 cm?/g

1500 km /s

Stellar dispersion, lensing

[116, 126]

Abell 3827 subhalo merger

~ 1.5 cm?/g

1500 km/s

DM-galaxy offset

[ 127]

Abell 520 cluster merger

~1cm?/g

2000 — 3000 km/s

DM-galaxy offset

128, 129, 130] #=

Constraints

Halo shapes/ellipticity

< 1lem?/g

1300 km/s

Cluster lensing surveys

[95]

Substructure mergers

<$2cm?/g

~ 500 — 4000 km/s

DM-galaxy offset

(115, 131]

Merging clusters

< few cm?/g

2000 — 4000 km/s

Post-merger halo survival
(Scattering depth 7 < 1)

Table 11

Bullet Cluster < 0.7 cm?/g 4000 km /s Mass-to-light ratio [ 106]
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