


Dark Matter: explore all possibilities

e Overwhelming gravitational evidence
e Particle outside of standard model

e Many 1deas and possibilities
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Dark Matter: explore all possibilities

e Overwhelming gravitational evidence

» Particle outside of standard model 3 DMvia
\ annihilation/decay products
e Many ideas and possibilities ®
\

' | / “ \\ o
\ / ¢ e

& —p @+— ©

VN
? N DM via
DM from Collider v structure formation
4 ¢ J
.
4 | 4 I 2

29 4 9
& &€ e ' o ®F 4
Direct

detection & &80 8
e & 6




Linear Structure Formation
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Linear Structure Formation

' d+0—36=0,
df(z,pt) _ > )+ ¢
dt 0+ HO — k2c26 — k2 = 0.

0 + Hé = [AnGp — k*c?] §

Negligible velocity dispersion
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Linear Structure Formation

' d+0—36=0,
df(z,pt) _ > )+ ¢
dt 0+ HO — k2c26 — k2 = 0.
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Linear Structure Formation — Fermi-Dirac (WDM)

df(z,p,t) d+0—36=0,
" 6+ HO — k226 — k2 = 0.
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Linear Structure Formation — Sterile Neutrino DM

d+60—36=0,
0+ HO — k2c26 — K%y = 0.

df(z,p,t) _

0 + Hé = [AnGp — k*c?] §

v
1.0 —
Z 0.8F
kS
2 0.6f
£
O 0.4

0.2 F = ACDM (Planck) — Sterile Neutrino DM Warm DM

10~ 1071 109 101 102
k [h/Mpc]




Linear Structure Formation — Ultra-light Axion DM

df(a:p,t) 6+6—3p=0,
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Linear Structure Formation — Mixed DM
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Linear Structure Formation — Interacting DM

B2 _ olf(e,p,1), . . -0
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Linear Structure Formation — Non-DM effects

Changing / Extending Cosmological parameters

Perturbations
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Constraining DM — Astrophysical Probes

CMB
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Constraining DM — Astrophysical Probes

Weak lensing
CMB
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Constraining DM — Astrophysical Probes

21-cm

Lyman-alpha

Weak lensing Strong Lensing
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Constraining DM — Dwarf Galaxies

Dwarf Galaxies




Constraining DM — Dwarf Galaxies

Milky-Way Satellites

Lovell et al (2014)

Known: 11 classical satellites, > 35 ultra-faint satellites




Constraining DM — Dwarf Galaxies

Milky-Way Satellites

Lovell et al (2014)

. assuming simple halo-mass stellar mass relation.




Constraining DM — Dwarf Galaxies

Milky-Way Satellites

Lovell et al (2014)

. assuming galaxy formation with the right stellar and radiation feedback.
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Milky-Way Satellites

Warm DM: | m > 2-3 keV
(Polisensky2011, Kennedy2014, ...)
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Constraining DM — Dwarf Galaxies

Milky-Way Satellites
Warm DM: | m > 2-3 keV

(Polisensky2011, Kennedy2014, ...) Fuzzy DM: | | m > 1-3x 10 eV

Sterile Neutrino DM (decay production)
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Constraining DM — Dwarf Galaxies

Local Volume Dwarf Galaxies

Radio Observations (HI rotations)




Constraining DM
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Constraining DM — Dwarf Galaxies
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Constraining DM — Dwarf Galaxies
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Constraining DM
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Constraining DM — Dwarf Galaxies
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Constraining DM — Dwarf Galaxies
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Constraining DM — Astrophysical Probes

21-cm

Lyman-alpha
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Constraining DM — Lyman-alpha forest

Lyman-alpha




Constraining DM — Lyman-alpha forest

astro.ucla.edu




Constraining DM — Lyman-alpha forest

Warm DM: | m > 3-5 keV
(Viel2013, Baur2016, Irsaic2016, ...)
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Constraining DM — Lyman-alpha forest

Warm DM:;

(Viel2013, Baur2016, Irsaic2016, ...)

m > 3-5 keV

Fuzzy DM:

m > 3-15x 102 eV

(Irsaic2017, Armengaud2017)
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Constraining DM — Lyman-alpha forest

Warm DM: | m > 3-5 keV
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Constraining DM — Astrophysical Probes

21-cm

e

Weak lensing Strong Lensing
CMB
%
S ﬂ\\
w
08 B \
o T
H 3
o 0.6
=
= _ \/
v 0.4 = NCDM (Planck) = Running ns = Fuzzy DM
Q. - ACDM (WMAP5) = Mixed DM = Interacting DM
- Massive Neutrinos = Warm DM = Coupled DM+DR
0.2 [~ Sterile Neutrino DM
Ml raal

102 101 10° 101
k [h/Mpc]




Constraining DM - Strong Lensing

e

Strong Lensing

Perturbations
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Constraining DM - Strong Lensing

Flux ratios




Constraining DM - Strong Lensing

Flux ratios

Imaging
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Constraining DM - Strong Lensing

Flux ratios Warm DM: | m>2 keV

(Birrer2017)

Imaging
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Constraining DM — Astrophysical Probes
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Constraining DM - Global 21-cm signal
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Constraining DM — Global 21-cm signal
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Constraining DM — Global 21-cm signal
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Constraining DM - Global 21-cm signal

Schneider 2018
(using ARES , Jordan Mirocha)
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Constraining DM - Global 21-cm signal

Schneider 2018
(using ARES , Jordan Mirocha)
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Constraining DM - Global 21-cm signal

Schneider 2018
(using ARES , Jordan Mirocha)
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Constraining DM - Global 21-cm signal
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Constraining DM - Global 21-cm signal

m > 2-3 keV (MW sat.)

Warm DM:
m > 3-5 keV (Lyman-al.)

m > 6.1 keV (21-cm)




Constraining DM - Global 21-cm signal

m > 2-3 keV (MW sat.)
Warm DM: m > 1-3 x 107" eV (MW sat.)

m > 3-5 keV (Lyman-al.) Fuzzy DM:
m > 3-15 x 10™*' eV (Lyman-al.)
m > 6.1 keV (21-cm)

m > 8 x 10™ eV (21-cm)




Constraining DM — Global 21-cm signal

m > 2-3 keV (MW sat.)
Warm DM: m > 1-3 x 10*' eV (MW sat.)

m > 3-5 keV (Lyman-al.) Fuzzy DM:
m > 3-15 x 10™*' eV (Lyman-al.)
m > 6.1 keV (21-cm)

m > 8 x 107" eV (21-cm)

Sterile Neutrino DM (res. prod.)
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