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Dark Matter: explore all possibilities

e Overwhelming gravitational evidence
e Particle outside of standard model

e Many i1deas and possibilities
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Dark Matter: explore all possibilities

e Overwhelming gravitational evidence
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Linear Structure Formation
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Linear Structure Formation
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Linear Structure Formation
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Linear Structure Formation — Fermi-Dirac (WDM)

Perturbations
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Linear Structure Formation — Sterile Neutrino DM
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Linear Structure Formation — Ultra-light Axion DM
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Linear Structure Formation — Mixed DM
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Linear Structure Formation — Interacting DM
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Linear Structure Formation — Interacting DM
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Linear Structure Formation — Non-DM effects

Changing / Extending Cosmological parameters

Perturbations
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Linear Structure Formation — Non-DM effects

Perturbations
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Linear Structure Formation — Non-DM effects

Weak lensing

Perturbations
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Linear Structure Formation — Non-DM effects

Dwarf galaxies / Ly-a /
strong lensing / high-redshift

Perturbations
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DM and structure formation: 2 options

Do dwart galaxies disagree with the

cold dark matter paradigm ?

Constraining dark matter models
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Small-scale problems

Missing satellites

Gravity-only sims
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Small-scale problems

Missing satellites

DM models suppressing perturbations

(warm, mixed, interacting DM, ...)
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Small-scale problems

Missing satellites

DM models suppressing perturbations

(warm, mixed, interacting DM, ...)

/—\ Hydro-sims
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Small-scale problems

Cusp-core

Prob ‘NEEEEEE -
04 05 10

Walker & Penarrubia Al 4

/
(2011) /,
/

«# Cusp
o
v

mass

/

L’ '™, Sculptor
S Core

—-

radius




Small-scale problems

Cusp-core

04 05 10

Walker & Penarrubia a4

/
(2011) b
7/
« # Cusp
> o7
Z v
=
T
- ’ Sculplor
DM models affecting profiles v P

» Core

(self-interacting DM, fuzzy DM, ...)

-—a

radius




Small-scale problems
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Small-scale problems

Missing satellites Too-big-to-fail Cusp-core
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Velocity function of small galaxies
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Velocity function of small galaxies
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Velocity function of small galaxies
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Velocity function of small galaxies
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Velocity function of small galaxies
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Velocity function of small galaxies
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Velocity function of small galaxies
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Velocity function — Solution with hydro sims ?

Recent hydro sims (Maccio2016,
Brooks2017) find no tension ...
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Velocity function — Solution with hydro sims ?

Recent hydro sims (Maccio2016,
Brooks2017) find no tension ...
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Velocity function — How to resolve the tension ?
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Cosmology ?
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Velocity function — How to resolve the tension ?

Cosmology ?
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Velocity function — How to resolve the tension ?

Cosmology ?
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Velocity function — How to resolve the tension ?

Cosmology ?
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Velocity function — How to resolve the tension ?

Cosmology ?

Velocity Function
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Velocity function — How to resolve the tension ?

Dark Matter ?
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Dark Matter ?
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Velocity function — How to resolve the tension ?

Dark Matter ?
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Dark Matter ?
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Velocity function — How to resolve the tension ?

Dark Matter ?
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Dark Matter ?
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Velocity function — How to resolve the tension ?

Dark Matter ?
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Velocity function — How to resolve the tension ?

Dark Matter ?
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Dark Matter ?
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Dark Matter ?

B Theory

2.0 :
/71 Observations

=
o

. self-interacting

o
w

dark matter sector

dn/din v, [h/Mpc]?

' ASIDM

(Om/m=15 cm?/g, Vvm=20 km/s)

10 20 30 40 60 100
Vrot [km/s]




Velocity function — How to resolve the tension ?

Dark Matter ?
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Velocity function — How to resolve the tension ?

Systematics ?

... selection effects, inclination errors, non-spherical gas motions, asymmetric

drift correction, ...
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Systematics ?

... selection effects, inclination errors, non-spherical gas motions, asymmetric

drift correction, ...
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Velocity function — How to resolve the tension ?

Systematics ?
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DM and structure formation: 2 options

Constraining dark matter models
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Constraining dark matter

Milky-Way satellites
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Constraining dark matter

Milky-Way satellites Stellar streams

Strong lensing
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Constraining dark matter

Milky-Way satellites Stellar streams

Strong lensing

Lovell et al

j Belokurov et al. &

Global 21-cm signal Ly-alpha forest
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Constraining dark matter: Milky-Way satellites

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

Lovell et al (2014)




Constraining dark matter: Milky-Way satellites

Lovell et al (2014)

. assuming simple halo-mass stellar mass relation.




Constraining dark matter: Milky-Way satellites

Lovell et al (2014)

. assuming galaxy formation with the right stellar and radiation feedback.




Constraining dark matter: Milky-Way satellites

Warm DM: | m > 2-3 keV
(Polisensky2011, Kennedy2014, ...)
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Constraining dark matter: Milky-Way satellites

Warm DM: | m > 2-3 keV

(Polisensky2011, Kennedy2014, ...) Fuzzy DM: | m>1-3x 10-22 eV
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Constraining dark matter: Milky-Way satellites
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Warm DM: | m > 2-3 keV

(Polisensky2011, Kennedy2014, ...) Fuzzy DM: | m>1-3x 10-22 eV
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Constraining dark matter: Lyman-alpha forest
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Constraining dark matter: Lyman-alpha forest

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

Warm DM: | m > 3-5 keV

(Viel2013, Baur2016, Irsaic2016, ...) Fuzzy DM:

m>3-15x 102 eV

(Irsaic2017, Armengaud2017)

Sterile Neutrino DM (decay prod.)

1e.08
1e.09
le-10
-~ - . i
"= lell Yy =
7 IS =
» -~

le.12

Schneider 2017
Merle & Totzauer 2017

le.13

2 3 45 7 10 5 20 25
m.. [keV]




Constraining dark matter: Global 21-cm signal
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Constraining dark matter: Global 21-cm signal
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Constraining dark matter: Global 21-cm signal
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Constraining dark matter: Global 21-cm signal
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Constraining dark matter: Global 21-cm signal
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Constraining dark matter: Global 21-cm signal

Warm DM: | m > 6.1 keV
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Constraining dark matter: Global 21-cm signal

Warm DM: | m > 6.1 keV

Fuzzy DM: | m>8x 10* eV
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Constraining dark matter: Global 21-cm signal

Warm DM: | m > 6.1 keV

Fuzzy DM: | m>8x 10* eV

Sterile Neutrino DM (res. nrod.)
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Profile fitting
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