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dwarf galaxies:

the most significant challenges to
the Cold Dark Matter (CDM) model
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‘missing satellites’ problem: CDM predicts too many
dark-matter subhalos compared with observed satellite galaxies
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‘too big to fail’ problem: CDM predicts dark-matter subhalos
that are much denser than observed satellite galaxies
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THINGS survey
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‘core-cusp’ problem: CDM predicts dark-matter halos
with steeper inner density profiles than observed galaxies
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dwarf galaxies: significant challenges
to the Cold Dark Matter (CDM) model

‘missing satellites’ problem
CDM predicts too many dark matter subhalos compared with

observed satellite galaxies

—> Can a CDM-based model produce satellites with
observed distribution of stellar masses?

‘too big to fail’ problem
CDM predicts dark-matter subhalos that are too dense
compared with observed satellite galaxies

—> Can a CDM-based model produce satellites with
observed distribution of stellar velocity dispersions?
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dwarf galaxies: significant challenges
to the Cold Dark Matter (CDM) model

DOssIble solutions
1. dark matter is not ‘'standard’ CDM

examples: warm dark matter, self-interacting dark matter

2. standard CDM + baryonic physics

Andrew Wetzel Caltech - Carnegie



The Local Group
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cosmological hydrodynamic simulations of
Milky Way-mass galaxytoz =0
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T'he Latte Project: the Milky Way on FIRE

simulating a Milky Way-mass galaxy with a realistic
population of satellite dwart galaxies in LCDM

Q

" Feedback In Realistic Environments




il odel for gas and star formation

" Feedback In Realistic Environments

~ High resolution to capture structure
of multi-phase inter-stellar medium

< mgas — 7070 Msun
2 hgas = 1 pc (Min), 25 pc (typical)
2 ham = 20 pcC

< lstep,min = 180 yr

v Cooling from atoms, molecules, and 9 metals down to 10 K

o Star formation only in self-gravitating clouds
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sl Model for stellar feedback

" Feedback In Realistic Environments

> Heating:

o Supernovae: core-collapse (Il) and la
o Stellar Winds: massive O-stars & AGB stars

> Photoionization (HII regions) + photoelectric heating

o Explicit Momentum Flux:

- stellar scale galaxy scale
> Radiation Pressure | — ‘

: L
Prad ™~ Z (1 _I_TIR)

o Supernovae

low-z (emission)
M82 starburst

. . 1
PSNe ~ ESNe vejecta ' s, . " ‘ . - ";‘

o Stellar Winds - \‘ e ,f dae
P W ™ M Uwind 30 Doradus{"‘ ‘ NASA (HST, Chandra, Spitzer)
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| atte simulations

each MW-mass simulation is
massively parallel: 2048 cores

CPU time: 720k hours
wall time: 15 days

D

supported by NSF XS

'un on the Stampede supercomputer
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cosmological zoom-in simulation
to achieve high resolution

86 Mpc ———»



ark matter-only simulation
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dark matter with effects of baryons
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host galaxies at z = 0
Mstar = 7X1019 Msun
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The Latte Project:
the Milky Way on FIRE

b
/
4
4
4
Al
p

population of
satellite dwarf
galaxies

" Feedback In Realistic Environments
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stellar masses of satellite galaxies
Wetzel et al 2016
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stellar velocity dispersions of satellites
Wetzel et al 2016
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velocity dispersion - mass relation
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mass - metallicity relation
05 Wetzel et al 2016
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star-formation histories of satellite galaxies

Wetzel et al 2016 redsh|ft 2
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dwart galaxies: significant challenges to the
Cold Dark Matter (CDM) model

‘missing satellites’ problem
CDM predicts too many dark matter subhalos compared with
observed satellite galaxies

—> Cana(C

DM-based model produce satellites with

observed distribution of stellar masses?

‘too big to fail’ problem
CDM predicts dark-matter subhalos that are too dense
compared with observed satellite galaxies

—> Cana(C

DM-based model produce satellites with

observed distribution of stellar velocity dispersions?

Andrew Wetzel

Caltech - Carnegie



What causes the lack of (massive)
satellite dwart galaxies?

1. Stellar feedback drives significant gas
outflows/inflows that dynamically heat dark
matter, reducing the inner density (cores)

2. Stellar disk of Milky Way-mass host galaxy
destroys satellites (via tidal shocking, etc)
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inclusion of baryons —> stellar disk
destroys dark-matter subhalos

dark matter in dark-matter-only  dark matter in baryonic simulation




dark-matter subhalo mass function

Garrison-Kimmel, Wetzel et al in prep
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What causes the lack of (massive) satellite dwart
galaxies around the Milky Way-mass host?

1. Stellar feedback drives significant gas
outflows/inflows that dynamically heat dark
matter, reducing the inner density (cores)
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dwarf galaxies have bursty star formation
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dwarf galaxies have bursty star formation

redshift z s
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see also, e.g., Read & Gilmore 2005,
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stellar feedback drives gas outflows/inflows
that produce dark-matter cores

Wetzel et al, in prep
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I'he Latte Project:

the Milky Way on FIRE
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COSITIO

ogical hydrodynamic simulations of

Milky Way-mass galaxy toz =0
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MW-mass progenitor at z =
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MW-mass progenitor at z = 2.5

300 kpc (physical)
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I'he Latte Project:

the Milky Way on FIRE
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