Baryons Matter:
Interpreting the Dark Matter Model

Hot gas explodes out of
young dwarf galaxies
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MOST OF THE UNIVERSE IS
UNKNOWN STUFF

74% Dark Energy
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image courtesy of WMAP webpage



CDM Is AN EXCELLENT MODEL FOR THE
LARGE SCALE STRUCTURE OF THE UNIVERSE
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BUT0.0
THE SMALL SCALE ‘“CRISIS” OF CDM

e The cusp/core problem
* Bulge-less disk galaxies
e The “Missing Satellites” problem

e The “Too Big to Fail” (dense satellites)
problem



THE CUSP/CORE PROBLEM

NFW Density Profile Pseudo-isothermal Density Profile
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Parameterize density profile as o(r) « r =

Simulations predict a ~ 1 (central cusp)

Observations show a ~ 0 (constant-density core)



CDM PREDICTS LARGE BULGES
.- BUT WE RARELY SEE THEM

A large bulgel

A “bulgeless” diskT




CDM PREDICTS LARGE BULGES
.- BUT WE RARELY SEE THEM
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e Tidal torques: predict
the sizes of disks well

e But over-predict the

amount of low angular
momentum gas

van den Bosch et al. (2001)



THE “MISSING SATELLITES”
PROBLEM

1000’s of satellites predicted dozens seen
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“Via Lactea” Simulation Pan-ANDromeda Archeological Survey
(PAndAS)



THE PREDICTED SATELLITES ARE
TOO DENSE

Predicted

> Observed

Boylan-Kolchin et al. (2012)



SO...
CDM Is WRONG?

Maybe it needs to be modified?
Maybe WDM that washes out the small scales?

Maybe DM self-interacts and washes out
the small scales?



SO...
CDM Is WRONG?

But what about the 4%?

The small scales where there are problems
are also the places dominated by baryons!

All of the predictions that lead to the small scale crises
are based on Dark Matter-only simulations.



GAS IS MUCH MORE COMPLICATED

(AND EXPENSIVE)!
Greyish-green = gas  Blue = young stars  Red = old stars
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RESULTING GALAXIES MATCH
OBSERVED SCALING RELATIONS

Size-Luminosity (Brooks et al. 2011) Baryonic Tully-Fisher (Christensen et al., 2013)
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...and Mass-Metallicity (Brooks et al. 2007)

...and HI gas fractions (Munshi et al. 2013)

...etc
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(Munshi et al. 2013)

9 10 11 12
log M., (M)



WHY DO RESOLUTION AND FEEDBACK MATTER?



“Resolving” Star Formation Regions
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Feedback becomes more efficient
(more outflows per unit mass of stars formed)

See also: Mashchenko et al. (2006, 2008), Ceverino & Klypin (2008)
Robertson & Kravtsov (2008), Tasker & Bryan (2008)



z=0.51 t=8.70 Gyr

Outflows!

Mvir o 1010 IVISun
“dwarf galaxy”

Edge-on disk
orientation

(arrows are
velocity vectors)

Brook et al., 2011, MNRAS, 415, 1051



Outflows Remove Low Angular Momentum Gas
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Creation of a Dark Matter Core

7=8.18 t=0.65 Gyr
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Oh et al., 2011, AJ, 142, 24

See also: Navarro et al. 1996; Read & Gilmore 2005; Mashchenko et al. 2006, 2008; Pasetto et al. 2010;
de Souza et al. 2011; Cloet-Osselaer et al. 2012; Maccio et al. 2012; Teyssier et al. 2012; Ogiya & Mori 2012



How are Cores Created?

- Redshift
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ALSO: BARYONS MAKE A DISK
(DARK MATTER DOESN’T)

Dark Matter Baryons
(or any central baryonic concentration)
Chang et al. (2012)



NoOoT JUST CORE CREATION:
THE TIDAL EFFECT OF THE DISK
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Penarrubia et al. (2010), see also Arraki et al. (2012)



THE FIRST SIMULATED DWARF SPHEROIDALS
TO MATCH OBSERVED KINEMATICS

Baryonic Results

DM—only Results
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Brooks & Zolotov (2014), ApJ, in press, arXiv:1207.2468



THE CHANGE TO MASS AND
LUMINOSITY FUNCTIONS
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BT

WHAT ABOUT THE NUMBER OF
LUMINOUS SATELLITES?

1000’s of
satellites

predicted

} dozens seen

“Via Lactea”




SO THE NUMBER OF MASSIVE SATELLITES IS
REDUCED...
BUT WHAT ABOUT LUMINOUS SATELLITES?
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Conclusions

Simulations keep improving! (motivated by higher resolutions)

A more realistic treatments of SF leads to more realistic galaxies

Rapid and repeated gas removal transforms ‘cuspy’ NFW profiles into DM cores

Core creation varies with mass (because SF varies with mass): low mass galaxies
that are inefficient at creating stars keep cuspy profiles

A better treatment of baryonic physics may alleviate the small scale crisis of CDM

We must understand the impact of baryonic physics on galaxy formation
(in any model)!



