Hot gas explodes out of
young dwarf galaxies

Simulation by Andrew Pontzen, Fahio Governato and
Alyson Brooks on the Darwin Supercomputer, Cambridge UK.

Simulation code Gasoline by James Wadsley and Tom Quinn
with metal cooling by Sijing Sheng.

Visualization by Andrew Pontzen.




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



SO0.0
(VANILLA) 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




THE BIGGER PICTURE:
THE SMALL SCALE ‘“CRISIS” OF CDM
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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)



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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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)



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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DENSITY SLOPE AS A FUNCTION
OF STELLAR/HALO MASS
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WDM DOESN’T CREATE CORES
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SIDM
SCATTERING CREATES CORES

* SIDM

% repeated elastic
collisions equalize
the velocities
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Vogelsberger, Zavala, & Loeb (2012)
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THE PREDICTED SATELLITES ARE
TOO DENSE

Predicted

> Observed

Boylan-Kolchin et al. (2012)



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)



X
O
SATELLITES THAT AREXTOO DENSE

Baryonic Results

DM—only Results
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Brooks & Zolotov (2014), ApJ, 786, 87, arXiv:1207.2468



WDM MAY ALSO SOLVE THE
TOO BIG TO FAIL PROBLEM
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CAN SIDM SOLVE THE
TOO BIG TO FAIL PROBLEM?
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THE “MISSING SATELLITES”
PROBLEM

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



MISSING MASSIVE SATELLITES?
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MISSING SATELLITES & WDM
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MISSING SATELLITES & SIDM
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FUTURE WORK
(1) BARYONS IN ALTERNATIVE DM MODELS

(2) QUANTIFYING THE ROLE OF SN FEEDBACK



Mo

st Luminous & Gas—Free Satellites

T T

SPH Satellites
DM—only Satellites - ---———----

Core size vs Mass
as a test of DM Model

Least Luminous Satellites

SPH Satellites
DM—only Satellites

50

40

— vdSIDMa vdSIDMb

CDM
SIDM1

raco

88

°
3

Leoll

a
SIDM10

SIDMO.1




WDM with baryons?
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SIDM with baryons?
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Fry, Governato, et al. (in prep)
see also: Vogelsberger et al., arXiv:1405.5216;
Kaplinghat et al., arXiv:1311.6524



Conclusions

Baryonic feedback is essential to create bulgeless disk galaxies

The creation of bulgeless disk appears intimately tied with DM core creation

WDM: no cores without baryons, but current mass limits make it nearly
indistinguishable from CDM

SIDM: need (more) predictions that include baryons!!!

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



