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Abstract: <p>The cosmologica model based on cold dark matter (CDM) and dark energy has been hugely successful in describing the observed
evolution and large scale structure of our Universe. However, at small scales (in the smallest galaxies and at the centers of larger galaxies), a
number of observations seem to conflict with the predictions CDM cosmology, leading to recent interest in Warm Dark Matter (WDM) and
Self-Interacting Dark Matter (SIDM) models. These small scales, though, are also regions dominated by the influence of baryons. | will present
results from high resolution cosmological galaxy simulations that include both baryons and dark matter to show that baryonic physics can
significantly alter the dark matter structure and substructure of galaxies, revolutionizing our expectations for galaxy structure and influencing our
interpretation of the Dark Matter model.</p>
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Re—Examining Astrophysical Constraints
on the Dark Matter Model

Hot gas explodes out of
young dwarf galaxies

Simulation by Andrew Pontzen, Fabio 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.
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MOST OF THE UNIVERSE IS
UNKNOWN STUFF
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CDM Is AN EXCELLENT MODEL FOR THE
LARGE SCALE STRUCTURE OF THE UNIVERSE

10°
1] 4
L S
FpiL
100} L‘l - -
- \
=10 ! 1
-] "q_
2 .
= 10 2 & -
- -,
- b
% 3 N o
% 10 =
- ~
- «  SDSS DR7 (Reid et al. 2010) *
10 4 . LyA (McDonald ¢l al. 2006) ‘*\ N
—— ACT CMB Leonsing (Dax ot al. 2011) ‘e
a ACT Clusters (Schgal et al. 2011) "
10 SF @  COCCP Il (Vikhlininet al. 2009) n E
+— BOG Weak kensing (Tinker ot al. 2011) “
*  ACT+WMAP spoctrum (this work) % 3
.
l() (2] A A A A A A A A A A A
1012 1014 1014 1013 101e 1017 1018 1019 1020 102! 1022 105

Pirsa: 14120017

Mass scale M [ Msolar)

Hlozek et al. (2012)

Page 5/46



BUT...
THE SMALL SCALE ‘“CRISIS”?” OF CDM

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

e The “Too Big to Fail” (dense satellites)
problem
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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) o« r @
Simulations predict « ~ 1 (central cusp)

Observations show a ~ 0 (constant-density core)
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CDM PREDICTS LARGE BULGES
...BUT WE RARELY SEE THEM
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CDM PREDICTS LARGE BULGES
...BUT WE RARELY SEE THEM
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van den Bosch et al. (2001)
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THE ‘“MISSING SATELLITES”
PROBLEM

1000’s of satellites predicted dozens seen

“Via Lactea” Simulation Pan-ANDromeda Archeological Survey
(PANdAS)
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THE PREDICTED SATELLITES ARE
TOO DENSE

Predicted

) Observed

Boylan-Kolchin et al. (2012)
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so...
(VANILLA) CDM IS WRONG?

irsa: 14120017 Page 12/46



so...
(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?
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SO...
(VANILLA) CDM IS WRONG?

But what about the 5%°7?

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.
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GAS IS MUCH MORE COMPLICATED
(AND EXPENSIVE)!

Greyish-green = gas Blue = young stars Red = old stars
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WHY DO RESOLUTION AND FEEDBACK MATTER?

Pirsa: 14120017 Page 16/46



“Resolving” Star Formation Regions

e
E
o
~
—
£
K
=
L
=
<DL
-
k-3

log density (amu/em?)

radius (kpec)
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threshold
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)
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Outflows!

z=0.44 t=9.21 Gyr ‘ K Mvir ~ 1010 Msun
“dwarf galaxy”

Edge-on disk
orientation

(arrows are
velocity
vectors)

Brook et al., 2011, MNRAS, 415, 1051
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THE BIGGER PICTURE:
THE SMALL SCALE ‘“CRISIS?”? OF CDM

Baryons WDM SIDM

Bulge-less
disk galaxies

The Cusp/
Core Problem

Too Big to Fail

Missing
Satellites
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Outflows Remove Low Angular Momentum Gas
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THE BIGGER PICTURE:
THE SMALL SCALE ‘“CRISIS?” OF CDM

Baryons WDM SIDM

Bulge-less
disk galaxies

The Cusp/
Core Problem

Too Big to Fail

Missing
Satellites
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Creation of a Dark Matter Core

z2=1.16 t=5.49 Gyr ' ' ' ' ‘ |

P

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
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How are Cores Created?
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Pontzen & Governato (2012), MNRAS, 421, 3464, arXiv:1106.0499
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DENSITY SLOPE AS A FUNCTION
OF STELLAR/HALO MASS
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di Cintio et al. (2014)
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Core Creation varies with Mass!
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Pontzen & Governato, 2014, Nature
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Core Creation varies with Mass!
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WDM DOESN’T CREATE
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SIDM
SCATTERING CREATES CORES
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Vogelsberger, Zavala, & Loeb (2012)
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SIDM
SCATTERING CREATES CORES
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THE BIGGER PICTURE:
THE SMALL SCALE ‘“CRISIS?” OF CDM

Baryons WDM SIDM
Bulge-less
disk galaxies
The Cusp/
Core Problem
Too Big to Fail

Missing
Satellites
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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)
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NOT JUST CORE CREATION:
THE TIDAL EFFECT OF THE DISK
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Penarrubia et al. (2010), see also Arraki et al. (2012)
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THE FIRST SIMULATED DWARF SPHEROIDALS
TO MATCH OBSERVED KINEMATICS

Baryonic Results DM=—only Results
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Brooks & Zolotov (2014), ApJ, 786, 87, arXiv:1207.2468
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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 BIGGER PICTURE:
THE SMALL SCALE ‘“CRISIS”?” OF CDM

Baryons WDM SIDM
Bulge-less
disk galaxies
The Cusp/
Core Problem
Too Big to Fail \/ / /

Missing
Satellites
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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 Lacteas
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SO THE NUMBER OF MASSIVE SATELLITES IS
REDUCED...
BUT WHAT ABOUT LUMINOUS SATELLITES?
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MISSING SATELLITES & WDM
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MISSING SATELLITES & SIDM
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THE BIGGER PICTURE:
THE SMALL SCALE ‘“CRISIS”?”? OF CDM

Baryons WDM SIDM
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FUTURE WORK
(1) BARYONS IN ALTERNATIVE DM MODELS

(2) QUANTIFYING THE ROLE OF SN FEEDBACK
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SIDM WITH BARYONS
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Fry et al. (in prep)
see also Vogelsberger et al. (2014)
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Conclusions

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

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

SIDM: core size vs galaxy mass may distinguish from vanilla CDM ]
L

SIDM: need predictions that include baryons!!! ]

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

Review article that summarizes this talk — arxiv:1407.7544
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RESULTING GALAXIES MATCH
OBSERVED SCALING RELATIONS

Size-Luminosity (Brooks et al. 2011)
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(Munshi et al. 2013)

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

.and HI gas fractions (Munshi et al.

2007)

2013)
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