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Large-Scales: looks like CDM + Dark Energy
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What about smaller scales?

nens v e
Gravitational
milli lensing?

Dwarf galaxies

crgMlacti
hydrogen
Clumpeng
.

s ‘e
>. ‘.. ¢
Gravitational -

kensing @ '
3

o Cmmic

T PR\ packground
SUSN .

galaxy

clustering
«

10° M 108 My 10!'! My 10!4 My
10 100 1000 10000 108

Scale (millions of lightyears)



Small scale troubles with LCDM?

LSB galaxies: Galaxy Clusters:
- not as dense as predicted - density profiles are too shallow?
- core density at ~few kpc - core density at ~100 kpc
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Small scale troubles with LCDM?

LSB galaxies:

- not as dense as predicted
- core density at ~few kpc LCDM + baryonic effects create cores?
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Dwarf Satellite Galaxies

L ~10° —10°Lg
M/L ~ 100

Dark Matter Dominated => Easy to interpret

J. Bullock, UC Irvine
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“Missing Satellites Problem”

v ' s
Theory: N>>1000 Observation: Nprighe~ 10

Klypin et al. 1999; Moore et al. 1999; Kauffmann et al. 1993



Quantifying Substructure: Subhalos

600 kpc

Garrison-Kimmel, Onorbe et Irvine 2012

J. Bullock, UC Irvine

‘ Subhalo

Vmax = peak circular velocity
Vinfal = Vmax before fell in

Minsal = Virial mass before fell in

Record:
Mass & Vimax at all times
prior to infall.



Missing Satellites Problem

Simulated mass/velocity functions: Steep Observed Luminosity Functions: Flat
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log[® (Mpc™ log;o(My,) )]

Abundance Matching: (sub)halo mass < galaxy L or M*

DM halo mass function

(includes subhalos)

c.f. Tinker et al. 08

I 12 13 14 |5

|Og (MDM/Msun)

Kravtsov et al. 2004; Conroy et al. 2006, Guo et al.
2010;Behroozi et al. 2010



log[q) (MpC_3 loglO(Mslar)_l)]

Abundance Matching: (sub)halo mass < galaxy L or M*

DM halo mass function Stellar mass function

z=0.1
(includes subhalos)
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Kravtsov et al. 2004; Conroy et al. 2006, Guo et al.
2010;Behroozi et al. 2010



Abundance Matching: (sub)halo mass < galaxy L or M*
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Galaxy luminosities matched with (sub)halo’s peak Vmax
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Galaxy formation efficiency

Stellar Mass
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Galaxy formation efficiency

Stellar Mass
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Abundance Matching for Satellite Galaxies?
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Abundance Matching for Satellite Galaxies?
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Abundance Matching for Satellite Galaxies?
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“Missing Satellites Problem”

Theory: N>>1000 Observation: Nprighe~ 10

Klypin et al. 1999



“Easy” answer: only the biggest clumps have stars!?

v ' s
Theory: N>>1000 Observation: Nprighe~ 10

Klypin et al. 1999



“Easy” answer: only the biggest clumps have stars!?

X ’ e o 3 S > 4 .. .
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Theory: N>>1000 Observation: Nprighe~ 10

Klypin et al. 1999



“Easy” answer: only the biggest clumps have stars!?

® ..

Theory: N>>1000 Observation: Nprighe~ 10

Klypin et al. 1999



_ | | Dwarf Satellites
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Milky Way 2012 ~25 Dwarf Satellites | cvan

LeolV
UMal

Fornax (1938): o

L~ I 07 Lsunl Bootesl/II Utsa %’ﬁn"f

Draco
Coma Wi Herc T

Seguel - .
‘ UMall

| Milky Way N

ﬁ:?&#

~1000 pc ——

® Sag

) 4
-

Segue | (2006): e

3 1~300 Lo
~ I OO PC Sculptor

¥
&
<= Fornax

Bullock/Geha 100,000 light years

| e |

J. Bullock, UC Irvine




Probably ~100’s more faint dwarfs to be discovered
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A seductive story...

— o 1 Springel et al. 2008
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A seductive story...
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A seductive story...
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A seductive story...

Vinfai ~ 10 km/s Vinfall ~ 30 km/s
No stars . Springel et al. 2008
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Does this actually work?

Theory: N>>1000 Observation: Nprighe~ 10

Klypin et al. 1999



Abundance matching for satellite galaxies

subhalos -
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Abundance matching for satellite galaxies

Stellar mass mapping
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Abundance Matching: can reproduce obs. LF
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How do the masses compare!?

Theory: N>>1000 Observation: Nprighe~ 10

Klypin et al. 1999



Abundance Matching: can reproduce obs. LF

20F

10F

30 T
X \

. Theory °*

Data M31 ]
Data MW-

6 Aq. Halos *

s
s
P W 1 | e ol

1
-4

J. Bullock, UC Irvine

-6 -3 -10 =12 -14 -16 -18 =20
M,

Boylan-Kolchin et al. 201 1b



Abundance Matching: can reproduce obs. LF
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Dynamical masses at ri2 known to ~20% for bright dwarfs

Carina
Stars from Walker

VC(Tl/Q) — \/30'*

Wolf et al. 2010 |

See also:

Walker et al. 2009
Strigari et al. 2007

W+10 estimator agrees with axisymmetric
Schwarzschild modeling by Thomas et al. 201 |
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Example of kinematic constraint: Draco

Ve(r1/2) = V30, 17kms™
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Example of kinematic constraint: Draco

Velrij2) = V3o. = 17kms™
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Example of kinematic constraint: Draco

Velrij2) = V3o. = 17kms™

50 T — 7
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= 30
oy
h)
2 <8 | Springel l.2008
‘S pringel et al.
= ‘ (Aquarius project)
10 . i s 2 04 . .1
.1 0.3 0.6 1.0
r [kpc]

J. Bullock, UC Irvine



Veire [km/s|

All bright MW dSphs (L>10° Lsun)

50 — T —rTTTT
8 biggest subhalos
40 ' (remove LMC/SMC analogs) 4
30
20
10

J. Bullock, UC Irvine

8 biggest subhalos are
too dense to host ANY
of MW dSph satellites




All bright MW dSphs (L>10° Lsun)

Plotted: all halos with Vintan > 30km/s
~15 are unaccounted for

Boylan-Kolchin et al. 2011, 2012

J. Bullock, UC Irvine



All bright MW dSphs (L>10° Lsun)

| 1.39 x10"* M,

Ll ' N RN )

Massive Failures: |
Vinfan = 30=-70 km/s

Plotted: all halos with Vintan > 30km/s
~15 are unaccounted for

Boylan-Kolchin et al. 2011, 2012
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Six Aquarius Halos: ~10-20 massive failures each

I 0.6 1. 0.1 0.3 0.6 1.0
r kpc| r [kpc)

Boylan-Kolchin et al. 201 1a,b
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For subhalos that can match dSphs: how big at infall?

‘>

V... [km/s]

>  Vinfat = 15-25 km/s
for all MW dSphs

J. Bullock, UC Irvine




Galaxy formation efficiency

Stellar Mass
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Galaxy formation efficiency

Stellar Mass

fbaryon*Mdm
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Galaxy formation efficiency

Stellar Mass

fbaryon*Mdm
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Galaxy formation efficiency
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'Option 01 The Milky Way is weird.

J. Bullock, UC Irvine



New Data: M3| dSph population
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M3 | would have to be weird too.

J. Bullock, UC Irvine



Oprion |-

Galaxy formation is effectively stochastic in small(ish)
dark matter halos (Vmax = 50 km/s).

Baryonic effects lower densities in the centers of L~10°
Lsun galaxies.

Dark matter is not so simple. Self-interacting?
Something changes small-scale behavior.

J. Bullock, UC Irvine



Galaxy formation is effectively stochastic in small(ish)
dark matter halos (Vmax = 50 km/s).
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8 biggest subhalos

J. Bullock, UC Irvine




DM blow-out needed to fix the problem
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Garrison-Kimmel, Jally, et al., in prep.
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Garrison-Kimmel, Jally, et al., in prep.
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Option 2.

Baryonic effects lower densities in the centers of L~10°
Lsun galaxies.

Galaxies with L~5.10°Ls,» need to have removed
~10’Mqun of dark matter.

Standard blow-out physics: Mremove ~ Mx formed
(true, e.g., for Pontzen & Governato 2012)

J. Bullock, UC Irvine



Option 3 Dark matter is not so simple.

J. Bullock, UC Irvine



Option 3 Dark matter is not so simple.

Particle mass is not so big? CDM: Mgy, — OO
WDM: Mgam ~ keV

Self-interaction not so small? CDM: (T/mdm — 0

SIDM: 0 /M qm ~ 1cm?/g

J. Bullock, UC Irvine



_ Warm Dark Matter?

Cold Dark Matter Warm Dark Matter

Lovell et al. 201 |

Just consistent with Ly-alpha forest --> Barely solves problem (Lovell et al. 2011)
+ Possibly NOT ENOUGH substructure.
+ How reionize the universe @ z~10?

J. Bullock, UC Irvine




Option 3 Self-interacting dark matter

J. Bullock, UC Irvine



Simulating Self-interacting CDM

)

Miguel Rocha  Annika Peter Manoj Kaplinghat

O
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Interesting things happen when 1' ~ H|

Long mean-free paths: monte-carlo method

O
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Carlson et al. (1992); Spergel & Steinhardt (2000); Kochanek & White (2000); Feng et al.
(2009); Loeb & Weiner (2011); Vogelsberger et al. (2012)



Simulating Self-interacting CDM

)

Miguel Rocha  Annika Peter Manoj Kaplinghat

O
['=pam () Vrms
m™m

O :
G | Cm2 lower density
m /g cores in DM halos

Carlson et al. (1992); Spergel & Steinhardt (2000); Kochanek & White (2000); Feng et al.
(2009); Loeb & Weiner (2011); Vogelsberger et al. (2012)



Simulating Self-interacting CDM
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Simulating Self-interacting CDM
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SIDM Density Profiles: Cored Halos
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Problems with CDM
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SIDM: Substructure survives
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Normal Matter = @
A

This piece of the pie is
very interesting...
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Maybe this one is too...
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