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Missing Satellites Problem (1999)

Data: Npright~10 Theory: N»>500
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Where would you put the classical MW dwarfs?

Image credits:V. Springel / Virgo Consortium;A. Riess / HST;W.Wang; AAO; M. Schirmer
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Natural Solution?
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Abundance Matching: (sub)halo mass < galaxy L or M*

DM halo mass function

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

Stellar mass function

DM halo mass function 7=0.1

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

: = Stellar mass function
I DM halo mass function X 7=0
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Galaxy luminosities matched with (sub)halo’s peak Vmax |
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Galaxy luminosities matched with (sub)halo’s peak Vmax |
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Small halos should be faint!
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Galaxy luminosities matched with (sub)halo’s peak Vmax |
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Simple mapping does well matching galaxy clustering

I galaxy-galaxy correlation function at z=0

10°
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Abundance Matching for Satellite Galaxies?
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Tollerud et al. 201 | '
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Abundance Matching for Satellite Galaxies?
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Abundance Matching for Satellite Galaxies? '
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“Bright” Dwarf Spheroidal Satellites
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Milky Way 2011 ~25 Dwarf Satellites | cvan
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There ARE missing satellites l
Luminosity Bias Surface Brightness
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Probably ~100’s more faint dwarfs to be discovered

N>26
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See also:
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Probably ~100’s more faint dwarfs to be discovered
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A seductive story... '

cumulative number
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A seductive story...
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A seductive story... '

Vinfal ~ 30 km/s
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A seductive story... |

Vinfan ~ 10 km/s Vinfan ~ 30 km/s
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Does this picture actually work?

Compare Masses of Bright L>10° Lsun MWV satellites

to
Masses of LCDM subhalos
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Dynamical masses at ri;2 known to ~20% for bright dwarfs |
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10 Carina
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Bright Dwarfs vs. Massive Subhalos

* Dynamical mass at ri,2 constrained to <20% by observations

» Wolf et al. 10; < Walker et al. 09; Koch et al. 07; Munoz et al. 05;

* N-body simulations now resolve ri; (~300 pc)

» Springel et al. 2008, Diemand et al. 2008

—> Directly compare observed satellites to simulated subhalos at ri;2
e if mass agrees: the subhalo may be able to host the satellite;

« if mass disagrees: no way for the subhalo to host the satellite.

J. Bullock, UC Irvine



Example of kinematic constraint: Draco |

Wolf etal. 2010 + | V(71 /2) = V30, ~17kms™}
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Example of kinematic constraint: Draco |
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Example of kinematic constraint: Draco |

assume NFW mass profiles for subhalos (verified in simulations)
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Example of kinematic constraint: Draco
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Kinematic Constraints for all L>10°Ls,» MW dSphs
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Kinematic Constraints for all L>10°Ls,,» dSphs
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Masses of Bright dSphs vs. Subhalos

Boylan-Kolchin et al. 2011 |
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Masses of Bright dSphs vs. Subhalos

M3soo = (0.7 - 3.0) x 107 Msun

Strigari et al. 2008
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Masses of Bright dSphs vs. Subhalos
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Masses of Bright dSphs vs. Subhalos
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Masses of Bright dSphs vs. Subhalos

seven simulations: six Aquarius + Via Lactea Il
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Masses of Bright dSphs vs. Subhalos

seven simulations: six Aquarius + Via Lactea Il
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Masses of Bright dSphs vs. Subhalos

seven simulations: six Aquarius + Via Lactea Il

bright MW dwarf spheroidals
(95.4% confidence) Too dense to

host any of the
bright MWV dSphs

Massive Dark
Subhalos

Points are subhalos

Boylan-Kolchin et al. 2011 |
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Masses of Bright dSphs vs. Subhalos

seven simulations: six Aquarius + Via Lactea Il

bright MW dwarf spheroidals
(95.4% confidence) Too dense to

host any of the
bright MWV dSphs

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

Points are subhalos

Boylan-Kolchin et al. 2011 |
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How Many Massive Failures!?

Massive failures

AqQ-A
Aq-B
Aq-C
Aq-D
Aq-E
Aq-F
VL-II

50 60

Vinfall (km/S) Boylan-Kolchin et al. 201 |




How Many Massive Failures!?

Massive failures

AqQ-A
Aq-B
Aq-C
Aq-D
Aq-E
Aq-F
VL-II

All 7 hosts have:

at least 6 dark subhalos with
Vinfa>30 km/s

at least 4 dark subhalos with
Vinfai>40 km/s

Note: Magellanic Cloud analogs
already removed from this sample
(Remove those with Vin>60 and

50

Vinfal (km/s)

60

Vnow>40)

Boylan-Kolchin et al. 201 | l




Mass within 300pc l

Wolf et al. 201 1 |

N-body subhalos
-Via Lactea2

Classical MW
dwarfs
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Mass within 300pc |

Wolf et al. 2011 |

N-body subhalos
-Via Lactea2

~8 massive

Classical MW l subhalos
dwarfs B unaccounted for

dN/dlog,o(Msgo)

among bright
satellites.

c.f. Strigari et al. 2008
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Of the ~10 biggest subhalos, ~8 cannot host any known bright MWV satellite

Image credits:V. Springel / Virgo Consortium;A. Riess / HST;W.Wang; AAO; M. Schirmer
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Stochastic Galaxy formation forV < 50km/s?
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Bright Milky Way
Dwarf Spheroidals
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Mass within 300pc l

Wolf et al. 201 1 |

N-body subhalos
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Mass within 300pc l

Wolf et al. 201 1 |

N-body subhalos
-Via Lactea2

Classical MW

Include ultra-faint
dwarfs

dwarfs + classical
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Mass within 300pc |

Wolf et al. 2011 '

Given large mass
uncertainties,
ultrafaint dwarfs
could sit within
most MASSIVE
subhalos.

Include ultra-faint
dwarfs + classical

dN/dl0g;6(M300)

Crazy?

J. Bullock, UC Irvine



Connection with cusp/core problem in LCDM?

If massive subhalos had low-density cores, they could still host bright dwarfs.
- modify dark matter (self-interactions?)
- baryonic effects make cores?

— | | | | .
e #0TO, ] LCDM + baryonic effects create cores?
- coa®OHY ]

I UGC 4325
data DensePak

Simulation

| : l ‘ l

20 40 60
r (arcsec)

cusps would be easily detected if present

log Radius (kpc
data NFW - (kpe)

Governato et al. 2010
See poster by Megan Jackson - NGC 1569




Conclusions & Discussion

« Option |: massive dark subhalos do exist in the MW as predicted

»  Galaxy formation is stochastic forV < 50 km/s

»  Already found? Some ultra-faint galaxies could lie in these subhalos
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Galaxy formation is stochastic forV < 50 km/s

Already found? Some ultra-faint galaxies could lie in these subhalos

« Option 2: No massive dark subhalos in MW (ACDM interpretation)

»

»

»

\

the subhalo content of the Milky Way is anomalous compared to expectations
baryonic feedback strongly alters structure of subhalos on ~300-1000 pc scales

MW disk has important effects on subhalo populations
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\

Conclusions & Discussion

Option |: massive dark subhalos do exist in the MWV as predicted

»

»

Galaxy formation is stochastic forV < 50 km/s

Already found? Some ultra-faint galaxies could lie in these subhalos

Option 2: No massive dark subhalos in MW (ACDM interpretation)

»

»

»

the subhalo content of the Milky Way is anomalous compared to expectations

baryonic feedback strongly alters structure of subhalos on ~300-1000 pc scales

MW disk has important effects on subhalo populations

Option 3: No massive dark subhalos in MW (modifications to ACDM)

»

»

»

dark matter is somewhat warm, characteristic suppression scale of ~40-50 km/s

dark matter has self-interactions

something else??

J. Bullock, UC Irvine
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End
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Bright and Faint Dwarfs Together

NFW mass profiles: 5 i Wolf et al. 2010 '
e, Mv ~ 3.el0 :

Mv ~ 3.e9

Itra-Faint

B 10°°<L/Ls< 1072 dSph
® 10*°%<L/Ly< 10> dSph
® 10%°<L/Lg<10*? dSph
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Strigari et al. 2008 I

Ultra-faint satellites Classical satellites
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Strigari et al. 2008 l
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Where are the
massive subhalos?

I Uma II Dra_car Leo I
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N0 - Surface Brightness bias
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Tollerud et al. 201 | '

~0.] L+ satellites within ~L+ galaxy halos

Abazajian et al. 2009 Boylan-Kolchin et al. 2010

Spectroscopically ID’d

Volume-Lim. SDSS for ~0.1 L* satellites (z<.034) Mill Il simulation “observed” like SDSS sample
Around isolated L* galaxies (not in clusters)

-_I2 ‘ J. Bullock, UC Irvine




40% of ~L* galaxies have a ~0.IL* satellite within 250 kpc l

Satellite fraction < R

A Tollerud et al. 201 |

50 100 150 200 350
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Kinematic Sample: Segue | |
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Binary Stars of Minimal Importance
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Stealth Galaxies? Surface Brightness & Mass Bias |
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“Missing Satellites Problem” circa 2010

Theory: N~10'6 Observation: N~25
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Tollerud, Boylan-Kolchin et al. 201 | '

Spectroscopic ~0.| L+ satellites within ~L+ galaxy halos
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Abundance matching works at Vinsai~ 100 km/s '
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Bright satellites of isolated L* galaxies are RED |
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The LMC is unusually blue for a satellite

~0.] L+ satellites w/in
~L+ galaxy halos
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