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The ultimate in selection bias?
Assuming various properties are normal because we can study them well 
is not the best strategy, and it is not necessarily clear how to extrapolate 
to other galaxies.

We need to understand which aspects of MW and its 
formation history are typical, and which are not, to apply 
lessons learned from the MW to the universe at large.

Requires detailed predictions in context of LCDM for MW-mass halos	 	 
➔  large-scale, high resolution numerical simulations
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Aquarius Project, Via Lactea I & II,  G-Halo:  
state-of-the-art predictions for individual MW-mass halos (Nvir =108-109)

Springel et al. 2008

Ideally: resolve >103 MW-mass halos at this level full, cosmological simulations

Reality: resolve 106 MW-mass halos with ~1000 particles each in Millennium Run
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Mvir ∈ [1− 3]× 1012 M⊙

(Msub/Mhost)

squares: MS-II data
dotted: fit to MS-II
colors: Aquarius



Halo-to-halo scatter: # of low-mass subhalos

Halo-to-halo variation includes ~20% intrinsic scatter at fixed subhalo mass.

“Missing satellites” in the 
Milky Way not due to halo-
to-halo scatter (from, e.g., 
low density environment)
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Black: measured from 
the simulation

Cyan: calculated directly 
from the mass function, 
assuming Poisson sampling.

LCDM expectation for galaxy 
with LMC’s stellar mass:

Minfall ≈ 1.5× 1011 M⊙

P(LMC) =
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11.4% MMW = 1012 M⊙

27.3% MMW = 2× 1012 M⊙
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Massive subhalos: How common is the SMC?

Black: measured from 
the simulation

Cyan: calculated directly 
from the mass function, 
assuming Poisson sampling.

P(SMC) =

�
3.7% MMW = 1012 M⊙

15.7% MMW = 2× 1012 M⊙

Minfall ≈ 8× 1010 M⊙

LCDM expectation for galaxy 
with SMC’s stellar mass:

See also: recent paper by Busha et al. 
(Bolshoi simulation), observational 
comparisons by Liu et al. and Tollerud 
et al. (in prep.)
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If a merger of a 60 km/s satellite 
heats the thin disk: 
potentially serious problem 
for LCDM

(since z=2)

If disk heating requires a 
100 km/s satellite: 
no problem for LCDM
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• statistics of merging subhalos: if Vmax=60 km/s subhalos heat a thin 
disk, the MW is very unusual (problem for LCDM?).  If heating requires 
satellites with Vmax=80-100 km/s, there is no problem.

• Future goals / requirements: 

‣ improve mass resolution, volume in full cosmological N-body simulations

‣ improved treatment of hydrodynamical processes  

‣ make data publicly available and easily searchable (Millennium / Millennium-II: 
halos, subhalos, merger histories in SQL databases)


