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The Lumpy CDM Halo of the 
Milky Way



The CDM model has been remarkably successful at 
describing the large-scale mass distribution of our 
Universe from the epoch of recombination to the 
present. 

The nature of the DM particle is best tested, however, 
on small scales where its interaction properties manifest 
themselves by modifying the structure of galaxy halos 
and their substructure. 

Making reliable theoretical predictions about small-scale 
CDM structures is extremely challenging, as the range of 
lengths, masses, and timescales that need to be simulated 
is immense.



In the ΛCDM paradigm 
galaxies form 
hierarchically, with low-
mass objects (“halos'') 
collapsing earlier and 
merging to form larger 
and larger systems over 
time. Halos collapsing at 
high redshift, when the 
universe is very dense, 
have central densities 
that are correspondingly 
high.

When these halos merge into larger hosts, their high densities
allow them to resist the strong tidal forces that acts to destroy 
them. It is expected that a significant fraction of these small halos 
will survive the hierarchical process as distinct substructure.

Halo substructure
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A brief history of Nbody simulations of  CDM halos                

High resolution Nbody simulations have confirmed that CDM halos both 
on cluster and galaxy scales are not smooth but are clumpy on all 
resolved mass scales.   
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1. Satellite Galaxies of MW: the most 
massive DM subhalos are predicted to be 
associated with luminous dSph satellites. The 
amount and spatial distribution of satellites 
around the MW provide then unique 
information and clues on the galaxy 
assembly process. N.B. Most dark matter 
subhalos appear to have no optically 
luminous counterparts in the Local Group  
(“missing satellite problem” Moore+99; 
Klypin+99).

2. Gravitational Lensing: galaxy 
substructure may explain the flux ratio 
anomalies observed in multiply-imaged 
lensed QSOs (Metcalf & PM 01; Chiba 02;
Dalal & Kochanek 02). Effect is sensitive 
to subhalo surface mass density in the 
inner 5-10 kpc.

Observational probes of substructure



4. Tidal streams: presence of  a 
population of CDM  clumps alters the 
phase-space  structure of a globular  
cluster  tidal stream (Ibata+ 02). If the 
global Galactic potential is nearly 
spherical,  this corresponds to a 
broadening of the stream from a thin 
great-circle stream into a wide band 
on the sky. (GC streams detectable by 
GAIA)

3. Dark Matter Annihilation: because of their high 
space densities, subhalos may be detectable via γ-
rays from DM particle annihilation in their cores 
(Bergstrom et al. 1999; Calcaneo-Roldan & Moore 
2000; Stoehr et al. 2003; Colafrancesco, Profumo, 
& Ullio 2005; Diemand, Kuhlen, & Madau 2006): γ-
ray luminosity ∝∫ρ2dV. (GLAST, VERITAS). 

cluster phase-space density ρ/σ3 



“VIA LACTEA I”:  largest-resolution Nbody 
simulation of a Milky Way-sized DM halo

Largest DM sim to 
date at these scales 
320,000 cpu hours 
213,217,920 high res 
particles 
mp=20,000 M⦿

First  simulation 
to resolve building 
blocks of galaxy 
formation down to 
the present epoch
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√3σ*=Vmax
MW dSphs

The “substructure problem”

Only 1/5 subhalos with  
Vmax>20 km/s appear to be 

luminous

Central densities of DM-
dominated dwarfs larger than 

in simulations



“Via Lactea II”

1e6 cpu hours on 
Cray Jaguar XT3 
at ORNL 
1.1e9 high res particles 
mp=4,100 M⦿

softening=40 pc

most extensive 
cosmological 
simulation ever 
carried out

40,000 bound 
clumps distributed 
with equal mass per 
decade of mass 
between 106-109 M⦿. 
2,000  @ <50 kpc 
20 @ <8 kpc.



Subhalos have very large 
inner phase-space densities 
∼10-5 M⦿ pc-3 km-3 s3 due to 
their steep inner density 
cusps and their relatively 
small internal velocity 
dispersions. This agrees well 
with the extremely high 
stellar phase-space densities 
observed recently in ultra 
faint dwarf galaxies.

coherent elongated features: streams that form out of material removed from 
accreted and disrupted subhalos. The visible streams are underdense relative to the 
background but owing to their low velocity dispersion they manage to stand out in 
local phase space density. 



In cases where the disrupted subhalo hosted a luminous 
satellite, the resulting streams would contain not only dark 
matter but also stars. This process would then produce 
detectable features in the Milky Way's stellar halo, like those 
observed in the "Field of Streams". 

Our predicted subhalo central densities 0.4-2.5 M⦿ pc-3 within 
100 pc (7-46 M⦿ pc-3 within 10 pc) are also perfectly 
consistent with recent observations. The fact that CDM 
naturally predicts a small-scale DM distribution that matches 
the observations appears to be a real success of the model.  

Particle candidates that introduce a phase-space limit, such as 
a sterile neutrino, or have a high collisional cross-section such 
as self interacting dark matter would fail these fundamental 
observational tests.



Via Lactea II also predicts a remarkable self-similar pattern of 
clustering properties.  We are able for the first time to image the 
fractal-like appearance of the DM by resolving the second 
generation of surviving sub-substructures from the merging 
hierarchy ➪ the dwarf subhalos of  Via Lactea appear to be scaled 
versions of the main halo - each containing their own sequence of 
nested sub-substructures reminiscent of a Russian Matryoshka 
doll. 



F =
N!!!v"

2 d2m2
"

! rvir

0

"2

DM (r)r2dr

Annihilation flux for a distant spherically symmetric 
system of radius rvir:

γ-photons produced 
per annihilation

annihilation cross-section
x thermal velocity

mass of DM particle

The density squared weighting of the integrand results in 
most of the flux in dark DM halos being produced by a small 
fraction of their mass in the densest regions: (1) galactic 
center and (2) halo substructure



<σv>=5×10-26 cm3 s-1

MΧ = 46 GeV

observer @ 8 kpc from GC 
subhalo boost factor=10

2-year exposure
9 arcmin pixel

GLAST allsky map of 
neutralino DM annihilation



We (and other groups at MPA, Zurich U) are pushing 
supercomputing technology to its limits in order to calculate 
the small-scale structure of our Galactic halo.  These results 
lead to a number of predictions that can be tested by 
forthcoming stellar halo surveys, gravitational lensing of 
distant quasars, as well as indirect dark matter detection 
experiments.

Confirming these predictions is the ultimate test of the
standard cosmological model and is well within reach of 
forthcoming observations and experiments. 
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THE END
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