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a Milky Way halo simulated with over 200 million particles

the “via lactea” simulation

 collision-less                accurate solution of an idealized problem
  (no hydro)                  no free parameters, no subgrid physics
 

 largest DM simulation to date     
320,000 cpu-hours on NASA's Project Columbia supercomputer

 213 million high resolution particles, embedded in a periodic 90 Mpc box 
sampled at lower resolution to account for tidal field.

 WMAP (year 3) cosmology: 
Omega_m=0.238, Omega_L=0.762, H0=73 km/s/Mpc, ns=0.951, sigma8=0.74.

 force resolution: 90 parsec

 time resolution: adaptive time steps as small as 68,500 years

 mass resolution: 20,900 M⊙







www.ucolick.org/~diemand/vl

http://www.ucolick.org/~diemand/vl
http://www.ucolick.org/~diemand/vl


z=0 results from “via lactea” 
  subhalo mass functions          JD, Kuhlen, Madau, astro-ph/0611370

< rvir

< 0.1rvir

shallower at low M
due to numerical limitations

Close to constant contribution 
to mass in subhalos 
per decade in subhalo mass

      200 particle limits

via lactea         lower resolution run

N(>M) ~ M-a

with a between 0.9 and 1.1,
depending on mass range:

steeper at high M
due to dynamical friction



sub-subhalos in all well resolved subhalos
Msub=9.8 109 M⊙
rtidal=40.1 kpc
Dcenter=345 kpc

Msub=3.7 109 M⊙
rtidal=33.4 kpc
Dcenter=374 kpc

Msub=2.4 109 M⊙
rtidal=14.7 kpc
Dcenter=185 kpc            JD, Kuhlen, Madau, astro-ph/0611370

Msub=3.0 109 M⊙
rtidal=28.0 kpc
Dcenter=280 kpc



DM annihilation signal from subhalos
Total signal from 
subhalos is constant 
per decade in 
subhalo mass

The spherically 
averaged signal is 
about half of the 
total in Via Lactea, 
but the total signal 
has not converged 

total boost factor from subhalos: 
between 3 (constant) and 8 (more form small subs) 

total boost factor including sub-sub-....-halos:
between 13 (constant) and about 80 
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(optimistic) detection significance for GLAST

PRELIMINARY allsky map by Mike Kuhlen
assuming sub-substructure boosts subhalo luminosities by a factor of 10
includes extragalactic and galactic (cosmic ray protons on H) backgrounds (Baltz et al 1999)
NOTE: We do not resolve all relevant subhalos yet !



evolution of subhalo density profiles
total mass in spheres around 
subhalo center

this subhalo has one 
pericenter passage at 56 kpc
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evolution of subhalo density profiles

shock duration = 
internal subhalo orbital time

weak, long tidal shock          
causes quick compression followed by expansion

mass loss is larger further out

tidal mass is smaller than the 
bound mass at pericenter

“delayed” tidal mass

with 
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evolution of subhalo density profiles

this subhalo has its second of three 
pericenter passages at 7.0 kpc

a = 1/(1+z)
0.78 0.8 0.82 0.84 0.86 0.88 0.9

M
(<

r)

710

810

910

1010

1110

a = 1/(1+z)
0.78 0.8 0.82 0.84 0.86 0.88 0.9

M
(<

r)

710

810

910

1010

1110

1 kpc

10 kpc

a = 1/(1+z)
0.5 0.6 0.7 0.8 0.9 1

r [
kp

c]

10

210

strong, short tidal shock

short duration : 43 Myr       also affects inner halo, but mass loss still grows with radius

at pericenter rtidal = 0.2 rVmax, but the subhalo survives this and even the next pericenter
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The average mass fraction that remains 
bound to them until z=0 depends on their 
(inital) size

subhalo survival and merging

affected by 
numerical limitations      

stronger dynamical
friction      

out of 1542 well resolved (Vmax >5 km/s)
z=1 subhalos:

   97 % survive until z=0

   (only 1.3% merge into a larger subhalo)



almost 
simultaneous 
collapse of a 
0.01 Msun halo 
at z=75

lower density 
contrast, but 
similar subhalo
abundance as in 
a z=0 cluster

JD,Kuhlen,Madau
astro-ph/0603250

hierarchical 
formation of a z=0 
cluster

same comoving 
DM density scale 
from 10 to 106 
times the critical 
density

in each panel the 
final Mvir ~ 20 
million particles are 
shown

high redshift micro-subhalos are only slightly more fragile despite the flat sigma(M)



subhalos becomes rounder with time
major axes tend to point towards the host center 
(Kuhlen, JD, Madau 0705.2037, Faltenbacher+0706.0262, Pereira+0707.1702



subhalos becomes rounder with time
major axes tend to point towards the host center 
(Kuhlen, JD, Madau 0705.2037, Faltenbacher+0706.0262, Pereira+0707.1702



missing satellites?
CDM only predicts subhalos, not dwarf galaxies. Luckily, CDM predicts 
(more than) enough structures to host all known Local Group satellites.

Plausible galaxy formation models roughly reproduce the observed numbers 
of dwarfs. Many CDM subhalos remain dark (Governato et al. 2007)

As in the original (Moore+99, Klypin+99) 
comparisons we assumed
sqrt(3) sigma* = Vmax

this seems to be roughly right 
(Strigari+0704.1817):



missing satellites?
the largest subhalos are much further away (Taylor+2003, Kravtsov+2004):

we need more subhalos than dwarf at a given size to find enough that are also at 
the correct distances!

(lowering the normalization would be a problem on LMC/SMC scales
Via Lactea is near the median, rms halo to halo scatter is about a factor of two)



missing satellites?
adding the new ultra faint dwarfs from SDSS helps (Simon+Geha2007):

early forming subhalos would have the 
right sizes (Simon+Geha2007)

and also the right spatial distribution 
(Moore+2006)
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possible hosts for Local Group dwarfs
diverse histories:

0 to 11 
pericenters
inner subhalos 
tend to have 
more of them 
and starting 
earlier 

none to very 
large mass loss

concentrations 
increase during 
tidal mass loss

field halo 
concentrations
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possible hosts for Local Group dwarfs

same 10 EF tracks
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mass accretionmass loss
tidal mass loss from the 
outside in partially undoes 
the inside out halo assembly

     stripped halos resemble
     high redshift systems
     

     they have high
     concentrations
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subhalo concentrations

median concentrations increase 
towards the galactic center

the 68% scatter also increases

earlier formation times alone cannot 
fully explain this trend (dotted line)
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EF model fits Milky Way stellar halo radial velocities

cosmological stellar halo 
kinematics fit the 
observations well

The outer halo is
not well constrained:

low Mvir / high c
high Mvir / low c
both possible

beta(r) relates to
tracer profile slope as in 
Hansen&Moore, 2004

 
JD,Madau, Moore 2005



larger mass loss at first pericenter



summary : substructure

small subhalos contribute significantly to the mass fraction in subhalos and to the 
total DM annihilation signal. therefore both quantities have not converged 

tides remove subhalo mass from the outside in and lead to higher concentrations 
for subhalos. the effect is stronger near the galactic center

CDM predicts enough subhalos to host all the currently known Local Group dwarfs 

most (97%) subhalos survive from z=1 until today. smaller ones loose less mass

high redshift micro-subhalos are only slighly more fragile despite thier flat sigma(M)



scatter in CDM cluster density profiles
eg. Fukushige etal 2004, Navarro et al 2004, JD etal 2004

CDM density profiles are close to universal (e.g. NFW), but individual halo 
density profile shapes have scatter:

Our clusters (PKDGRAV)
Fukushige et al. 2004 (treecode on GRAPE)
Hayashi et al. 2004, Navarro et al. 2004 (GADGET)
Tasitsiomi et al. 2004 (ART)
Wambsganss, Bode, Ostriker 2004 (TPM)

JD, Moore, Stadel,
 MNRAS, 2004



scatter in CDM cluster density profiles

    NFW                                                  1.12            1.32
    Moore et al.                                      1.54            1.65

why are profiles nearly universal? what causes the scatter?

JD, Moore, Stadel,
 MNRAS, 2004, 353, 624



fitting functions
2 parameter functions (only two ‘scaling’ parameters):

NFW

Moore et al 1999



2 parameter functions (only two ‘scaling’ parameters): JD, Moore, Stadel,
 MNRAS, 2004



more fitting functions
2 parameter functions (only two ‘scaling’ parameters):

NFW

Moore et al 1999

3 parameter functions (one additional ‘profile shape’ parameter):

gamma model (cusp)
  JD, Moore, Stadel, 2004

Sersic/Einasto (core)
  Navarro etal 2004
  Merrit etal 2005/2006

Prugniel-Simien (deprojected Sersic)
  Merritt, Navarro, Ludlow, Jenkins, 2005
  Merritt, Graham, Moore, JD, Terzic, 2006
  Graham etal 2006 



3 parameter functions (one additional ‘profile shape’ parameter): JD, Moore, Stadel,
 MNRAS, 2004



3 parameter functions (one additional ‘profile shape’ parameter):

gamma-model

fitted to 
non-parametric
density profiles

Merritt, Graham, Moore, JD, Terzic, AJ in press



3 parameter functions (one additional ‘profile shape’ parameter):

Sersic-model

rms deviations
are often
smaller than 
for the 
gamma-model

both have largest 
deviations in the
outer halo

which one fits the
inner halo better?

Merritt, Graham, Moore, JD, Terzic, AJ in press



resolving the very inner profile
physical time-steps:

the empirical                                 , eta=0.25 is no longer sufficient

using                                                                 instead

this ensures step are at least 12 times
smaller than the local dynamical time

but increases CPU time by a factor of two

recently Zemp, Stadel, Moore, Carollo
(2006) have implemented a more
efficient algorithm which scales with
the local dynamical time everywhere.

JD, Zemp, Moore, Stadel, Carollo, 
MNRAS, 2005, 364, 665

4 Jürg Diemand, Marcel Zemp, Ben Moore, Joachim Stadel, & Marcella Carollo

10
!3

10
!2

10
4

10
5

10
6

10
7

r / r
vir

(z=0)

!
 (

r)
 /
 !

c
ri
t(

z
=

0
)

" r
resolved

DM25lt z=4.4

DM25lt z=0.8

DM25 z=4.4

DM25 z=0.8

Figure 1. Density profiles in physical (not comoving) coordi-
nates at redshifts 4.4 and 0.8. The two runs have equal mass
resolution but different time-steps and softening. The arrow indi-
cates the resolution limit set by the particle mass. The run with
the larger time-steps and softening underestimates the dark mat-
ter density outside of the resolution scale.

the standard criterion (1) and η = 0.2, for run DM25 we
used the more stringent, computationally more expensive
criterion (2) and η = 0.25. The difference in CPU time is
about a factor of two. At z=0.8 the densities in run DM25lt
are clearly lower out to 0.003 virial radii which also af-
fects part of the region we aim to resolve with this run
(rresolved = 0.0019rvir). Due to the high computational cost
of these runs we cannot perform a complete series of conver-
gence test at this high resolution but due to the monotonic
convergence behavior of PKDGRAV for shorter time-steps
(Power et al. 2003) we are confident that DM25 is a bet-
ter approximation to the true CDM density profile of this
cluster.

Our time-stepping test confirms that the time resolu-
tion in DMS04 was sufficient to resolve the minimum scale
of 0.3% virial radii set by their mass resolution. For the pur-
pose of this work, i.e. to resolve a region even closer to the
center smaller time-steps are necessary. These two runs il-
lustrate nicely how a numerical parameter or criterion that
passes convergence tests performed at low or medium reso-
lution can introduce substantial errors if employed in high
resolution runs.

2.3 Testing the multi mass technique

Reducing the high resolution region in the way described in
Section 2.1 produces multi mass virialised systems, i.e. halos
where particles of different mass are mixed up with each
other. The inner regions are dominated by light particles
and the region near the virial radius by heavier particles.
But one will find particles of both species everywhere in the
final halo and one has to worry if this mixing introduces
numerical effects, like energy transfer from the outer part
to the inner part (from the heavy to the light particles)

due to two body interactions. This could lead to numerical
flattening of the density profile and make heavy particles
sink to the center (Binney & Knebe 2002; Diemand et al.
2004a).

To check if the multi mass technique works for cosmo-
logical simulations we re-ran the simulations D6 and D9
from DMS04 using a reduced high resolution region. We
call these multi-mass runs “DM6se”, “DM6le” and “DM9”
(see Table 1). The next heavier particles in the surround-
ing region are 216 times more massive in DM6se and DM6le
and 27 times more massive in DM9. The heavier particles in
DM6le and DM9 have larger softening to suppress discrete-
ness effects while DM6se uses the same small softening for
both species. Figure 3 shows that the density profiles of the
fully refined run D9 and the partially refined run DM9 are
identical over the entire resolved range. Figure 2 shows that
the same is true for run DM6le, the larger mass ratio of 216
does not introduce any deviation form the density profile of
the fully refined run.

A small softening in the heavier species (run DM6sl)
does introduce errors in the final density profile (Figure 2).
The total mass profile is shallower near the resolved radius
and has a high density bump below the resolved scale. The
light particles are more extended and the bump is caused by
a cold, dense condensation of six heavy particles within 0.004
rvir. These six heavy particles have a 3D velocity dispersion
of only 273 km/s, while the light particles in the same region
are much hotter, σ3D = 926 km/s. They are hotter than the
particles in the same region in run D6 and DM6le (both
have only light particles in this inner part), the dispersion
are 722 km/s for D6 and 708 km/s for DM6le.

These tests indicate that the reduced refinement regions
work well in runs D9M and DM6le and therefore we used the
same refinement regions to set up the higher resolution run
DM25. In this run the heavier particles are 125 times more
massive than the high resolution particles and they have a
softening of 9 kpc. For run DM50 we refined only the inner
part of the most massive cluster progenitor at z=4.4 in the
same way as the final cluster in runs DM6le, DM6se, DM9
and DM25. In run DM50 the heavier particles are also 125
times more massive than the high resolution particles.

Figure 3 shows how the initially separated species of
light and heavy particles mix up during the the runs DM9,
DM25 and DM50. The density profiles profiles of DM6le
and DM9 do not suffer from numerical effects due to the
multi-mass setup. This indicates that the same is true for
run DM25 which has the same refinement regions. In run
DM50 the amount and location of mixing at z=4.4 relative
to r200 is very similar to the situation if DM9 at z=0.0,
therefore we expect DM50 to have the same density profile
as a fully refined cluster, i.e. as a cluster resolved with a
billion particles.

3 THE INNER DENSITY PROFILES

Here we try to answer the question if the inner density
profiles of dark matter halos have a constant density or
a cusp ρ(r) ∝ r−γ . At resolutions of up to 25 million
particles within the virial radius there is no evident con-
vergence toward any constant inner slope (Fukushige et al.
2004; DMS04).

c© 2005 RAS, MNRAS 000, 1–10



summary : density profiles
CDM density profile shapes are not exactly universal: 
      inner slopes at a give fraction of the scale radius have about 
      0.2 rms halo to halo scatter
      
      outer slopes (near Rvir) are very noisy

most CDM clusters are denser than NFW at 0.01 Rvir, 
but not as dense as the Moore et al 1999 fit

CDM cluster profiles resolved with around 20 million particles can be
fitted equally well with a cuspy gamma-model and with the
cored Sersic function

the one halo resolved with substantially higher mass, force and time-
resolution is consistent with a -1.2 cusp. 
its inner halo is denser than the best fit Sersic-model


