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EPS statistics for the standard ACDM cosmology

Millennium Simulation cosmology: Qm =0.25, QA =0.75, n=1, c, = 0.9

Angulo et al 2009

free-streaming cut-off -

1000.0 |

1 The linear power spectrum in
“power per octave” form

100.0

Assumes a 100GeV wimp
1 following Green et al (2004)

P(k) K°

10.0
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EPS statistics for the standard ACDM cosmology

Millennium Simulation cosmology: Qm =0.25, QA =0.75, n=1, c, = 0.9
Angulo et al 2009

3 —« free-streaming cut-off E

2_ _ Variance of linear density
: 1 fluctuation within spheres

= | containing mass M,
=l 1 extrapolated to z =0
' AsM — 0, S(M) — 720
ofF b

-10 -5 0 5 10 15
log;o M [h™" M,]



Millennium Simulation cosmology:

6,/D(T)

EPS statistics for the standard ACDM cosmology

| I | | 1 | | ] | I I | I I” | I | I |

|

| |
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0 0.2 0.4 0.6 0.8
Goz(kc)

Q =025, Q =0.75,n=1,06,=0.9

If these Markov random
walks are scaled so the
maximum variance is 720
and the vertical axis is
multiplied by V720, then
they represent complete halo
assembly histories for
random CDM particles.

An ensemble of walks thus
represents the probability
distribution of assembly

histories



EPS statistics for the standard ACDM cosmology

Millennium Simulation cosmology: Qm =0.25, QA =0.75, n=1, c, = 0.9

Angulo et al 2009
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| : L | Distribution of the masses of
. 7 the first halos for a random

3 1 set of dark matter particles
& | The median is lO'ZMG
0.010 = =
1 For 10% of the mass the first
| halo has M > 10'M _
0.001 . . . . ,

=10 -5 4] 5 10 15
log,s M [1'1_l M,]



Millennium Simulation cosmology:

Angulo et al 2009
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EPS statistics for the standard ACDM cosmology

0.010¢

0.001

Q =025, Q =0.75,n=1,06,=0.9

1 Distribution of the collapse

1 redshifts of the first halos for
| arandom set of dark matter

7 particles

| The median is z = 13

i For 10% of the mass the first
| halo collapses at z > 34

| For 1% at z > 55



EPS statistics for the standard ACDM cosmology

Millennium Simulation cosmology: Qm =0.25, QA =0.75, n=1, c, = 0.9

Angulo et al 2009
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0.100
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T,
=
-
0.010 ¢
0.001

| Distribution of the collapse
: redshifts of the first halos for

dark matter particles split by

1 the mass of the first object

| The high redshift tail is
| entirely due to matter in
i small first halos

| For first halo masses below
1 a solar mass, the median

collapse redshift is z= 21



EPS statistics for the standard ACDM cosmology

Millennium Simulation cosmology:

Angulo et al 2009

1.ﬂIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

[ % — Sph collapse
%— - EIll collapse

0.8

0.6

0.4

0.2

Q =025, Q =0.75,n=1,06,=0.9

-~ Total mass fraction in halos

: At z =0 about 5% (Sph) or
1 20% (EIl) of the mass 1s still
| diffuse

| Beyond z = 50 almost all the
| mass 1s diffuse

| Only at z <2 (Sph) or z<0.5

(Ell) 1s most mass in halos

{ with M > 10°M_ The “Ell”
~,curve agrees with simulations



EPS statistics for the standard ACDM cosmology

Millennium Simulation cosmology:

Angulo et al 2009
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: M>10®* h™! M, —

- M>10% h™' M, —
0.4 -
0.3F
0.2F
0.1F
0.0F_. . C

-2 0 2 4 6 8 10

Number of infall events

Q =025, Q =0.75,n=1,06,=0.9

| The typical mass element in

a “Milky Way” halo goes

{ through ~5 “infall events”
1 where its halo falls into a
| halo bigger than itself.

Typically only one of these
| is as part of a halo with
| M>10°M_



EPS statistics for the standard ACDM cosmology

Millennium Simulation cosmology: Qm =0.25, QA =0.75, n=1, c, = 0.9

Angulo et al 2009
VE-3 L L L L L L
 M>10-0 Bt M, 133 M<M<z M 1 The typical mass element in
x 2 M<M<4 My — - 1 x50 ’s
0.4 1 a “Milky Way” halo goes
: 1 through ~3 “major mergers”
: 1 where the two halos are
ad3 1 within a factor of 3 in mass
0.2f { The majority of these occur
1 when the element is part of
LE 1 the larger halo
00C . . 1
-2 0 P 4 6 a8 10

Number of major mergers



EPS halo assembly: conclusions

 The typical first halo 1s much more massive than the free
streaming mass

e First halos typically collapse quite late z ~ 13
e Halo growth occurs mainly by accretion of much smaller halos
e There are rather few “generations” of accretion/merger events

e Major mergers are not a major part of the growth of many halos



The dark matter structure of A CDM halos

A rich galaxy cluster halo A 'Milky Way' halo
Springel et al 2001 Power et al 2002




A CDM galaxy halos (without galaxies!)

Halos extend to ~10 times the 'visible' radius of galaxies
and contain ~10 times the mass 1n the visible regions

Halos are not spherical but approximate triaxial ellipsoids
-- more prolate than oblate
-- axial ratios greater than two are common

"Cuspy" density profiles with outwardly increasing slopes
~-dlno/dnr=y with y < -2.5 atlarge r
y > -1.2 at small

Substantial numbers of self-bound subhalos contain
~10% of the halo's mass and have d N/d M ~ M "3

—p- MOst substructure mass 1s 1n most massive subhalos



Density profiles of dark matter halos

e

ul

e

log p {10 M, kpe8)

n

Ta

Navarro, Frenk & White 1996

- Dwartfs
— — (zalaxies
—--Clusters

The average dark matter
density of a dark halo depends
on distance from halo centre in
a very similar way 1n halos of
all masses at all times

-- a universal profile shape --

p(r)p ~ o r [r(l+rr)

crit

More massive halos and halos
that form earlier have
higher densities (bigger 9)

Concentration ¢ = rZOO/ r 1S

an alternative density measure
Beware variety of definitions!



NEW profiles may not be pretty....




...but they work surprisingly well
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Navarro et al 2006
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How well do density profiles converge?
Aquarius Project: Springel et al 2008
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How well do density profiles converge?
Aquarius Project: Springel et al 2008
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Concentration scatter and trend with M and z
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Concentration trends with M, z and cosmology
Zhao et al 2008
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The Aquarius halos ol ot 2l 2008
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The Einasto protfile fits the inner cusps

Navarro et al 2009
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The Einasto protfile fits the inner cusps
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The Einasto protfile fits the inner cusps
Navarro et al 2009
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The Einasto o varies with mass

Gao et al 2008

Results for stacked halos in the Millennium run
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much larger radii
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10* E Hayashi & White 2008
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A lensing test of the DM paradigm?

Hayashi & White 2008
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log o*(r) [km®/s®]

Velocity dispersion profiles
Navarro et al 2009

Results are well converged
Velocity dispersion and anisotropy peak at intermediate radii



log 0¥(r)/Cumes

Velocity dispersion profiles
Navarro et al 2009

0.6 .

g =1-0¢°/20c;

Results are well converged

Velocity dispersion and anisotropy peak at intermediate radii
Profiles vary significantly between halos
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Pseudo-phase-space density profiles
Navarro et al2009 |
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Shape variations in the density and velocity dispersion profiles
compensate to make p(r) /o(r)’ an almost universal power law



Halo protfiles: conclusions

e The NFW formula fits spherically averaged profiles of most
objects to within 10% out to at least 2 r_

e The characteristic density (or concentration) varies with mass,
redshift and cosmology

e The Einasto formula fits better — its additional shape parameter
varies systematically with mass

* There 1s no indication of any “asymptotic inner power law”

* The scatter among halos 1s larger than the Einasto-NFW difference
e Mean profiles change shape dramatically for 6 < 10

 Velocity dispersion profiles show considerable variation

e Variations in p(r) and o(r) compensate to give power law p/c”



