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The origin of cosmic structure
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In the cold dark matter
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forms hierarchically (i.e.
small objects form first)
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The cold dark matter cosmogony
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Non-baryonic dark matter
cosmologies

unrealistic
clustering

Early CDM
N-body
simulations gave
promising results

Neutrinos
Q=1

In CDM CfA redshift

structure forms survey
hierarchically

Davis, Efstathiou,
Frenk & White ‘85
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"é} E€ @ | The cosmic power spectrum: from
the CMB to the 2dFGRS

(and k) assuming flat
geometry
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using linear theory
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E} D Galactic cold dark matter halos

3 topics:
Halo cusp problem
Satellite problem
Possibility that CDM might soon be detected




Cosmological model
(2, 24, h); dark matter

!

Primordial fluctuations
op/p(M, t)
|

[Formation and evolution of galaxies]




(R, €4, h); dark matter

!

Primordial fluctuations
op/p(M, t)

! :

Dark matter halos . Well understood
(N-body simulations)

Cosmological model
1000

Gas processes
(cooling, star formation, feedback)

[Gasdynamicsimulations] [ Semi-analytics ]

”[ Formation and evolution of galaxies}




The structure of cold dark
matter halos

The halo cusp problem




The Density Proflle of Cold Dark
Matter Halos

-
Halo denSIty proﬁles are .
Jndepelﬁeht of halo'mass &
cos;nologlcal parameters -
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IEPEDIN The Aquarius programme

Carlos Frenk
Amina Helmi
Adrian Jenkins 2
Aaron Ludlow V I R G. :
Julio Navarro ik
Volker Springel,
Mark Vogelsberger

UK, Germany, Netherlands Canada
collaboration

Jie Wang
Simon White
Pictures, movies and simulation data
Shaun Cole available at:
Andrew Cooper
Gabriella de Lucia
Takashi Okamoto




BCEL | The Aquarius programme

University of Durham

6 different galaxy size halos simulated at varying resolution, allowing for a
proper assessment of numerical convergence and cosmic variance

Numerical Particle number in # of substructures mass resolution
resolution halo (Ns)

Aqg-A-5 808,479 299 3.14 x 106 M,
Ag-A-4 6,424,399 1,960 3.92x10° M,
Aq-A-3 51,391,468 13,854 4.91 x 10* M,
Aqg-A-2 184,243,536 45,024 1.37 x 10* M,
Aq-A-1 1,473,568,512 297,791 1.71x10° M,

(15 pc/h softening)

Simulation data, movies, pictures available at:

www.mpa-garching.mpg.de/Virgo

UK, Germany, Canada, www.durham.ac.uk/virgo Springel et al ‘08
Japan, US collaboration
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‘{’ LY Density profile p(r): convergence test
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Deviations from NFW
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The density profile is fit by the NFW form to ~10-20%.
In detail, the shape of the profile is slightly different.
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Universality of the mass profile
6 HALOS: LEVEL 2 RESOLUTION
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Slight but significant deviations from similarity.
A “third parameter” needed to describe accurately mass profiles of CDM halos.
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HECC

The structure of the cusp
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A cold dark matter universe

Probing the structure of cluster halos with X-rays




5 The central density profile of
@??m galaxy cluster dark halos

Inner DM density profile inferred from X-ray data (Chandra)
A1795 (z=0.0632)

=
=
=
(7))
(7))
(qV)
=
A1795
Ettori, Fabian et al 02 ——
10% L e
Profile shallower than 10 r (kpc) 100

NFW (B = 0.59 10.15) Ettori, Fabian et al 02
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Mass within

(z=0.0414: 1 arcsec = 0.83 kpc)

15 ks Chandra data show no
asymmetries from 1 kpc to 1 Mpc

Enclosed Mass [Solar Masses]
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NFW (c=4.9 £2.4) is good fit for

r>0.02 R,
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The central density profile of
galaxy cluster dark halos

clusters, from X-ray
data & assumption of
hydrostatic equilibrium

Excellent agreement
with CDM halo
predictions
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The central density profile of
galaxy cluster dark halos

clusters, from X-ray e
data & assumption of I
hydrostatic equilibrium ot
Q-

o
10* E—
10° 3
Excellent agreement 0

with CDM halo B Lo

predictions

Vikhlinin et al ‘06

0.1
req0

Institute for Computational Cosmology




A cold dark matter universe

Probing the structure of cluster halos using

gravitational lensing




The density
profile of T T

galaxy cluster| | | | |
dark halos

Weak lensing for
130,000 groups and
clusters from SDSS
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central galaxy,
cluster dark halo
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The density profile of galaxy cluster
dark halos

Buote et al. 2007
or Comerford & Nat. 2007

.

-

concentration

Weak lensing for
130,000 groups and
clusters from SDSS

concentration

(Neto et al ‘07

Best fit power—law
Neto et al. 2007
Bullock et al. 2001
| PP PSPy

1013 1014
Mogo [NM,]

Johnston et al ‘07



Halo structure: conclusions

» Halos are triaxial ellipsoids (not spherical)

» Halos have nearly universal “cuspy" density profiles

o Cusps are inferred in cluster halos



—>
100,000 light years




he satellites of the Local Group

500 -

kpe

-500 |-

-1000 [~

|~ The Local Group contains
— ] only about 35 bright satellites

N-body simulations produce
1000s of small subhalos




i Strigari et al 2008
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Luminosity [Lg]
Is this special scale due to:
* Warm dark matter (e.g. sterile neutrino) ?

* Astrophysics in CDM halos?
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Halo substructures




HJBECE" | The Aquarius programme

Numerical Particle number in # of substructures mass resolution
resolution halo (N5)

Aqg-A-5 808,479 299 3.14 x 106 M,
Ag-A-4 6,424,399 1,960 3.92 x 10° M,
Aq-A-3 51,391,468 13,854 4.91 x 10* M,
Aq-A-2 184,243,536 45,024 1.37 x 10* M,
Aq-A-1 1,473,568,512 297,791 1.71x10° M,

(15 pc/h softening)

Springel et al ‘08
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The mass function | -

of substructures ] N(M) < M* 7
10° =
] a=-1.90 |
The subhalo mass -
. . = 107 _
function is shallower — | |
than M2 25”10-6
2 | M _

* Most of the substructure .| oo

. . — AQ-A-4
mass is in the few most .
massive halos
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) 104 10° 10° 107 102 10° 10%
° The total mass in M., [M]
substructures converges -
well even for moderate 300,000 subhalos within virialized
resolution region in Ag-A-1
Virgo consortium Springel, Wang, Vogelsberger, Ludlow, Jenkins, Helmi,

Navarro, Frenk & White ‘08
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=
The mass function

of substructures

The subhalo mass
function is shallower
than V2

* Most of the substructure
mass is in the few most
massive halos

* The total mass in
substructures converges
well even for moderate
resolution

Virgo consortium
Springel et al 08
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How many of these subhalos actually
make a visible galaxy?




Cosmological model
1000 (R, 4, h); dark matter

~ | Primordial fluctuations
dplp(M, t)
| 3

Dark matter halos . Well understood
(N-body simulations)

Gas processes
(cooling, star formation, feedback)

[Gasdynamicsimulations] [ Semi-analytics ]

”[ Formation and evolution of galaxies]F

Tns.l'.iuﬂe for Computational Cosmology




@ B

@€ 4 |Modelling galaxy formation

University of Durham

Aim: follow history of galaxy formation ab initio, i.e starting from a
cosmological model for structure formation so as to predict observables

Sub-grid physics

Main baryonic processes:

® Shock-heating and radiative cooling of gas within halos

¢ Star formation and SN feedback
® Reionization

® Production & mixing of metals

® Evolution of stellar populations

® Dust obscuration

| ® AGN feedback

Need to use
phenomenological
models

Institute for Computational Cosmology




Modelling galaxy formation

18

University of Durham

Main baryonic processes:

Shock-heating and radiative cooling of gas within halos

4 4

Solve hydro equations Assume spherical symmetry
numerically & solve analytically
Hydrodynamical simulation Semi-analytic model

+ Gas dynamics in full generality - Approximate gas dynamics

- Limited dynamic range + Unlimited dynamic range

- Expensive: cannot explore

_ + Can easily explore different
range of sub-grid models

sub-grid models

Institute for Computational Cosmology




E} A

8P Fcedback in galaxy formation

Injection of supernovae/ *

stellar wind energy

NGC 3079

(4,
a

_ A,
»

s “iw : - .
‘ g2 M 82 (NGC 3034) FOCAS (B, V, Ha)
; Subaru Telescope, National Astronomical Observatory of Japan March 24, 2000

@)
Galaxy NGC 3079 HST * WF PC2 Copyright© 2000 National Astronomical Observatory of Japan, all rights reserved
NASA and G. Cecil (University of North Carolina) ® STScl-PRC01-28




Halos accrete gas
efficiently and form
stars

Galaxies/QSOs
emit ionizing
photons

Hydrogen is photoionized

IGM becomes ionized and

/~6

is heated to around 10*K

Low mass halos accrete
gas inefficiently

Ionizing background
heats gas in halos

/=0

[Institute for Computational Cosmology

Benson etal ‘02




@@@ Luminosity Function of Local
University of Durham Group Satellltes

® Photoionization inhibits

the formation of satellites 2

® Abundance of satellies
reduced by large factor!

® Median model gives correct
abundance of sats brighter
than M,=-9, V> 12 km/s

log dN/dM, (per central galaxy)

® Model predicts many, as yet
undiscovered, faint satellites

Benson, Frenk, Lacey, Baugh & Cole '02
(see also Kauffman etal '93, Bullock etal '01)

-1

B 1 I I 1 I I

ACDM

Photo-l +

SN feedback *°

I 1 I I 1 1 1 I I 1 I I I

® Mateo (1998)

}photo-i |

® o o .
®

Standard model o o
Cole et al. (2000)
No photoionization LG data
f.=10% |
| - ' T B | B -
5 -10 -15 -20

M,
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[ Cumulative pap
L distr. of Vi o 5-05%

—
(o)
T

—

log(N(>V,) per central galaxy)
o
)

o

il 1 1 l 1 1 1
1 1.2 1.4
log(V.,/km s-1)

-0.5

10-90%
25-75%

1.6

1.8

‘Satellite LF

Model

25-75%
10-90%
| s 5-95%
| s 0-100%

Mateo (1998)

_2 i 1 1 1 1 | 1 1 1 1 |
0 -5 -10 —-15 —-20
My

log dN/dM, (per central galaxy)

® Median model gives correct
abundance of satellites brighter
than M,=-9 and V> 12 km/s

® Model predicts many, as yet
undiscovered, faint satellites

Benson, Frenk, Lacey, Baugh & Cole '02
(see also Kauffman etal '93, Bullock etal '01)



The satellites of the Milky Wa

Name Year
discovered
LMC 1519
SMC 1519
Sculptor 1937
Fornax 1938
Leo IT 1950
LeoI 1950
Ursa Minor 1954
Draco 1954
Carina 1977
Sextans 1990
Sagittarious 1994

Institute for Computational Cosmology




Name

LMC

SMC
Sculptor
Fornax
Leo IT
LeoI

Ursa Minor
Draco
Carina
Sextans
Sagittarious

Year
discovered

1519
1519
1937
1938
1950
1950
1954
1954
1977
1990
1994

Institute for Computational Cosmology




HJRCC

niversity of Durham

Luminosity Function of Local
Group Satellites

® Photoionization inhibits
the formation of satellites

® Abundance of satellies
reduced by large factor!

® Median model gives correct
abundance of sats brighter
than M,=-9, V> 12 km/s

log dN/dM, (per central galaxy)

® Model predicts many, as yet
undiscovered, faint satellites

Benson, Frenk, Lacey, Baugh & Cole '02

(see also Kauffman etal '93, Bullock etal '01)

-1

B 1 I I 1 I I I 1 I I 1 Ll 1 I I 1 I T I i

2

ACDM ® Mateo (1998) |
> Koposov et al ‘07

N\ A&photo-i |

[l \® o |

. —

Standard model o o

Cole et al. (2000)

No photoionization LG data 4

[, =10% |

1 l 1 L 1 L l 1 1 1 1 l e . , l —
0 ~10 -15 ~20

MV
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Ing baryonic physics in Aquarius halos




i Aquarius halos
_ 15p /
S
Reionization as in the % N
Okamoto et al simulations £ | data
0.5-—
0.0_—
o 5 0 a5 20
M,

Cooper, COIe, Frenk et al ‘09 Institute for Computational Cosmology




Hydrodynamic simulations
of Aquarius halos




Ing baryonic physics in Aquarius halos




@ ThD Modelling the baryons in Aquarius
University of Durham USing SPH SimUIationS
* Mgy, ~ 4x10° M, Okamoto & Frenk ‘09

* Model reionization due to external UV field
* Assume 100% of SN energy goes to kinetic energy of winds
* Two types of energy conserving winds

— Wind models are characterised by the wind speed,v,,,,
and the mass loading factor, 7), where

ﬂfu. — nﬂ.[*
- o =z -
Vo X o and M,, = (—) M.,

go

/

VU = const. and M,, o< M,
\—

Winds are decoupled from hydrodynamic calculation for a while.



LD

: University of Durham

Central galaxies

* Edge-on views of B-band
surface brightness

* z-axis defined by angular
momentum of stars within

0.05 Ruvir.

* Galaxy morphology sensitive
to feedback treatment

v, =50, ism

v =4 G, ism
W A

vw=700 km/s, ism

vw=600 km/s, ism

v =700 km/s, ism
W

J

’.
PO
“ .'. :

vw=600 km/s, ism

v =800 km/s, ism
w ‘
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Satellite luminosity function
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O

O

(@)

o

+

()]

O

Note: ultra-faint &
satellites not resolvedg
in simulation A
>

100

10

HighRes
— — = LOWRes
— « — . - Obs. (Irwin)

....... Obs. (Koposov)]
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HECC Z
University of Durham '5, T :9
Formation history | & "
of luminous & s
dark sats é £

Note: >§ .

Reionization is at z=9
WV Sat accreted onto halo

* For visible sats

M (h™! Mg)
50 10*10%10%10710810%10"°

Mass h-'M,

_Vmax(z=9) = Verit
—QGas is stripped at infall
* For failed sats o
£
— Vmax(Z=9) < Vi E 5 ©
— gas evaporated by reion &~
> LO1 2 5 1I01 2 5 ”1IO1 2 5 I1|O1 2 5 1IO




D

D
* Satellite formation =
Inhibited in subhalos

of v, <20 km/s

= satellites

All subhaloes
e Satellites (L, 2 2.6x10° L

= 1 1 IIIIIII

o)

v, o (km s~



i Strigari et al 2008
E 108 |||||I 1 ||||||I 1 1 ||||||I | L ||||||I 1 ||||||I 1 =
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Luminosity [Lg]
Is this special scale due to:
* Warm dark matter (e.g. sterile neutrino) ?

* Astrophysics in CDM halos?
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Mass within

600 pc

Models reproduce
the Mgy, — L relation

Vcirc,max within

600 pc

MO6 (MO)

107

V.o (km s~

108

50 100 10°

10 20
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e ggﬁkf g Lo {
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V, ..i» the central density of sa s ends
independent of satellite luminosity




‘{7 D The cold dark matter
model

* Direct detection (underground labs)

* Indirect detection through annihilation radiation (e.g. y rays)

* From evidence for SUSY at LHC

Institute for Computational Cosmology




*gg D The cold dark matter
model

* Direct detection (underground labs)

* Indirect detection through annihilation radiation (e.g. y rays)
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LJECE | A blueprint for detecting
University of Durham h a I O C D M

Supersymmetric particles annihilate and lead to production of
vy-rays which may be observable by GLAST/FERMI

Intensity of annihilation radiation at x depends on:

| p2(x) cov» dV

halo density at x J L cross-section

—> Theoretical expectation requires knowing p(x)

— Accurate high resolution N-body simulations of
halo formation from CDM initial conditions

Institute for Computational Cosmology




The subhalo number
density profile

* The spatial distribution of subhalos
(except for the few most massive
ones) is independent of mass

®* Most subhalos are at large radii  --
subhalos are more effectively
destroyed near the centre

* Most subhalos have completed only
a few orbits; dynamical friction
unimportant below a subhalo mass
threshold

® Subhalos are far from the Sun
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The Milky Way seen In
annihilation radiation

smooth main halo emission (MainSm)

-0.50 — = 2.0 Log(Intensity)
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The Milky Way seen In

annihilation radiation

emission from resolved subhalos (SubSm+SubSub)

University of Durham

-3. 0 — = 2.0 Log(Intensily)
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ICD The Mllky Way seen IN
University of Durham ann|h|lat|on radlatlon

unresolved subhalo emission (MainUn)

-0.50 — s 2.0 Log(Intensily)
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niversity of Durham

Aquarius simulation: N

The Milky Way seen in
annihilation radiation

200 = 1.1 % 10°

Springel et al ‘08




-JBECQ A blueprint for detecting halo CDM

University of Durham

8
S/N=F/(92h+92 sf)1/2 :sub\—sgbhalos main:subhalos E
P 6 B - _rE |
SIN for detecting | ; : :
subhalos in units of g a4l N
that for detecting the =  Known -
main halo. L satellites || : 1
2 N r |- LMC 7
30 highest S/N :
objects, assuming 0L ...__._._E A
use of optimal filters 10° 10* 102 102 10" 10°

(S/NY(S/N)main hato

» Highest S/N subhalos have 1% of S/N of main halo
» Highest S/N subhalos have 10 times S/N of known satellites
» Substructure of subhalos has no influence on detectability




@ICC The Milky Way seen In

University of Durham ann|h|lat|on rad|at|0n
GALPROP, optimized

-1.0 o— s 2.0 Log(Intensity)
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The first all-sky image from
GLAST/Fermi
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