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Non-baryonic dark matter
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University of Durham can d | da teS
Type example mass
hot neutrino a few eV
sterile v
warm _ keV-MeV
majoron
cold axion 10-5eV-
neutralino >100 GeV
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The formation of cosmic structure
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t=380,000 yrs
dp/p ~10-°

Simulations

Supercomputer simulations are the

best technique for calculating how

small primordial perturbations grow
into galaxies today

t=13.8 billion yrs

6p / p ~1 - 1 06 Institute for Computational Cosmology




niversity of Durham

Free-streaming
length so large
that superclusters
form first and
galaxies are too
young

—>

Neutrinos cannot
make an
appreciable
contribution to Q
2> m,<< 10 ev

Neutrino (hot) dark matter

CfA redshift
survey

Frenk, White & Davis ‘83

[ Institute for Computational Cosmolog_y]




niversity of Durham

Neutrino dark
matter produces
unrealistic
clustering

Early CDM
N-body
simulations gave
promising results

In CDM
structure forms
hierarchically

Non-baryonic dark matter
cosmologies

Neutrinos
Q=1

CfA redshift

surve .
Hrvey Davis, Efstathiou,

Frenk & White ‘85

Institute for Computational Cosmology




Non-baryonic dark matter

candidates
Type example mass
— —
hot | heutrino_ | afew eV
/ \
sterile v
warm . keV-MeV
majoron
> COId aXion. 1 O'5eV-
neutralino >100 GeV
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... but makes definite predictions and is therefore testable




1) BCLC | Temperature anisotropies in CMB

University of Durham
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The CMB

The cosmic microwave background radiation (CMB)
provides a window to the universe at t~3x10° yrs

In 1992 COBE discovered temperature fluctuations (AT/
T~10-°) consistent with inflation predictions




The CMB
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Angular Scale
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Amplitude of fluctuations 3-year data
z~1000

ACDM

The data confirm
the theoretical
predictions
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The formation of cosmic structure

University of Durham

_t=10">seconds

NN
S

t=380,000 yrs
dp/p ~107

Simulations

Supercomputer simulations are the

best technique for calculating how

small primordial perturbations grow
into galaxies today

t=13.8 billion yrs
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Cosmological model
(R, €4, 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

Cosmological model]

(N-body simulations)

Gas processes
(cooling, star formation, feedback)

[Gasdynamicsimulations] [ Semi-analytics ]

”[ Formation and evolution of galaxies}







Dark Matter

%

Halo mass function

Wi+ Springel etal 055+ -







@ E

@€ € |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




z = 0 .Dark-Matter
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z = 0 Galaxy light
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#KFX e * The galaxy luminosity function at z=0

2 * The evolution of the galaxy population

* The spatial distribution of galaxies




~._Halo mass function

N

N

~._ACDM z=0
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AN
125 Mpdh - -

. Millennium run

2dFGRS

o Cole etal. 2001
Kochanek etal. 2001
Huang etal. 2003




different shapes

—>

Complicated variation of
M/L with halo mass

Benson, Bower, Frenk, Lacey, Baugh & Cole ‘03

log(®/mag-'h® Mpc~3)

Dark halos
(const M/L)

-25
MK’—5logh

-20
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University of Durham

Evolution of

Lyman-break

galaxy lum.
function

log(dn/dM,; /h®Mpc-5)

Lacey, Baugh,
Frenk, Benson ‘11

Star forming galaxies
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History of cosmic
star formation

Bower et al 06
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;’,; * The galaxy luminosity function at z=0

B * The evolution of the galaxy population ¢

* The spatial distribution of galaxies




Springel, Frenk & White
Nature, April ‘06
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1JBCEC |SDSS LRG correlation function

(although peak height is
slightly too large;
assuming n,=1, h=0.72)

~~
n

~—

ARUL

Q.h?2=0.024, |
Q _h?=0.133+0.011, 0.04 |
= Qb/Qm= 0.18 0.02 1

0.00

_0.02 i 1 1 1 l L 1 1 I I 1 1 L 1 l L 1
50 100 150

Comoving Separation (h~! Mpc)

Eisenstein et al. 05
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;’,; * The galaxy luminosity function at z=0

B * The evolution of the galaxy population ¢

* The spatial distribution of galaxies




@ The cosmic power spectrum: from
SR the CMB to the 2dFGRS
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The structure of dark
matter halos




The Density Proflle of Cold Dark
. Matter Halos
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The “NFW” profile




1'7 A Cold dark matter universe

University of Durham

N-body simulations show that cold dark matter halos
(from galaxies to clusters) have:

“Cuspy” density profiles

Does nature have them?

Look in galaxies and clusters

Galaxy halo structure strongly modified by baryons?
r

e X-ray emission

Cluster profiles can be probed with: < - _
* Gravitational lensing

. Institute for Computational Cosmology




The central density profile of
galaxy cluster dark halos
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Mass profile of galaxy -
clusters, from X-ray T E
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The density profile of galaxy cluster

dark halos
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@ The cosmic power spectrum: from
SR the CMB to the 2dFGRS

-1 - -1
z~1000 1000 S (f"?rT‘f).‘f'.r,‘gh.v'\{'p,c.),..ﬂ,o :
i Z:O i
o« WMAP -
o
Q_ -
=
£ 104
>
(ol
=
-
?, ¢ 2dFGRS /
Q ?
. ) - WMAP
=> ACDM provides an 510 - E
- o . i
excellent descrlptlon of - ACDM OK down to cluster scales! |
mass power spectrum ] |

from 10-1000 Mpc bl

0.1
Sanchez et al 06 wavenumber k (comoving h-' Mpc)™’









;-;: A Cold dark matter universe

University of Durham

CDM N-body simulations make two important predictions
on galactic scales:

® Large number of self-bound substructures (10% of mass) survive

® The main halo and its subhalos have “cuspy” density profiles

Three challenges to CDM :

1. The satellite luminosity function
2. The structure of satellite halos

3. 1 and 2 combined

Institute for Computational Cosmology




1. The satellite luminosity function

2. The structure of satellite halos

3. 1 and 2 combined




Does CDM predict the right
number of satellites?

100,000 light years




How many of these subhalos actually
make a visible galaxy?




Making a galaxy in a small halo is hard because:

- Early reionization heats gas above T,

. Superova feedback exels gas

I s




different shapes

—>

Complicated variation of
M/L with halo mass

Benson, Bower, Frenk, Lacey, Baugh & Cole ‘03

log(®/mag-'h® Mpc~3)

Dark halos
(const M/L)

-25
MK’—5logh

-20
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+ICE

University 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

2

SN feedback

No photo:i Matebp (1998)

Photo-l +
SN feedback *

Standard model
Cole et al. (2000)
No photoionization
fo.=10%

1 1 1 1 I 1 1

-10 -15
MV

-20

Institute for Computational Cosmology




+ICE

University 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

® Model predicts many, as yet
undiscovered, faint satellites

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

I I I 1 I I I I 1 T T ] I Ll T

ACDM SN feedback
No photo-i

o |- Matep (1998)

Photo-l +
SN feedback *

Iog dN/dM, (per central galaxy)

I I

1 1 I 1 1

0 ol -
Standard model * o
Cole et al. (2000) y
No photoionization )
-1 f,.=10% 7
_2 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 -5 -10 -15
MV

-20
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@CC Luminosity Function of Local
CIeSI of DUt Group Satellites

® Median model - correct
abund. of sats brighter than 2
M,=-9 and V> 12 km/s '

® Model predicts many, as yet
undiscovered, faint satellites

®* LMC/SMC should be rare
(~2% of cases)

ak 10-90%
| e 5-95%
. = 0-100%

Mateo (1998)

log dN/dM, (per central galaxy)

1 1 [ 1 1 1 1 1 | 1 1
0 -5 -10 -15 —-20

Benson, Frenk, Lacey, Baugh & Cole '02 Institute for Computational Cosmology




1. The satellite luminosity function

2. The structure of satellite halos

3. 1 and 2 combined




1. The satellite luminosity function

2. The structure of satellite halos

3. 1 and 2 combined




In CDM predict: cuspy density profiles in

Ios nd subhal
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U ECQ | The structure of dark matter halos

University of Durham

Dwarf sphs: cores or cusps?

Jeans eqn: | -
stellar density profile radial velocity dispersion

GM -dllw dl :
(r)=—af np. nOr+2[3’

r tl dinr  dlnr I_T

from Aquarius sim vel. anisotropy
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BQHQXD

University of Durham

Dwarf sphs: cores or cusps?

Jeans eqgn:
GM(r) __ »|dlnp. dlno;

-0’ +2p

rtl dInr dinr I_,r

from Aquarius sim vel. anisotropy

Velocity dispersion [km s

* Assume isotropic orbits

* Solve for o, (r)

* Compare with observed o, (r)
* Find "best fit” subhalo
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=
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+ICE

University of Durham

Dwarf sphs: cores or cusps?

Jeans eqgn:
| 2
GM(r) _ _03 621;1 O . d;;lar
r t|  dInr nr

from Aquarius sim

+2p

Satellite 1-p

1-p= prob. that

“best fit” can be Forax 04
rejected (B=0) -°°' 0-5
Carina 0.4
Sculptor 0.8
Sextans 0.2

Strigari, Frenk & White 2010
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1. The satellite luminosity function

2. The structure of satellite halos

3. 1 and 2 combined
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Circular velocity [km s™]

Top 2 best fit CDM models to data
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|s this the end of CDM?

How about baryon effects?




Mon. Not. R. Astron. Soc. 283, L72-L78 (1996)

The cores of dwarf galaxy haloes

Julio F. Navarro,"** Vincent R. Eke? and Carlos S. Frenk?

'Steward Observatory, The University of Arizona, Tucson, AZ 85721, USA
*Physics Department, University of Durham, South Road, Durham DHI 3LE

Accepted 1996 September 2. Received 1996 August 28; in original form 1996 June 26

ABSTRACT

We use N-body simulations to examine the effects of mass outflows on the density
profiles of cold dark matter (CDM) haloes surrounding dwarf galaxies. In particular,
we investigate the consequences of supernova-driven winds that expel a large
fraction of the baryonic component from a dwarf galaxy disc after a vigorous episode
of star formation. We show that this sudden loss of mass leads to the formation of
a core in the dark matter density profile, although the original halo is modelled by
a coreless (Hernquist) profile. The core radius thus created is a sensitive function of
the mass and radius of the baryonic disc being blown up. The loss of a disc with mass
and size consistent with primordial nucleosynthesis constraints and angular
momentum considerations imprints a core radius that is only a small fraction of the
original scalelength of the halo. These small perturbations are, however, enough to
reconcile the rotation curves of dwarf irregulars with the density profiles of haloes

formed in the standard CDM scenario.




Baryon effects in the MW satellites

University of Durham The cores of dwarf galaxy haloes L75

ok \'\,— o i of O e i
Rapid ejection of large e I

fraction of gas during 2 s N N

starburst can lead to a | Y S ON
core in the halo dark . e | o
matter density profile ey | -

logy, £
logy £

. | PPN I I P e | ey
-1.5 -1 -0.5 0 05 1 -15 -1 -0.5 0 0.5 1
log, r log, r
T T B | T
L ©
Ll o ‘\-ﬁ‘—c e 7
o
i N
b ‘.""\
-2 - =
Q
3
w0
2
........ Tya/8,=0.01
- = = Tge/8,=0.02
_4 b —
—— Ty /8,=0.04
"
—.=. No perturbation i
el e | PR SEPUR SR SEPUr B
-15 -1 -05 0 05 i
logy r

Figure 3. Equilibrium density profiles of haloes after removal of the disc. The solid line is the original Hernquist profile, common to all cases.
The dot-dashed line is the equilibrium profile of the 10 000-particle realization of the Hernquist model run in isolation at =200. (a)
M, =02, (b) My =0.1. (c) M, =0.05.
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Is this the end of CDM?

How about baryon effects?

We have one example of a low concentration
subhalo , but we need ~5 per halo




LI Conciusions: ACDM on small scales
University of Durham

* Satellite luminosity function can be understood in ACDM as a
result of feedback effects during galaxy formation

* There exist subhalos in ACDM galactic halos that are consistent
with the photo/kinematic data for Milky Way satellites

* But galaxy formation models in ACDM make the brightest
satellites in the largest subhalos which seem more massive
and concentrated than in the real MW satellites

Possible solutions:
* Satellite population in the MW is atypical
* Warm dark matter

* Baryon effects that make large subhalos less concentrated
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