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Non-baryonic dark matter
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+JBCE | The dark matter power spectrum
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The formation of cosmic structure

University of Durham uCosmoIogy maChine”
t=10-3°seconds y —

4 3
8 3 3
5 2 3

= . 2
\ = WY a0 € © i I B 3 =
e o HiEE .
: 48 P g { i } i / /i &
sl yf_y h_.w ’ A/ i ;( & L - &
2o\ | 11117 i
l 9 2 fr ¥
N .
! 3 >
— e
2

11 BE
1 ;

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




HRCC The universe in a computer
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Speed = 500,000 FLOPS
RAM =4 Mbytes

[ Institute for Computational Cosmolog_y]




Neutrinos
Q=1

Frenk, White
& Davis ‘83
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Neutrinos cannot
make appreciable
contribution to Q
2> m,<< 10 ev

Non-baryonic dark matter
cosmologies

Neutrinos

CfA redshift Q=1
survey
Davis, Efstathiou, Frenk, White
Frenk & White ‘85 & Davis ‘83

Institute for Computational Cosmology




@ Non-baryonic dark matter
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Neutrino DM -
unrealistic clusting

Neutrinos cannot

make appreciable

contribution to Q
2> m,<< 10 ev

Early CDM N-body o e
simulations gave CiA redshift
promising results SUVey
Davis, Efstathiou, Frenk, White
In CDM structure | Frenk & White ‘85 & Davis ‘83

forms hierarchically
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... but makes definite predictions and is therefore testable




The cold dark matter cosmogony
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The cold dark matter cosmogony
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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

survey Davis, Efstathiou,

Frenk & White ‘85
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BCL |Early simulations of ACDM

University of Durham

simulated

Davis, Efstathiou,
Frenk & White ‘85 u
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The galaxy luminosity function

Dark halos
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Institute for Computational Cosmology




University of Durham

Evolution of
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The cold dark matter cosmogony
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BCL |Early simulations of ACDM

University of Durham

simulated

Davis, Efstathiou,
Frenk & White ‘85 u




Springel, Frenk & White
Nature, April ‘06
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The cold dark matter cosmogony




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







A cold dark matter universe

University of Durham

A
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CDM N-body simulations make two important predictions
on non-linear (halo) scales:

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

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

Institute for Computational Cosmology




The Density Proflle of Cold Dark
. Matter Halos
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cold dark matter warm dark matter

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns,
Boyarski & Ruchayskiy ‘12




(e A warm dark matter universe
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For viable WDM particle masses, there is little difference
between CDM and WDM on scales larger than galaxies.

On subgalactic scales:

® Subhalos still “cuspy” but less concentrated than in CDM

® Far fewer self-bound substructures (3% of mass) survive

=>» Can test for identity of the dark matter!

Institute for Computational Cosmology




~25 satellites known
in the MW

100,000 light years

J. Bullock
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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

Institute for Computational Cosmology
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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

* Assume isotropic orbits
* Solve for o, (r)
* Compare with observed o, (r)

* Find “best fit” subhalo
Strigari, Frenk & White 2010
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Sculptor

Carina . = © %

*

- e Sagittarius




v icC

Halo structure of dwarf satellites
seems N ACDM and WDM

How can we distinguish between CDM & WDM ?




cold dark matter warm dark matter

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns,
Boyarski & Ruchayskiy ‘12




Most of these subhalos never manage
to make a visible galaxy




| Maklng a galaxy In a smaII halo is hard because:

E) - Early reionization heats gas above T,

Ol Supernovae feedback expels gas
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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)
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0 -5 -10 -15 —-20

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




cold dark matter warm dark matter

Counting satellites cannot distinguish CDM from WDM!

' !'_"r]é“QetaiI at the structure t‘[r‘]all g0

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns,
Boyarski & Ruchayskiy ‘12




Top 2 best fit CDM models to data

Circular velocity [km s™]
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s CDM compatible w.
luminosity & structure
lof observed satellites?

v - /G_M V. =maxV
r

Rotation curves of 12
subhalos with most
massive progenitors

Red - 3 halos with
most massive

progenitors (LMC,
SMC, Sagittarius?)

Lovell, Eke, Frenk, Gao et al '11;
see also Boylan-Kolchin et al '11a,b

1.8

MW satellites




Rotation curves of Aquarius subhalos

| 2.19 x10% M




"he Aquarius halos have ~10 subhalos with too
arge a V, ., (i.e. much too concentrated) to be
compatible with observed kinematics of MW dwarfs

b

- Aquarius ¢ Fornax + .




cold dark matter warm dark matter

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns,
Boyarski & Ruchayskiy ‘11
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Cold
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Lovell, Eke, Frenk, Gao,
Jenkins, Wang, White, Theuns,
Boyarski & Ruchayskiy ‘11
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HJBECL | Warm vs cold dark matter subhalos

WDM halos form later = | -

& have lower central £ [ ® . o ]
masses than their 7 ° :
CDM counterparts! -] Pave 1o o / o
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9 T 00/70@ /5‘1‘@/. ]
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WDM subhalosarestill | 7L . . .~ . . " %
cuspy but are less 14 e 1 - ° 4

concentrated than CDM
subhalos Lovell, Eke, Frenk, Gao, Jenkins et al ‘11

Institute for Computational Cosmology




1.8

Cold

[ Draco

| Sextans
| Sculptor

Leo |l
Leo |
Fornax

1 [kpe]




Is this the end of CDM?
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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
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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.




CC Baryon effects in the MW satellites
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Let baryons cool and
condense to the
galactic centre

Rapid ejection of large
fraction of gas during
starburst can lead to a
core in the halo dark
matter density profile

Navarro, Eke, Frenk ‘96
Ponzen & Governato ‘12

The cores of dwarf galaxy haloes L75
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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)

Mg =02. (b) My =0.1. (c) M. =0.05.
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€@ | Number of massive subhalos
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+JBECE |Probability of massive subhalos
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ACDM: problems/possible solutions

[ ... ex plal

» k- B .
. ‘ .& ., .' ..& % ‘.. -~

sats in most r
e too ncentrated to be ¢

Possible solutlon |

.,:

make large CDM subhalq 11 {L ‘a -
Is very atypical or M, _,, < 10 JM




Cold dark matter ?

If mass of MW halo >2x1012M

Direct detection
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Warm dark matter ?

Tritium B - decay
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