


The cold dark matter
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Detecting cold dark matter
If CDM is a supersymmetric particle, 3 possibilities

* From evidence for SUSY at LHC
* Direct detection (underground labs)

* Indirect detection through annihilation radiation (e.g. y rays)
If CDM is an axion:

* Direct detection in resonant magnetic cavity
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The cold dark matter model

How likely is it that the CDM hypothesis
IS correct?

(from an astrophysical point of view)
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@ The cosmic power spectrum: from
SR the CMB to the 2dFGRS
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@ The cosmic power spectrum: from
SR the CMB to the 2dFGRS
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The small-scale structure depends

sensitively on the nature of the dark matter




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 cold dark matter power
spectrum

ar power spectrum (“power per octave”
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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
m, =30ev; Q=1

CfA redshift

surve .
Hrvey Davis, Efstathiou,

Frenk & White ‘85
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Non-baryonic dark matter

candidates
Type example mass
— —
hot | heutrino_ | afew eV
/ \
sterile v
warm . keV-MeV
majoron
cold axion 10-5eV/-
neutralino >100 GeV
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cold dark matter warm dark matter

Gao, Lovell et al 2011




The Milky Way and the nature
of the dark matter

@ g

University of Durham

* Structure of dark matter halos

* Test CDM predictions

4 * Number of satellite galaxies
on galaxy scales

* Remnants of hierarchical
formation (streams)
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The structure of cold dark
matter halos




The Density Proflle of Cold Dark
. Matter Halos
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- BEEPEVIIN The Aquarius programme

Carlos Frenk
Amina Helmi
Adrian Jenkins 2
Aaron Ludlow V l R G. |
Julio Navarro '
Volker Springel,
Mark Vogelsberger

UK, Germany, Netherlands, Canada,
Japan, China collaboration

Jie Wang
Simon White
Pictures, movies and simulation data
Shaun Cole available at:
Andrew Cooper
Gabriella de Lucia
Takashi Okamoto
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6 different galaxy size halos simulated at varying resolution, allowing for a

The Aquarius programme

proper assessment of numerical convergence and cosmic variance

Numerical
resolution

Aqg-A-5
Aqg-A-4
Ag-A-3
Aqg-A-2
Ag-A-1

Particle number in

halo (N5g)

808,479
6,424,399
51,391,468

184,243,536
1,473,568,512

# of substructures

299
1,960
13,854

45,024
297,791

mass resolution

3.14 x 108 M,
3.92x 105 M,

4.91x 10* M,
1.37 x 10* M,

1.71x10° M,
(15 pc/h softening)

UK, Germany, Netherlands,
Canada, Japan, China

www.durham.ac.uk/virgo

Simulation data, movies, pictures available at:

www.mpa-garching.mpg.de/Virgo

Springel et al ‘08
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T,  Ag-A2

density

0= AGAS
o AgAd4

Ag-A-5:
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L& |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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cold dark matter warm dark matter

Gao, Lovell et al 2011
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cold dark matter warm dark matter

Gao, Lovell et al 2011




Subhalo

density profiles

Well fit by Einasto

converged to

r=100pc

Springel et al'08
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ICL | A cold dark matter universe

University of Durham

\",
k>

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

Halo likely to be modified by the galaxy forming in it ?

Baryons relatively less important in clusters than in halos

Institute for Computational Cosmology




The central density profile of
galaxy cluster dark halos

L7 o T[Tt ] [ A
Mass profile of galaxy
clusters, from X-ray T E
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+JBCL | Dark matter profile in clusters

niversity of Durham
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ICL | A cold dark matter universe

University of Durham

\",
k>

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

“Cuspy” density profiles < fundamental prediction of CDM

Does nature have them?

Look in galaxies and clusters

Halo could be modified by the galaxy forming in it ?
Best place to look: dwarf satellites of the MW

Dwarfs have (M/L)~1000 = baryon effects not important ?
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rf galaxies around the Milky Way
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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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h

warf spheroidal with good kin




LECC

Milky Way Dwarfs

with a 3D profile of the form:
1
xa(l_l_ xb)(c—a)/b

Fornax 1 1.0
Leo | 0 1.6
Carina 0.5 1.1
Sculptor 0.5 04
Sextans 0.5 01

Strigari, Frenk & White 2010

s (1)

Surface Density [Norm. arbitrary]

P AL
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1.0 10.0 10
Radius [arcmin]
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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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HAICC

University of Durham

Dwarf sphs: cores or cusps?

Jeans eqgn:

GM(r) __ o|dInp. dlno;

_Or

rtl dInr dinr I_,r

vel. anisotropy

from Aquarius sim

Satellite
1-p= prob. that .
“best fit” can omax
be rejected Leo|
Carina
Sculptor
Sextans

Strigari, Frenk & White 2010
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KS rejection probability

Fornax 0.95
Leo | 0.54
Carina 0.49
Sculptor 0.68
Sextans  0.59

0.85
0.48
0.56
0.32
0.19

997 0.98
0.69 .997
0.71 0.66
0.38 0.33
0.97 0.03

Strigari, Frenk & White 2010

Counts (Line profile)

6:320}pc | |

{320: 561} pc

602 stars

{561: 836} pc| |

-30-20-10 0 10 20 30

-30-20-10 0 10 20 30

Line of sight velocity [km s
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KS rejection probability

Fornax 0.95
Leo | 0.54
Carina 0.49
Sculptor 0.68
Sextans  0.59

0.85
0.48
0.56
0.32
0.19

997 0.98
0.69 .997
0.71 0.66
0.38 0.33
0.97 0.03

Strigari, Frenk & White 2010

Counts (Line profile)

189 stars

{0:135} pc

189 stars
{135: 208} pc

501 189 stars

{209: 292} pc

191 stars
{292:1480} pc

-30-20-10 0 10 20 30 -30-20-10 0 10 20 30

Line of sight velocity [km s™]
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Cluster and satellite
data consistent with
cuspy dark halos




Does CDM predict the right
number of satellites?

100,000 light years







Simulations produce >10° subhalos

But onIy a fe tn f satellltes have been |
f. dlscovered |n the Mllky Way




i Strigari et al 2008
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|s this special scale due to:

Luminosity [Lg]

* Warm dark matter (e.g. sterile neutrino) ?

* Astrophysics in CDM halos?
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warm dark matter
(eg. sterile neutrino)

cold dark matter

Gao, Lovell et al 2011




Halo substructures
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ICL | The Aquarius programme

niversity 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 (N5)

Aq-A-5 808,479 299 3.14 x 10° 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 C 297,791 D 1.71x10% M,

(15 pc/h softening)

Springel et al ‘08
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* The total mass in M, [Mc]
substructures converges S
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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How many of these subhalos actually
make a visible galaxy?




~._Halo mass function
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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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+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
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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

® 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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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

The satellites of the Milky Wa

Institute for Computational Cosmology




@ Luminosity Function of Local

University of Durham G rO u p S ate I I iteS

®* Photoionization inhibits T T T

the formation of satellites 2 ACDM * Mateo (1998)

posov et al ‘08

A&photo-i

® Abundance of satellies
reduced by large factor!

® Median model gives correct

1 1 l 1 1 1 1 I 1 1 1 1 I 1 1

log dN/dM, (per central galaxy)

abundance of sats brighter 0 ¢ S e
than MV=-9’ Vcir> 12 km/s ——— Standard model o o
Cole et al. (2000) y
. I No photoionization LG data .
® Model predicts many, as yet ¢! . =10% -
undiscovered, faint satellites 1
-2 I PR R TR T N TR TR TR NN SN SN SNNNY S N T T ]

0 -5 -10 -15 -20
MV

Benson, Frenk, Lacey, Baugh & Cole '02
(See also Kauffman etal ’93, Bullock etal ’01) Institute for Computational Cosmology




Ing baryonic physics in Aquarius halos




i Aquarius halos
_15¢ /
S
Reionization as in the g N
Okamoto et al simulations £ | data
0.5-
0.0_-
o 5 40 as 20
M,

Cooper, Cole, Frenk, Benson et al ‘09
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Hydrodynamic simulations
of Aquarius halos




Ing baryonic physics in Aquarius halos




‘;*; Modelling the baryons in Aquarius
Utlersy.of Dt using SPH simulations

. IVlsph
* 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

. o\ " .
Uy X o and M, = <_> M,

go

~ 4x105 Mg Okamoto & Frenk ‘09

/'

VU = const. and M,, o< M,
—

Winds are decoupled from hydrodynamic calculation for a while.



: University of Durham

Central galaxies

v, =50, ism

° Edge-on views of B-band
surface brightness

* z-axis defined by angular 4 g
momentum of stars within
0.05 Ruvirr.

vw=700 km/s, ism vw=700 km/s,ism

* Galaxy morphology sensitive
to feedback treatment

ody |-y 09

Okamoto, Frenk, Jenkins, Theuns ‘09 |

v, =600 km/s, ism v,,=600 kmis, ism v;J:G'O'-O km/s, ism

<



T ECC
University of Durham

Luminosity function of Milky Way

Hydrodynamic sims in
Aquarius halos

Note: ultra-faint satellites
not resolved in simulation

Okamoto & Frenk ‘09

satellites
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L>2.6x105L,

e Satellite formation
Inhibited in subhalos
of v, <20 km/s

c,0

)
N\
N—
=,

100
|

satellites

All subhaloes
X 5
e Satellites (L, 2 2.6x10” L)

= 1 1 IIIIIII

v, o (km s~
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Formation history [ = "<
of luminous & = s
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i Strigari et al 2008
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|s this special scale due to:

Luminosity [Lg]

* 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

Okamoto & Frenk ‘09
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If CDM is right, the dark subhalos must
be there |




Background QSO
aligned with lens
caustic

Sources near cusp
obey flux cusp-

caustic relation if
lens is smooth

If lens is lumpy
flux-anomaly

Cusp-caustic
relation violation
seen in 3 multiply-
Imaged quasars

Rcusp G (|“A+“B +“C|) / (|HA|+|”B|+IP-C|)
Dandan Hu + Aquarius '09 ‘10 Reugp ==> 0, When total p --> infinity




3/5 QSOs caustic
lenses (AB < 90°) show
violation due to
substructures.

Observed violation is
too strong (P, < 0.01)!

obs

| - CDM halos DO

{ NOT have enough

substructure in
Inner parts

Dandan Hu + Aqg '09, “10

oo 40 co

Image Opening Angle

smooth lens:

lumpy Iené




The Milky Way and the nature
of the dark matter

@ g

University of Durham

* Structure of dark matter halos

* Test CDM predictions

4 * Number of satellite galaxies
on galaxy scales

* Remnants of hierarchical
formation (streams)

Institute for Computational Cosmology




The Milky Way and the nature
of the dark matter

@ g

University of Durham

* Structure of dark matter halos

* Test CDM predictions

4 * Number of satellite galaxies
on galaxy scales

* Remnants of hierarchical
formation (streams)

Institute for Computational Cosmology
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The stellar halo of the
Milky Way




The stellar halo of the
Milky Way

Aquarius dark matter
simulation + stars

Cooper et al ‘10







.d Tidal streams
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The PANDA survey of M31

Ih [t

McConnachie, Ibata Navarro, Widrow, Babul ... ‘09




33 stream
kpcstrem'l (Strear70)
iamsaelarmam

diffuse structure
minor axis




gado et al 09
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1JACE | Ablueprint 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:

I(x) = [p2(x) cov» dV

halo density at x 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 main halo and the substructures all
contribute to the annihilation radiation
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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
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niversity of Durham

7/

Aquarius simulation: N

The Milky Way seen in
annihilation radiation

boo = 1.1 % 10°

Springel et al ‘08




@ICO The Milky Way seen In

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

- 1.0 e— e 2.0 LOg(Intensity)
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The first-year all-sky image
from Fermi




Cold dark matter ?

Dark halos of all masses have “cuspy” density profiles, described
by NFW form (to ~10 - 20%) or “Einasto” (to 5%)

In the Milky Way
Satellite data (photo/kinematics) consistent with predicted cusps

No. of satellites (“satellite problem”) explained by gal formation

Stellar streams (e.g Sag.) consistent with hierarchical formation




Conclusions: CDM detection
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