The small-scale structure of the
Univere




@ 1CC The contents of the Universe

® The contents of our universe:

Ordinary matter 4%

@ ordinary matter
O stars/gas

@ dark matter

@ dark energy

- Dark matter
21%

Dark energy
15%




4 University of Durham

Non-baryonic dark matter
candidates
Type candidate mass

hot neutrino a few eV

warm Ster lle keV-MeV
neutrino
axion 10-5eV->100

cold

neutralino GeV
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Inflation (t~10-35s) |8k|20c K" n=1

Gaussian amplitudes

P(k)=Akn" T?(k,t)

* Hot DM (eg ~30 ev neutrino)

eszaros dampin
g - Top-down formation

* Cold DM (eg ~neutralino)
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- Bottom-up (hierachical)

ree streamlng—
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4 University of Durham

Neutrino (hot) dark matter

Free-streaming
length so large that
superclusters form

first and galaxies are
too young

—>

Neutrinos cannot
make an appreciable
contribution to Q and

m << 10 ev

Q,=1(m,=30ev) |

CfA redshift
survey

renk, White & Davis ‘83
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University 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

survey i .
¥ Davis, Efstathiou,

Frenk & White ‘85
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BC | The cold dark matter cosmogony
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Angular scale
0.5° 0.2°

a Amf)litude of fluctuations

o

WMAP
Acbar
Boomerang
CBI

4000

The amplitude of the
CMB ripples is
exactly as predicted
by inflationary cold
dark matter theory
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o Testing the CDM paradigm

P(k) Inltlal conditions : ACDM

|IEII|I|11||||

~ Cold dark matter
z~100

‘ Galaxies
I Clusters

lI|II||lIl|I

1 Superclusters
CMB _

N N | l S S WY NS | NN N B B I 1
-2 ~1
Large scales 10g(k Mpc/Qh ) SmaII scales

Fluctuation amplitude

The galaxy distribution evolves from by
fluctuationns seen in CMB by gravitational
amplification.
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~ Cold dark matter

1 Superclusters
CMB

N N | l S S WY N | N N B B I 1
-2 ~1
Large scales 10g(k Mpc/Qh )Small scales

Initial conditions : ACDM

Basic DM physics simple: structure
grows primarily by gravity

QO I~

o [ z~100
. 2r0
= o | .
e & ‘ Galaxies
& ®
3 5§+ XCIusters
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—— N-body simulations

Testing the CDM paradigm
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The Millennium simulation

Cosmological N-body simulation

® 10 billion particles

* 500 h-! Mpc box

UK, Germany, Canada, US ® m_ = 8x108h1 M,
collaboration
°Q=1;Q =0.25; Q  =0.045;
Simulation data available at: h=0.73; n=1 ; 08 =0.9

http://www.mpa-garching.mpg.de/Virgo
Carrieg out at Garching using

Pictures and movies available at: * 20 P—('&d @J%WQQEHBQP LMC

www.durham.ac.uk/virgo (27 Tbytes of data)

Natu re, June/05 Institute for Computational Cosmology




The Millennium simulation

Springel et al Nature June/05




 Populatingjthe M$ with-galaxies
125 Mpdlh

Sprlngel etal 05
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"é} The cosmic power spectrum: from
the CMB to the 2dFGRS

1000 k' (comoving h' Mpc) 19
IIIII I I IIIIIII I I IIIIIII

e "
=

(and k) assuming flat
geometry

—
=]
e
|
N

Power spectrum P(k) (h-' Mpc)3

® Extrapolate to z=0
using linear theory

—> ACDM provides an

o Z2dFGRS
2/

excellent description of a3 P E
mass power spectrum
from 10-1000 Mpc
IUI.ICIIUI_ - I(I]I.:Jl — H(I]fl

Sanchez et al 06 wavenumber k (comoving h-' Mpc)*




Is ACDM consistent with the data
on small scales?
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The DenS|ty Proflle of Cold Dark
. Matter Halos |

'., .-,I, -

Halo densi'ty proflles are |
mde‘pel.}ent of halo mass &
Cos.mologlcal parameters y

|
i)

There IS No: obwous density
pla’te-au or-core” near the
", _,:, 4 ,:-; ;. centre.

.: (N,a.varro Frenk & Whi‘te 97)
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U BC L | ACDM halos (without the galaxies)

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

o Halos are not spherical but approximate triaxial ellipsoids

more prolate than oblate
axial ratios greater than 2 are common
"Cuspy" density profiles with outwardly increasing slopes
dinr/dlnr=g with g < -25atlargerg
g > -1.2atsmallr
Substantial numbers of self-bound subhalos contain ~10%
of the halo's mass
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D A cold dark matter universe

4 University of Durham

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

® “Cuspy” density profiles

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

This has led to two well-publicized “problems”:

® The "halo core” problem

® The “satellite” problem

Institute for Computational Cosmology




he primordi
running spectra

densi
ex

y power spectrum has a

1n

® There 1s no dark matter -- gravity needs modifying

® Astrophysics: baryon effects, black holes, bars

® The comparison of models and data 1s incorrect

Institute for Computational Cosmology




A cold dark matter universe

The “halo core” problem

The “satellite” problem

A blueprint for the detection of CDM




The “cusp problem”




Millennium
Simulation at z=0

CDM cosmology
=500 Mpc/h
= 1x1010

= 8.6 x 108

= Skpc/h

1 7x106 groups
"% nd 1.8x107
¥~ Sembedded
: Fausti, Cole,
5106 Raled renk,
U i§1 PR | .‘U i




Density profile of dark matter halos

(r/r)(1+r/r)

pcrlt
ffS@t 184)4) " _7%&4”' . r ]

| (me=0.079 NFW fit
| fsu b—5014

\ "
concentration

® Fittin
unre ax%d halos
results 1n low

concentrations;

Unrelaxed halos
have unstable
density profiles;

| fsub= 0.017_
s= 0:0]

Neto, Gao, Bett,
Cole, Navarro,
Frenk, White,

« | Springel, Jenkins
' ‘07

..and for fixed

mass, expect
large scatter in ¢




2.0/ ¢ 676 |Mi=555e+14 || c= 822 | My=5.30e+13|
- rms= 0.021

NFW fit

NFW fit [ rms= 0.027

J—

5

o

. Mconv

'I.Flr -

 c= 108 :|My=5.29e+12 || c¢= 12.0 M,..r—1 99e+412 _'
rms= 0.028 Np:w fit | rms= 0.030: NFW fit

Iolg p(Q r2 /pcrit_l:zvir
o w

Neto, Gao, Bett,
Cole, Navarro,
Frenk, White,

Springel, Jenkins ‘07 : : y
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¢, =6.97 1/r; > 0.05
¢, =6.66 r/r; > O.1
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-1.5 -1.0

19(r/ryic)

-0.5

0.C

-0.1F

020 . i .

-2.0

-1.0 -0.5 0.0

Ig(r/ 1)

-1.5

NFW gives good fits, with deviations of £ 10%

Gao, Navarro, Cole, Frenk, White, Springel,
Jenkins, Neto ‘08
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1

— 1.6F - 0.1F .
o3 i
= 14F c_;,§=5.98 ;o¢=0.‘|92 - ?-u
‘3'. - c,,.f:?.m §a=0.190 S
3 ! ; ]

= ¢, =7.09 «=0.188 N o1k 3
N,“,;:,,=454 M, =2%10"n""Mg

ol b s 02b
-2.0 -1.5 -1.0 -0.5 0.0 -2.0 -1.5 -1.0 -0.5 0.0

19(r/ryic)

Einasto profile (Navarro et al ‘04)

In(p/p—2) = —(2/a)[(r/r—2)* —1].

Gao et al ‘08

190/ )
[1 extra parameter]
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The very central cusp




University of Durham

1€ ¢ | The Aquarius programme

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

variance
Numeric Particle # of .
al number 1n substructures resoluti
rditio  5.546a062 1.412 R RN
3003 44.049.741 9.490 1.67 MR =
12003 157.239.052 30.178 1.00 Mih
24003 1.258.000.000 ~450.000 1.25 Mk
(15 pervn
softening)
NFW ‘96 10,000 1x 108 My/h
“Via L84 700000 ~10.000 1.53 x 104
Lactea | MO /h

Pieklai@nKuhlen & Madau (2007)
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 Jenkins, Voldensberger, Waig, -+
Helmi, Navarrg, Frenk & White ‘08 .

-




Currently the best resolved published sim of a Milky Way. halo

80 kpc
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profiles show
very good
convergence,
and are
approximately
fit by a NFW

profile

density

C02 - 2400°

C02 - 1200°

C02 - 800°:

Co2-

400°

jcoz - 2003

0.1

1.0

r [ A kpe ]

10.0

100.0




Deviations from NFW

CO02 - 120073
CO02 - 80073
CO02 - 40073

'_;I|III|III|III|III|I

| 1.0 IRI[kII:)IGI]I I:II'E.';.O I — I‘;00.0

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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Inner Cusp is shallower than r-

I:IIIIII|: I: IIIIIIII|: I/ IIIIIII|

€02 - 2400°

€02 - 200°
C02 -:400°
icoz a 80?03

; €02 + 1200°

0.1 1.0 10.0
r| A kpe |

100.0




No obvious

convergence to a
power law profile
Innermost slope is
shallower than -1

Virgo Consortium
NR

dlog p/dlog r

-1.0

-1.3

LOGARITHMIC SLOPE OF DENSITY PROFILE AS FN OF RADIUS

llllllllllllllllllljllll

Moore et al

C02 - 2400°
Co2 - 12007

C02 - 800°
C02 - 400°
02 - 200°

NFW profile #=00

Navarro et al. X
(E2B6®)profile; a=.19)

100.0

r [kpC] 10.0

‘.IIIIIIIlIIIIlIIIIIIIII




@@;@ A Cold dark matter universe

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

® “Cuspy” density profiles
Does nature have them?

This has led to the well-publicized

®* The “halo core” problem

Institute for Computational Cosmology




@Mﬁwmm The density profile of galaxy
cluster dark halos

Do real dark halos have the profiles found in
the simulations?

Profiles can be probed by:

® Gravitational lensing and/or X-ray emission in clusters

* Galaxy rotation curves — messy | Galaxy changes p(r)
<

Halos are triaxial
&
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1C O The central density profile of
@Wuﬁm galaxy cluster dark halos

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

10“‘;—

H

o
—
[1]

Mass within r
o

H

o
e
=]

10® ! o
Profile shallower than Ettori otal 02 r (kpc) "
NFW (B = 0.59 =0.15)
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A2589: another relaxed cluster

Enclosed Mass [T?.olar Masses]

Mass within r

Radius [k, kpc] I tokpC)

(z=0.0414: 1 arcsec = 0.83 kpc)

15 ks Chandra data show no NFW (c=4.9 £2.4) is good fit for
asymmetries from 1 kpc to 1 Mpc r>0.02 Ry;,
From David Buote




%{’ The central density profile of
o galaxy cluster dark halos

I3
Uslels, 1I1d -Idy [ | .Eiii
data & assumption of - Tl
hydrostatic equilibrium  o.100F ‘;’;___.:ﬂ;;gr" 3
S | 28
= A + 01983
S - . ¥ mhwd
R A X
i \ A 02567
[ "’ O al068
- b % al413
. w 0478
o £ phs0745
x q A 02204
Excellent agreement ~ °%'¢ — T
with CDM halo 0.01 0.10 1.0
predictions - _
POinteCOUteaU et al ‘05 Institute for Computational Cosmology




‘{’ The central density profile of
galaxy cluster dark halos

&

hydrostatic equilibrium o i
o
St
101'::'— .|
@ 1&”;:— _
Excellent agreement o' - W%
with CDM halo Pl
predictions r/r
V|kh||n|n et al ‘06 IInstitute for Computational Cosmology]




H The central density profile of

galaxy cluster dark halos

r [kpe/h]
10 100 1000
L) L] T L] T LI | L L L ) ] ¥ T '-I T I T 16
A — — ACS best—Tit NI'W 4 10
T ACS+8ubaru best—fit NFW
| - - - - -ACS+Subaru power—-law profile ]
r W IEr <0< (6+0.) "(n=3.16,0_=1.65) 1
A ACS (BO4) J
m  Subaru (This work) -
~ 4 10%8

H

=

@

g

@ “ ] H

. . . ) 3' | 3..,

Mass distribution : - N

inferred from weak > 1T N

& strong lensing 501 e TN A

Iit,u} §

i ; . |3 10° %

Excellent agreement o2 P ASwemAmC ] @
. 8 m 12 14 18 18 20 1
with CDM halo . T A R

predictions 0.1 ! 10

@ (arcmin)

Abell cluster 1689 - Oguri et al 05
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The “halo-core problem™ 7?

The inner profiles of cluster halos
seen consistent with the cusps
predicted in ACDM




The “satellites problem”

























Substructures within substructures

%

%

There are
substructures
embedded
within other

structures

The hierarchy
is cleary
NOT self-
similar and is
heavily
dependent on
the degree of

— tidal stripping

of the
subhalo




The mass function
of substructures

The subhalo mass

function 1s shallower
than M2

* 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 ‘08

T |ﬂ|||||| T |'| I|||I|'| T ] I I
AN
Thc SN _
10°
10—
10° —
AQ-A-L
- Aq—;—t—l
: Ag-A-3
107 Aq-A4
107'° ERTTI BRI T TIT BT BETET I BRI BT T e
104 10° 10° 107 10® 10% 10"
sub [Mo]
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The mass function
of substructures

The subhalo mass

function 1s shallower
than M2

* 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 ‘08

dN/dM,, [ M,]

M,,.2 dN/dM_,, [ M,]

T lﬂlll||| 1 |||ll|'| l|||l|'| T T T I
X
10° - \\ —
10°
10—
105
.—"s-.'l—.—"s—l.
L Ag-A-2
. Ag-A-3
107 Ag-A4
i AgQ-A-3
107 AR BRI B SN ET T B AR R AT B AR AT BEEEEE T T \u_
104 10° 10% 107 108 10 10"
sub [Mo]
"||:|11 E TTT] E
- MASS PER LOG INTERVAL sAd--
I '
10— - s o4 Y =
- H . =
[-- piil uul il oo oiiaiail o os il 1 sassnl ;]
10% 107 107 10° 107 10"

107,
I\/Isub [Mo]




10°

10°
* Cosmic variance? - No %’
* Substructure finding >
algorithm? - No 10
* Different cosmological
parameters? - No 10°
Crucial for interpretation
of abundance of Milky 10"

Way satellites and
annihilation signal from -
substructures

"’é} The substructure circ velocity function

CUMULATIVE NUMBER OF SUBSTRUCTURES AS A FUNCTION OF VMAX,

T

T

| IHI['II]#_“'I 1T

|f'|1||| 1

The velocity
function of
substructures is

1 'I[[fll[l 1 IHHIIl

L IIIII[|

close to a power

Ag-A-1
Ag-A-2
AqQ-A-3
Ag-A-4
Ag-A-3

1 1 II.J]II| | 1

T

z=0

[ IIIII|||

—k

V"2 [km/s]

max




"’é} The substructure circ velocity function

CUMULATIVE NUMBER OF SUBSTRUCTURES AS A FUNCTION OF VMAX]

T 1T T 1 I| I I I I T T 11 | I I I I T T I_

z=0 =

The velocity -

function of -

ires substructures 1s E

* Cosmic variance? - No : \close to a power -

x ~ .

* Substructure finding & 0 law .

algorithm? - No A s E

Z [ C02-2400"3 ]

* Different cosmological jpl €02 - 120003 ol

parameters? - No = C06 - 120013 :

—  C09 - 120073 7]

Crucial for interpretation 101__ 9 14 39 - 12003 N

of abundance of Milky E 9 4 70- 120073 =

Way satellites and - VLI -

annihilation signal from e L o]
substructures o1 v, N el




The subhalo number 100.00
density profile

10.00

/é L
v .00
=

® The spatial distribution of subhalos

(except for the few most massive 0.10
ones) is independent of mass

n(r

0.01

* Most subhalos are at large radii --

subhalos are more effectively e
destroyed near the centre “H

* Most subhalos have completed only

a few orbits; dynamical friction
unimportant below a subhalo mass
threshold

1.0

0.5

df (<r)/dlog r

® Subhalos are far from the Sun




2 Mgp(>Mg )/ Mg,

1.000

0.100

0.010

0.001

r <400 kpc

r< Ry

n=-1.9

~ r<100 kpc

Ag-A-1
AgA-2
Ag-A-3
Ag-A-d

r< 100 kpe

107°

—_
L=
[*]




The “satellite problem”




i€ € | The satellit

es of the Local Group

University of Durham

3 v ) |~ The Local Group contains
oor T / only about 40 bright satellites
of )
-5600 ;
-—lé)(}l; ' —GIOUJ - y (l) I 5(;0 IOIOO

N-body simulations produce
1000s of small subhalos







@‘?@; Feedback in galaxy formation

First gals +<=

First
stars

Cosmic
microwave
background
First
slars
First
galaxies

Modern®™" ® % '
universe ™ a =

o3 0004
(~400,000 yrs)

Age of the universe (billions of years)

From STSci picture gallery

Effects of
reionization

Gas is neutral —
cools in small halos

H is reionized at
z~(10-6)

Gas heated ~104K
— cannot cool In

halos with V<40 km/
S
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Only the few small subhalos that formed before
reionization can cool gas and make a visible galaxy




@@@ Luminosity Function of Local

niversity of Durham

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) Institute for Computational Cosmology

T T T L] I 1 I i 1 I 1 T Ll L] I T T T I

ACDM ® Mateo (1998)

2+

No photo-i

Photo-l +
SN feedback ¢

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

log dN/dM, (per central galaxy)

0 @ \o—
[~ ®
—— Standard model o o
Cole et al. (2000) .

i No photoionization LG data .
-1r f..=10% .
-2 I PR TR T T N TN TN TR TN AT TN N 1 N T NN N SO S ’

0 ~9 -10 -15 20

M,




f:::‘-};; @;@:

University of Durham

The field of streams

Belokurov et al ‘07
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g @@
4
{ S 4

L

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

log dN/dM, (per central galaxy)

undiscovered, faint satellites

Benson, Frenk, Lacey, Baugh & Cole '02

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

T T T T I 1 I i 1 I 1 Ll Ll L] l T T T I

~ ACDM o Mateo (1998)

2

~—Koposov et al ‘07
No photo-i

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

L
—— Standard model o o
Cole et al. (2000) ]
No photoionization LG data 4
. =10% ]
1 I 1 1 1 1 I 1 1 1 1 l [ L 1 1 )
-0 ~10 ~-15 —20
MV
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ABSTRACT

There has long been evidence that low-mass galaxies are systematically larger
in radius, of lower central stellar mass density, and of lower central phase-space
density, than are star clusters of the same luminosity. The larger radius, at a
comparable value of central velocity dispersion, implies a larger mass at similar
luminosity, and hence significant dark matter, in dwarf galaxies, compared to no
dark matter in star clusters. We present a synthesis of recent photometric and

kinematic data for several of the most dark-matter dominated galaxies. There is

a bimodal distribution in half-light radii, with stable star clusters always being
smaller than ~ 30pc, while stable galaxies are always larger than ~ 120pc. We
extend the previously known observational relationships and interpret them in
terms of a more fundamental pair of intrinsic properties of dark matter itself:
dark matter forms cored mass distributions, with a core scale length of greater
than about 100pc, and always has a maximum central mass density with a narrow
range. The dark matter in dSph galaxies appears to be clustered such that there
is a mean volume mass density within the stellar distribution which has the very
low value of about 0.1 M, pe™? (about 5GeV/c? em™3). All dSphs have velocity

dispersions equivalent to circular velocities at the edge of their light distributions
of ~ 15kms~!. In two dSphs there is evidence that the density profile is shallow
(cored) in the inner regions, and so far none of the dSphs display kinematics
which require the presence of an inner cusp. The maximum central dark matter
density derived is model dependent, but is likely to have a mean value (averaged
over a volume of radius 10pc) of ~ 0.1 M, pc™? (about 5GeV/c? cm™3) for our
proposed cored dark mass distributions (where it is similar to the mean value),

or ~ 60 M, pc™® (about 2TeV/c? cm™?) if the dark matter density distribution
is cusped. Galaxies are embedded in dark matter halos with these properties;

I 5 5 .
smaller systems containing dark matter are not observed. These values provide i

new information into the nature of the dominant form of dark matter.
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‘{’ Mass function of MW satellites
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Currently the best resolved published sim of a Milky Way. halo

80 kpc




massive satellites are
identified with largest
halos before accretion
(c.f. Benson et al ‘02,
Libeskind et al ‘07)
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IKP Substructure in CDM halos

4 University of Durham

Halos have large number of self-bound substructures
containing ~10% of the masss and with d N/d M ~ M-19

(

Gravitational lensing effects
—> Substructures may be observable,

v -ray annihilation emission

\

Anomalous flux ratios in multiply-
iImaged quasars = Substructure

Dalal & Kochanek ‘02, Metcalfe & Zhao ‘02

Institute for Computational Cosmology




HJECE A blueprint for detecting
University of Durham h a I O C D M

Supersymmetric particles annihilate and if x-section is right,
the annihilation radiation may be observable

Intensity of annihilation radiation depends on:
| 12(x) <sv» dV

Institute for Computational Cosmology




More on substructure
convergence

Convergence 1n the size and maximum
circular velocity for
individual subhalos cross-matched
between simulation pairs.

Biggest simulation gives convergent
results for

Vmax > 1.5 km/s
rmax > 165 pc

Much smaller than the halos inferred
for even the faintest dwarf galaxies

Virgo Consortium
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Milky Way halo seen in DM annihilation

@ radiation
University of Durham

Aquarius simulation: N200=1.1 x 109




;@{’ Mass and annihilation radiation
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‘;rf, A blueprint for detecting halo CDM

niversity of Durham

8 .
sub- main subhalos
S/N for detecting 6 [subhalosy :
subhalos 1n units of that i
for detecting the main = !
halo 30 2 4r =
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» 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




H Conclusions: ACDM on small scales
University of Durham

* Predictions from ACDM for dark matter are well established

* On large-scales, ACDM agrees with staggering amount of data,
from CMB to gals

* On small-scales, N-body simulations of ACDM predict:

— cuspy halo profiles, with inner log slope = -1

— many small substructures, with convergent mass fraction
* Evidence for cusps in galaxy cluster halos

* Dwarf galaxy (e.g. sats) and LF “problems” solved by astrophysics

* TEST: substructures should be observable (lensing, y-rays)

* GLAST may discover DM - near centre of the galaxy
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