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*The standard model of
cosmic structure

*ACD
M

®* Material content: {

® Initial conditions for formation of structure:

4

y

S

*Cold dark matter (eg neutralino;21%),
baryons (4%), dark energy (A; 75%)

*Quantum fluctuations during inflation:
|0d¢ k", n=1; Gaussian amplitudes

® Growth processes: { *Gravitational instability

® Parameters:

y

4

-

Q.. =021, Q, =004, Q, =0.75,

h=070,0,=0.38, ...
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| *|nitial conditions :
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*Large scalekog(k Mpc/0Oh®) *Small scales

*The galaxy distribution evolves _
from fluctuations seen in CMB by Sl
gravitational amplification. ®0p/p ~1-10° "« ¥

e
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function have
different shapes

—>

*Complicated
variation of M/L with
halo mass

log(®/mag-th® Mpc~3)

-20

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

-25 -30
MK’—5logh
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‘;-i:fg 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

® Main Physical processes:

¢ Assembly of dark matter halos

® Shock-heating and radiative cooling of gas within halos

—® Star formation and feedback | Semi-analytical model
® Production & mixing of metals — Parametrize physics
® Evolution of stellar populations — Set of coupled

differential equations

® Dust extinction & emission Predict qal
— Predict galaxy prop.

® Black hole format’n, AGN feedbacH (lum, mass, B/T, radius,
metallicity etc) and
— levolution with redshift

Sub-grid physics

| ® Galaxy mergers



Populating the S with galaxies
{125 Mpdh

Sprlngel etal 05

e = T ".l
R




Galaxy light
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function have
different shapes

—>

*Complicated
variation of M/L with
halo mass

log(®/mag-th® Mpc~3)

-20

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

-25 -30
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HBECE | *Deconstructing the galaxy

I
(AV)

log(®/mag-th® Mpc~3)
a

*Bright end:
*AGN feedback: 6 _
energy transported T
by bubbles ~18 -20 -22 -24 -26 -28

MK’—5logh

*Bower et al 06
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*Galaxy
formation is most
efficient in ~1012

M, halos

uol
Axe|eb Jo

v

°Benson, Cole, Baugh, Frenk
& Lacey 2000, MNRAS
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Galaxy light
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‘{’J\D\D Galaxy autocorrelation function

Millennium simulation

1000.00E_ R =
0006 - >«_  *Dark matter -
oo 4 E
: 10.00*Model galaxie§ Q =
agrees well with  —~ : -
N — ko3 -
2dFGRS %’J‘ 100 Jo 2dfGRS = E
. 0.10;— —;
* Galaxies are less = -
clustered than DM - -
0.01 _
on small scales N
1 1 L1 1 111 I 1 1 1 L1 111 I 1 | | | 11 L
0.1 10.0 100.0

;
*r [h-1 Mpc]
Springel et al 2005
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+JBECL |+Testing the ACDM paradigm
with galaxy surveys

*Three tests:

® Origin of fluctuations, nature of DM, cosm.parms
(Power spectrum of galaxy distribution)

® Gravitational instability
(z-space distortions)

® Hierarchical galaxy formation
(non-linear clustering)
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@ 2 °A Cold dark matter universe

University of Durham

*CDM has been ruled out many times in the past:

® 1984 Large cluster-cluster correlation function (Bahcall)
® 1986 Great Wall (Geller & Huchra)
® 1986 High —z gsos (various)
® 1989 Large-scale streaming motions (/-Samurai)

® 1990 Extra large-scale power (APM, QDOT)
'Some of these data were not robust;

°other %\%Qi'\/l La%%ﬁgru e gbjte bi='31°§tt£?%%)rd

CDM and replaced |t Wlth ACDMnstitute for Computational Cosmology
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ECC *Real and simulated 2dF galaxy survey

University of Durham
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cold dark matter

log (6M/M)?

-

® i

fﬁl )
ﬁf ‘

log{k Mpec/Qh?

—-1.5 —1 —-0.5 0
log (k/ h Mpc1)
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ECC *Real and simulated 2dF galaxy survey

University of Durham
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*ACDM (2=0.3, A=0.7, h=0.7)
O L S BN Jr S B DL BN S

- eSimulated 2dF

}—
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*2dF data vs

I

T

I |l I I I IAICD]M I I I l I 1 1 I

—-1.5 —1 —-0.5 0
log (k/ h Mpct)
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*Cole, Percival,

Peacock, Baugh, Frenk
+ 9 AEPRPQ ‘NR

P
o

S

log,, P(k)/h=3 Mpc?

co
9]

k/h Mpc-!

0.0 0.04 0.06 0.080.1 0.2 0.4
T full 2dFGRS
>, *ACDM model

. *ACDM
iconvolved with

window
- 0_h=0.168
- 0,/0_=0.17
- 0,=1.125

l 1 1 I 1 1 I
-1.5 —1 -0.5




*Cole + 2dFGRS ‘05
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*Cole, Percival,

Peacock, Baugh, Frenk
+ 9 AEPRPQ ‘NR

P
o

S

log,, P(k)/h=3 Mpc?

co
9]

k/h Mpc-!
0.0 0.04 0.06 0.080.1 0.2 0.4

full 2dFGRS

S

* ACDM

lconvolved with
window

- _h=0.168
0,/0,_=0.17
- 0,=1.125




@ BCC | CMB anisotropies and large-scale
structure

University of Durham

Q,=0.4, h=0.65, O h?=0.02
-II || || | IIIIII || EI | Ilglllgl | | | IIIIII

IIIIII 1 gI Illglllél 1 1 IIIIIII
0.01 0.1 1

k (h/Mpc)
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€L | CMB anistropies and large-scale

T/
‘.
|
i

L

University of Durham Stru Ctu re
0,=0.4, h=0.65, O h?=0.02
C L ' ' "'g"'gl L
3 b \ o :
= .F CMB 3 CMB and LSS
< 1 _ ! _ out of phase:

‘velocity overshoot’

=
13
N F LSS amplitude
Sj’ b LSS _ - smaller than CMB
:ul Tl 1 . 1 ||§|||§| L |||||||:
0.001 0.01 0.1 1
k (h/Mpc) *Meiksin etal 99
- °2dFars |
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log (A*(k) / A%,) log (A*(k) / A%,)

Iog (A:(k) / A:lin)
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-0.10F
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0.10f
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0002
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0.00F

11 l

.Z=

1

0.01

0.10
k[ h/Mpc]

0.10
k[ h/Mpc]

1.00

—Baryom—

wiggles in

the galaxy

Power spectrum
from MS divided by
a baryon-free
ACDM spectrum

Galaxy samples
matched to
plausible large
observational
surveys at given z

Springel et al 2004

e for Computational Cosmology




*Suggests that
structure grew by
gravitational
inetabilitisin MbeDM
SWREIFRG
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1JBECE [*SDSS LRG correlation functio

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

~—Q.3
(/)]
~ |
N
o

0.1 |

*Q, h2=0.024, 004 |

0.02
[ 2 —_— -
Q_h2=0.133£0.011, |
. i 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1
*— 0./O0 =018 00 50 100 150
b m ' Comoving Separation (h~! Mpc)

*Eisenstein et al. 05

Institute for Computational Cosmology




A*(k) = d<6°>/d In k

i =33 E
E——Zéﬂ“ i | ]
p i i
do 2 - M/ i
201\ = 315,12 ' Za
A*(k) = Tk E7 [0 8 B Y BBN baryons |
ofF # @90 @ —————-—- zZzero baryons 7
B 1 1 1 1 1 L1 1 I 1 1 1 1 1 L1 l-
*Percival et 0.01 0.1 1
al. MNRAS k / h Mpc™?
327, 1279 Institute for Computational Cosmology

(2001)



‘{’ B *The final 2dFGRS power
spectrum: parameter estimation

on Q. / Q. E2F :
. ~ :
®* Amplitude depends 2t :
on O-sgal = E F
*0Qh =0.161 + 0.015 ~F :
o -
*Q./Q_=0.194 = 0.045 L / AP
0.1 0.2 0.3
*559% (L.) = 0.870 = 0.029 Q_ h

.Cole + 2d FG RS ‘05 Institute for Computational Cosmology




P,(k) (W™ Mpc?)

10

0.01 . | T 6.10
k (hMpc™)

* Sanchez et al ‘06

lower power at
almost all scales, or
a bump at the largest
scales

* 2dFGRS
- 3ZIm,<1.2ev
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*Cosmological parameters:
CMB + 2dF

°Q _h, Q /Q,, 09 f

P 4° slice 08%%0.16 & vy "t
< 56237 galaxies < :
a2 f
Angular Scale
6000 — 2 z 05° 0z :
: TT Cross Power
5000 F Spectrum _
1 ¢The CMB power spectrum depends on

¥ ACBAR

I(1+1)Cy/2r (UK2)

n
(=3
(=3
o
T

(Qk,QA,a)b,wdm, V,wDE,r,nS,nt,AS,r,b)

L . . L P
0 10 40 100 200 400 800 1400
Multipole moment (Z)

*Combining 2dF and CMB breaks parameter degeneracies
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HRCC [*Parameter constraints|

niversity of Durham
P=(Q.Q,.0,0,.T.n.A)

*CMB only... *CMB + 2dF...

Created using CosmoloGUI Created using CosmoloGUI

0.8 0.8+
0.7 0.7t
06l 06l
< <
(:35— o ‘(:Eﬁ_
0.4l 0.4/
03l 03l

o2l NN ool a4

018 016 -014 -012 -01 -008 -0.06 -0.04 -002 0 018 -016 014 -012 01 -008 -006 -004 002 O

ng .Qk

eSanchez et al ‘06
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E}@j@ 'Results comparison with WMAP3

B ok AR WA AR G
FLAT Sanchez et al. Spergel et al.
models | (2006, MNRAS, 366,189) (astro-ph/0603449)
parameter | WMAPI1(ext.)+2dFGRS WMAP3 only | WMAP3+2dFGRS
W, 0.0225 £ 0.0010 0.0223 + 0.0008 0.0222 £+ 0.0007
w,, 0.127 £ 0.005 0.126 £ 0.009 0.1262 + 0.0048
h 0.735 £ 0.022 0.74 £ 0.03 0.732 £0.021
T 0.118 £ 0.060 0.093 £ 0.029 0.083 £ 0.029
n, 0.954 £ 0.023 0.961 £ 0.017 0.948 £ 0.016
Og 0.773 £ 0.053 0.76 £ 0.05 0.737 £ 0.039
Q 0.237 £0.020 0.234 £ 0.035 0.236 £ 0.020
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Ry E}@@ 'Results comparison with WMAP3

¥ r Uk IR VA At 45 g
FLAT Sanchez et al. Spergel et al.
models | (2006, MNRAS, 366,189) (astro-ph/0603449)
parameter | WMAPI1(ext.)+2dFGRS WMAP3 only | WMAP3+2dFGRS
W, 0.0225 +0.0010 0.0223 + 0.0008 0.0222 £+ 0.0007
w,, 0.127 £ 0.005 0.126 £ 0.009 0.1262 + 0.0048
h 0.735 £ 0.022 0.74 £ 0.03 0.732 £0.021
T 0.118 £ 0.060 0.093 £ 0.029 0.083 £ 0.029
n, 0.954 + 0.023 0.961 +£0.017 0.948 £0.016
Og 0.773 £ 0.053 0.76 £ 0.05 0.737 £ 0.039
Q 0.237 £0.020 0.234 £ 0.035 0.236 £ 0.020
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‘;-i:f; *Testing the ACDM paradigm
P of Bt with galaxy surveys

*Three tests:

® Origin of fluctuations, nature of DM, cosm.parms
(Power spectrum of galaxy distribution)

® Gravitational instability
(z-space distortions)

® Hierarchical galaxy formation
(non-linear clustering)

Institute for Computational Cosmology




H *Testing the ACDM paradigm
with galaxy surveys

*Three tests:

® Origin of fluctuations, nature of DM, cosm.parms
(Power spectrum of galaxy distribution)

® Gravitational instability
(z-space distortions)

® Hierarchical galaxy formation
(non-linear clustering)

Institute for Computational Cosmology
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Large Scale
Flattening
Due To
Coherent
{ Cluster Infall

* Vobs = Vhubb + OV

® dv x Q06 §p/p = QO-T b-18n/n

OBSERVERT PR
! *“bias”paramete

eKaiser 1987 [
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University of Durham

*Correlation

function

*&(o,m)

9
O

*Paralle to |

*The signature of hierarchical clustering

ﬂ/h_lMpc

APM (8=0.5) £{o,n)=10,5,2,1,0.5,0.2,0.1,0,—0,1

Fingers of God

20

0

—20

—i80 | ) | 2i0
o/h~ Mpe
*Perpendicular to l.o.s




221,000 redshifts




HICC

Large Scale
Flattening
Due To
Coherent
Cluster Infall
measured via
Redshift
Space
Galaxy
Clustering

T / h Mpe

= B=0"/b
v 0 - =0.43 £ 0.07

*Demonstration ¢ / h™'Mpe
of g ravitational Peacock et al. . 2001, Nature, 410, 169

i n Sta bl I |ty Institute for Computational Cosmology




HICC

Hawkins et al. (2002), astro—ph/0212375
2dFGRS: g = 0.49 + 0.09

*Demonstration
of gravitational
instability
B = QO6/b
=0.49£0.09

n  [h™"Mpc]

*b is "biasing”
parameter

°0=1.0 > Q=0.3

—20 0 20

o [h™"Mpc] *Hawkins + 2dFGRS astro-ph/
ND219°7 K



*The case for dark matter

Baryon acoustic oscillations

-4

Large—scale infall




H *Testing the ACDM paradigm
with galaxy surveys

*Three tests:

® Origin of fluctuations, nature of DM, cosm.parms
(Power spectrum of galaxy distribution)

® Gravitational instability
(z-space distortions)

® Hierarchical galaxy formation
(non-linear clustering)

Institute for Computational Cosmology
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*Galaxy
formation is most
efficient in ~1012

M, halos

°Benson, Cole, Baugh, Frenk

& Lacey 2000, MNRAS

* M/L
4%
o)

0,_=0.30

| I 1 I I I

'Long Teool &

feeddack”

*Mean

o
(O]
T

25
ESN
T

| ePhotoionizat
ion& SN

¥

log,[T, /(hMo/Ly)]

4=
0o

feedback

*Can we test this?.

—

*Halo mass
o

13
log M/h-1T M



7)ICC

niversity of Durham

*Groups in 2dFGRS

*28,213 groups with n =2
(53% of gals)

*6,773 groups with n =4

=4 :

*Median z 0.1

*Median vel disp 266 km/ ‘f

S

*Eke, Frenk, Cole, Baugh +
2dFGRS 2003

o,/(kms=1)<200

(kms-1)<300

S0, (‘n ms-')<500
50020 /(kms"!

700s0,/(kms-!)



‘{’ 1< *2dFGRS groups and
galaxy formation

of galaxy formation
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°Eke etal ‘04

uol

*Group M/L
w

N
o

log,o[ T, /(hMg/Lo)]
- 2
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1.8
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*Mean o E 1

| 1 1 I 1 1 1 1 l | 1 1 1 l | 1 1 | I 1 |
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9

*Group
luminosity

10 11 12
l°g1o[Lb,/ (h=2Lg)]



*Minimum in M/L
detected!

*Eke, Frenk, Baugh & Cole"

log,o[T, /(hM/Ly)]

g
o

N
0

o N

1.8

N
N
I |

Model

o
%Corrected 2PIGG |

Q,_=0.30

- AN

9

luminosity

0 11 1z
log o[ L,/ (h~?Lg)]




*[ arge-scale structure for
the new generation

The use of baryon acoustic
oscillations to constrain dark energy




|

*Baryon oscillations in the power spectrum

HEICE

University of Durham

*Comoving sound horizon at t., . _ 1 f“r Cs o
_HQM 0 (a+a )1/2
*(depends mostly on Q_h? 0%%m eq
and weakly on Q_h?)
*“wavenumber” of acoustic oscillations: *k\= 27/S
*Comoving distance/redshift: dx ¢ 1

*(depends on Q_h?and w)

dz HQ'” \/(1_'_ 2 +( Q) — 1)1+ 2

*Apparent size of standard ruler depends on cosmology

° —> dark
*(e.g. Eisenstein & HU 1998;a§|a

AR e tr ook 2003, 2005:

Institute for Computational Cosmology

*Seo & Eisenstein 2003; 2005......)



‘H How well do we need to measure
University of Durham the B A O Scale?

* Error in BAO scale Pt T
translates to bigger error U T
In dark energy w :
. , bbbt
* Size of shift depends on -0.951 ]
which other parameters : /
are held fixed s oroop
* For fixed w require st /
distance scale to 0.2% to ] /
get 1% inw 1ok
* Demands accurate AR
knowledge of systematics 098 099 100  1.01  1.02

(0

¢ A nQUIO €'|' GI 5 2008 Institute for Computational Cosmology




*N-body simulations of large
cosmological volumes

*BASICC
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Pi.P(k)/Plinear(k)

—

.

—
I"""

1.0F

0.9F

0.0

Z =
2 =4
z=6

k (h I‘Apc")

*scaling out growth factor

°*Angulo, Baugh,
Frenk & Lacey ‘07
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ACDM dark matter distribution

10g,o(P(K)/Pypear(k))

-0.1 i Real Space E

—02111 .AngUIO, Baugh,
0.0 0.1 0.2 0.3 0.4 Frenk & Lacey ‘07

k (h Mpc™")
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ACDM dork matter distribution

Redshift Space

0.2H

Kaiser (1987) related the spherically averaged power spectrum
1 measured in redshift (7s) and that in real space (P):

0.1 §
1| ] Pk =1+ %ﬁ + %ﬁQ) P(k). M

1 where 3(Q,) = dlogé/dloga/b ~ Q%°/b and b is the bias
1 factor.

0.0 ETHIRE

1og4(P(K)/Pipear(k))

g'Mo’rions of particles inside

-0.1 - Real Space J

*virialised structures

—0.2 lllllllllllllllllllllllllllllllllllllll-

0.0 0.1 0.2 0.3 0.4 'dGmP power at hlgh k

k (h Mpc™")
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10g,0(P(K)/Pypear(k))

TT [T T Trrrrrrr

_AMeHalos M> 1012 M

A

i A LR e
,v Il 2V b

*scales due to coherent
flows

*Dark matter

0.0 Halos, M > 1.e12 Mg
Dork Motter i *Damping at higher k
_ o Redshift Space, z = 0 _
0 ’ 1 eaffects DM but not the
......... PRI A P W Y
0.0 0.1 0.2 0.3 0.4 h a I OS
k (h Mpc™")
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alaxies redshift space

: ?n=5><10‘4h3Mpc—3)
iy

0.2 R ﬁ*‘lwzw

108 ,5(P(K)/Pjear(k))
i

_02 1 | 1 | l | | 1 1 I 1 1 | 1 I 1 1 1 1

0 0.1 0.2 0.3
k/hMpec™!

0.4

by constan

*factor in redshift

°= lgzseace.

galaxies have a
scale-dependent
bias out to k~0.1
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B¢ @ |*Galaxy bias in redshift space

e
2.2

N L L L L L L | L L L
L .5.0e—-04, b=1.18 n = 5.0e—-04, b=1.34
20F .2.5e-04, b=1.33 n = 2.5e-04, b=1.34
"l .5.0e-04.RLIt, b=1.03 (R-1)<0.321, b=1.28
~ 1.8} -5.0e-04.Rigt, b=1.33 (R-1)>0.321, b=1.42
L 7| .5.0e-04.ewollit, b=1.32 EW(0I)<2.520, b=1.39
o 1.6} -5-0e-04.ewoll.gt, b=1.04 EW(OII)>2.520, b=1.29
N ] il
~ Real Space
< 141 P - .
=L 1 different
1.0 e T A st *selections
0,8- PR RRPE REPU SR R R ." . . . P . .-
e . |
1.81 T ] €.g. colour,
1.61 ‘emission
& 1 line
~ 1.4
e: 3
“ [l *strength
1.2
1.0f . :
I . 1 . | N | X | N | - N 1 1 | N | P B T B 1 AnQUIO et al 07

0.00 0.05 0.10 0.15 0.20 0.25 0.300.00 0.05 0.10 0.15 0.20 0.25 0.30
k (h Mpc™") k (h Mpc™")
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semi-analytic galaxy
formation model

*Projected BAO data for
planned surveys at z=1

SPACE
WFMOS z=1

WiggleZ

| I I | l | | L l ) I | I— l 1 | I | l | I | L
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BAO performance for constant w
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% B *The origin of cosmic

*|nflation
t~10=3%g

Inflation

*CMB (t~3x10°
eStructure
(t~13x10%rs
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[&Q | «Conclusions: the ACDM model

University of Durham

K : xi_
o

=2 ACDM is an intrinsically implausible model that requires:

® An early epoch of inflation
¢ Quantum fluctuations in the early universe

®* Non-baryonic dark matter

=» Yet, it agrees with staggeringrasrnmunt of data, from CMB to gals
=» Existence of dark energy supported by WMAP+LSS

=» Basic cosmological params determined by WWMAP+LSS+SN+. ..
Current limits w<-0.9 (p= wpc?)
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Q} B @ | *The cosmic power spectrum: from
the CMB to the 2dFGRS

1000 k' (comoving h-' Mpc) 10

| | ! il
separation to distance
(and k) assuming flat =
geometry S
® Extrapolate to z=0 % - -
using linear theory & / N
08)- i | 2dFGRS .?/ \
®=> ACDM provides an & . . WMAP il
excellent description of  ?
mass power spectrum i
from 10-1000 Mpc [ bl Lol Ll
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U CBCD *Open questions

University of Durham

*Dark matter

What 1s it/

— If SUSY particle, will LHC make it?
— Will direct or indirect earches find it?

® Is ACDM really right on large scales?
— Map DM directly - gravitational lensing
— Measure PS growth - galaxy surveys at high z

— Do galaxies trace mass ? - galaxy formation theory

® Is ACDM right on small scales?

— Detect dark substructures - gravitational lensing

— Sort out rotation curve mess - simulations, observations

— Further study of cluster halo structure - X-rays, lensing
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@ 1D °*Open questions
*Dark energy

University of Durham

® What is it?
— Nothing is known! = theory
®ls it:
— constant in time (A) or varying (quintessence)?

— Is it a reflection of non_Einsteinian gravity

® Fluctuation growth rate and geometry depend on w(z)

— effects are small but perhaps measurable
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