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Il. The large-scale structure of
the Universe




cold dark matter

ACDM: the standard model of
cosmology

cosmological constant

Why is this the standard model;
why it is incomplete and what next?




Rl The cold dark matter cosmogony

The CDM model is intrinsically implausible: it requires
the universe to I-—'—'I-'/// two unknown

constituent K energy.
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Cosmic inflation: universe started off in unstable state
(vacuum energy) > expands very fast in short period of time

— Flat geometry: Q=1

o

= 0 P = Pmass T prel+ Pvac
crit



Observable universe

~ Inflation

t=10:=225

Inflation theory predicts: early universe seeded by tiny
fluctuations in mass distribution due to quantum fluctuations

|8,]% « k; Gaussian amplitudes
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Non-baryonic dark matter

University of Durham can d | da teS
Type example mass
hot neutrino a few eV
sterile neutrino
warm _ _ keV-MeV
majoron; KeVin
axion
cold _ 10-9eV - 100 GeV
neutralino
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The linear power spectrup

(“power per
o1 - T —

octave” )

\ inflation: n=1

Fluctuation amplitude
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Large scales Log k [h MpC_1] small scales




+JBCE | The dark matter power spectrum

k3 P(k) = The linear power spectrum (“power per octave” )
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For the first time in Cosmology = a well-
defined theory of the initial conditions for

the formation of cosmic structure




The formation of cosmic structure

University of Durham uCosmoIogy maChine”
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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




The formation of cosmic structure

University of Durham .\'/AX ‘1 l ,,." 780
t=10-° seconds

t=380,000 yrs/
dp/p ~107

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







Non-baryonic dark matter

candidates
Type candidate mass
—— *\
< hot neutrino a few eV >
S 1
warm Sterll_e keV-MeV
neutrino
cold axion 10-5eV/-
neutralino | >100 GeV
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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) |

205

CfA redshift
survey

Frenk, White & Davis ‘83

[ Institute for Computational Cosmolog_y]




Non-baryonic dark matter

B

candidates
Type candidate mass
hot neutrino a few eV
warm Sterll_e keV-MeV
neutrino -
/col ; axion 105eV-
\ neutralino | >100 GeV \

[ Institute for Computational Cosmolog_y]




@UICC The cold dark matter cosmogony
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7J1CC
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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

surve p
urvey Davis, Efstathiou.

Frenk & White ‘85
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TICC Q=1 CDM

niversity of Durham

DEFW "85

pec vels too large
Galaxies trace mass

wrong clustering
Dark matter

v : B t
AN Y SRR
N L) L Ly s

IR Y L
At g, e

SRR “Biased galaxy formation”

(after Kaiser '84)

[ Institute for Computational Cosmolog_y]
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Dark matter

Biased galaxy formation

... or how to rescue Q=1 DEFW ‘85

Galaxies

.. . . . ' .. '.o'. '. -c . : - ’....
Lo - T e, +|Gals—> peaks
e T L v of density
.t I Lo LU . : .

B A field

s " TR A . . o

d:.. .- " .,r.‘...v'.‘"g 0‘. ...-o?." ?.';. ' ..

. .- - ‘ . .:.: .' Q:.. - .' )
o ::3 l.; }:.{:.:n. . . - .o.:.. .' .

' . LI S R -J,:_'p .

LA . - el A e e :
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. ’ . *
X " -4 - _ . . .

F1G. 16.—The projected distribution of all particles (feft) and of the * galaxies ™ (right) in EdS1 at @ = 1.4. The side of the box is 32.5k ™" Mpc. “ Galaxies ™ are assumed to form only at

the 2.5 ¢ peaks of the linear density distribution,
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1982 - 1990 the glory days of
=1 (9 standard CDM”)
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1JBCC  [1990: Q= 1 CDM under strain

niversity of Durham

Angular 2-pt correlation function

1 11111 | T LS G R A | T /S S S e 0 O B |

APM galaxy survey

Maddox, Efstathiou,
Sutherland & Loveday ‘90  o.1}

TrTY

0.01

TTTY

10_3 L JEat A " FET 1 1 P LAt
0.1 1 10

0 (degrees)
Possible solution: lower Q_ ... and add A to CDM (to have
Q... =1, as required by inflation (Efstathiou et al ‘91)



The end of standard (@
... orwhy Q

matter=1) CDM

natter CANNOL be 1




HICC Galaxy clusters

University of Durham

X-ray emission from hot plasma in clusters
Images from David Buote

¥

Perseus ‘w(z=0.0183) Hydra A 1' (z=0.054) A2052 ~ (z=0.0348)

About 90% of baryons in clusters are in hot gas
X-rays = gas mass w

Photometry = stellar mass

»—> Baryon fraction, f
Gas in hydrostatic equilibrium so X-rays "y | b

(Or IenS|ng) : tOtaI gI’aVItatlng Mass ’ [Institute for Computational Cosmolog_y]




ICE | Q from the baryon fraction in clusters

iversity of Durham

: Un

‘ baryon fraction in clusters = baryon fraction of universe ‘
M 0 Evrard & Frenk
simulatons =2 Y= 0.9 210%

fb _ Mb _ y& White, Navarro,
tot m
where y=1 if f, has the universal value Nature 1993
X-rays+lensing =2 fb = (O.O6Oh'3/2 +0.009) £10%
BBNS,cMB > Q,h?=0.019 + 20%

HST - h=0.7+10%
(2
- Q, =21 -03120.12
i f Allen etal ‘04
b | Institute for Computational Cosmolog_y]







@ Evidence for A from high-z

supernovae
SN type la (standard candles) at X
z~0.5 are fainter than expected even *
if the Universe were empty I
16§ Glamecn, :
4 AJ.199) 1

= The cosmic expansion must have ég

been accelerating since the light was é‘;?fg.

emitted .

£ 2

i

Perlmutter et al '98; Reiss et al ‘98 : 00 0.2 0.4 06 08 0

Schmidt et al ‘98 a/ay=1/(1+z) reastinz

Perlmutter, et al. (1998
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Evidence for A from high-z

supernovae

SN type la (standard candles) at
z~0.5 are fainter than expected even
if the Universe were empty

=» The cosmic expansion must have

been accelerating since the light was
emitted

Perimutter et al '98; Reiss et al ‘98
Schmidt et al ‘98
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Clocchiatti et al ‘06

Unbounded \Expansion

1 I | | | | I 1N | 1 I

~
Recolapse ~_ .

0.5 1 1.5
OM
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Friedmann equations
4 d
(=" Gpa(3w+1) czad_p = -3(p + pe?)
a

+ pvac where p —_— wpcz
a4 const?

Ptot = pmas§ * Prel
33

expansion accelerates =a>0 = 3w+1<0
1
W< —5 —>  dark energy [pvac ="Pyac (X,Z)]
dp 2

If p = Pvac = coONSL , =0 = p=—pc = w=-1

a cosmological constant

Institute for Computational Cosmology
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CfA redshift Q=1
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The cosmic dark energy

Current physics predicts a “natural” value for the
cosmological constant (Planck value)

0." ~ M} ~(8aG)* ~(10°GeV)* ~2x10""erg/cm’

pzbs ~(107""GeV)* ~2x10"erg/cm’

10"?0 larger than observed !!!

* Most inaccurate prediction in physics ever

* Requires new physics!

Institute for Computational Cosmology




ACDM is an a priori
implausible model

7%

DARK \
70% DARK
: El‘:E)% ) AR

| NORMAL
5 % MATTER

... but makes definite predictions and is therefore testable
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15 thousand million vears
M The cosmic microwave 7
- background is emitted
The blgn 300 thousana years g |

3 minutes

10—5 seconds

1012 seconds

10—34 seconds

S— Mot

1032 degrees
1027 degrees

10'5 degrees

1070 degrees
10° degrees

w radiation positron (anti-electron)

o  particles proton

@

W% heavy particles @ neutron
! ®
H

X L3

" f the e 18 degrees
o the weak force meson

hydrogen

uark
9 deuterium

{

?
E anti-quark

le helium 3 degrees K \M\:
» electron 1 Jithium o
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Temperature anisotropies in CMB

niversity of Durham

7000

6000

5000

4000

3000

W(i+1)C,/2m (uKe)

2000

1000

0

- Large scales

| coherent oscillations
of y — baryon fluid

| Sachs—Wolfe
QW Plateau

— — e o — — — — — —
.-
—

S
] IIIIII| ] ] llll“l\l"l'“

__—Tensors

1

| I 1T 1T 11 I|
Small scales

Acoustic
Peaks

Tail

lIIIIlIl

Damping |

10

Sunyev & Zel'dovich 70

Peebles & Yu ‘70; Peebles '82; Bond &Efstathiou ‘84 [institute for Computational Cosmology J
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1ICC Temperature

University of Durham

anisotropies in CMB

No. 3, 1970 PRIMEVAL ADIABATIC PERTURBATION

7 16 15 15
10 10 2x10 10 Sxl(

T T I T LI

MASS (Mo)

2
[%2 (m)] hﬁ SMALL-SCALE FLUCTUATIONS OF RELIC RADIATION

Il >

le(k)II/z

0 | 1 1 1 h
0 R} .2 3 4 .5 6

k (co-moving)

Peebles & Yu ‘70

MJ (trec) lg M/MG

Sunyaev & Zel'dovich ‘70

Institute for Computational Cosmology




@UICC Temperature anisotropies in CMB
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7000 | L | | | L | | L | |
- Large scales Small scales -
8000 | Acoustic _
i Peaks i
—~ 5000 coherent oscillations _
§ i of y — baryon fluid L i
e 4000 — =
o~ i Damping |
é‘ 3000 Sachs—Wolfe Tail |

i Plateau
+ - ISW -
< 2000 —
1000 —
_____________ __—~Tensors |
O ] ] IIIII| ] ] | l.‘l\i‘l\l"i‘u | ] ] IIIII|
10 100 1000

Multipole ¢
Peeb|eS 82 | Institute for Computational Cosmolog_y]




Angular Scale

o0° o0
| |

Amplitude of fluctuations 3-year data
z~1000

ACDM

g

The data confirm
the theoretical
predictions
(linear theory)

I{I+1)Cy2r (uKZ)

Peebles '82; Bond &
Efstathiou ‘80s

| »

S
Y 90o¢0096.-'v‘-.—i-._..._n-_-__.__.

IIIIIIIIIIIIII]IIIIIIIII‘IIIIIIIIIl]llllllll]lil]llll!]lllll

| S R L L Rt I L | | |




Amplitude of fluctuations at z~ 1000

Multipole moment, ¢

10 50 500 1000 1500 2000

The data confirm
the theoretical
predictions
(linear theory)

Temperature fluctuations [ u K? ]

2500

Peebles '82; Bond & 17 0.2°

Angular scale

Efstathiou ‘80s




PS depends on %]
cosmological
parameters, e.g.
position of 1st peak

curvature

WV

et 1 a3l PR T B S
() 100

1000




RCC

University of Durham

Cosmological parameters from CMB data

Planck+WP Planck+WP-+highL Planck+lensing+WP-+highLL

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits
Qph? . .. 0.022032 0.02205 +0.00028  0.022069 0.02207 +0.00027  0.022199 0.02218 + 0.00026
Qh* . o 0.12038  0.1199 + 0.0027 0.12025  0.1198 +0.0026 0.11847  0.1186 +0.0022
1006mc <« oo 1.04119 1.04131+0.00063  1.04130 1.04132+0.00063  1.04146 1.04144 +0.00061
T 0.0925 0.089+2012 0.0927 0.091+2013 0.0943 0.090*9-:013
Mg oo 0.9619  0.9603 + 0.0073 0.9582  0.9585 = 0.0070 0.9624  0.9614 +0.0063
In(10"°45) . . . .. .. 3.0980 3.089*00% 3.0959  3.090 +0.025 3.0947  3.087 +£0.024
Op v o 0.6817 0.685*0:018 0.6830 0.685+0017 0.6939  0.693 +0.013
T8 oo 0.8347  0.829 +0.012 0.8322  0.828 +0.012 0.8271  0.8233 +0.0097
e o e 11.37 11.1+1.1 11.38 11.1+1.1 11.42 11.1+1.1
Hy ..o, 67.04 673+1.2 67.15 673+1.2 67.94 67.9+ 1.0
Age/Gyr .. ..... 13.8242  13.817 +£0.048 13.8170  13.813 +0.047 13.7914  13.794 +0.044
1000, .. ....... 1.04136 1.04147 +£0.00062  1.04146 1.04148 £0.00062  1.04161 1.04159 = 0.00060
Fdag « « o« oo e e 147.36  147.49 +0.59 147.35  147.47 +0.59 147.68  147.67 +0.50

Planck collaboration ‘13

Institute for Computational Cosmology




BCL | Breaking Q.. Q, degeneracy

University of Durham

Planck breaks the
degeneracy between
Q2 and Q,

matter

- flat geometry

0.80 — , | | _
— +lensing 75 =
I +lensing+BAO s
0.72 - <
- 65
< 4 &0 T ; Unbounde\a\lgx?ansion N
G 0.64 - = o RecolapseI .
j o3 0 0.5 1 15
: , 50 y
0.56 - . T
Planck (+WP+high1)" . 35
I 1 \ C 10

0.24 0.32 0.40 0.42

Q m Institute for Computational Cosmology




i
=
c
&
e,
)
| -
o
=,
=
-
N
N




Sloan Digital Sky Survey

~500,000 galaxy redshifts
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z = 0 . Dark-Matter

" -

N Al _ Springel etal 05+
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Galaxy formation theory

== To compare simulations vs observations,
need to know where the galaxies form

Galaxy formation theory:
a physics-based model for the
formation and evolution of galaxies

Institute for Computational Cosmology




z = 0 . Dark-Matter

y

Mg - Springel et al 05 -
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z = 0 Galaxy light

i

.
e #
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_Croton ét al 05
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Springel, Frenk & White
Nature, April ‘06
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@l@d Baryon acoustic oscillations in 2dFGRS

University of Durham

220,000 redshifts

Baryon oscillations

conclusively detected §1.5
in 2dFGRS!!! E
=
A,
=
=
A,
0.5

Cole, Percival, Peacock,
Baugh, Frenk + 2dFGRS ‘05

P(k) / Pref(Qbal'yonzo)k/h S ECh

—
T T

log,, k/h Mpc™!

0.02 0.04 0.06 0.080.1 0.2 0.4
_
:\'1
o <
b
Y 2 / 7 -
oy |
.\\F
1 &
il
| \ | |
—-1.5 —1 —0.5




CMB anisotropies and large-scale
structure

0.01 0.1
k (h/Mpc)

Institute for Computational Cosmology




A%(k)/ BEexs(k)

CMB anistropies and large-scale

structure

4 CMB and LSS
out of phase:

‘velocity overshoot’

l -
0o : LSS amplitude
“F LSS 1  smaller than CMB
:ul 1 raraaal ..gnngl ul:
0.001 0.01 0.1 1
k‘(h/Mpc) 2dFgrs X Meiksin etal 99

Institute for Computational Cosmology




@l@d Baryon acoustic oscillations in 2dFGRS

University of Durham

220,000 redshifts

Baryon oscillations

conclusively detected §1.5
in 2dFGRS!!! E
=
A,
=
=
A,
0.5

Cole, Percival, Peacock,
Baugh, Frenk + 2dFGRS ‘05

P(k) / Pref(Qbal'yonzo)k/h S ECh
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-+ BCC | Baryon acoustic oscillations in SDSS

niversity of Durham

3"'o'.04".'..'.""'I
« 47,000 SDSS LRGs |
* 0.72 cubic Gpc :
« Constraint on 03|
spherically averaged -
BAO scale Tl
« Constrain distance
parameter: 0.04 |
0.02
13 0.00
5 CZ ! -
Dr-'(~):lDM(~) T(:)] ~0.02 L—+— -5'01 - '1(')0- - ‘1520
\ Comoving Separation (h~! Mpc)
Hubble Eisenstein et al ‘05

parameter Institute for Computational Cosmology




@l@d Baryon acoustic oscillations in 2dFGRS
T P(k) / I:)ref(Qbaryonzo) k/h Mpc-!

0.02 0.04 0.06 0.080.1 0.2 0.4
Baryon oscillations in -"
2dFGRS = \ %
7
. : 7 i
*Consistency with 1.5 7 K| |
structure growth by / "‘\

gravitational instability
in a ACDM universe

P(k)/P(k)reference
|
I . ’/
S
3
{
N
= /
--0-—-'1-1
S
=S

*Since size of acoustic
horizon at t. .. known,
BAOQO are standard ruler

O 5 1 1 | 1 1 1 1 | 1 1 1 1 |

Cole, Percival, Peacock, ,
Baugh, Frenk + 2dFGRS ‘05 log,, k/h Mpc



The cosmic power spectrum: from
the CMB to the 2dFGRS

z~1000 wavelength k' (comoving h-! Mpc)
1 000 100 10

101[5_' ' [(rrrerre e [rrerrred I""'_
. E z=0 §
S L F 2dFGRS E
Q. s ]
2 0.1 ? —%
E w0ef
< 0oL WMAP E
T ACDM
E 104 = 5
= - ;
B 105 b = WMAP -
T é
. 10-6¢ & e 2dFGRS =
—> ACDM provides an _— ;
. . 107 E =
excellent description of s :
10-8 -
mass power spectrum VAR
from 10-1000 Mpc i T O RO R ROV RN
0.001 0.01 0.1 1 10

Sanchez et al 06 wavenumber k (comoving h-' Mpc)*
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R What next?

University of Durham

Understanding the dark energy

At present 3 broad possibilities are considered:

* Einstein’s cosm. const. A — constant (vacuum?) energy density
* Quintessence — a variable (in time and space) form of A

* A modification of General Relativity — e.g. f(R)

Institute for Computational Cosmology
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University of Durham

What next?

Understanding the dark energy

Two approaches:

* Theoretical: string theory?

® Astronomical tests: constrain dark energy “models”
— Geometrical (e.g. la SNe, BAO)

— Dynamical (z-space distortions, cluster counts, lensing ...)

Institute for Computational Cosmology




Geometric tests

University of Durham

Within General Relativity:

Friedmann eqn (const w):

2
2 a 2 -3 4 2 _3(1+w)
H(a)=|—| =H;|Q,a” +Qa™ +Qa” +Qa™"™]
a |1 Ly |1
matter radiation curvature jark energy
p (easy to extend to variable w(a))
Eqgn of state: W= ; w(a)=w,+w, (-a)

Just need to measure H(a) - dist to source at z: D(z)=f(H(a))

* Standard candle — Type la SNe
* Standard ruler — BAO

Institute for Computational Cosmology




ICC Dynamical tests

University of Durham

Dark energy changes growth rate of structure

Relevant quantities are: § W ®
d?s = —(1+ 2¥)dt* + (1 — 2®)a’dx?

M and Y encode theoretical information on dark energy or modified gravity
in linear regime, with U4 =Y = | for the standard LCDM paradigm

. .

6~m l+ 2H(a)5m - 47{#‘(0*: k)Gﬁm (0)6771 = 0

P =~v(a,k)¥
H(a) can be reconstructed from in principle, P+ is measured by weak lensing and integrated
geometric observables, such as Sachs Wolfe effect; P may be inferred from galaxy velocity
supernova luminosity distance and measurements e.g., redshift space distortions; d may be obtained
baryon acoustic oscillation from galaxy clustering and cluster counts; etc.

F rom B an | u L| Institute for Computational Cosmology




What do we know already and how
well do we need to do to go further?
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Dark energy with different w
Constraints from Planck + other data

Constant w Quintessence (variable w(a))
—  Planck+WP+BAO —  Planck+WP+SNLS
— Planck+WP+Union2.1 —  Planck+WP W(a) — WO + Wa (1 —_— a)
.Z’ 0.8 : l
3 06 .
© -
O
O 04} |
o ‘ .
0.2 j S
0.0 : : ‘
—2.0 —1.6 —-1.2 —0.8 —0.4
W |
—-1.6 1 | LN RERAIACN
W = _1.13:(;:12 —20 -—16 —1;/20 -08 —04

(95% Planck+WP+SNLS)

(95% Planck+WP+BAO)

92

88

84

80

76

72

68

64




Dark energy with different w
Constraints from lensing + other data

COURTESY NIC GROUP, COLOMBI, IAP.

Gravitational lensing (shear) -
amplitude of density fluctns

Tomography - growth rate of fluctns

Heynmans etal ‘13

-1.2

1.4

wCDM constant w

B wMAP7

[l cFHTLenS + WMAP7 +
R11 -

[ BOSS + WMAP7 + R11

[ ]CFHTLenS + BOSS +
/ WMAP7 + R11
0.2 0.3 0.4 0.5
Q
m
w=-1.02 £ 0.9
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+JBCE | How accurately do we need to
measure the BAO scale?

University of Durham

2 () o B B
p = wpc E : —-z=230 ,
(dp] _0.90-_ . z=1.0 // N
Y - -
Hold other cosmological 2 I _
. —0.95 a .
parameters fixed 2 ]
®

= = —1.00+ , .
e AW~ 7 As (z=3) S | 7 _
e AW ~ 4 As (z=1) s / ]
) - K -
(- —-1.10 , ]
— q) i / ]

E 1150 1 s v M M

0.98 0.99 1.00 1.01 1.02

o= kapp/ ktrue 0O a

distance scale measurement
Angulo et al . 2008
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BCLC (petection of BAO in Lyman-ao. forest

University of Durham

BOSS survey: detection of BAO in Ly-a forest at z=2.4
- ideal for measuring w(a)

Slosar et al ‘13

... in principle ... after some massaging

1o} T 6f

a

10 60 80 100 190 140 160 180 200

r [Mpc/h] r [Mpc/h]
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0,=0.25, 0,=0.75, w=-0.8

n,=0.25, 0,=0.75, w=-1.0

0,=1.0, 0,=0.0, w=0 (Mass only)

The growth rate of density _ Q,, =0.25, ©, =0.75.1
fluctuations depends on w=-1

Q. ,Q,and w

Growth factor

(At high-z, the growth
rate always approaches
the Q=1 case)




RCC
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relative difference from LCDM spectrum

Dark energy with different w

.o .

O + 2H(a)5m — 471G [ﬁm (CL)(Sm + ﬁDE(a)épE] =0

!

expansion history is modified

0.10}

0.05}

linear theory predfctions
(scale independent)

constant w

w=—1.2

-0.10

-0.15

—0.20}

Qpg =0.718
Q,, =0.282
Hy = 69.3 km/s/Mpc

107

10" 10°
(1
cosmic scale factor

!

negligible, as dark energy clusters very weakly

Differences from ACDM
of only a few %!
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Modified gravity: DGP and Galileon

University of Durham

Om 4+ 2H (a)bm — 4741(a)G pm (@) dm

|

expansion history is modified

!

=0

strength of gravity varies with time but is scale-independent

- linear theory predictions
rul 0.16 . -
5 (scale independent) Galileon /-
o 0.08}
4
O ooof———— e ]
S
o0 X
& & -0.08f
g < 1 effect of p(a)
S 016
—
D
S
5 024 I effect of changed H (a)
)
>
5 -0.32
)
v
-

10° 10"

(a

From Baojiu Li

cosmic scale factor

N-body predictions
Galileon model

almost scale independent on large
scales where linear theory is valid

L =400Mpc/h; a=1

_________________________________________

k [hMpec ']
wave number
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Modified gravity: f(R) gravity

University of Durham

Om + 2H (0)0p — 4mp(a, k)G pm (a)dym = 0

!

expansion history mimics LCDM

!

strength of gravity varies with both time and scale

v

scale-dependent difference in linear theory

A

V.30 TTTT] T 1T TTTT

g5 model B

T 1 ll,'lllll
.

012 -rs model A
0.10 |
| o B1500
008 L B1000
I - B500
o 006 = —— halofit —5—
al [ linear He
</ 0.04 Mﬂ@%ﬁﬁﬁ
5
0.02
0.00 |rerns
_002 llllll 1 1 |ll|l|| 1 1 ||||l|| 1 11 IIIII
0.01 0.1 1
k (h/Mpc)

\ 4
relative difference from
LCDM power spectrum

T llllllll

- 0.30 _
FSy & _
i 0.25 is Ay

i 0.20 _
_ B1500 ]
4 % 0.15 B1000
_ <4 B500 7]
0.10 —
B —— halofit .
005 =~ S A J e linear —
i ..-"y_j'i T
0.00 [rmequempesspesepstm=y’_ L —

_005 IIIIII 1 L1 111 II 1 1 IIIIIII 1 1 IIIIIII

0.01 0.1 1 10
k (h/Mpc)

nonlinearity suppresses the
difference in full simulations

From Baojiu Li



@ R CC Redshift space distortions

Large Scale

Flattening
Due To
A Coherent
3 / Cluster Infall
=
%? Vobs = thue + 6V

dv « fdp/p =f b1 dn/n

OBSERVERT f= dinD/dIna  bias” parameter

Kaiser 1987 D(a) = linear growth factor

Institute for Computational Cosmolog_y]




@ B L  Flattening depends on B=Q /b

niversity of Durham
6 gal

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

Fingers of God

ﬂ/h_IMpc

—20 0 20

[ Institute for Computational Cosmolog_y]




@ B@ L 2dF galaxy redshift survey

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

T / h Mpe

=>B=0Q"/b
20 0 20 = 0.43 + 0.07

¢ / h™ *Mpc

Peacock et al. . 2001, Nature, 410, 169
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s 1 = £
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g o
et ~ 0
4+ N
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8 T
3
[y
() o
.E; (7o
0.5
=
4+
=
S B — - — DM+DE Time-Dependent Coupling |
&) — — — - DM+DE Constant Coupling
B VVD S Standard, Q_=0.25, 0,=0.75 (flat) |
— — Standard, Q,=0.25, 2,=0 (open)
P DGP Braneworld
| 1 1 S N SO SR R S RN SN

1 2
1+2z

Guzzo et al ‘08

z=0.44
- — - z=0.60

Y |
\l
!
- ,.
Model Q_=0.27 h=0.71
1 1 . ! . 1 . 1
1000 1200 1400 1600 1800

Da(z) [Mpc]

Blake et al ‘12
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UW Theoretical challenges for
precision cosmology

Obstacles in way of extracting cosmological info from surveys:
* Systematic effects in the interpretation of the data

* Cosmic variance

— Focus on BAO in galaxies

— Similar considerations apply to RSD, Ly-a forest

Institute for Computational Cosmology




N-body simulations of large
cosmological volumes

L=1340/h Mpc
N=3,036,027,392

20 times the Millennium
volume

Halo resolution:
(10 particle limit)
5.5 e+11/h Mpc

130,000 cpu hours on
the Cosmology Machine

Angulo, Baugh, Frenk & Lacey ‘08




P P(k)/PIinear(k)

—
.
o
Al Al Ll

o
©

P(k) divided
by linear theory P(k),
scaling out growth factor

Angulo, Baugh, Frenk &
Lacey ‘08
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ACDM dark matter distribution

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

—-0.1 Real Space

Angulo, Baugh, Frenk &
0.0 0.1 0.2 0.3 0.4 Lacey ‘08

-0'2 llllllllllllllllll.lllllllllllllllllll

k (h Mpc™")
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Redshift space distortions

AL I B A B A A I LN A B A A A A B | I AL I L A A A A l AL A B B B A ) ]
0.3 3 ACDM dork matter distribution £
Redshift Space
— C
~~ -1..
£ 0.2f .
§ ) _ : :
;-_.9- E "NTAT: - h ﬁ“"* E Kaiser (1987) related the spherically averaged power spectrum
& 0.1 CFIYIIHL AR Ty - 2 Xy 1 measured in redshift () and that in real space (P):
0 4 - -
’,Q L 1 Ps(k) = (1+§ﬁ+éﬂ2) P(k). (1)
— u N
E} ¥ 1 where 3(%,) = dlogd/dloga/b ~ Q%°/b and b is the bias
o E T T LA S 1 factor.
QD 0.0 '_'." I ‘i -
ke ; :
gl i Motions of particles inside
~0.1H Real Space 1 virialised structures
: i damp power at high k
—0'2 : LA A1 L L 1 11 l LA L i 1 1 1 11 l LA L L L L L L l LAl 1l 1 1 1 1 1 :
0.0 0.1 0.2 0.3 0.4
k (h Mpc™")
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MHalos M> 1012 M

Tl

"f"'w'

I'v'\'/'/'

0.2

0.1 Dark matter

10g,4(P(K)/Pjear(k))

o
3
o
3
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-
o
o
o
o
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o
.
o
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o
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o
-
o
-
o
-
o
o
o
o
o
o
o
-
3
o
-
=N
3

0.0 Halos, M > 1.e12 Mg
Dark Matter
-0.1 - Redshift Space, z = 0 _
A s, e R
0.0 0.1 0.2 0.3 0.4

k (h inpc“)

scales due to coherent
flows

Damping at higher k
affects DM but not the
halos

In z-space, halo bias is
scale-dependent
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0.4

0.2

10g14(P(K)/Pypear(K))

-0.2

-

-
™ o -

alaxies redshift space
%n=5>< 10-*h3Mpc-3)

N
[ A A==

mass redshift space

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

0 0.1 0.2 0.3

k/hMpc-!

0.4

space.

= |n z-space,

galaxies have a
scale-dependent
bias out to k~0.1
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Py(k,2)/P,

2'2. .5.0e-04, b=1.18 n =
20k .2.5e-04, b=1.33 n =

| .5.0e-04.RLIt, b=1.03 (R-1
1.8F -5.0e-04.Rl.gt, b=1.33 (R-1

.5.0e-04 . ewoll.lt, b=1.32

EW(0N1)<2.520, b=1.39
EW(01)>2.520, b=1.29

™ T T T
5.0e-04, b=1.34
2.5e-04, b=1.34
;(0.321, b=1.28
>0.321, b=1.42

0.00 0.05 0.10 0.15 0.20 0.25 0.300.00 0.05
k (h Mpc™)

0.10 0.15 0.20 0.25 0.30
k (h Mpc™")

selections
e.g. colour,
emission line
strength

Angulo et al ‘08
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The MXXL

Angulo, Springel
etal. 12

Bigger than the
Millennium run
by factors of

30in N

particle

200 in volume

6in mparticle

3 x 108 galaxies
M. >1010M_

3 x 10° clusters










Different galaxy catalogues in the MXXL simulation trace the BAO

features with a mass- and scale-dependent bias

POWER SPECTRA OF THE GALAXY DISTRIBUTION AT Z=0 FOR DIFFERENT SPACE

DENSITIES
1'3:" T T T T T 1()6E
: ‘ 10°}
1.2F ol
: 8, 10*%
3 = i
i N sl
L LIF j £ 107
I BOSS-ike & g2l -2z
X0 survey @& o F n-5e-3
\.&/10' / l: n = 1e-3
n, r ] 10 — n = le-5
0.9F < 1000.0f 1
g 2 100.0f M_—/
i (‘ § 10.0F /
08_ = 1.0%‘ ......... S el
/J1||| - 0.1t

0.05 0.10 0.15 0.20 0.25 0.30 0.001  0.010 k[‘)ﬁi‘&oc] 1.000  10.000
k [h/Mpc] p
Angulo et al. (2012)



Estimating the PS covariance

A
; ) §4

University of Durham

Measurements of matter power spectrum —> constraints on
———> cosmological parameters

Only if mean power spectrum predicted by the
cosmological model and its error distribution are known

- Need accurate estimates of the PS covariance matrix

Takahashi et al ‘09 show that for a given cosmology, this
can be achieved with .... 5000 large N-body simulations!!!
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Fast generation of ensembles of
cosmological N-body simulations via
mode-resampling

Schneider, Cole, Frenk, Szapudi ‘11

Schneider, Cole, Frenk, Szapudi, ApJ 737(1), 11 (2011). arXiv:1103.2767



Schnelde' Colé Frenk SZapudi;AEJ 3 (1),,11 (2011) arX|v 110?; 2767
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Power spectrum covariance estimates

500 long-A resamplings

(k)/Nk)
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O 1 simulation
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Schneider et al ‘11
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Covariance matrix elements

L y
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Need 20 “small-mode” re-sampled
simulations for <20% errors in

covariance matrix



@ g€ € | Conclusions & challenges

University of Durham

Studies of large-scale structure,past 30 yrs: remarkably successful

Along the way, we lost 2 1 ... and gained dark energy

matter=

- ACDM validated by CMB and LSS data from many sources

... NO idea of what DE is: A has no explanation in current physics

Further progress - great technological/computational challenges

* Control of systematics at sub-% level not obviously possible
* Best strategy for building mocks (HoD, Galform...) not clear yet
* Need to develop new techniques (e.g. mode resampling)

* Simulations will be vital: a large number of MXXLs?
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