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Many types of observations = concordance
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Planck+WP Planck+WP+highLL Planck+lensing+WP+highl Planck+WP+highl +BAO

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits Best fit 68% limits

.......... 0.022032 0.02205 +0.00028  0.022069 0.02207 + 0.00027  0.022199 0.02218 + 0.00026  0.022161 0.02214 + 0.00024
.......... 0.12038 0.1199 + 0.0027 0.12025 0.1198 + 0.0026 0.11847 0.1186 + 0.0022 0.11889 | 0.1187 +0.0017

3 000000 0¢ 1.04119 1.04131 + 0.00063 1.04130 1.04132 + 0.00063 1.04146 1.04144 + 0.00061 1.04148 1.04147 +0.00056

............ 0.0925  0.089:0012 0.0927  0.091:0013 0.0943  0.090%9913 0.0952  0.092 +0.013
........... 0.9619  0.9603 + 0.0073 09582 0.9585+0.0070  0.9624 0.9614 + 0.0063 09611  0.9608 + 0.0054

....... 3.0980  3.089*00% 3.0959  3.090 + 0.025 3.0947  3.087 +0.024 30973 3.091 +0.025



Case Stud

The highest-
redshift galaxy
survey ever
undertaken

0.2<z<1.0

220,000 blue
galaxies

1 GPc3

Observations
finished Jan
2011

y. The WiggleZ Dark Energy Survey
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Wig g | eZ SU rvey ﬂe | d S 7 equa’r-oricH fields, each 100-200 deg?

>9° on side, ~3 x BAO scale atz> 0.5
Physical size ~ 1300 x 500 x 500 Mpc/h

NGP survey fields
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Example spectrum: z=0.37

[OIl] region

HE—[OIll] region

Ha—[NII] region

Using PCA-gFUb

O” temp.fits[196]S11J103239611

O FT T T T T T T T T T T T e
o He ?”' o
o : : ]
S ; 18
=2 | § ] &
o[ s y
€t : : :
é é : o
o f A
PR . 1 PR ,“T—."“.““’r"f”’: N N
6700 5200 5200 000 9100 9200 9300

ReT TG

0
3
:::':;E:::'::'::':':'f:':'::'::':':':':':':f'o
E
E

b - -

elength (Angstroms)

9500
hed with o= 1.0




100 150

50

Example spectrum: z=0./2

Magll region [Cl] region HA—[Clll] region
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My highest (speculative) z=3
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Double peaked profile
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. . 7 equatorial fields, each 100-200 deg?
ngglez Sur\/ey flelds >9° on side, ~3 x BAO scale atz> 0.5
(compared to other AAT surveys) Physical size ~ 1300 x 500 x 500 Mpc/h

7 5 5

6dFGS (purple), 2dFGRS (1), MGC (), GAMA (cyan), 2SLAQ-LRG (1<),
WiggleZ (yellow), 2SLAQ-QSO (orange), 2QZ (r=c); the celestial sphere is at z=1.




Measuring P(k) and g(r): the practical

9—hr region

11—hr region 15—hr region
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z=1.0

z=0.2

Understanding our survey

Redshift distribution
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z=1.0

z=0.2

Understanding our survey
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Selection function

Realisation of parent catalogue
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Unders’rcnding our survey
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Correlation func & power spectrum

Power spectrum

Correlation function

§(x1,%x2) = (0(x1)d(x2))

Probability of finding two
galaxies at separation, r

Fourier
transforms

For the mathematics behind correlation functions and power spectra see Percival et al. 2006,
“Cosmological constraints from galaxy clustering”, http://arxiv.org/abs/astro-ph/0601538




Baryon acoustic oscillations and LSS

Baryon acoustic oscillation scale
appears as a ‘bump’ in the galaxy
correlation function and as ‘wiggles’ in
galaxy power spectrum

measure how often certain

Turnover Baryon oscillations

\ “Wiggles”

Number of pairs of galaxies

| : POWER
Signature of cosmic SPECTRUM

sound wave
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Latest CMB results — Planck ++  sprandacy

Planck TT spectrum




recombination

Doppler

adiabatic Matter Radiation

dominated dominated
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Maftter power spectrum
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Maftter power spectrum

Bor)llon fraction .
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MEASURING THE DISTANCE
SCALE



BAO — a standard ruler in 3D

Standard candle

Supernova

Standard ruler

Cosmic sound wave

SNe = radial

CMB = tangential info (surface of sphere)

BAO can be applied radially to give H(z) AND
tangentially to give D,(z)

A6 = apparent angular size
~ 2.6 deg at z=|

Az = apparent redshift extent
~ 0.06 at z=1




BAO — a standard ruler in 3D

Standard candle

SNe = radial

CMB = tangential info (surface of sphere)

But usually we start with the ANGLE AVERAGED
measurement

Supernova

Standard ruler

Cosmic sound wave



WiggleZ detection of BAO at z=0.6
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Best—fitting model
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z=1.0

z=0.2

Understanding our survey




WiggleZ power spectrum at z=0.6

——— Best—fitting model
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Wiggle/ band-filtered correlation fn

Best—fitting model
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Correlation function weighted so it reduces the sensifivity to
small and large scale power

(Small are subject to non-linearities — hard to model)
( are sensitive to selection function —hard to model)



Measuring the distance scale

Two Tangential One Radial

@ Fiducial ACDM model
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Fits to P(k) just wiggles




Many ways to use BAO
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Many ways to use BAO
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Measuring acceleration more directly

STANDARD SPHERES
- H(Z) ALCOCK-PACZYNSKI



BAO - a standard sphere

" o SNe =radial
ﬁ :/‘ ' a2 CMB =tangential info (surface of sphere)
. o BAO can be applied radially to give H(z) AND

fangentially to give D,(z)

5| ' Alcock-Paczynski test:

I/‘ ‘ e IO (1+-2) D 4 (2) H(2)/




The sphericity of spheres




The sphericity of spheres

Alcock-Paczynski test

o Ratio of observed angular
size to radial size varies with

cosmology

o Measure distortions of a
sphere and you can
measure cosmological
parameters.

o BAO are a standard sphere.

o Sois the power spectrum
(but you don’t know the
radius a-priori)




Alcock-Paczynski / z-space distortions
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Measurement of H(z)

AP measures

(1+2)Da(z)H(z)/c

Supernovae measure

DL(z) Ho/c

Distances are related by

Dr(z) = Da(2) (1+2)°

So the rafio gives
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CAN ALSO COMBINE
WITH BAO and OTHER

11
I SNe distan DATA !t

I Reconstruc

SNe (Union)

WiggleZ and BOSS (AP+BAD)
6dFGS and SDSS BAO

WMAP Q_h?(not distgnces)



2D BAO Reconstruction
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Parallel to line of sight
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Model testing vs parameter fitting

INTERLUDE...
- A CAUTIONARY TALE



What is the value of [parameter]e

Model

Parameter

CMB + WiggleZ

+ Hp

+ SN-Ia

+ BAO

+ Hy + BAO

Flat ACDM

Parameters

10092, h*

Qcpumh?

1000

r

Ns

log(10'°A,)

Qm

Holkms ™ Mpc™]

o8

2.238 +0.052

1.039 £ 0.002
0.083 £+ 0.014
0.964 + 0.012
3.084 £+ 0.029
0.290 + 0.016
68.9+1.4
0.825 + 0.017

2.255 +0.050

1.040 £ 0.002
0.084 + 0.014
0.968 + 0.012
3.086 + 0.029
0.283 +0.014
69.6 +1.3
0.825 + 0.017

2.240 + 0.053

1.039 £ 0.003
0.083 +0.014
0.965 + 0.013
3.085 £ 0.030
0.288 +0.017
69.1+1.6
0.825 + 0.017

2.239 +0.050

1.039 £ 0.002
0.083 +0.014
0.964 + 0.012
3.083 £+ 0.029
0.289 +0.013
69.0+ 1.2
0.825 + 0.017

2.253 £ 0.050

0.1153 £+ 0.0027 0.1145 + 0.0026 0.1150 £ 0.0028 0.1152 4 0.0024 0.1146 + 0.0024

1.039 £ 0.002
0.084 +0.014
0.968 + 0.011
3.086 + 0.029
0.284 +0.012
69.5 £ 1.2
0.825 £+ 0.017

Flat wCDM

1009, h*
Qpmh®
1006

r

Ns
log[10™°
w

Qm

H,

(of:]

2.265 + 0.062

0.1164 £ 0.0036

1.039 £ 0.003
0.084 £ 0.015
0.975 £+ 0.019
3.096 £+ 0.031

—0.525 + 0.293

0.487 £ 0.132
55.2+8.4
0.664 £+ 0.110

2.253 + 0.057

2.228 +0.055

2.247 + 0.056

2.253 £ 0.056

0.1146 £ 0.0030 0.1157 4= 0.0030 0.1147 4 0.0029 0.1148 +0.0030

1.039 + 0.003
0.084 + 0.014
0.968 + 0.014
3.086 + 0.030
—1.007 + 0.084
0.283 +0.018
69.7+ 2.1
0.826 + 0.032

1.038 £+ 0.003
0.082 +0.014
0.962 +0.014
3.082 +0.029
—1.062 + 0.072
0.844 + 0.028
70.5+£2.3
0.844 + 0.028

1.039 £ 0.003
0.084 £+ 0.014
0.967 + 0.014
3.085 £+ 0.030
—0.973 + 0.086
0.294 +0.018
68.4 + 2.0
0.815 + 0.033

1.039 £ 0.003
0.084 +£0.014
0.968 + 0.014
3.086 £ 0.030
—1.008 4+ 0.085
0.284 +0.018
69.7 £ 2.1
0.827 £+ 0.032

100Q,h?
Qcpmh?
1000

r

Ns
log(10'°A,)
Qm

Qi

Ho [kms™ Mpc™!]

os

2.215 £ 0.055

0.1118 £ 0.0039

1.038 £+ 0.003
0.086 + 0.014
0.958 +0.013
3.072 £ 0.031
0.454 £+ 0.058

—0.046 £+ 0.017

54.65 £ 3.8
0.782 £+ 0.024

2.263 + 0.054
0.1162 £+ 0.0039
1.040 £+ 0.003
0.088 + 0.015
0.970 £+ 0.013
3.101 £+ 0.031
0.287 + 0.029
0.001 £+ 0.008
69.86 + 3.6
0.838 + 0.023

2.256 £ 0.054
0.114 + 0.0042
1.040 £ 0.003
0.089 +0.014
0.969 + 0.013
3.096 + 0.031
0.303 +0.038
—0.005 £+ 0.012
67.7 4.7
0.825 + 0.026

2.252 +0.054

2.262 +0.052

0.1150 £ 0.0038 0.1161 £ 0.0038

1.040 £+ 0.003
0.088 +0.015
0.968 £+ 0.013
3.096 + 0.031
0.302 + 0.020
—0.004 + 0.006
67.6 +2.3

0.829 £ 0.022

1.040 £ 0.003
0.088 +0.014
0.969 + 0.013
3.101 £ 0.030
0.288 +0.016
0.000 £ 0.005
69.9 + 3.6
0.838 + 0.023
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CMB:
Model
extensions

Dark energy
equation
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OTHER RESULTS FROM
LARGE SCALE STRUCTURE
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The AAT In January 2013




fATA . plot ends on 2013/01/13
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ZCAL TIME (UT + 10h)
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vpoint magenta: dome air temperature green: mirror temperature-



HATSouth @ S50 2013-01-13 22:15:3




Mopra SkyCam 201 3=01 =13 17:68:00
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But all is well.

(Small print:  This photo was taken before the fires.)



NEUTRINO MASS &
NUMBER OF SPECIES



Other things we can do with P(k)

Neutrinos on small scales by free-
streaming out of inifial density perturbations.

The free streaming length is lower for higher neutrino masses,
since velocities decay

O =strong suppression over short range

O = weak suppression over long range

100 Large scale Small scale
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Details: Power spectrum

Best fit 0.2 AMpc™’
Linear 0.2 AMpc™"
Best fit 0.3 AMpc™’
Linear 0.3AMpc™"

PGiggIeZ(k)/F)Iin(k)

WiggleZ power spect. (black bars)

Best fit ACDM models for
Kax=0.2 hMpct (red solid)
Knax=0.3 hMpct (blue solid)

Linear CLASS models for the same
parameters (dotted).

Non-linearities less severe for WiggleZ

Massive WiggleZ galaxies
highly biased
galaxies atz =




Upper-limit on neutrino mass

Planck+BAO+WiggleZ
Planck+WiggleZ = -

> 0.8 Planck+HST
= Planck+BAO « - - Planck+BAO
Q0.6 Planck 2m, <0.247 eV
o)
204 Planck+BAO+P (k)
2m, <0.15eV
0.2 Riemer-Sgrensen,
. Parkinson, Davis 2013
0.1 0.2 03 04 05 06 0.7 0.8
Ym, [eV]
0.15eV

(cosmology, 95% confidence,
FlatACDM model)




HOMOGENEITY
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Testing fractal universes
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NEW STANDARD RULER
- TOPOLOGY



What is genuse

Genus is a measure of topology




The genus statistic

The genus statistic
measures the
topology of
structure

Gaussian random
fields have @
specific topology

By measuring the
genus we can
detect non-
gaussianity

Large scales —
primordial non-
gaussianity

Small scales — non-
linear structure
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Topology: Genus curve
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Quantifying Topology
— Minkowski Functionals
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NEW STANDARD CANDLE?
“ QUASARS (AGN)



Active gal s —reverpberation mapping

Broad line region
(Line depth depends on
luminosity of core)

VARIABLE

Time Delay !

=
You have a
standardisable AKU U
NOW r MV +
candle = you know the flux canHre

=you know r




First Quasar Hubble Diagram

F —— Q_=027,Q, =0.73
Q_=03,Q, =00

(Watson, Denney,-
Vestergaard & Davis 2011)

il

log(ratio)
(Sew) (orjex)* <30]

Redshift (z)




z=0.35: Eisenstein et al. (2005)

There’s lots to do!!!

Good luck with your
researCh! -03-02-01 00 01 02 0.3

k. ThMpct1
z=0.6: WiggleZ (Oct 2009)

Separation s / h™' Mpc




