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Galaxy surveys: dynamical probes of cosmology
Primordial conditions still imprinted
Gravity and dark matter main drivers
Large scales: �m(k, a) = G(a,H,⌦i)�m(k, a0)
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The WiggleZ Galaxy Survey
1000 sq deg from AAT
8/2006-01/2011 - Spectroscopic 
redshifts with AAO Multi-spectrograph
Follow up UV-selected sources from 
GALEX
Color cuts to select high-z emission-
type galaxies - short exposures 
Overlap with SDSS, RCS2 fields
200k+ galaxies 0.1<z<1

The WiggleZ Dark Energy Survey

• 1000 sq deg , 0.2 < z < 1.0

• 200,000 redshifts

• blue star-forming galaxies

• Aug 2006 - Jan 2011

Survey design

Survey design

Chris Blake
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Use clustering statistics:
Two-point correlation function 
(2PCF) - configuration space

Power Spectrum - Fourier space

How we extract info from WiggleZ?
assume statistical homogeneity and isotropy
overdensity of galaxies

�gal =
ngal(x)� n̄gal

n̄gal
, h�gal(x)i = 0

P (k) = h�(k)�(k⇤)i >, ⇥(r) =
1

2⇤2

Z
P (k)j0(kr)k

2dk

http://www.pdl.cmu.edu

⇠(r) = h�gal(x)�gal(x+ r)i

⇡ DD � 2DR+RR
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Power spectrum

Detection of modes
beyond the turn-over?

Fractional error around
3% in 0.01 h/Mpc bins

Linear bias & z-space distortion
model produces good fit to k=0.3 h/Mpc

WiggleZ Survey galaxy power spectrum

Detection of BAOs

WiggleZ Survey - Chris Blake
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Galaxies form in dark matter halos 
peaks of matter distribution
Correlation between halo mass & galaxy luminosity
simple model

galaxies (light)Dark matter

First Challenge: Galaxy bias

�g = b�m ) ⇠g = b2⇠m
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Redshift-space distortions
credit:M SubbaRao

⇥ · v = �f�m

f(z) ⌘ d lnG(a)

d ln a
⇡ �0.55

m

s = r+ (1+z)v·r̂
H(z) r̂ + Linearized e.o.m =

�sg(k) = (b+ fµ2)�rm(k),

μ=cos θ

θ
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Model WiggleZ 2-D ξ and P(k)

The growth rate in WiggleZ 5

Figure 1. Measurements of the redshift-space correlation function for redshift slices 0.1� 0.3 (top left), 0.3� 0.5 (top right), 0.5� 0.7
(bottom left) and 0.7� 0.9 (bottom right), obtained by combining results in the di�erent WiggleZ Survey regions with inverse-variance
weighting. Only the top-right quadrant of data for each redshift is independent; the other three quadrants are mirrors of this first
quadrant. Noticeable is the lack of “fingers-of-god” prominent in similar measurements for LRGs, owing to the avoidance by WiggleZ
galaxies of high-density regions.
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In order to complete the model, the 2D correlation function
including linear redshift-space distortions, ⇥0s(⌅,⇤), is then
convolved with a function F (v) representing a dispersion of

pairwise velocities on small scales:

⇥s(⌅,⇤) =

� 1

�1
⇥0s

⇤
⌅,⇤ � v

H(z)a(z)

⌅
F (v) dv (13)

normalized such that
⌥1
�1 F (v) dv = 1.

The most common approach in previous analyses of
redshift-space distortions in the galaxy correlation function
has been to use a power-law choice for ⇥r and an exponen-
tial 1D velocity distribution for F (v) (Landy & Szalay, 1998;
Hawkins et al., 2003; Cabré & Gaztañaga, 2009). In a com-
panion paper (Contreras et al., 2011) we presented a de-
tailed analysis of the systematic errors resulting from these
assumptions, considering three di�erent models for the un-
derlying real-space correlation function ⇥r:

• Power-law model: ⇥r(r) =
�

r
r0

⇥��
.

• CAMB model: we use a real-space correlation function
calculated numerically for a given set of cosmological param-
eters (motivated by analyses of the Cosmic Microwave Back-
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Growth constraints gravity

But all these measurements are independent of each other!
is there a gain to measure in overlapping volumes?

Growth rate measurements from WiggleZ

arXiv:1104.2948

credit: C Blake
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Multiple Tracers 
Galaxies are not perfect 
tracers

Different bias

Stochasticity in bias

Shot noise

MTs allow us to estimate 
systematics

Shared cosmic variance! 
If S/N>>1 and on large 
scales, we can get rid of 
cosmic variance error 
(McDonald & Seljak ’09, 
Gil-Marin+ ’12)

Blake+13: 10% improvement 
in GAMA - needs volume & 
density

credit: X Kang

Gain as f(SNR) 

Gil-Marin et al. 1003.3238: b1=1, b2 varying 

Extent of 2-tracer gain is limited by relative size of shot 
noise: SNR = Pg / Pshot 

Gil-Marin+ 2012
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15,000 sq deg
Luminous red(der) galaxies
populate clusters
550,000 galaxies 0.45<z<0.7
n ~ 2.5x10-4 (Mpc/h)-3
b ~ 2 @ z~0.6

Our case

1,000 sq deg from AAT
Blue, emission line galaxies
populate filaments 
200,000 galaxies 0.2<z<1
n ~ 2.5x10-4 (Mpc/h)-3
b ~ 1 @ z~0.6

BOSS-DR10     WiggleZ

Target selectionGalaxy spectra

16 Feathersword et al.

Figure 12. Examples of randomly-selected high-quality (Q=4,5) spectra from the survey. For each spectrum, the upper panels (red)
show the unsmoothed spectra zoomed in on the major emission lines, and the lower panels (blue) show the whole spectrum, heavily
smoothed.

c! 2009 RAS, MNRAS 000, 1–23

16 Feathersword et al.

Figure 12. Examples of randomly-selected high-quality (Q=4,5) spectra from the survey. For each spectrum, the upper panels (red)
show the unsmoothed spectra zoomed in on the major emission lines, and the lower panels (blue) show the whole spectrum, heavily
smoothed.

c! 2009 RAS, MNRAS 000, 1–23

z=0.69 [OII] resolved into doublet

z=0.82 confirming lines detected using new dichroic
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BOSS-WiggleZ overlap
0.43<z<0.7 x 560 sq deg ~ 0.2 (Gpc/h)3
68,900 WiggleZ galaxies 
45,802 CMASSS DR10 galaxies
No galaxy belonging to both (i.e. not 
counting twice)!

BOSS: Study of BAO in the BOSS-WiggleZ overlap region 3

Figure 1. Sky coverage of BOSS-CMASS DR10 (black) and WiggleZ (red). The left plot shows the northern part of the surveys, while
the right plot shows the southern sky coverage. Five of the six WiggleZ regions are covered by CMASS, with region S22 being only partly
covered.

Figure 2. The overlap region between between BOSS-CMASS (red) and WiggleZ (blue). Most of the angular incompleteness is caused
by WiggleZ, while the empty stripes in region N11 are caused by incomplete photometric data in CMASS. To generate these regions, we
binned the sky in 0.1 deg2 bins and included all bins which contain CMASS as well as WiggleZ random galaxies.

the quantity n(z)P (k), where n(z) is the galaxy number
density and P (k) is the power spectrum amplitude. Hence
we can trade a smaller galaxy density with a larger galaxy
bias and the other way around. The WiggleZ survey has a
higher galaxy number density compared to CMASS, while
CMASS galaxies have a larger bias and hence a larger P (k).
The CMASS sample has been designed with the target nP =
3, while WiggleZ was aiming for nP = 1. The best quantity
to compare the two surveys is the e�ective volume, where

we use the equation suggested by Tegmark (1997):

Ve� =

⇤
d3↵x

�
n(↵x)P0

1 + n(↵x)P0

⇥2

. (1)

The P0 is fixed to the amplitude of the power spectrum
at the wavenumber of the first BAO peak k � 0.06h/Mpc,
which turns out to be P0 = 20 000h3 Mpc�3 for CMASS and
P0 = 5000h3 Mpc�3 for WiggleZ. The larger value of nP in
the CMASS sample leads to a larger e�ective volume com-
pared to WiggleZ (by about a factor of two). The di�erent
volumes for CMASS and WiggleZ in each overlap region, as
well as the combined volumes are summarised in Table 1.

c� 0000 RAS, MNRAS 000, 000–000

credit:F Beutler, C Blake
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we measure... 
�
auto

(s, µ) =
wDD(s, µ)� 2wDR(s, µ) + wRR(s, µ)

wRR(s, µ)
,

Kazin+ 2013

3226 E. A. Kazin, A. G. Sánchez and M. R. Blanton

Figure 1. Mean 2D correlation functions ! (µ, s) from the ensemble of mock catalogues in real- (left) and velocity-space (right). The solid contour lines,
following the colour scheme, correspond to the result obtained when using the correct cosmology when converting z to comoving distances. The dashed lines
show the geometrical distortions obtained by assuming wD = !1.1 instead of the true value wT = !1. It can be clearly seen that dynamical effects dominate
over the geometric.

and vary the result using linear equations. As we show below, this
method is accurate enough.

Fig. 1 illustrates dynamic and geometric distortions in the
LasDamas mock catalogues using the anisotropic ! in the µ !
s plane. The information in this coordinate choice is similar to that
in the commonly used s|| ! s" plane. We define s to be the spa-
tial separation vector with radial and transverse components s||, s".
In real-space (left-hand panel) the true signal corresponds to flat
horizontal contour levels in ! (µ, s), shown as coloured contours
(solid lines). A noticeable signature is the baryonic acoustic feature
around s # 110 h!1 Mpc.

The dashed lines show the result obtained when we introduce
geometric distortions by using w = !1.1 instead of the true value
w = !1 when converting redshifts to comoving distance. These
distortions are more noticeable at large scales, though they are also
present on small scales.

The right-hand panel illustrates the equivalent measurements
with the addition of dynamical distortions (velocity-space). Mean-
ing, the solid lines correspond to the true velocity-space result, and
the dashed lines show the effect of geometric distortions. It can
be clearly seen that the dynamical distortions dominate over the
geometric ones.

Three noticeable features are worth mentioning here. First, the
velocity dispersion effect is clearly seen in the clustering signal
along the line of sight (µ = 1). Although commonly regarded as
a small-scale effect, it is still present on scales of 60 h!1 Mpc, as
discussed by Scoccimarro (2004).

Secondly, the negative sea along the radial direction is apparent
at s # 60 h!1 Mpc in this cosmology. Notice that in real-space (left
plot) ! turns negative only at #135 h!1 Mpc.

Thirdly, the baryonic acoustic feature, which appears as a positive
stripe in real-space clustering, appears here as ridges which decrease
strongly in amplitude towards the line of sight. Here the radial
baryonic acoustic peak is negative, but can be positive depending
on the value of the squashing parameter " $ f /b.

Kaiser (1987) originally described linear dynamical distortions
as coherent influx of matter into large potential wells by using the

continuity equation and conservation of mass between real- and
velocity-space. This results in the coupling of the logarithmic rate
of change of the growth of structure f with µ, when relating the real
P(k) to that in velocity space. Hence by measuring P(µ, k) ideally
one could determine f . One complication is the clustering amplitude
bias b of galaxies, which means that one actually measures " = f /b.
A further complication arises due to the non-linear virial motion of
galaxies within haloes (meaning on smaller scales), which are not
described in the Kaiser formalism. Scoccimarro (2004) showed that
these non-linear motions have effects on the large-scale anisotropic
clustering. Many studies have recently attempted to model these
effects (e.g. see Tinker 2007; Reid & White 2011; Blake et al.
2011a and references within).

In this study we focus on the very subtle AP effect, assuming the
dynamical z-distortions are well understood, and, as later explained,
use very simple linear modelling. In practice, however, in order to
make use of the AP effect to measure cosmology, it is crucial to
model dynamical distortions. Hence we consider our analysis a
natural first step for understanding the basics of the AP effect, and
defer a more complicated analysis for future studies.

3.2 The cosmological power of the AP effect

Throughout this study we explore techniques to break the geometric
H ! DA degeneracy by analysing clustering anisotropies. Here we
examine how these constraints are related to fundamental cosmo-
logical parameters assuming a #CDM model.

H is given by equation (4), while DA depends on H and $K

according to equations (3) and

DA(1 + z) =

!
""""#

""""$

DH
1%
$K

sinh
%%

$K
%

DH

&
for $K > 0;

% for $K = 0;

DH
1%

!$K
sin

%%
!$K

%
DH

&
for $K < 0,

(5)

where DH is the Hubble distance c/H0.

C& 2011 The Authors, MNRAS 419, 3223–3243
Monthly Notices of the Royal Astronomical Society C& 2011 RAS
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Auto- and cross-2PCF multipoles
Monopole & Quadrupole (compress info)

What can you learn from these? 
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our method
For auto-2PCF in 
redshift space

Fit for bWiggleZ, bCMASS, f, 
σv

Use common covariance: 
Jack-knife errors

P s
a (k, µ) =

b2P��(k) + 2µ2fbP�⇥(k) + µ4f2P⇥⇥(k)

1 + [kµ�v(1 + z)/H(z)]2

large-scale: 
Kaiser effect

small-scale: Fingers of God
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4-parameter MCMC
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Summary

Studying clustering of different galaxy types in an 
overlapping volume has several advantages:

study bias and RSD systematics

lower shot noise in measurements

avoid cosmic variance

We measure 2D-2PCF of WiggleZ and BOSS galaxies and 
improve on measurements of the growth rate - consistent 
with LCDM predictions

Future work: test more RSD models, add WiZcolas 
Covariance Matrix. Can we constraint other gravity 
models? Stay tuned! 
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