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Redshift-space distortions

• RSD allow spectroscopic galaxy surveys to measure 
the growth rate of structure



• Sensitive to theories of gravity in complementary ways

• General perturbations to FRW metric:

•           are metric gravitational potentials, identical in 
General Relativity but can differ in general theories

• Relativistic particles (e.g. light rays for lensing) collect 
equal contributions and are sensitive to

• Non-relativistic particles (e.g. galaxies infalling into 
clusters) experience the Newtonian potential 

Why combination of lensing and RSD?



Applications
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11Institut d’Astrophysique de Paris, Université Pierre et Marie Curie - Paris 6, 98 bis Boulevard Arago, F-75014 Paris, France.
12Department of Physics, Oxford University, Keble Road, Oxford OX1 3RH, UK.
13Institute of Astronomy and Astrophysics, Academia Sinica, P.O. Box 23-141, Taipei 10617, Taiwan.
14Key Lab for Astrophysics, Shanghai Normal University, 100 Guilin Road, 200234, Shanghai, China.
15Canadian Institute for Theoretical Astrophysics, University of Toronto, M5S 3H8, Ontario, Canada.
16Department of Physics, University of Toronto, M5S 1A7, Ontario, Canada.
17Department of Physics and Astronomy, University of Waterloo, Waterloo, ON, N2L 3G1, Canada.
18Perimeter Institute for Theoretical Physics, 31 Caroline Street N, Waterloo, ON, N2L 1Y5, Canada.
19Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT, UK.
20California Institute of Technology, 1200 E California Boulevard, Pasadena CA 91125, USA.
21Kavli Institute for Particle Astrophysics and Cosmology, Stanford University, 382 Via Pueblo Mall, Stanford, CA 94305-4060, USA.

17 December 2012

ABSTRACT
Dark energy may be the first sign of new fundamental physics in the Universe, taking either a
physical form or revealing a correction to E insteinian gravity. Weak gravitational lensing and
galaxy peculiar velocities provide complementary probes of General Relativity, and in com-
bination allow us to test modified theories of gravity in a unique way. We perform such an
analysis by combining measurements of cosmic shear tomography from the Canada-France
Hawaii Telescope Lensing Survey (C F H T LenS) with the growth of structure from the Wig-
gleZ Dark Energy Survey and the Six-degree-F ield Galaxy Survey (6dF GS), producing the
strongest existing joint constraints on the metric potentials that describe general theories of
gravity. For scale-independent modifications to the metric potentials which evolve linearly
with the effective dark energy density, we find present-day cosmological deviations in the
Newtonian potential and curvature potential from the prediction of General Relativity to be
∆Ψ /Ψ =0 .05± 0.25 and ∆Φ /Φ = −0.05± 0.3 respectively (68 per cent C L).

Key words: cosmology: observations - gravitational lensing
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12 F. Simpson et al.

Figure 11. Here we explore fractional deviations in the two gravitational
potentials, the Newtonian potential Ψ and the curvature potential Φ, from
the GR value at z = 0.5. The prescription for this is given by equation (21).
The contours represent the same combinations of data as those in the left
hand panel of Figure 5.

8 THEORETICAL MODELS

Below we briefly review some of the theoretical models which
could generate a departure from µ0 = Σ0 = 0, and interpret the
implications of our results. There is such a plethora of modified
gravity models, that no single choice of parameterisation can ade-
quately encompass all of them. This is a situation reminiscent of the
dark energy equation of state, w(z), except here we are faced with
uncertainty not only in the functional form of the time-dependence,
but also in its scale-dependence. So how can we relate a given
(µ,Σ) constraint to a specific model? The observed parameters µ̂0

and Σ̂0 may be interpreted as a weighted integral over the true func-
tional form µ(k, z), such that

µ̂0 =

∫∫
φ(k, z)µ(k, z)

ΩΛ

ΩΛ(z)
dk dz . (22)

If we perform a scale- and time-dependent principal component
analysis (see for example Zhao et al. 2009), then the weight func-
tion φ(k, z) may be expressed in terms of the principal components
ei(k, z) and the errors associated with their corresponding eigen-
values σ(αj) (Simpson & Bridle 2006), such that

φ(k, z) =

∑
i ei(k, z)

∫∫
ei(k

′, z′)dk′ dz′/σ2(αi)
∑

j

[∫∫
ej(k′′, z′′)dk′′ dz′′

]2
/σ2(αj)

. (23)

The analysis of redshift space distortions in Blake et al. (2012) in-
cludes information from the galaxy power spectrum up to a max-
imum wavenumber kmax = 0.2hMpc−1, corresponding to the
regime over which the density and velocity fields are sufficiently
linear for our theoretical models to remain valid. Since the number
of Fourier modes increases towards higher k, the scale-dependent
component of φ(k, z) peaks close to this value of kmax, and
φ(k, z) = 0 for k > kmax. We evaluate the redshift-dependence
of the weight function φ(z) associated with the combined WiggleZ
and 6dFGS data of Figure 3, following the prescription of Simp-
son & Bridle (2006), and this is shown to peak at z ∼ 0.5 as il-
lustrated in Figure 12. In the following subsections we utilise the
weight function φ(z) presented in Figure 12 to map specific exam-
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Figure 12. The redshift sensitivity of the modified gravity parameter µ0.
The weight function φ(z) is defined in equation (22) and evaluated with
equation (23).

ples of theoretical models onto our parameter space, by evaluating
equation (22). However as stressed earlier, we do not aim to place
rigorous parameter constraints on any particular family of models.

8.1 f(R)

A more general form of the Einstein-Hilbert action replaces the
Ricci scalar R with an arbitrary function f(R) such that

S =

∫
f(R)

√
−g d4x , (24)

where g is the determinant of the metric tensor. This defines the
broad class of f(R) models. One of the most difficult tasks for
any modified gravity model attempting to replace dark energy is
to satisfy the stringent Solar System constraints, and most natu-
ral choices of the function f(R) fail to do so. The subset of f(R)
models which have attracted interest are those which employ the
so-called chameleon mechanism, where departures from GR are
strongly suppressed in regions where R is large, only emerging
when R is sufficiently small. Our location within the potential well
of the Sun and the Milky Way halo may be sufficient to shield us
from this unusual gravitational behaviour.

For a particular subset of f(R) models which are capable of
satisfying Solar System tests, the departure from GR may be char-
acterised as (Zhao et al. 2012)

µ(k, a) =
1

3 + 3(aM/k)2
, (25)

where the scalaron mass M(a) = 1/
√

3 d2f/dR2. For any given
redshift and wavenumber, the value of µ lies in the range 0 !
µ < 1

3 . This generically enhances growth, so we expect this
family of models to lie vertically above the point (0, 0) in Fig-
ure 5. We parameterise M = M0a

−σ and take as an example
M0 = 0.02hMpc−1 and σ = 3, corresponding to the type of
model explored in Zhao et al. (2012). In f(R) models the lensing
potential for a given mass distribution is unchanged from the case
of GR, and so Σf(R)

0 = 0. Our measure of µ is dominated by the
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Figure 2 | Comparison of observational constraints with predictions from 

GR and viable modified gravity theories. Estimates of EG(R) are shown with 

1! error bars (s.d.) including the statistical error on the measurement19 of ! 

(filled circles). The grey shaded region indicates the 1!  envelope of the mean 

EG over scales R = 10 – 50h-1 Mpc, where the systematic effects are least 

important (see Supplementary Information). The horizontal line shows the mean 

prediction of the GR+"CDM model, EG = !
m,0
/ f , for the effective redshift of the 

measurement, z = 0.32. On the right side of the panel, labelled vertical bars 

show the predicted ranges from three different gravity theories: (i) GR+"CDM 

(E
G
= 0.408 ± 0.029(1! ) ), (ii)  a class of cosmologically-interesting models 

in f (R)  theory with Compton wavelength parameters27
B
0
= 0.001! 0.1 

(E
G
= 0.328 ! 0.365 ), and (iii) a TeVeS model9 designed to match existing 

cosmological data and to produce a significant enhancement of the growth 

factor (E
G
= 0.22 , shown with a nominal error bar of 10 per cent for clarity).  
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Einstein’s general relativity (GR) is the theory of gravity underpinning our 

understanding of the Universe, encapsulated in the standard cosmological model 

(!CDM). To explain observations showing that the Universe is undergoing 

accelerated expansion
1,2

, !CDM posits the existence of a gravitationally repulsive 

fluid, called dark energy (in addition to ordinary matter and dark matter). 

Alternatively, the breakdown of GR on cosmological length scales could also 

explain the cosmic acceleration. Indeed, modifications to GR have been proposed 

as alternatives to dark energy
3,4

, as well as to dark matter.
5,6

 These modified 

gravity theories are designed to explain the observed expansion history, so the only 

way to test them is to study cosmological perturbations (deviations of the matter 

density from its mean value). This is a non-trivial task, compounded by our lack of 

a priori knowledge of relevant astrophysical parameters.
7,8

 Here, we successfully 

measure the probe of gravity
9
 EG that is robust to these uncertainties. Under 

GR+!CDM, EG should approximately equal 0.4. We find EG = 0.39±0.06 at 

                                                

1
 Submitted version. Accepted version and supplementary material are available at: 

http://www.nature.com/nature/journal/v464/n7286/full/nature08857.html. 

arXiv:1212.3339

arXiv:1003.2185



• Improvement of cosmological measurements through 
addition of galaxy-galaxy lensing

• [e.g. determines bias of lens sample which improves 
RSD measurements of lenses, especially when using 
multiple-tracer techniques, e.g. Cai & Bernstein (2012)]

• Spec-z survey allows definition of lens samples (e.g. 
groups, galaxy types) enabling a range of studies

• Understanding, calibration and risk mitigation of 
systematic errors (photo-z errors including outliers, 
intrinsic alignments, cosmic shear)

Overlaps of lensing and spec-z surveys



• Many recent papers considering impact for cosmology 
of same-sky vs. different-sky lensing/spec-z surveys

• For me a key issue is systematic error control

10 Donnacha K irk, O fer Lahav, Sarah B rid le, Stephanie Jouvel, F ilipe B . Abdal la, Joshua A . Frieman
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Figure 2. Upper panel: Marginalised 95% errors on w0, wa for
εε from our photo-z survey [green contours], nn from our spec-z
survey [black contours], their independent combination, εε+ nn,
[red contours] & their combination including cross-correlations,
εε + nε + nn, [blue contours]. Our fiducial survey strategies are
assumed. 5 tomographic bins are used for the photo-z survey, 40
tomographic bins for the spec-z survey. We marginalise over our
standard cosmological parameters, assuming GR. We marginalise
over galaxy bias, assuming one overall amplitude term and a 2×2
grid of bg(k, z) nodes, while fixing rg(k, z) = 1. We marginalise
over a single global photo-z error term. Any observable contain-
ing galaxy clustering is assumed to be cut at large ell. RSDs are
included for the spec-z survey. Lower panel: Marginalised 95%
errors on Q0, Q0(1+R0)/2 for εε from our photo-z survey [green
contours], nn from our spec-z survey [black contours], their inde-
pendent combination, εε+nn, [red contours] & their combination
including cross-correlations, εε + nε + nn, [blue contours]. We
marginalise over w0 and wa, all other assumptions are the same
as for the upper panel.

on deviations from GR and the final joint constraint with
cross-correlations is over an order of magnitude smaller in
terms of MG FoM than when RSDs are included.

In the following sub-sections we perturb in turn a range
of the assumptions we have made for our fiducial forecast.
Some of the results are summarised in table 4 for ease of
comparison.

5.1 Survey Specific Target Selection

We have assumed a generic survey strategy for our spec-z
survey in order that our results might be as widely applicable
as possible. Another benefit of assuming a constant galaxy
density out to z = 1.7 is that our results are not hostage
to the particularities of a certain target selection strategy
which could interact in a peculiar way with, for example,
redshift coverage, photo-z error or k/z-dependence of galaxy
bias.

We recognise that no individual survey as carried out
will look exactly like the toy survey we assume here. The
impact of specific survey and target selection strategies are
considered in our companion paper Jouvel (2013). In this
section we reproduce the constraints of one representative
survey drawn from that paper to illustrate the differences
with respect to the survey model we assume here. We choose
a 5000 deg2 survey with an exposure time of 20 minutes
using a 4000 fibre spectrograph with a 3 deg2 field of view.
We assume two galaxy populations, LRGs and ELGs are
separately targeted in a ratio of 30/70. Assuming 8 hours
observing per night and a 10% overhead in survey time, we
estimate that it would take about 139 observing nights to
saturate the available target list.

Despite the differences in survey strategy between our
toy model and this more specific example, the basic trends
in DE & MG constraints from spec-z/photo-z combinations
are relatively robust. While the nn survey alone is less con-
straining due to a more uneven z-distribution and slightly
smaller z-range, the independent εε+nn combination contin-
ues to improve on the WGL-alone constraint by more than
a factor of three in the case of DE and nearly two orders
of magnitude in the case of MG. The same-sky benefit from
including the nε correlations is more pronounced with these
specific survey assumptions. In fact the joint DE constrain-
ing power is better than for our fiducial scenario while the
joint MG result is lower but roughly similar. What is clear
is that none of the simplifying assumptions we have made
in our fiducial scenario badly bias the trends we are inter-
ested in exploring when our spec-z and photo-z surveys are
combined. Nevertheless we will continue to use the simple
fiducial spec-z survey scenario so that the other assumptions
we explore below can be quantified without a complicated
interplay with the irregular n(z) that is the result of some
specific target selection assumptions.

5.2 CMB Prior

This paper is primarily concerned with the details of the
combination of a spec-z galaxy clustering/RSD survey with
a photo-z WGL survey. It is from this sort of joint probes
analysis that all the most stringent constraints on cosmol-
ogy will be derived. Of course there are cosmological probes
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ABSTRACT

The combination of multiple cosmological probes can produce measurements of cosmo-
logical parameters much more stringent than those possible with any individual probe.
We examine the combination of two highly correlated probes of late-time structure
growth: (i) weak gravitational lensing from a survey with photometric redshifts and
(ii) galaxy clustering and redshift space distortions from a survey with spectroscopic
redshifts. We choose generic survey designs so that our results are applicable to a
range of current and future photometric redshift (e.g. KiDS, DES, HSC, Euclid) and
spectroscopic redshift (e.g. DESI, 4MOST, Sumire) surveys. Combining the surveys
greatly improves their power to measure both dark energy and modified gravity. An
independent, non-overlapping combination sees a dark energy figure of merit more
than 4 times larger than that produced by either survey alone. The powerful syner-
gies between the surveys are strongest for modified gravity, where their constraints
are orthogonal, producing a non-overlapping joint figure of merit nearly 2 orders of
magnitude larger than either alone. Our projected angular power spectrum formal-
ism makes it easy to model the cross-correlation observable when the surveys overlap
on the sky, producing a joint data vector and full covariance matrix. We calculate a
same-sky improvement factor, from the inclusion of these cross-correlations, relative
to non-overlapping surveys. We find nearly a factor of 4 for dark energy and more than
a factor of 2 for modified gravity. The exact forecast figures of merit and same-sky
benefits can be radically affected by a range of forecasts assumption, which we explore
methodically in a sensitivity analysis. We show that that our fiducial assumptions
produce robust results which give a good average picture of the science return from
combining photometric and spectroscopic surveys.

Key words: cosmology: observations – gravitational lensing – dark energy – modified
gravity – cosmological parameters – large-scale structure of Universe

1 INTRODUCTION

The era of “precision cosmology” is now a reality. Different
cosmological probes are able to measure some of the most
fundamental properties of our Universe from the Cosmic
Microwave Background (CMB) (Planck Collaboration et al.
2013; Carlstrom 2011; Sievers 2013) to the type Ia su-
pernovae (SNe) (Riess 1998; Perlmutter 1999) which chart
the accelerating expansion of the Universe. Large volume
surveys of galaxies and galaxy clusters (Eisenstein 2005;

Colless 2003) chronicle the growth of cosmic structure and
Weak Gravitational Lensing (WGL) (Hoekstra & Jain 2008;
Heymans 2012) gives us, through the bending of light, ac-
cess to dark matter, the dominant matter species, invisible
to direct observation.

The next decade will bring an even greater wave of
data as many of these cosmic probes are scaled up to
cover more area on the sky, greater volumes and more ob-
jects. We detail a number of these surveys in tables 1 and
2 (Soares-Santos & DES Collaboration 2012; Amiaux 2012;
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ABSTRACT

The combination of multiple cosmological probes can produce measurements of cosmo-
logical parameters much more stringent than those possible with any individual probe.
We examine the combination of two highly correlated probes of late-time structure
growth: (i) weak gravitational lensing from a survey with photometric redshifts and
(ii) galaxy clustering and redshift space distortions from a survey with spectroscopic
redshifts. We choose generic survey designs so that our results are applicable to a
range of current and future photometric redshift (e.g. KiDS, DES, HSC, Euclid) and
spectroscopic redshift (e.g. DESI, 4MOST, Sumire) surveys. Combining the surveys
greatly improves their power to measure both dark energy and modified gravity. An
independent, non-overlapping combination sees a dark energy figure of merit more
than 4 times larger than that produced by either survey alone. The powerful syner-
gies between the surveys are strongest for modified gravity, where their constraints
are orthogonal, producing a non-overlapping joint figure of merit nearly 2 orders of
magnitude larger than either alone. Our projected angular power spectrum formal-
ism makes it easy to model the cross-correlation observable when the surveys overlap
on the sky, producing a joint data vector and full covariance matrix. We calculate a
same-sky improvement factor, from the inclusion of these cross-correlations, relative
to non-overlapping surveys. We find nearly a factor of 4 for dark energy and more than
a factor of 2 for modified gravity. The exact forecast figures of merit and same-sky
benefits can be radically affected by a range of forecasts assumption, which we explore
methodically in a sensitivity analysis. We show that that our fiducial assumptions
produce robust results which give a good average picture of the science return from
combining photometric and spectroscopic surveys.

Key words: cosmology: observations – gravitational lensing – dark energy – modified
gravity – cosmological parameters – large-scale structure of Universe

1 INTRODUCTION

The era of “precision cosmology” is now a reality. Different
cosmological probes are able to measure some of the most
fundamental properties of our Universe from the Cosmic
Microwave Background (CMB) (Planck Collaboration et al.
2013; Carlstrom 2011; Sievers 2013) to the type Ia su-
pernovae (SNe) (Riess 1998; Perlmutter 1999) which chart
the accelerating expansion of the Universe. Large volume
surveys of galaxies and galaxy clusters (Eisenstein 2005;

Colless 2003) chronicle the growth of cosmic structure and
Weak Gravitational Lensing (WGL) (Hoekstra & Jain 2008;
Heymans 2012) gives us, through the bending of light, ac-
cess to dark matter, the dominant matter species, invisible
to direct observation.

The next decade will bring an even greater wave of
data as many of these cosmic probes are scaled up to
cover more area on the sky, greater volumes and more ob-
jects. We detail a number of these surveys in tables 1 and
2 (Soares-Santos & DES Collaboration 2012; Amiaux 2012;
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Overlaps of lensing and spec-z surveys

• KiDS shares an overlap with GAMA and BOSS



Galaxy And Mass Assembly (GAMA) survey

• Highly-complete (97%) r<19.8 (z<0.5) AAT spec-z survey

• GAMA2 NGP sample (180 sq deg over 09, 12, 15hr)

• Construction of group catalogue is key GAMA science



Baryon Oscillation Spectroscopic Survey (BOSS)

• SDSS spec-z survey of Luminous Red Galaxies covering 
0.2<z<0.7, 10,000 deg2 (~500 deg2 overlap with KiDS)

• DR10 sample soon to become available (LOZ, CMASS)

• Highly-biased sample so high signal in cross-correlations

8 Eisenstein et al.

Fig. 1.— Schematic diagram of a BOSS spectrograph (one of two), with elements as labeled. The “slithead” is in fact a pseudo-slit
containing 500 aligned fibers.

Fig. 2.— The comoving space density of BOSS galaxies from
data taken in Spring 2010. The separate contributions of the LOZ
cut, CMASS cut, and previously observed SDSS-I/II galaxies are
shown, together with the total. The dashed curve shows our “goal”
of constant density to z = 0.6 and tapering density beyond. There
is a deficit near z = 0.45 at the transition between the two cuts,
where obtaining accurate photometric redshifts for target selection
is difficult.

in selection efficiency above this threshold translate into
reduced errors on the BAO distance scale measured from
the Lyα forest. Because the density field is sparsely sam-
pled, the distance error is (approximately) inversely pro-
portional to the quasar surface density at fixed survey
area.
Quasar science — especially global population stud-

ies such as luminosity functions, active black hole mass
functions, and clustering — would benefit greatly from
a homogeneous sample. We therefore select 20 of the 40
targets per deg2 from single-epoch SDSS imaging using
a “core” selection method that remains fixed through-
out the survey. This core selection is based on the
probability, computed empirically from existing survey
data, that a given object is a high-redshift quasar rather
than a star, low-redshift quasar, or galaxy (Bovy et al.
2011a; Kirkpatrick et al. 2011). The remaining 20 tar-
gets per deg2, known as the “bonus” sample, include
previously known high-z quasars (including those from
SDSS-I/II, reobserved to obtain higher S/N spectra),
FIRST radio sources (Becker, White, & Helfand 1995)

TABLE 1
Summary of BOSS

Duration: Fall 2009 - Summer 2014, dark time
Area: 10,000 deg2

Spectra: 1000 fibers per plate
3600 Å < λ < 10, 000 Å
R = λ/∆λ = 1300− 3000
(S/N)2

≈ 22 per pix. at ifib = 21 (averaged over 7000-8500Å)
≈ 10 per pix. at gfib = 22 (averaged over 4000-5500Å)

Targets: 1.5× 106 massive galaxies, z < 0.7, i < 19.9
1.5× 105 quasars, z ≥ 2.2, g < 22.0

selected from 4× 105 candidates
75,000 ancillary science targets, many categories

Measurement Goals:
Galaxies: dA(z) to 1.2% at z = 0.35 and 1.2% at z = 0.6

H(z) to 2.2% at z = 0.35 and 2.0% at z = 0.6
Lyα Forest: dA(z) to 4.5% at z = 2.5

H(z) to 2.6% at z = 2.5
Dilation factor to 1.8% at z = 2.5

Note. — BOSS imaging data were obtained in Fall 2008 and Fall
2009. BOSS spectroscopy uses both dark and grey time (lunar phase
70− 100 degrees) when the NGC is observable. Galaxy target num-
ber includes 215,000 galaxies observed by SDSS-I/II. Measurement
goals for galaxies are 1.2 times the projected 1σ errors, allowing some
margin over idealized forecasts. Measurement goals for the Lyα for-
est are equal to the 1σ forecast, but this is necessarily more uncertain
because of the novelty of the technique. The “dilation factor” is a
common factor scaling dA(z) and H−1(z) at z = 2.5.

whose SDSS colors are consistent with z ≥ 2.2, and
objects selected by a variety of methods including the
KDE method of Richards et al. (2009), the neural net-
work method of Yèche et al. (2010), and lower prior-
ity likelihood targets. These targets are selected us-
ing additional data where they are available, includ-
ing additional SDSS epochs (which improve photomet-
ric precision where stripes overlap and, on the southern
equatorial stripe, provide variability information) and
photometry from GALEX (UV; Martin et al. 2005) and
UKIDSS (near-IR; Lawrence et al. 2007). The quasar
selection criteria evolved significantly during the first
year of BOSS, as BOSS observations themselves pro-
vide vastly more training data at these magnitudes than
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Figure 16. Redshift space position of G A M A galaxy groups pro jected onto the equatorial plane, split by survey area and with symbol
size reflecting the group multiplicity and symbol colour the group velocity dispersion (see figure keys for exact values). G09 and G15
are for a survey depth of rAB ! 19.4, while G12 is for rAB ! 19.8, explaining why the number of groups detected at higher redshifts is
larger in G12 compared to G09 and G15. At low redshifts where the pro jection e  ects are the smallest, groups are still visually strongly
associated with the filaments and nodes of the larger scale cosmic structure. Fewer groups are found beyond at higher redshift, a result
of G A M A survey being magnitude limited.

GAMA: The GAMA Galaxy Group Catalogue (G3Cv1) 25

Figure 18. G lobal group properties of the G A M A galaxy group catalogue ( G3C v1) compared to the corresponding mock group catalogue:
group multiplicity distribution (top left), dynamical group mass distribution limited to σFoF ! 130 km s−1 (top right), group velocity
dispersion distribution limited to σFoF ! 130 km s−1 (bottom left) and group radius distribution (bottom right). Solid (dashed) lines for
G A M A (mock) for rAB " 19.0 (black), rAB " 19.4 (red) and rAB " 19.8 survey limits. T he denominator shown in the y-axis is the bin
width applied, so numbers quoted are per the stated denominator. See text for discussion.

To investigate in more detail where differences between
the GAMA data and the mocks may reside we divided the
mass, velocity dispersion and radius distributions into mul-
tiplicity subsets (Fig. 19). For clarity, Fig. 19 only uses the
rAB " 19.4 survey limit, the deepest limit appropriate for
all GAMA regions. Also, mock distributions for each of the
9 mock lightcones are shown with grey lines rather than
the sample mean shown in Fig. 18. This makes allows us to
see where the GAMA group distributions lie in the context
of the full range of mock distributions, and therefore how
significant the differences are as a function of each parame-
ter. Plotting in this manner makes comparison much clearer
than showing the error bars. The agreement is very good for
2 ! NFoF ! 4 for all three group properties plotted, however

discrepancies are apparent for higher multiplicities both in
normalisation and to a lesser extent in shape.

For the mass distributions (top panel of Fig. 19) it is
clear that GAMA possesses a lower normalisation in counts
compared to the mock groups, an effect that is more no-
ticeable for larger multiplicities. The largest deviations in
the shapes of the distribution are seen for MFoF " 1013M!,
where we see excess number counts for the mock groups.
This difference is most evident for 5 ! NFoF ! 9. The most
likely explanation for this low mass excess comes from the
finding that mock groups are typically more compact than
GAMA groups, which will naturally cause a lower estima-
tion of the mass. The radial discrepancies are discussed in
more detail below.

The velocity dispersion (middle panel of Fig. 19) only

arXiv:1106.1994• Group catalogue (Robotham et al. 2011)
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• Stellar masses (Taylor et al. 2011) arXiv:1108.0635
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• Dark matter halo masses [uses Moster et al. 2009]



GAMA multiple-tracer RSD



GAMA multiple-tracer RSD

• Multiple-tracer growth rate fits



GAMA multiple-tracer RSD

• Fisher matrix forecasts for multiple-tracer RSD : 
very high galaxy number densities required!



GAMA multiple-tracer RSD



KiDS-GAMA cross-correlations
9-hr 12-hr

15-hr



KiDS-GAMA cross-correlations

• Galaxy-galaxy lensing measurements in each region



KiDS-GAMA cross-correlations

• Combined galaxy-galaxy lensing measurements



KiDS-GAMA cross-correlations

• Shape measurement systematics tests (1)



KiDS-GAMA cross-correlations

• Shape measurement systematics tests (2)



KiDS-GAMA cross-correlations

• Galaxy-galaxy lensing split by lens colour



KiDS-GAMA cross-correlations

• Galaxy-galaxy lensing split by lens luminosity



• Harnois-Deraps & van Waerbeke are generating ~1000 
500 Mpc/h P3M simulations with ray-tracing

• I subsample the simulations to generate mock 
catalogues matching source and lens N(z)’s, number 
densities, angular selection functions, photo-z errors

• Simulations used for constructing covariance matrices, 
pipeline/modelling tests ...

Use of N-body simulations
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ABSTRACT

Gravitational lensing surveys have now become large and precise enough that the in-
terpretation of the lensing signal in current and future surveys has to take into account
an increasing number of theoretical limitations and observational biases. Since much
of the lensing signal is stronger in the non-linear scales, only numerical simulations
can reproduce accurately enough the various effects one has to take into account. This
work is the first of a series in which all gravitational lensing corrections known so far
will be implemented in the same set of simulations using realistic mock catalogues.
In this first paper, we present the TCS simulation suite and compare basic statistics
such as the second and third order convergence and shear correlation functions to
predictions for a large range of scales and redshifts. These simple tests set the range
of validity of our simulations. We also compute the non-Gaussian covariance matrices
of several statistical estimators, some of them are used in the Canada France Hawaii
Telescope Lensing Survey (CFHTLenS). From the same realizations, we construct halo
catalogues and present a series of halo properties that are required by most galaxy
population algorithms.

Key words: cosmology: dark matter—weak lensing—large scale structure of
Universe—methods: systematic

1 INTRODUCTION

The latest measurements of the cosmic mi-
crowave background (CMB) (Jarosik et al. 2011;
Planck Collaboration et al. 2011) and of large scale
galaxy surveys (York et al. 2000; Colless et al. 2003;
Semboloni et al. 2006) are accurate enough to constrain
most of the cosmological parameters at the few per-
cent level. Observations seem to converge towards a
standard model of cosmology, in which the Universe is
mainly filled with a uniform dark energy component,
and about a quarter of its energy distribution consists of
dark matter (Percival et al. 2001; Eisenstein et al. 2005;
Tegmark et al. 2006; Percival et al. 2007; Komatsu et al.
2011; Benjamin et al. 2007). The current knowledge about
this dark sector is so limited that an international effort has
been set forward in order combine the best techniques and
optimize the global constraints on dark energy parameters
(Albrecht et al. 2006). Next generation surveys including

! E-mail:jharno@cita.utoronto.ca
† E-mail:svafaei@phas.ubc.ca
‡ E-mail:waerbeke@phas.ubc.ca

LSST (LSST Science Collaborations et al. 2009), EUCLID
(Beaulieu et al. 2010), SKA (Lazio 2008), Pan-STARRS1,
VST-KiDS2, DES3 are designed to have very high quality
data and large statistics, such that systematics and sec-
ondary effects need to be understood at the sub-percent
level.

Weak lensing analyses, which are based on the mea-
surement of the degree of deformation caused by foreground
lenses on background light sources, are particularly praised
to detect dark matter structures. The signal allows us to
characterize the average mass profile of foreground lenses,
which can consist of galaxies, groups or clusters of differ-
ent type, redshift, morphology and color, typically centered
on a dark matter halo. The signal from the 2-point cosmic
shear depends on seven cosmological parameters, and is es-
pecially powerful at constraining a combination of the nor-
malization of the matter power spectrum σ8 and the matter
density Ωm. The degeneracy is further broken with mea-
surements of the skewness and other higher-order statis-

1 http://pan-starrs.ifa.hawaii.edu/
2 http://www.astro-wise.org/projects/KIDS/
3 https://www.darkenergysurvey.org/

c© 2011 RAS
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KiDS project interests ...

• Self-consistent gravity fits combining KiDS-GAMA 
cross-correlations with GAMA multiple-tracer RSD

• Development of general cosmology pipelines including 
Planck, cosmic shear, galaxy-galaxy lensing, etc.

• Construction of mock catalogues from KiDS 
simulations including selection functions and HOD

• Photo-z / spec-z cross-correlations applying latest 
techniques to determine photo-z distributions, such as 
McQuinn & White (2013)


