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2dFLenS :
testing the laws of gravity
with cosmological data



How fast are structures 
growing within it?

Probes of the cosmological model

How fast is the Universe 
expanding with time?



Tests of large-scale gravity

• Can tests of G.R. be extended to cosmic scales?  
And can that yield insight into dark energy?



Tests of large-scale gravity

• The large-scale 
structure of the 
Universe creates a rich 
variety of observable 
signatures we can 
explore in the 
gravitational sector!

• Two of the most 
important are galaxy 
velocities and 
gravitational lensing
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• RSD allow spectroscopic galaxy surveys to measure 
the growth rate of structure

Galaxy velocities



Gravitational lensing



• 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 

Combining galaxy velocities and lensing



(2) Measure the
lensing of light rays

from source galaxies

(1) Measure
the velocities

of lens galaxies

• What gravitational force do these density ripples exert?

Combining galaxy velocities and lensing
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• Mis-match of existing spectroscopy and deep imaging

Combining galaxy velocities and lensing



• 50 AAT nights granted (Sep 2014 to Jan 2016) for 
spectroscopic follow-up of southern lensing surveys

• Galaxy lens sample to test gravity by cross-correlating 
weak lensing distortions and galaxy velocities

• Perform photometric redshift calibration

2dF Lensing Survey (2dFLenS)



• Cover ~1000 deg2 in ~300 AAT pointings, producing 
~80,000 redshifts

• KiDS imaging survey is still in progress so bright target 
selection is provided by VST-ATLAS data

• SDSS-inspired Luminous Red Galaxy samples z < 1 
selected by colour cuts in ATLAS griz and WISE W1 
(LOWZ, CMASS, eBOSS)

• Magnitude-limited complete sample 17 < r < 19.5 for 
direct photometric redshift calibration of Skymapper

• Other “spare fibre” samples

2dF Lensing Survey (2dFLenS)



Redshift distribution



Survey progress : 41/50 nights



Cone plot

2dFGRS

2dFLenS

• So far we have 63,271 good redshifts in 254 pointings !



Example spectra



Example stacked spectra



Selection function

• Redshift completeness per field



Selection function

• Data vs. random catalogues (angular)



Selection function

• Data vs. random catalogues (3D)



Clustering measurements



Tests of gravitational physics
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• Forecasts for final survey



• Photometric redshift errors are one of the leading 
systematics for weak lensing tomography

• Mean and width of redshift distributions in each photo-z 
bin must be known to accuracy ~ 10-3

Photometric redshift calibration

TABLE 1
Baseline constraints on dark energy parameters

Photo-z Model Parameters σ(ΩDE) σ(w0) σ(wa)

I {ΩDE, w0} 0.0062 0.061 -
{ΩDE, w0, wa} 0.024 0.25 0.69

II {ΩDE, w0} 0.0073 0.070 -
{ΩDE, w0, wa} 0.034 0.36 0.96

in w0 to saturate. For a 3 parameter dark energy space
{w0, wa, ΩDE}, Ndiv = 4 divisions are sufficient for wa.
Note that Ndiv = 1 corresponds to no tomography or
no photo-z information on the individual galaxies. The
dark energy parameters that are not shown in Figure 3
behave similarly. In what follows we conservatively adopt
Ndiv = 5 as sufficient to extract the dark energy infor-
mation. With Ndiv = 5 and photo-z parameters fixed,
the constraints on dark energy parameters are shown in
Table 1.

Note that improvements relative to the no-tomography
case are more significant in the larger parameter space.
This is due to the fact that w0 is nearly degenerate with
wa since lensing mainly constrains w(z) at some inter-
mediate redshift (see below). Even the small amount
of information in the fine-binned tomography assists the
breaking of the degeneracy.

3.2. Maximal Degradation and Npz

Next we choose the number of photo-z parameters Npz
that describe each of the functions zbias(z) and σz(z). We
seek to allow enough freedom in the photo-z parameters
so that in the absence of prior information on their val-
ues all of the tomographic information is lost. Because
the limit of no tomographic information corresponds to
Ndiv = 1, we have a quantitative means of assessing the
minimal Npz. When Npz becomes large enough, the vari-
ations in redshift, which act on the characteristic scale
of δz = 3.0/(Npz−1), are rapid enough that they do not
mimic any variation in cosmological parameters.

Figure 4 shows the degradation in the errors on wa for
the cases of Npz = 6, 11, 21, 31 and 61 as a function
of the prior on the photo-z parameters. Results for w0
are similar. To compare priors for different Npz values,
we have here rescaled the individual parameter priors by
√

Npz/31 so as to be equal for a fixed redshift interval
δz = 0.1. The results have converged with Npz ≥ 21. To
be conservative, in the rest of this paper we use Npz = 31,
or a total of 62 photo-z parameters.

The impact of this choice of Npz = 31 as a function
of Ndiv for dark energy parameters is shown in Figure 3
(points). For all Ndiv, these constraints match those with
no tomographic binning very well, showing that without
prior information on the photo-z parameters all tomo-
graphic information has been effectively destroyed and
we recover the case with a single redshift division. The
small discrepancy comes from the inadequacies in the
Fisher matrix one of which is the local approximation
to the parameter errors as we shall discuss in the next
section.

3.3. Photo-z – Dark Energy Degeneracy

Fig. 4.— Error degradations in wa (that is, errors in wa relative
to the error with perfect knowledge of photo-z parameters) as a
function of the photo-z prior. The photo-z priors are rescaled by a
factor of

√

Npz/31 so that they reflect constraints per δz = 0.1 in-
dependently of Npz. Different lines from top to bottom correspond
to different Npz: 61 (short dashed line), 31 (solid line), 21 (dash
3-dotted line), 11 (dash dotted line) and 6 (long dashed line). Note
that the results have converged with Npz ≥ 21; we use Npz = 31
just to be conservative.

With a sufficient number of unknown photo-z parame-
ters 2Npz ! 62, the Fisher matrix results of the previous
section imply that dark energy information in tomogra-
phy is completely lost. This fact implies that there is a
nearly perfect degeneracy between photo-z, dark energy
and other cosmological parameters. Here we examine
that aspect of the degeneracy that involves the photo-z
and dark energy parameters only. This degeneracy alone
suffices to destroy most of the tomographic information
and will remain even if the other cosmological parameters
are perfectly measured from other sources.

Constructed from parameter derivatives, the Fisher
matrix is a local expression of the degeneracy in pa-
rameter space. Because the Fisher matrix results im-
ply that the degeneracy persists to large changes in the
dark energy parameters, it is important to assess the ex-
tent of the degeneracy more directly and test the validity
of the Fisher approximation. If the degeneracy relation
“curves” in parameter space, the Fisher approximation
will only find the local tangent.

We start by identifying this local tangent with the
Fisher matrix. To isolate the degeneracy between dark
energy and photo-z parameters, we eliminate the other
cosmological parameters, formally by adding strong pri-
ors to the Fisher matrix. For numerical reasons we
also add a weak prior on photo-z parameters (∆zbias =
∆σz = 1 ) to control numerical errors from the nearly sin-
gular Fisher matrix. Of the eigenvectors of this Fisher
matrix that involve the dark energy, those with the small-
est eigenvalues will be responsible for most of the photo-
z dark energy degeneracy. We find that a single linear
combination of parameters (dark energy and photo-z)
contributes most (∼ 98%) of the errors in dark energy
parameters w0 and wa. Thus the degeneracy is essen-
tially one dimensional in the multi-dimensional parame-
ter space. Let us call this direction – or the eigenvector
of the Fisher matrix – ew.

The true extent of the degeneracy is quantified by the
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• Photometric redshift errors are one of the leading 
systematics for weak lensing tomography

• Mean and width of redshift distributions in each photo-z 
bin must be known to accuracy ~ 10-3

• Method (1) : spectroscopic training set [issues : sample 
variance, incompleteness of training set, outliers]

• Method (2) : photo-z/spec-z cross-correlations [issues : 
degeneracies with galaxy bias, cosmic magnification]

• Currently unsolved problem for current and future 
lensing surveys (DES, LSST, Euclid)

Photometric redshift calibration



• Photometric/spectroscopic surveys in same volume

• Divide spectroscopic survey into narrow redshift bins

• Measure angular cross-correlation function between the 
photometric survey and all the spec-z bins

• Relative amplitudes map out Nphotometric(z)

Photometric redshift calibration

z



• Apparent existence of dark energy motivates new 
tests of large-scale gravitational physics

• Two observable signatures are non-relativistic galaxy 
velocities and relativistic lensing of light

• Current mis-match in imaging/spectroscopic overlap

• 2dFLenS : a new AAT redshift survey to enhance the 
tests of gravity possible from lensing observations

• Will lead to future science with LSST and 4MOST

Summary


