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• Based on RCS2 data (griz) and 
CFHTLenS pipeline 

• 785deg2 imaging to r~24 (7σ extended) 

• Lensing catalogue: 5 gal. per sq. arcmin. 

• Mean redshift of z~0.6. 

• Overlap with SDSS, WiggleZ, DEEP2 

• Combined with CFHTLenS ~1000deg2

Credit: CFHT
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lensfit
• Bayesian forward-fitting of galaxy models to data 

• Bulge + disk model 

• Priors from SDSS (ellipticity) and HST (size; need r-band!) 

• PSF from stars interpolated to galaxy position 

• Fit convolved model to (multi-)image data 

• Marginalise over size, position, bulge-to-disk ratio 

• Multiplicative bias calibration with images simulations 

• Additive bias empirically calibrated from data



systematic tests
• Cross-correlate galaxy and star ellipticities 

• Amplitude is a measure of systematics  

• Problem: net chance alignments with PSF for small areas 

1. noise 

2. intrinsic ellipticity 

3. cosmic shear 

• Solution: use N-body mocks to calibrate

RCS
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4.2 Field selection

For each field we calculate the systematics test parameter U (equa-
tion 14) applying the calibration corrections described in Sec-
tion 4.1. We then calculate the probability that !ξ obs is consistent
with zero systematics [p(U = 0) as detailed in Section 3.4] and
set an acceptance threshold on this probability using a method that
we demonstrate in Fig. 4. Here, in the upper panel, we show the
measured systematic error observable #(!ξ obs) where the sum is
taken over all fields (hatched area includes the 1σ bootstrap error
on the measure). This can be compared with the distribution of val-
ues obtained from all the different realizations of the CFHTLenS
‘clone’ (solid line). The ‘clone’ distribution shows the probability of
measuring #(!ξ obs) from the full survey area if there were no PSF
residuals in the data. Note that by definition !ξ obs at zero-lag is a
positive quantity (see equation 10) so even for the simulated ‘clone’
catalogues which have zero systematics, by definition, #(!ξ obs) is
non-zero. For comparison we also show the distribution of #(!ξ obs)
that would be measured simply from a random correlation between

Figure 4. Comparison of the measured #(!ξobs) (hatched) where the sum
is taken over all fields (upper panel) or over the fields with a measured
probability of zero systematics p(U = 0) > 0.11 (lower panel). These
measures can be compared with the probability distribution of measuring
#(!ξobs) from the same number of fields realized in the systematics-free
CFHTLenS ‘clone’ (solid line). For the full data set (upper panel), we find
that the measured #(!ξobs) far exceeds what is expected from the simula-
tions. Once a conservative cut is applied to the data (lower panel) removing
25 per cent of the data, we find the measured #(!ξobs) is fully consistent
with the expected distribution for the same number of simulated fields. For
comparison, we also show the probability distribution of #(!ξobs) as mea-
sured from a random correlation between the pure cosmic shear γ and the
range of CFHTLenS PSFs (dashed line).

the pure cosmic shear γ and the range of CFHTLenS PSFs (dashed
line). The significance of this signal reiterates the points made in
Section 3.3 of how important it is to take into account both the
random intrinsic ellipticity noise and underlying cosmic shear in
this type of systematics analysis.

The conclusion we can draw from the upper panel of Fig. 4 is
that when we consider the full data set, the sum of the measured
star–galaxy cross-correlation is very significant compared to the
expectation from the simulated ‘clone’ catalogues. We therefore set
a criterion that selects only those fields above a tunable threshold
probability that !ξ obs is consistent with zero systematics [p(U =
0)]. By increasing the cut on p(U = 0) the measured systematic
error observable #(!ξ obs) decreases rapidly as using p(U = 0)
for our selection criteria preferentially rejects the fields with the
strongest systematic residual errors. As the number of fields in the
analysis decreases, the #(!ξ obs) expected from the ‘clone’ also
decreases. This is because it is summed only over the number of
fields remaining in the analysis and there are fewer positive numbers
to sum. We continue this rejection process until the 1σ confidence
region on our measured systematic error observable #(!ξ obs) is
in agreement with the peak of the probability distribution expected
for this quantity from the same number of fields in the ‘clone’
simulations (lower panel). It is interesting to note that the variance of
the simulated distributions also becomes consistent with the 1σ error
on the measured #(!ξ obs) when the threshold selection is optimized
in this way. This process sets a threshold of p(U = 0) > 0.11 below
which we label the field as ‘failed’. This leaves us with 75 per cent of
CFHTLenS fields which pass the systematics test. We investigate the
impact of this cut for two-point cosmic shear statistics in Section 5.

For a complete and detailed account of the analysis, we should
clarify at this point that the field selection and empirical c2 additive
calibration correction described here and in Section 4.1 are actually
calculated using a two-step iteration. We first select fields apply-
ing only the multiplicative m calibration correction (equation 18) as
calculated from our simulated image analysis in Miller et al. (2012).
This first-pass field selection safeguards that the empirical c2 cali-
bration correction we calculate from the selected data is unrelated to
the PSF. The additive correction that is empirically calculated from
these selected fields is then applied to the full survey. We then rerun
our systematics analysis on the full survey to reselect fields which
pass the systematics tests when both the multiplicative and first-pass
additive calibration corrections are included. This safeguards that
in the first-pass iteration, the additive error term, now corrected by
the c2 calibration, did not mask the presence of PSF residuals, or
appear as a PSF residual in exposures where the PSF is predomi-
nantly in the e⋆

2 direction. At this second-pass iteration, we lose two
fields and gain seven fields into our selected clean data sample. Fi-
nally, we empirically recalculate the additive calibration correction
c2 for this final set of selected fields to improve the accuracy of the
correction on the final field sample. This recalculation introduces a
small per cent level adjustment to the first-pass measure and is the
c2 calibration that is presented in equation (19).

Finally, we discuss duplicate fields, originally imaged with an
i′.MP9701 filter, and reimaged, after this initial filter was damaged
in 2007 October, with the replacement i′.MP9702 filter. In general,
we do not distinguish between these two periods of i′ imaging,
although the different filter response curves are of course accounted
for in our photometric redshift analysis (Hildebrandt et al. 2012).
For the purposes of this discussion, however, we will refer to these
two filters as i ′1 and i ′

2. Duplicate fields were reimaged in order to
calibrate and assess the impact of the change of filter mid-survey,
in addition to some cases where preliminary concerns about the
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Challenges for systematic tests
• Larger volume, larger angular scales -> lower cosmic shear signal 

• Lower redshift -> lower cosmic shear signal, stronger IA (DEEP2 data) 

• Lower density, more noise -> tests less sensitive 

• Just one exposure -> larger PSF systematics 

• More complicated systematics 

Need to be much more careful when rejecting fields. Hard to 
distinguish between additive shear calibration and PSF systematics. 
Blinding much more important!

RCS
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Figure A2. Multiplicative shear bias corrections to be applied
to γt(θ) (upper panel) and ∆Σ(R) (lower panel), for the different
combinations of source-lens datasets.

the sources into sub-samples of red (TB < 2) and blue
(TB > 2) galaxies. Following Section A3, we then deter-
mined the velocity dispersion of foreground lenses in the
SIS model for the blue, red and combined source samples
in the range 0.2 < zB < 1.6. We also performed mea-
surements for a blue sample over a photo-z range signif-
icantly higher than the maximum redshift of the spectro-
scopic lenses (0.9 < zB < 1.6 for WGZHiZ and CMASS, and
0.6 < zB < 1.6 for WGZLoZ and LOWZ. The source distri-
butions ps(z) for each case were determined by stacking the
appropriate subset of BPZ redshift distributions. Results are
displayed in Figure A5. The inferred values of σv are again
generally consistent amongst the samples, with the possible
exception of the cross-correlations between CFHTLenS and
BOSS red galaxies. However, as shown in Figure 18, the fit-
ted value of EG is not significantly affected by cutting the
sources to a blue sample.

A5 Source-lens association correction B(R)

Some sources may be clustered or associated with the lenses,
but scattered to higher redshifts by photo-z errors. These
sources will not be lensed, diluting the cross-correlation sig-
nal. The strength of this effect may be determined by mea-
suring the excess in the number counts of source galaxies
in the vicinity of lens galaxies, compared to a random dis-

Figure A3. Stacked RCSLenS BPZ redshift probability distri-
butions, weighted by the lensfit weights, in a series of zB slices.

Figure A4. The SIS velocity dispersion fit to the average tan-
gential shear around a series of foreground lens samples, for dif-
ferent sets of sources in photometric redshift slices split by zB .
The source redshift distributions for each slice, needed to model
the resulting signal, are obtained from the stacked BPZ redshift
probability distributions obtained for each source.

tribution of lenses. The resulting multiplicative bias in the
measurement of ∆Σ(R) may be corrected by boosting the
signal by

B(R) =

!

sources i

!

data lenses j
ws

i w
l
j Σ

−1
c,ij Θ(i, j)

!

sources i

!

random lenses j
ws

i w
r
j Σ

−1
c,ij Θ(i, j)

, (A3)

where wr denotes the weights of the random lenses (nor-
malized such that

!

j
wr

j =
!

j
wl

j), and where Σ−1
c,ij should

be replaced by Σ−1
c ij when moving from the estimator of

Equation 30 to 28.
Figure A6 displays the boost factors B(R) for shapes

in the different RCSLenS and CFHTLenS regions corre-
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Inhomogeneities in photometric surveys
Morrison & Hildebrandt (2015)



Inhomogeneities in photometric surveys
Morrison & Hildebrandt (2015)

Poster 4!
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Figure 4. Measurements of γt(θ) (left column) and γ×(θ) (right column) for the cross-correlation of different combinations of source-lens
datasets. We show results for both the data (black solid circles) and mock mean (red open circles), with the errors based on measurements
for a set of 374 mock catalogues. The overplotted model is the expectation for the mock mean based on the input cosmology of the
simulations. χ2 statistics are quoted for the γ× measurements with respect to a model of zero, with number of degrees of freedom
dof = 20.

only that lensing data for which photometric-redshift infor-
mation is available, as listed in Table 1.

For our determinations of Σ−1
c using Equation 26, and

conversions of source-lens angular separations θ to projected
separations R = θ χ(zl), we adopted a fiducial flat ΛCDM
cosmological model with matter density Ωm = 0.27. Our
motivation for this choice, which is in better agreement with
the fits to the Cosmic Microwave Background fluctuations
using WMAP satellite data (Komatsu et al. 2011) rather
than the later Planck satellite data (Planck collaboration
2015b), is to ensure consistency with the fiducial cosmologi-

cal model adopted for the RSD analyses of the WiggleZ and
BOSS data (Blake et al. 2011, Sanchez et al. 2014), which
would be subject to Alcock-Paczynski distortion in different
models. Adopting the higher value of Ωm preferred by the
Planck analysis would not produce a significant change in
our measurements compared to the statistical errors.

When averaging the estimates of Equation 25 over the
lens-source pairs, each source must now be inverse-variance

weighted as ws
!

Σ−1
c

"2

and hence our final estimator is
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only that lensing data for which photometric-redshift infor-
mation is available, as listed in Table 1.

For our determinations of Σ−1
c using Equation 26, and

conversions of source-lens angular separations θ to projected
separations R = θ χ(zl), we adopted a fiducial flat ΛCDM
cosmological model with matter density Ωm = 0.27. Our
motivation for this choice, which is in better agreement with
the fits to the Cosmic Microwave Background fluctuations
using WMAP satellite data (Komatsu et al. 2011) rather
than the later Planck satellite data (Planck collaboration
2015b), is to ensure consistency with the fiducial cosmologi-

cal model adopted for the RSD analyses of the WiggleZ and
BOSS data (Blake et al. 2011, Sanchez et al. 2014), which
would be subject to Alcock-Paczynski distortion in different
models. Adopting the higher value of Ωm preferred by the
Planck analysis would not produce a significant change in
our measurements compared to the statistical errors.

When averaging the estimates of Equation 25 over the
lens-source pairs, each source must now be inverse-variance
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masked simulations and fully-masked simulations matches
for all angles, suggesting that the survey mask is of sec-
ondary importance for determining the measurement errors
compared to the total unmasked area. However, these simu-
lation errors are somewhat lower than the jack-knife errors
for larger separations. We expect the jack-knife errors to
become unreliable for large scales as the jack-knife regions
become increasingly less independent.

As a result of these tests, we constructed our measure-
ment errors using the ensemble of Nreal = 374 mock cat-
alogues without the survey mask. Figure 12 illustrates the
off-diagonal elements of the resulting covariance matrix of
the ∆Σ(R) statistic for the different combinations of source-
lens datasets, constructed as

Cov[∆Σ(Ri), ∆Σ(Rj)] =
1

Nreal − 1
×

!

Nreal
"

k=1

∆Σk(Ri) ∆Σk(Rj) − ∆Σ(Ri) ∆Σ(Rj)

#

, (36)

where ∆Σk is measured for the kth mock catalogue, and
∆Σ(Ri) ≡

$Nreal

k=1
∆Σk(Ri)/Nreal. Significant correlations

between bins are evident for R > 10 h−1 Mpc.
The inverse of these covariance matrices is used in the

parameter fits described below. We correct the inverse co-
variance for the bias due to its maximum-likelihood estima-
tion (Hartlap et al. 2007) via multiplication by the factor

α =
Nreal − Nbin − 2

Nreal − 1
, (37)

where Nbin is the number of data bins used in the fit. This
correction is valid when Nbin/Nreal < 0.8, which is always
the case for our analyses, for which Nbin/Nreal ≈ 0.05.

6 COSMOLOGICAL RESULTS

6.1 Projected galaxy auto-correlation function

wp(R)

We measured the 2D galaxy correlation function ξgg(R, Π) of
each lens sample, binning galaxy pairs by projected separa-
tion R and line-of-sight separation Π. We hence determined
the projected correlation functions

wp(R) = 2
"

bins i

ξgg(R, Πi) ∆Πi, (38)

where we summed over 10 logarithmically-spaced bins in Π
from 0.1 to 60 h−1 Mpc. The measurements of wp(R) in 20
logarithmically-spaced bins in R from 0.5 to 50 h−1 Mpc for
the different lens samples are plotted in Figure 13, including
jack-knife errors. These projected correlation function mea-
surements are used for simple parameter fits in Section 6.2,
and to determine the EG statistic in Section 6.3.

6.2 Measurements of σ8

As an initial consistency test of the best-fitting cosmological
parameters in the ΛCDM model, we fitted the measurements
of ∆Σ(R) and wp(R) for each source-lens combination vary-
ing just σ8 and the galaxy bias of each lens sample, fixing
the other cosmological parameters at the values used to con-
struct the N-body simulations listed in Section 5. Given that

Figure 13. The projected correlation function wp(R) for the dif-
ferent lens data samples used in our analysis. Jack-knife errors
are plotted, together with the best-fitting model using both the
wp(R) and ∆Σ(R) measurements.

Figure 14. The posterior probability distributions of the σ8 pa-
rameter, after marginalizing over the bias factors of the lens galax-
ies, for the different combinations of source-lens datasets. We also
show the probability distribution of the fit to all datasets.

∆Σ ∝ b σ2
8 and wp ∝ b2 σ2

8 , the degeneracy between these
normalization parameters is broken and they can be sepa-
rately determined. Fits were performed using the full covari-
ance matrix of ∆Σ(R) determined from the mock catalogues,
and a diagonal error matrix for wp(R) using jack-knife er-
rors. The use of the latter is not significant: the signal-to-
noise of wp(R) is much higher than that of ∆Σ(R), and the
limiting factor for the final parameter error is the noise in
∆Σ, given the initial degeneracy between b and σ8.

We calculated model predictions using Equation 9 for
∆Σ(R) and Equation 14 for wp(R), and fit to the mea-
surements over the range of scales R > 5 h−1 Mpc (noting
that our results do not depend significantly on the choice of
minimum fitted scale). The best-fitting models to the data
are overplotted in Figures 13 and 15. The value of the chi-
squared statistic for the best-fitting model is [4 blindings:
χ2 = (119.3, 134.5, 122.3, 130.8)] for 113 degrees of freedom,
indicating a good fit.

The combined measurement is [4 blindings: σ8 = (0.72±
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wp(R) =

! ∞

−∞

ξgg(R, Π) dΠ. (14)

Our method of estimating wp(R) from the data is described
in Section 6.1. In practice the limits of Equation 14 must be
taken as large, finite values.

2.4 Suppressing small-scale information

Equation 6 demonstrates that the amplitude of ∆Σ(R) de-
pends on the surface density of matter around galaxies
across a range of smaller scales from zero to R. This is prob-
lematic from the viewpoint of fitting cosmological models
to the data since at small scales, within the halo virial ra-
dius, the cross-correlation coefficient between the matter and
galaxy fluctuations is a complex function which is difficult
to predict from first principles (Baldauf et al. 2010, Man-
delbaum et al. 2010). In order to remove this sensitivity to
small-scale information these authors proposed a new statis-
tic, the annular differential surface density (ADSD), denoted
by Υ and defined by

Υgm(R, R0) = ∆Σ(R) −
R2

0

R2
∆Σ(R0)

=
2

R2

! R

R0

R′ Σ(R′) dR′

− Σ(R) +
R2

0

R2
Σ(R0), (15)

which does not contain information originating from scales
R < R0. The small-scale limit R0 is chosen to be large
enough to reduce the main systematic effects, but small
enough to preserve a high signal-to-noise ratio in the mea-
surements.

The corresponding quantity suppressing the small-scale
contribution to the galaxy auto-correlations is

Υgg(R, R0) = ρc
"

2
R2

! R

R0

R′ wp(R′) dR′ − wp(R) +
R2

0

R2
wp(R0)

#

. (16)

We discuss our choice of R0 and the measurement of the Υ
statistics in Section 6.3.

2.5 Testing gravitational physics: the EG statistic

In general scalar theories of gravity, the perturbed FRW
spacetime metric ds2 may be expressed in terms of the New-
tonian potential Ψ and curvature potential Φ:

ds2 = [1 + 2 Ψ(x⃗, t)] c2 dt2 − a(t)2 [1 − 2Φ(x⃗, t)] dx⃗2. (17)

Relativistic particles, such as photons experiencing gravi-
tational lensing, collect equal contributions from these two
potentials as they traverse spacetime, such that their equa-
tions of motion (and hence the resulting lensing patterns)
are determined by ∇2(Ψ + Φ). However, the motion of non-
relativistic particles arising from the gravitational attraction
of matter, which produces galaxy clustering and RSD, is
sensitive only to the derivatives of the Newtonian potential
∇2Ψ (e.g., Jain & Zhang 2008).

In standard General Relativity (GR), in the absence of
anisotropic stress, Ψ(x⃗, t) = Φ(x⃗, t) and both potentials are
related to the matter overdensity via the Poisson equation

∇2Φ = 4πGa2ρmδm. Therefore, by measuring if both the
gravitational lensing of photons and galaxy peculiar veloc-
ity respond in an identical manner to the matter overdensity
traced by the lens galaxies in our datasets, we can perform
a fundamental test of whether the relation between (Ψ+Φ)
and Ψ follows the GR expectation (assuming this perturba-
tion approximation applies).

Zhang et al. (2007) proposed that this test can be effi-
ciently carried out by cross-correlating lens galaxies to both
the surrounding velocity field using RSD, and to the shear of
background galaxies using galaxy-galaxy lensing. In partic-
ular, Reyes et al. (2010) implemented this consistency test
by constructing the “gravitational slip” statistic

EG(R) =
1
β

Υgm(R, R0)

Υgg(R, R0)
, (18)

which is independent of both the galaxy bias factor b and
the underlying amplitude of matter clustering σ8, given that
β ∝ 1/b, Υgm ∝ bσ2

8 and Υgg ∝ b2 σ2
8 . The perturbed GR

model prediction on large scales is then a scale-independent
quantity EG = Ωm/f . We measure EG and carry out this
consistency test in Section 6.3. We note that a failure of this
consistency check does not necessarily indicate evidence for
gravitational physics beyond GR: other possible explana-
tions would include a breakdown in validity of linear per-
turbation theory, or that the value of Ωm differs from that
predicted by measurements of the Cosmic Microwave Back-
ground radiation.

3 DATA

We perform this test of gravitational physics by utiliz-
ing the overlap of lensing measurements from two imaging
surveys, the Canada-France-Hawaii Telescope Lensing Sur-
vey (CFHTLenS; Heymans et al. 2012) and the Red Clus-
ter Sequence Lensing Survey (RCSLenS, Hildebrandt et al.
2014), with two spectroscopic-redshift large-scale structure
surveys, the WiggleZ Dark Energy Survey (Drinkwater et
al. 2010) and the Baryon Oscillation Spectroscopic Survey
(BOSS, Eisenstein et al. 2011). Figure 1 displays the sky dis-
tribution of the CFHTLenS, RCSLenS, WiggleZ and BOSS
datasets used in this analysis, and the surveys and source
selection are briefly described in the sub-sections below.

A total of 11 CFHTLenS and RCSLenS survey fields
overlap with the WiggleZ and BOSS data, comprising a to-
tal area of 483 deg2 (74 deg2 for CFHTLenS and 409 deg2 for
RCSLenS). Table 1 lists some statistics for these fields, in-
cluding the total effective (unmasked) field area, the subset
of the area passing the cosmology-independent systematics
cull of pointings, the subset of the area containing photo-
z information, the effective source density (defined below)
and the number of lenses in each of the overlapping spectro-
scopic surveys used in the analysis, where the BOSS data is
split into the CMASS and LOWZ samples (described below).
The RCSLenS fields used for cross-correlation with (Wig-
gleZ, BOSS) contain an effective area of (248, 272) deg2, of
which (163, 187) deg2, i.e. around two-thirds, contains 4-
band photometric redshifts. The CFHTLenS fields used for
cross-correlation with BOSS cover 74 deg2 with complete
high-quality photo-z information available.

Our datasets enable us to construct five distinct source-

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 15. The annular differential surface density statistic for the galaxy-mass cross-correlation, Υgm(R, R0), measured for the different
combinations of lens-source datasets assuming R0 = 1.5 h−1 Mpc. We also plot the best-fitting model for each cross-correlation using
both the wp(R) and ∆Σ(R) measurements. The errors are based on measurements for a set of 374 mock catalogues. The horizontal
dotted line marks Υgm = 0.

Figure 16. EG(R) measurements in two independent redshift bins 0.15 < z < 0.43 and 0.43 < z < 0.7, after combining the results
from the different cross-correlations. In the former case, the measurements of Reyes et al. (2010) are plotted as the open circles for
comparison. The horizontal solid lines are the prediction of standard gravity, EG = Ωm/f , for our fiducial model Ωm = 0.27. The
horizontal dotted lines indicate the 1-σ variation that would result given ∆Ωm = 0.02, which is indicative of both the WMAP and
Planck error in determining this parameter.

0.07, 0.81 ± 0.07, 0.74 ± 0.07, 0.79 ± 0.07)], consistent with
the latest determinations from the Planck satellite (Planck

collaboration 2015b). Combining the separate fits to deter-
mine the normalizations in two independent redshift bins,
0.15 < z < 0.43 (WGZLoZ, LOWZ) and 0.43 < z < 0.7
(WGZHiZ, CMASS), we determine [4 blindings: σ8(z =
0.32) = (0.69±0.08, 0.77±0.08, 0.70±0.08, 0.75±0.08)] and

[4 blindings: σ8(z = 0.57) = (0.48 ± 0.07, 0.55 ± 0.07, 0.50 ±
0.07, 0.53 ± 0.07)]

In Figure 14 we display the posterior probability dis-
tributions of σ8 for each source-lens dataset, marginalized
over the bias factors. The datasets offer roughly comparable
constraining power, with CMASS-RCSLenS and WGZHiZ-
RCSLenS producing the most and least accurate determi-
nations, respectively.
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Magnification

Credit: SDSS press release 2005



Advantages
• full use of data 

• cross-checks for 
systematics 

• flux magnification: 

• not limited by resolution 

• more sources 

• higher redshifts

Disadvantages
• lower signal-to-noise per 

galaxy 

• theoretically less clean 
BUT: astrophysics 

• less mature, i.e. systematics 
less well understood 

• might require higher order 
moments of the light 
distribution for full potential



Sub-mm galaxy lenses
Hildebrandt et al. (2013)



Dusty sub-mm galaxies
Hildebrandt et al. (2013)



Sub-mm galaxy magnification signal
Hildebrandt et al. (2013)



Magnitude shift
Ménard et al. (2011)



Magnitude shift, μ only, real

• Not fully achromatic! 

• Chromaticity depends on 
colour selection. 

• WL prediction holds. 

• Observed number-counts 
useless.

Hildebrandt (2015 in prep.)
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combining the lensfit scalelength rs (in units of arcseconds)
and ellipticity ✏ for each object,

� = ln

 
rs

s
1� |✏|

1 + |✏|

!
(20)

and we use i-band magnitudes throughout. We use the image
masks described in Erben et al. (2013) (removing galaxies
with MASK > 1, as described in that paper), only galax-
ies with a lensfit weight larger than zero are included, and
the redshift range is restricted to 0.4 < zp < 1.3, selected
by peak posterior redshift zp provided by BPZ. The sample
is divided into two by spectral type, based on the maxi-
mum likelihood spectral type T

B

provided by BPZ and the
lensfit bulge-fraction b, with the late-type sample defined by
TB > 2 and b < 1 and the early-type sample with T

B

6 2
and b > 0.25. The late-type sample contains 2,771,149 galax-
ies, whilst the early-type sample contains 151,724. The sub-
samples are further divided into photometric redshift bins
selected by their peak posterior photo-z. The late-type sam-
ple is divided into 9 equally-spaced photometric redshift bins
between zp = 0.4 and zp = 1.3. The smaller early-type is di-
vided into 3 bins of 0.4 < zp < 0.6, 0.6 < zp < 0.8 and
0.8 < zp < 1.3 to ensure enough galaxies per bin to allow
for robust estimation of the intrinsic size-magnitude distri-
bution.

4.4 Simplifying assumptions

For the purposes of estimating the intrinsic size-magnitude
distribution we make a number of simplifying assumptions.
We make hard cuts in size and magnitude in the regime
where the data can be assumed to be complete, to avoid
modelling and measuring the selection function simulta-
neously with the size-magnitude distribution. We make a
hard magnitude cut at mi < 24, and a size-cut at � =
ln(

p

Area/arcsec) > �2.5 above which we assume the sam-
ple to be complete (see Fig. 1) and find that the size-
magnitude distribution is well described by a Schechter lumi-
nosity function and log-normal size distribution conditional
on magnitude in this region. These cuts remove roughly 1/3
of the available sources. This highlights the importance of
modelling the selection function allowing us to use the full
sample. For our current purposes we fit the joint distribu-
tion in the complete regime and later (in §4.6) impose an
approximate smooth selection function to study its impact.
We assume that the lensing e↵ect averages to zero over the
whole sky, so the joint size-magnitude distribution measured
over a su�ciently large patch of sky and large number of
sources will be close to the intrinsic size-magnitude distri-
bution. In practice, the observed distribution of sizes and
magnitudes will be the intrinsic distribution convolved with
the convergence distribution p(). Provided that hi = 0,
this convolution with p() will preserve the mean of the
distribution but will broaden it (and also impact higher mo-
ments). However, the e↵ect will be small since the width of
p() will be much smaller than either �� or �m, and can in
any case be corrected for. We ignore this e↵ect here.

Figure 1. Iso-probability contours for the 2D histogram of the
CHFTLenS galaxy sample prior to the hard magnitude and size
cuts at mi < 24 and � > �2.5 respectively, above which the sam-
ple is assumed to be complete and found to be well described by
a Schechter luminosity function and log-normal size distribution
(at fixed magnitude).

4.5 Parameter estimation

We fit the parametrized model described in §4.1 to the
data in each photo-z bin (and for each type) using MCMC
Metropolis-Hastings with wide uniform priors on all param-
eters. Multiple chains were run in each case and a Gelman-
Rubin test (Gelman & Rubin 1992) was performed to indi-
cate convergence (ensuring that the Gelman-Rubin statistic
R < 1.03 in every case).

Figs. 2 and 3 show the 2D histograms of size-magnitude
data and the respective fitted distributions (taking the ex-
pected marginal parameter values) for CFHTLenS galax-
ies for the late- and early-type samples respectively. Table
1 gives the expected marginal parameter values and their
standard deviations. The model gives a good description of
the data, but there is clearly room for improvement and we
highlight the development of more sophisticated models of
the size-magnitude distribution as important future work.
There is evidently some evolution of the model parameters
with redshift. In a more sophisticated set-up one could build
an extended model for the 3D size-magnitude-redshift dis-
tribution and fit the entire data-set over the full range of
redshift.

For comparison, we also compute the calibration pa-
rameters ↵�, ↵m ⌘� and ⌘m for the estimator developed
in §3.2 for each subset of the data as described above. The
responsivities are computed by estimating the derivative of
h�i and hmi with respect to  (at a fiducial value of  = 0).
We provide bootstrap errors on all calibration parameters
computed from 1000 bootstrap samples. These results are
summarised in Table 2.

4.6 Selection function

As mentioned previously, the hard size and magnitude cuts
imposed so far to ensure a complete sub-sample remove
⇠ 1/3 of the available sources. In practice we want to use all
sources with size and magnitude measurements, and must
consequently have a model for the selection function. For
illustrative purposes we impose an approximate smooth se-
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Magnitude-size distribution
Alsing et al. (2014)



Size-flux magnification
Schmidt et al. (2012)



Galaxy scaling relations
Huff et al. (2014)                             Hildebrandt et al. (in prep.)

Ellipticals Spirals

BUT: intrinsic size density correlations (Joachimi et al. 2015)



Measuring sizes and concentrations
Tewes et al. (2015 in prep.)



Summary
• RCSLenS takes cosmological weak lensing to the next 

stage. Public data release by the end of the year. 

• First GGL-like measurements are finished.  
Confirm GR (EG test) and introduce optimised observables. 

• Cosmic shear over ~1000deg2 as well as cross-
correlations between mass maps and other probes are 
coming soon. 

• Shear-based weak lensing will soon be complemented by 
size magnification (using scaling relations). 

• We’re using galaxies as sources. Need to know those 
extremely well!


