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Fig. 2. Illustration of the forward problem. The upper panels show how the original galaxy
image is sheared, blurred, pixelised and made noisy. The lower panels show the equivalent
process for (point-like) stars. We only have access to the right hand images.

Stars are far enough away from us to appear point-like. They therefore
provide noisy and pixelised images of the convolution kernel (lower panels of
Figure 2). The convolution kernel is typically of a similar size to the galaxies

Fig. 3. Illustration of the inverse problem. We begin on the right with a set of galaxy and
star images. The full inverse problem would be to derive both the shears and the intrinsic
galaxy shapes. However shear is the quantity of interest for cosmologists.

Shape measurements
Bridle et al. (2009)



lensfit
• forward-fitting of parametric galaxy models  

• priors from external data 

• PSF from star images 

• fit convolved galaxy models to multi-image data 

• all done on individual exposures



z phot=2.98 Flag=0

U=27.2 B=25.4 V=24.7 R=24.3 I=23.9



CFHTLenS survey statistics
• 154 deg2 imaging to i<24.7  

(7σ extended) 

• High resolution (FWHM~0.7”):  
17 gal. per sq. arcmin. 

• BPZ photo-z from ugriz data:  
σz=0.04(1+z) with 4% outliers 

• Deep imaging: zm=0.75 

• Robust to systematic errors:  
75% of the data used

Credit: CFHT



Erben et al. (2013)



Photometric redshifts
Hildebrandt et al. (2012)



Cosmic shear
Credit: LSST



2D cosmic shear
Kilbinger et al. (2013)



2D cosmic shear cosmological 
constraints
Kilbinger et al. (2013)



Cosmic shear tomography
Heymans et al. (2013)



Cosmological constraints from tomography
Heymans et al. (2013)
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Figure 12. Left: Marginalized posterior contours in the �8�⌦m plane (inner 68% CL, outer 95% CL) from the updated CFHTLenS cosmic shear tomography
measurements for the joint analysis of the systematic uncertainties, where the priors on the cosmological and systematic degrees of freedom are listed in
Tables 2 and 4, respectively. We include the ‘min’ case in purple, ‘mid’ case in blue, ‘max’ case in grey, and fiducial case in green. The fiducial case keeps the
HMCODE feedback amplitude logB fixed at the DM-only value of 0.496 and does not include any systematic uncertainties. We further include the Planck CMB
contour for comparison in red. Right: Same as the left panel, except now showing contours in ⌦m against �8⌦

0.5
m , orthogonal to the �8 � ⌦m degeneracy

direction.

3.5 Joint Account of Systematic Uncertainties

Within the ⇤CDM cosmology, we now consider the joint analy-
sis of systematic uncertainties coming from intrinsic alignments of
galaxies, nonlinear baryonic physics in the matter power spectrum,
and photometric redshift errors. To this end, we set up three distinct
cases for the priors on the new degrees of freedom, a minimum
(‘min’) case with informative priors, a maximum (‘max’) case with
conservative priors, and a middle (‘mid’) case with a combination
of informative and conservative priors. We list the priors for these
three cases in Table 4. Meanwhile, for the underlying cosmology,
we continue to impose the fiducial priors given in Table 2.

For the ‘min’ case, we assume an informative uniform prior on
the intrinsic alignment amplitude of �6 < A < 6, and exclude a
luminosity or redshift dependence of the intrinsic alignment signal.
We assume an informative uniform prior on the HMCODE ampli-
tude 0.3 < logB < 0.6, while the fiducial tomographic redshift
distributions are perturbed by the shifts given in Choi et al. 2015
(aside from the last two bins, as discussed in Section 3.4). For the
‘mid’ case, we keep the same settings as for the ‘min’ case, except
we now allow for a luminosity dependence via � = 1.13 ± 0.25,
and we increase the error bars on the C15 redshift shifts to |�zi| =
0.05. Lastly, for the ‘max’ case, we impose wide priors on all sys-
tematic degrees of freedom, such that �50 < {A, ⌘, �} < 50,
0 < logB < 2, and �0.1 < �zi < 0.1.

As described in Section 2.2, our measurements are evaluated
at 7 angular bins (for each of the 7 tomographic bins). However,
for the ‘max’ case, we consider removing the dependence on non-
linear scales in the matter power spectrum altogether. To this end,
we follow Ade et al. (2015b) and cut our data vector by remov-
ing ⇠� entirely and keeping ⇠+ for ✓ > 17 arcmins. In practice,
this implies we only keep our measurements of ⇠+ at 21.7 arcmins
and 43.0 arcmins (since we already remove the ⇠+ measurements
at 85.2 arcmins in the fiducial data vector), such that the downsized
data vector consists of 56 elements (from the fiducial vector of 280
elements, itself originally downsized from 392 elements).

In Fig 12, we show the marginalized posterior contours for
the three systematic cases along the �8 � ⌦m plane. For the ‘min’

case, which includes informative priors on the systematic uncer-
tainties, the main change to the contour comes from the freedom
in the intrinsic alignment amplitude. This is because the impact
of the baryonic and photometric redshift uncertainties is marginal
when imposing informative priors (as seen in Sections 3.3 and 3.4).
As expected from the left panel of Fig. 8, where only the intrin-
sic alignment amplitude is varied freely (in addition to the vanilla
cosmological parameters), the expanded ‘min’ contour primarily
shifts toward smaller values of the matter density, and away from
the Planck contour, as compared to the fiducial case with no sys-
tematic uncertainties included.

Proceeding from the ‘min’ case to the ‘mid’ case, the ex-
panded contour is shifted back to values of {�8,⌦m} that over-
lap with those of the fiducial scenario due to the additional degree
of freedom from the luminosity dependence. More specifically, the
parameter � is sufficiently large to decrease the intrinsic alignment
signal, consistent with the behavior seen for the informative case in
the right panel of Fig. 8. The contour for the ‘mid’ case is moreover
expanded in the �8 direction due to the photometric redshift uncer-
tainties, consistent with the behavior seen in Fig. 11. The combina-
tion of these two effects brings the ‘mid’ contour to agree with the
Planck contour to better than 95% CL.

In the ‘max’ case, a combination of conservative priors and
downsized data vector increases the size of the contour to such an
extent that it encloses all of the aforementioned contours, including
the Planck contour. It is clear that in this pessimistic scenario, the
CFHTLenS dataset is not sufficiently powerful to place meaningful
constraints in the �8 � ⌦m plane, although it does retain the anti-
correlated shape between �8 and the matter density. Thus, from the
marginalized posterior contours, it seems the introduction of key
systematic uncertainties from intrinsic alignments, baryons, and
photometric redshifts is able to alleviate the tension with Planck for
the more conservative ‘mid’ and ‘max’ cases. However, as pointed
out in e.g. Raveri (2015), there is a risk of biasing one’s conclu-
sions when assessing dataset concordance from marginalized pos-
terior contours. We therefore proceed to evaluate the three cases of
the joint analysis more quantitatively.

c� 2016 RAS, MNRAS 000, 000–000

Re-analysis after Planck
Joudaki et al. (2016)



Mass maps
van Waerbeke et al. (2013)



Cross-correlation to Planck tSZ
van Waerbeke et al. (2014)
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FIG. 3: The filled black circles show the cross-correlation ⇠y(r) between the gravitational lensing and the Sunyaev-Zeldovich
maps. The bottom x-axis indicates the y- pixels angular separation in arcminutes and the top x-axis corresponds to the
physical scale seen at the average redshift of the lenses. The filled red squares show the cross-correlation between SZ and the
lensing B-mode. Planck A and I in the left two panels correspond to SZ maps with the largest foreground contamination (see
Table I). The four panels on the right (Planck C, E, G, H) correspond to the most extreme foreground cleaning parameters that
we have considered (see Table I). In all panels, the solid thick black line corresponds to the predicted ⇠y(r) using WMAP7
cosmology and the source redshift distribution as shown in Figure 1, with an overall amplitude fit to the cases Planck B-H, as
described in the text.
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Figure 5.Galaxy-galaxy lensing signal around lenses which have been split into luminosity bins according to Table 1, modelled using the halo model described
in Section 3.2. The dark purple (light green) dots represent the measured differential surface density, ∆Σ, of the red (blue) lenses, and the solid line is the
best-fit halo model. Triangles represent negative points that are included unaltered in the model fitting procedure, but that have here been moved up to positive
values as a reference. The dotted error bars are the unaltered error bars belonging to the negative points. The squares represent distance bins containing no
objects. For a detailed decomposition into the halo model components, we refer to Appendix D.

sure the galaxy-galaxy lensing signal for each sample, with errors
obtained via bootstrapping 104 times over the full CFHTLenS area,
where the number of bootstraps ensure convergence of the mean.
We then fit the signal between 50h−1

70 kpc and 2h−1
70 Mpc with

our halo model using a χ2 analysis. Only the halo massM200 and
the satellite fraction α are left as free parameters while we keep
all other variables fixed. When fitting, we assume that the covari-
ance matrix of the lensing measurements is diagonal. Off-diagonal
elements are generally present due to cosmic variance and shape
noise, but Choi et al. (2012) find that for a lens sample at a redshift
range similar to that of our lenses the covariance matrix is diago-
nal up to ∼1 Mpc, which corresponds well to the largest scale we
include in our fits (this is also confirmed via visual inspection of
our matrices). Furthermore, Figure 7.2 from the PhD thesis of Jens
Rödiger3 shows that the off-diagonal elements are comparatively
small. Hence we do not expect that the off-diagonal elements in
the χ2 fit will have a significant impact on the best-fit parameters.
The results are shown in Figure 5 for all luminosity bins and for
each red and blue lens sample, with details of the fitted halo model
parameters quoted in Table 2. The halo masses in this table have
been corrected for various contamination effects as detailed in Sec-
tion 4.1 and Appendix B. Note that the number of blue lenses in the
two highest-luminosity bins, L7 and L8, is too low to adequately
constrain the halo mass. In the following sections, these two blue
bins have therefore been removed from the analysis of blue lenses.

As expected, the amplitude of the signal increases with lumi-

3 http://hss.ulb.uni-bonn.de/2009/1790/1790.htm

nosity for both red and blue samples indicating an increased halo
mass. In general, for identical luminosity selections blue galax-
ies have less massive haloes than red galaxies do. For the red
sample, lower luminosity bins display a slight bump at scales of
∼ 1h−1

70 Mpc. This is due to the satellite 1-halo term becoming
important and indicates that a significant fraction of the galaxies in
those bins are in fact satellite galaxies inside a larger halo. On the
other hand, brighter red galaxies are more likely to be located cen-
trally in a halo. The blue galaxy halo models also display a bump
for the lower luminosity bins, but this feature is at larger scales
than the satellite 1-halo term. The signal breakdown shown in Fig-
ure D2 (Appendix D) reveals that this bump is due to the central 2-
halo term arising from the contribution of nearby haloes. We note,
however, that in these low-luminosity blue bins, the model overes-
timates the signal at projected separations greater than∼2h−1

70 Mpc.
This could be an indicator that our description of the galaxy bias,
while accurate for red lenses, results in too high a bias for blue
lenses. Alternatively, the discrepancy may suggest that the regime
where the 1-halo term transitions into the 2-halo term is not ac-
curately described due to inherent limitations of the halo model,
such as non-linear galaxy biasing, halo exclusion representation
and inaccuracies in the non-linear matter power spectrum (see Sec-
tion 3.2). To optimally model the regime in question, the handling
of these factors should perhaps be dependent on galaxy type, but
that is not done here. The reason is that we do not currently have
enough data available to investigate this regime in detail. In the fu-
ture, however, it should be explored further.

CFHLenS galaxy-galaxy lensing
Velander et al. (2014)



CFHLenS galaxy-galaxy lensing
Velander et al. (2014)
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Figure 12. Comparison between four different datasets. The left (right) panels show the measured halo mass as a function of luminosity (stellar mass), and
the top (bottom) panels show the results for red/early-type (blue/late-type) galaxies. The datasets used are all based on galaxy-galaxy lensing analyses with
solid dots showing the CFHTLenS results from this paper. Also shown are halo masses measured using the RCS2 (open stars; VU11), the SDSS (open squares
Mandelbaum et al. 2006) and COSMOS (solid band; Leauthaud et al. 2012). In the case of COSMOS we use the results from their lowest redshift bin. Also
note that no distinction between red and blue lenses was made in the COSMOS analysis, so the same results are shown in both right panels.

caveats in mind, we observe that all studies find similar general
trends, with a halo mass that increases with increasing luminosity
and/or stellar mass. It is also clear that blue/late-type galaxies tend
to reside in haloes of lower mass than red/early-types do. The halo
mass estimates of blue galaxies presented in these studies are in
excellent agreement. For the red galaxies, our mass estimates are
consistent with those from VU11 and Mandelbaum et al. (2006)
except near Lr ∼ 1011 h−2

70 L⊙, where they are 2-3σ lower. How-
ever, as a function of stellar mass, our mass estimates of early-types
broadly agree with theirs. The halo masses of early-types also agree
with the results from Leauthaud et al. (2012) at stellar masses be-
low M∗ ∼ 1011 h−2

70 M⊙. At higher stellar masses, the mass esti-
mates are ∼2σ lower than those from Leauthaud et al. (2012), but
we note that this is also the case for the halo masses from VU11
and Mandelbaum et al. (2006). We will discuss this in more detail
below. In general, a consistent picture of the relation between the
baryonic properties of galaxies and their parent haloes is emerging
from the four independent studies.

Since our halo model is most closely related to that used by
VU11 (shown as open stars in Figures 12 and 13), a detailed com-
parison is more straight-forward compared to the other analyses. In
VU11, 1.7 × 104 lens galaxies were studied using the overlap be-
tween the SDSS and the RCS2. The combination of the two surveys
allowed for accurate baryonic property estimates using the spec-
troscopic information from the SDSS, and a high source number
density of 6.3 arcmin−2 owing to the greater depth and better ob-
serving conditions of the RCS2 compared to the SDSS. Because
we use photometric redshifts for our analysis our lens sample is

more than sixty times that of VU11, reflecting the small fraction
of galaxies that have spectroscopic redshifts determined by SDSS.
The even greater depth of the CFHTLenS compared to the RCS2
means that our source density is a factor of 1.7 higher. Furthermore,
in contrast to VU11 we have individual redshift estimates available
for all our sources. The increased number density and redshift res-
olution in our analysis results in significantly tighter constraints on
the relations between halo mass and luminosity, and between halo
mass and stellar mass.

As evidenced by Figure 12, our halo masses agree well with
those found by VU11 in general, though our halo mass relations
are shallower; for red lenses we measure a power law slope for the
relation between halo mass and luminosity of 1.32 ± 0.06, and be-
tween halo mass and stellar mass of 1.36+0.06

−0.07 , while VU11 find
slopes4 of 2.2± 0.1, and 1.8 ± 0.1, respectively, using the same
power law definitions. The general trend with stellar mass of a de-
creasing baryon conversion efficiency for red lenses was observed
by VU11 as well, but they were unable to discern a trend in their
late-type sample. There are some differences between the anal-
yses which should be noted, however. As mentioned above, we
divide our lens sample in a red and blue one based on the SED

4 The RCS2 halo masses shown in Figures 12 and 13, and the power law
slopes quoted in the text have been updated since the publication of VU11
to account for an issue with the halo modelling software. The issue was dis-
covered and resolved during the preparation of this paper. We note that the
change to the RCS2 results is within their reported observational uncertain-
ties.



GGL+clustering+SMF
Coupon et al. (2015)
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Figure 6. Measured stellar mass function and best-fit model in
the range 0.5 < z < 1. The statistical errors from the jack-
knife estimate are shown as black thick lines, whereas the to-
tal (statistical plus systematic) error bars as dotted lines. The
COSMOS (Ilbert et al. 2013) and VIPERS (Davidzon et al. 2013)
mass functions are displayed with their respective statistical er-
rors as shaded areas.

ing best-fit model are shown as thick black lines, whereas
total (statistical plus systematic) errors and corresponding
best-fit model are represented in dotted lines. We compare
our measurements with the COSMOS mass function eval-
uated in the ranges 0.5 < z < 0.8 and 0.8 < z < 1.1 by
Ilbert et al. (2013), and the VIPERS stellar mass function
(Davidzon et al. 2013), measured in the range 0.5 < z < 1
(I. Davidzon, private communication).

The clustering measurements and best-fit models are
shown in Fig. 7. The projected two-point correlation func-
tions w(θ) are displayed in the top panels. The mass
ranges are given in each top-right panel corner in units of
log(M⋆/M⊙). Similarly, the real-space two-point correlation
functions w(rp) are displayed in the bottom panels.

The galaxy-galaxy lensing measurements and best-fit
models are shown in Fig. 8. The most massive lensing bin
features a few data points lower than the model around the
transition between the central and the satellites term.

For all observables, we report good agreement between
the data and the model. The constraints on the shape of the
central M⋆ − Mh relationship (parameterised by log10 M1,
log10 Mstar0, β, γ and δ), are mostly driven by the high
signal-to-noise stellar mass function measurements. Satellite
HOD parameters (Bsat, βsat and α) are mainly constrained
by the clustering and lensing measurements. The amplitude
of clustering at small scale is directly proportional to the rel-
ative number of satellites, hence giving strong leverage on
the satellite galaxy HOD. Additional information is given
on scales r ∼ 0.1 Mpc from lensing, through the satellite
lensing signal. The dispersion in M⋆ at fixed Mh, parame-
terised in amplitude by σlogM⋆,0 and in power-law slope by

λ, is mainly constrained by the high-mass end of the stellar
mass function and the amplitude of the galaxy-galaxy lens-
ing signal in the most massive bins, resulting in a high-mass
(M⋆ ∼ 1011M⊙) scatter of approximately σlogM⋆

≃ 0.2 in
both the jackknife and total error cases, and a medium mass
(M⋆ ∼ 1010M⊙) scatter of σlogM⋆

≃ 0.35.
Because the stellar mass function is most affected by

the inclusion of systematics in the error budget, we note a
significant increase in uncertainties associated with the pa-
rameters driving the central M⋆ − Mh relationship. From
Table 4, we report an increase from a factor ∼ 3 in the er-
ror in γ, up to a factor ∼ 6 in the error in log10 M1. HOD
parameters describing the satellite occupation function such
as Bsat, β or α show substantially less sensitivity to the ad-
dition of systematic errors in the error budget (a maximum
of factor ∼ 2 increase is found). This is explained by the
relatively smaller contribution of systematic versus statisti-
cal errors affecting the clustering and lensing measurements,
compared to the stellar mass function.

The occasional large differences between best-fit param-
eters from statistical alone and total errors, seen in Table 4,
do not lead to significantly different derived quantities, ow-
ing to the strong correlations between parameters. This is
confirmed by the almost indistinguishable dotted lines and
thick lines in Figs 6–8, and is most probably a consequence
of having symmetrically added the systematic errors to the
statistical errors.

5.2 Central M⋆ −Mh relationship and the SHMR

In Fig. 9 we show the best-fit central galaxy M⋆ − Mh re-
lationship (left panel) as parameterised by Eq. (8), and the
stellar-to-halo mass ratio (SHMR, right panel). The SHMR
is shown as function of host halo mass and is derived for the
central galaxy in dark grey (from theM⋆−Mh relationship),
the satellites in light grey (integrated over the galaxies above
a mass threshold of M⋆ > 1010M⊙), and the total in black.

The shaded areas represent the 68% confidence limits,
and in the bottom left panel we have shown the results ob-
tained with statistical errors in light blue and with total
errors in black. As for the stellar mass function, the statisti-
cal uncertainties grow by a factor ∼ 2− 4 in the lower mass
regime, when incorporating systematics.

The central SHMR peak position is indicated by a black
arrow located at Mh,peak = 1.92+0.17

−0.14×1012M⊙. The SHMR
peak value is SHMRpeak = 2.2+0.2

−0.2 × 10−2. When account-
ing for satellites, the peak position and value do not sig-
nificantly differ from the estimates for centrals only. How-
ever, a remarkable result highlighted in this figure is the
increasing contribution of stellar mass enclosed in satellites
as function of halo mass. When reaching cluster-size halos,
this contribution reaches over 90% (and presumably higher
when accounting for satellite galaxies with masses lower
than 1010M⊙). However we stress that we do not take into
account the intra-cluster light (ICL), which is challenging to
quantify using ground-based photometric data.

5.3 Comparison with the literature

In Figs 10 and 11 we compare our best-fit M⋆−Mh relation-
ship for central galaxies with a number of results from the

c⃝ 2014 RAS, MNRAS 000, 1–31
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Figure 7. Galaxy clustering measurements (data points with error bars) and best-fit models (thick lines). The top panels show the
projected w(θ) from the photometric sample (the measurements are corrected for the integral constraint), and the bottom panels show
the spectroscopic real-space wp(rp). The thick error bars associated with thick lines represent the statistical errors and subsequent best-fit
models, whereas dotted lines are for total errors. The mass ranges in the top right corner of each panel are given in log(M⋆/M⊙).

literature. As described in Section 4, our relation describes
the mean stellar mass at fixed halo mass which is, due to the
scatter in stellar mass, not equivalent to the mean halo mass
at fixed stellar mass. This issue becomes particularly impor-
tant when the slope of the stellar or halo mass distribution
is steep (i.e. at high mass). Therefore, we have re-computed
our results using the latter definition and we consistently
compare our results with the literature in each case.

When required, we convert halo masses to our virial
definition using the recipe given by Hu & Kravtsov (2003)
in their Appendix C and, following Ilbert et al. (2010), we
divide stellar masses by a factor 1.74 and 1.23 to convert
from Salpeter (1955) and “Diet” Salpeter IMFs, respectively,
to our Chabrier IMF stellar masses. We apply no correction
to Kroupa (2001) IMF stellar masses.

The mean redshift, measured from the sum of the pho-
tometric redshift PDFs, is found to be ⟨z⟩ = 0.82 for our

measurements in the range 0.5 < z < 1.0 (M⋆ > 1010.40M⊙)
and ⟨z⟩ = 0.65 in the range 0.5 < z < 0.7 (1010 <
M⋆/M⊙ < 1010.40). We point out that the lensing signal is
more sensitive to lower-redshift lens galaxies characterised
by a higher signal-to-noise (due to the more numerous back-
ground sources), and is likely to be more representative of
a lower redshift population, but this effect is assumed to be
small compared to the lensing statistical errors.

5.3.1 ⟨M⋆|Mh⟩ results

We first compare the results for ⟨M⋆|Mh⟩ in Fig. 10. The
black shaded area shows our results for the central galaxy
relationship with 68% confidence limits from the total errors.
The total errors consist of the statistical uncertainties from
jackknife resampling in addition to three sources of system-
atic effects from the measurements: the cosmology chosen

c⃝ 2014 RAS, MNRAS 000, 1–31
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Figure 8. Galaxy-galaxy lensing signal measurements (data points with error bars) and best-fit models (thick lines). As in Fig. 7, thick
and dotted lines are for statistical and total error results, respectively. The mass ranges in the top right corner of each panel are given
in log(M⋆/M⊙).

Figure 9. Best-fit M⋆ − Mh relationship (left) and stellar-to-halo-mass ratio (SHMR, right). The black shaded areas represent the
confidence limits from the total errors. The bottom left panel shows the confidence limits interval as a function of halo mass in the case
of statistical errors (from jackknife resampling in light blue) and total errors (in black). The SHMR is derived as function of host halo
mass for the central galaxy (dark grey), the satellites (light grey) and the sum of both (black). The peak value of the central SHMR is
indicated by the black arrow.

c⃝ 2014 RAS, MNRAS 000, 1–31
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Figure 11. The best-fit M⋆ − Mh relationship for central galaxies, shown in the black shaded area (total-error based 68% confidence
limits), compared with a number of results from the literature at similar redshifts. Unlike in Fig. 10, the results shown here represent
the mean halo mass at fixed stellar mass ⟨Mh|M⋆⟩. We perform appropriate halo mass conversions and IMF stellar mass corrections
when required. The relatively low halo masses found by Hudson et al. (2015) is linked to a different treatment of the satellite sub-halo
contribution to the lensing signal at small scale (see text for details).

P (Mh) =
dn
dMh

, (20)

the halo mass function.
We show the results of Foucaud et al. (2010) at z ∼ 1

from clustering measurements in the UKIDSS-UDS field as
the blue squares with error bars. The UKIDSS-UDS field
is a small patch of ∼ 1 deg2 with deep NIR and optical
data. They have converted their clustering amplitude mea-
sured in bins of stellar mass into halo masses, using the ana-
lytical galaxy-bias halo-mass relationship from Mo & White
(1996). As they do not use any constraints from galaxy num-
ber density, their error bars are dominated by sample vari-
ance and uncertainties on the projected galaxy clustering.

Green upward triangles represent the results by
Conroy et al. (2007). Halo masses were derived from satel-
lite kinematics using spectroscopic measurements from the
DEEP2 survey. Since the authors have selected their samples
based on bins of stellar masses, we can compare their results
with our ⟨Mh|M⋆⟩ M⋆ −Mh relationship. The agreement is
found to be good.

Results from clustering measurements in the CFHTLS-
DEEP/WIRDS fields by Bielby et al. (2014) are displayed
by the brown bow-ties with error bars. We select all mass bin
results in the range 0.5 < z < 1. Although the total field-of-
view is small (∼ 2.4 deg2), the combination of four indepen-

dent fields allowed them to reduce the cosmic variance. As in
Foucaud et al., they used an analytical prescription based on
the large-scale clustering amplitude to estimate halo masses
per bin of stellar mass, so that their results should be com-
pared to our ⟨Mh|M⋆⟩ results. The two points well above
the other results correspond to the measurements at z ∼ 0.7
and seem to disagree with our constraints and the rest of
the literature. The authors claim to have observed an un-
usually high clustering signal at those redshifts, potentially
explained by cosmic variance effects.

Results by Heymans et al. (2006) in the COMBO-
17/GEMS field are shown as the downward light-blue tri-
angle with error bars. Here we have picked their unique
measurement at z > 0.5. Halo masses were measured us-
ing weak lensing with galaxy shapes from the Hubble Space
Telescope observations.

We show as red diamonds the results for z ∼ 0.5 red
galaxies by van Uitert et al. (2011) in the Red Sequence
Cluster Survey 2, a medium-deep CFHT-MegaCam survey
in three bands (gri) which overlaps 300 deg2 of the SDSS.
The authors have measured the galaxy-galaxy lensing signal
for SDSS lens galaxies with a spectroscopic redshift using
background source galaxies from the RCS2 survey. Here the
large area permits a high signal-to-noise measurement for
very massive galaxies from lensing only. Their results are
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CFHTLenS papers
• 20 publications so far: 

1.  Hildebrandt et al. (2012); photo-z 
2.  Heymans et al. (2012); survey description, systematic tests 
3.  Simpson et al. (2013); testing modified gravity 
4.  Miller et al. (2013); shape measurements 
5.  Kilbinger et al. (2013); 2D cosmic shear 
6.  Simon et al. (2013); galaxy-galaxy-galaxy lensing 
7.  Gillis et al. (2013); group lensing, environmental dependence  
8.  Benjamin et al. (2013); 2-bin tomography, photo-z cross-correlation tests 
9.  Heymans et al. (2013); 6-bin cosmic shear tomography 
10. Erben et al. (2013); data release description 
11. van Waerbeke et al. (2013); mass maps 
12. Kitching et al. (2014); 3D cosmic shear 
13. Velander et al. (2014); galaxy-galaxy lensing, dependence on luminosity and stellar mass 
14. Hudson et al. (2015); galaxy-galaxy lensing, redshift evolution 
15. Fu et al. (2015; cosmic shear with 2-point and 3-point statistics 
16. Schrabback et al. (2015); dark matter halo shapes 
17. Simon et al. (2015); third order cosmic shear statistics 
18. Coupon et al. (2015); galaxy-halo connection from lensing, clustering, and abundances 
19. Kettula et al. (2015); lensing calibrated scaling relations of low-mass clusters 
20. Ford et al. (2015); weak lensing masses of 3DMF clusters 

• ~1400 citations.



CFHTLenS data release
• All data publicly released on November 1st, 2012:  

www.cfhtlens.org and CADC 

• Images, catalogues, masks, random catalogues, cosmological 
data vectors, covariance matrices, redshift distributions. 

• Download statistics since 2012/11: 

• 1.5 million hits 

• 12 TB download volume 

• 5000 IP addresses 

• More than 100 papers mentioning CFHTLenS in their abstracts.

http://www.cfhtlens.org


• 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

RCS

Credit: CFHT
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Figure 11. Weak lensing mass reconstructions of the 14 RCSLenS patches. Shown are signal-to-noise maps of the E-mode component of the shear field

smoothed on a scale of ∼16′. The SNR scale of −4 < SNR < 4 roughly corresponds to −2.5% < κ < 2.5% depending slightly on position and patch. The

total reconstructed area is 571.7 deg2
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RCSLenS x CMB-lensing
Harnois-Déraps et al. (2016)

CFHTLenS and RCSLenS × Planck Lensing 9
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Figure 5. Configuration-space cross-correlation between the Planck 2015 and RCSLenS lensing data, plotted against WMAP9 predictions described by equations 7
and 8. The error bars are computed from 100 CMB lensing simulations, which confirm that the points are highly correlated. The Planck CMB maps have been Wiener
filtered to reduce the noise levels. Black squares show Planck cross E-modes, red circles show Planck cross B-modes, as in Fig. 4.

4.2.2 The estimators

The configuration-space κCMB × κgal estimator of the two-point correla-
tion function is computed as follows:

ξκCMBκgal (ϑ) =
∑
i j κ

i
CMBκ

j
gal∆i j(ϑ)∑

i j ∆i j(ϑ)
. (16)

The sum runs over all pixels i at positions θi on the κCMB map and pix-
els j on the corresponding κgal map. The term ∆i j controls the binning,
which is organized in 6 broad bins of width ∆ = 30 arcmin each (we use
4 bins for CFHTLenS given the higher noise levels) with:

∆i j(ϑ) =

⎧⎪⎪⎨
⎪⎪⎩
1, if
∣∣∣θi − θ j

∣∣∣ < ϑ ± ∆2
0, otherwise

(17)

The sum is performed with a k-d tree algorithm to speed up the com-
putation by only checking pairs that are not separated more than the
largest bin.

The second configuration-space estimator that we use is this paper
is a generalization of the galaxy-galaxy lensing estimator, which is typi-
cally extracted by stacking the tangential shear signal from background
galaxies around a discrete set of foreground objects, usually foreground
galaxies. For the κCMB ×γt estimator, we perform a similar stacking, but
this time we stack on all pixel positions instead of foreground galaxies,
and weight the sum by the pixel values. The κCMB×γt estimator is given
by:

ξκCMBγt (ϑ) =
∑
i j κ

i
CMBe

i j
t w j∆i j(ϑ)∑

i j w j∆i j(ϑ)
1

1 + K(ϑ)
(18)

where ∆i j(ϑ) is the binning operator described by equation 17. In this
case, the sum runs over all pixel i in the κCMB map, and all galaxies j in
the CFHTLenS or RCSLenS survey. Here ei jt is the tangential compo-
nent of the ellipticity of a galaxy j (at position θ j) with respect to the
pixel i in κCMB (at position θi). The B-mode signal is extracted by re-
placing ei jt by the cross-shear e

i j
x in the above expression. For technical

details about the definition of the ellipticity components et and ex, see
for example Viola et al. (2015). The quality of the shape measurement
is determined by the lensfit weight (Miller et al. 2013) and is denoted
by wj. The trailing factor (1 + K(ϑ))−1 accounts for the multiplicative

bias correction:

1
1 + K(ϑ)

=

∑
i j w j∆i j(ϑ)∑

i j w j(1 + mj)∆i j(ϑ)
. (19)

It is straightforward to extend this estimator to other types of cross-
correlation measurements, simply by replacing κCMB by another map
(for an application on tSZ ×γt, see Hojjati et al. in prep.).

We present in Fig. 5 the results from these two measurements on
the RCSLenS fields, against theoretical predictions from the WMAP9
cosmology. The data and predictions are in good agreement for both
the ξκCMBκgal and ξκCMBγt measurements. The later prefers slightly higher
values than WMAP9, but this preference is weak, especially when con-
sidering the fact that points here are highly correlated.

4.3 Covariance Estimation

We describe in this section our strategy to construct an accurate covari-
ance matrix, which, for our Fourier analysis, largely follows the meth-
ods of H15, LH15 and K15.

4.3.1 Fourier-space covariance

The uncertainty about the measurement ĈκCMBκgal
ℓ

is evaluated from the
expression:

Ĉov
κCMBκgal
ℓℓ′ = ⟨∆ĈκCMBκgal

ℓ
∆ĈκCMBκgal
ℓ′ ⟩, (20)

where again the ‘hat’ symbols refer to ‘observed’ quantities. Know-
ing that the noise NCMB is much larger than the signal κCMB (see
Planck Collaboration et al. 2015b, and Fig. 2), we can write:

Ĉov
κCMBκgal
ℓℓ′ ≃ ⟨∆ĈNCMBκgal

ℓ
∆ĈNCMBκgal
ℓ′ ⟩. (21)

From this, it follows that the complete covariance can be captured by
cross-correlating the observed κgal maps with CMB lensing noise maps,
or alternatively with CMB lensing simulations, from which only the
noise component will be measured. For this purpose, we use the 100
simulations provided by the Planck release. The covariance extracted
from these 100 cross-correlation measurements serves as our estimation
of the error about ĈκCMBκgal

ℓ
.

Note that the map masking and smoothing is already included this
estimate (and in equation 21), therefore the error extracted this way is
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Summary
• CFHTLenS is still the state-of-the-art lensing survey. 

• Papers on cosmic shear, GGL, clusters, etc. 

• Public data release at CADC; see also 
www.cfhtlens.org 

• Team members now mostly working on RCSLenS 
and KiDS.

http://www.cfhtlens.org


• 1500 sq. deg. survey 
• VLT Survey Telescope (VST) 
• four bands: ugri 
• superb image quality 
• same footprint as VIKING 
• overlap with 2dF, GAMA, 

SDSS

KiDS: 



• Survey paper: Kuijken et al. (2015) 
• Early science on GAMA 
• Group lensing (Viola et al. 2015) 
• GGL (van Uitert et al. 2016) 
• Satellite lensing (Sifon et al. 2015) 
• More to come very soon  

(450 sq. deg.)

KiDS science: 


