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Fig. 4.Decomposition of the shear field into E- and B-modes using the shear correlation function ξE/B (left), aperturemass dispersion
⟨M2

ap/⊥⟩ (middle), and ring statistics ⟨RR⟩E/B (right). Error-bars have been computed from 300 bootstrap resamples of the shear
catalogue, accounting for shape and shot noise, but not for sampling variance. The solid curves indicate model predictions for
σ8 = (0.7, 0.8). In all cases the B-mode is consistent with zero, confirming the success of our correction for instrumental effects.
For ξE/B the E/B-mode decomposition is model-dependent, where we have assumed σ8 = 0.8 for the points, while the dashed
curves have been computed for σ8 = (0.7, 0.9). The dotted curves indicate the signal if the residual ellipticity correction discussed
in App. B.6 is not applied, yielding nearly unchanged results. Note that the correlation between points is strongest for ξE/B and
weakest for ⟨RR⟩E/B .

or ⟨M2
⊥⟩(θ < 2′) = (4.0 ± 4.7) × 10−6 if only small scales are in-

cluded, consistent with no B-modes.
The cleanest E/B-mode decomposition is given by the ring

statistics (Schneider & Kilbinger 2007; Eifler et al. 2009b; see
also Fu & Kilbinger 2010), which can be computed from the
correlation function using a finite interval with non-zero lower
integration limit

⟨RR⟩E/B(Ψ) =
1
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#

, (11)

with functions Z± given in Schneider & Kilbinger (2007). We
compute ⟨RR⟩E/B using a scale-dependent integration limit η as
outlined in Eifler et al. (2009b). As can be seen from the right
panel of Fig. 4, also ⟨RR⟩B is consistent with no B-mode signal.

The non-detection of significant B-modes in our shear cat-
alogue is an important confirmation for our correction schemes
for instrumental effects and suggests that the measured signal is
truly of cosmological origin.

As a final test for shear-related systematics we compute the
correlation between corrected galaxy shear estimates γ and un-
corrected stellar ellipticities e∗

ξ
sys
tt/××(θ) =

⟨γt/×e∗t/×⟩|⟨γt/×e
∗
t/×⟩|

⟨e∗t/×e
∗
t/×⟩

, (12)

which we normalize using the stellar auto-correlation as sug-
gested by Bacon et al. (2003). As detailed in App. B.6, we em-
ploy a somewhat ad hoc residual correction for a very weak
remaining instrumental signal. We find that ξsys is indeed only
consistent with zero if this correction is applied (Fig. 5), yet
even without correction, ξsys is negligible compared to the ex-
pected cosmological signal. The negligible impact can also be
seen from the two-point statistics in Fig. 4, where the points are
computed including residual correction, while the dotted lines
indicate the measurement without it. We suspect that this resid-
ual instrumental signature could either be caused by the limited
capability of KSB+ to fully correct for a complex space-based
PSF, or a residual PSF modelling uncertainty due to the low

Fig. 5. Cross-correlation between galaxy shear estimates and un-
corrected stellar ellipticities as defined in (12). The signal is con-
sistent with zero if the residual ellipticity correction discussed in
App. B.6 is applied (circles). Even without this correction (trian-
gles) it is at a level negligible compared to the expected cosmo-
logical signal (dotted curves), except for the largest scales, where
the error-budget is anyway dominated by sampling variance.

number of stars per ACS field. In any case we have verified that
this residual correction has a negligible impact on the cosmolog-
ical parameter estimation in Sect. 6, changing our constraints on
σ8 at the 2% level, well within the statistical uncertainty.
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Fig. 12. Constraints onΩm, ΩΛ, and σ8 from our 3D weak lensing analysis of COSMOS for a general (non-flat)ΛCDM cosmology
using our default priors. The contours indicate the 68.3% and 95.4% credibility regions, where we have marginalized over the
parameters which are not shown. The non-linear blue-scale indicates the highest density region of the posterior.

where our prior excludes negative densities ΩΛ < 0. Based on
our Ωm −ΩΛ constraints, we compute the posterior PDF for the
deceleration parameter

q0 = −äa/ȧ2 = Ωm/2 − ΩΛ (22)

as shown in Fig. 13, which yields

q0 < 0 (96.0% conf.).

Relaxing our priors to h = 0.72 ± 0.08 (HST Key Project,
Freedman et al. 2001), Ωbh2 = 0.021 ± 0.001 (Big-Bang nucle-
osynthesis, Iocco et al. 2009), and ns ∈ [0.7, 1.2], weakens this
constraint only slightly to

q0 < 0 (94.3% conf., weak priors).

Employing the recent distance ladder estimate
h = 0.742 ± 0.036 (Riess et al. 2009) instead of the HST
Key Project constraint, we obtain q0 < 0 at 94.8% confidence.

Our analysis provides evidence for the accelerated expansion
of the Universe (q0 < 0) from weak gravitational lensing. While
the statistical accuracy is still relatively weak due to the limited
size of the COSMOS field, this evidence is independent of ex-
ternal constraints on Ωm and ΩΛ.

We note that the lensing data alone cannot formally exclude
a non-flat OCDM cosmology. However, the cosmological pa-
rameters inferred for such a model would be inconsistent with
various other cosmological probes10. We therefore perform our
analysis in the context of the well-established ΛCDM model,
where the lensing data provide additional evidence for cosmic
acceleration.

6.3.3. Flat wCDM cosmology

For a flat wCDM cosmology we plot our constraints on the (con-
stant) dark energy equation of state parameterw in Fig. 14, show-
10 For a lensing-only OCDM analysis the posterior peaks at
Ωm ≃ 0.1, σ8 ≃ 1.4 (close to the prior boundaries). In the comparison
with a ΛCDM analysis, the additional parameter ΩΛ causes a penalty
in the Bayesian model comparison (computed as in Kilbinger et al.
2009b). This leads to an only slightly larger evidence for the non-flat
ΛCDMmodel compared to the OCDMmodel, with an inconclusive ev-
idence ratio of 65:35. The evidence ratio becomes a “weak preference”
(77:23) if we employ a (still conservative) prior σ8 < 1. Hence, with
this prior the ΛCDM model makes the data more than 3 times more
probable than the OCDM model.
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Fig. 13. Posterior PDF for the deceleration parameter q0 as com-
puted from our constraints onΩm andΩΛ for a general (non-flat)
ΛCDM cosmology, using our default priors (solid curve), and
using weaker priors from the HST Key Project and Big-Bang nu-
cleosynthesis (dashed curve). The line at q0 = 0 separates accel-
erating (q0 < 0) and decelerating (q0 > 0) cosmologies. We find
q0 < 0 at 96.0% confidence using our default priors, or 94.3%
confidence for the weaker priors.

ing that the measurement is consistent with ΛCDM (w = −1).
From the posterior PDF we compute

w < −0.41 (90% conf.)

for the chosen prior w ∈ [−2, 0]. The exact value of this upper
limit depends on the lower bound of the prior PDF given the non-
closed credibility regions. We have chosen this prior as more
negativew would require a worrisome extrapolation for the non-
linear power spectrum corrections (Sect. 6.2). For comparison,
we repeat the analysis with a much wider prior w ∈ [−3.5, 0.5]
leading to a stronger upper limit w < −0.78 (90% conf.). While
the COSMOS data are capable to exclude very large values
w≫ −1, larger lensing data-sets will be required to obtain re-
ally competitive constraints on w.

To test the consistency of the data with ΛCDM, we com-
pare the Bayesian evidence for the flat ΛCDM and wCDM
models, which we compute in the PMC analysis as detailed
in Kilbinger et al. (2009b). Here we find completely inconclu-

Schrabback et al.  2010
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Fig. 18. Samples in the �8–⌦m plane from the H13 CFHTLenS
data (with angular cuts as discussed in the text), coloured by the
value of the Hubble parameter, compared to the joint constraints
when the lensing data are combined with BAO (blue), and BAO
with the CMB acoustic scale parameter fixed to ✓MC = 1.0408
(green). For comparison the Planck TT+lowP constraint con-
tours are shown in black. The grey band show the constraint from
Planck CMB lensing.

authors argue may be indications of the e↵ects of baryonic feed-
back in suppressing the matter power spectrum at small scales).
The large-scale properties of CFHTLenS therefore seem broadly
consistent with Planck and it is only as CFHTLenS probes
higher wavenumbers, particular in the 2D and tomographic cor-
relation function analyses (Heymans et al. 2013; Kilbinger et al.
2013; Fu et al. 2014; MacCrann et al. 2014), that apparently
strong discrepancies with Planck appear.

The situation is summarized in Fig. 18. The sample points
show parameter values in the �8–⌦m plane for the ⇤CDM base
model, computed from the Heymans et al. (2013, hereafter H13)
tomographic measurements of ⇠±. These data consist of correla-
tion function measurements in six photometric redshift bins ex-
tending over the redshift range 0.2–1.3. We use the blue galaxy
sample, since H13 find that this sample shows no evidence for
intrinsic galaxy alignments (simplifying the comparison with
theory) and we apply the “conservative” cuts of H13, intended
to reduce sensitivity to the nonlinear part of the power spec-
trum; these cuts eliminate measurements with ✓ < 30 for any
redshift combinations involving the lowest two redshift bins.
Here we have used the halofit prescription of Takahashi et al.
(2012) to model the nonlinear power spectrum, but do not in-
clude any model of baryon feedback or intrinsic alignments.
For the lensing-only constraint we also impose additional pri-
ors in a similar way to the CMB lensing analysis described
in Planck Collaboration XV (2015), i.e., Gaussian priors⌦bh2 =
0.0223 ± 0.0009 and ns = 0.96 ± 0.02, where the exact values
(chosen to span reasonable ranges given CMB data) have little
impact on the results. The sample range shown also restricts the
Hubble parameter to 0.2 < h < 1; note that when comparing
with constraint contours, the location of the contours can change
significantly depending on the H0 prior range assumed. Here we
only show lensing contours after the samples have been pro-
jected into the space allowed by the BAO data (blue contours),
or also additionally restricting to the reduced space where ✓MC

is fixed to the Planck value, which is accurately measured. The
black contours show the constraints from Planck TT+lowP.

The lensing samples just overlap with Planck, and super-
ficially one might conclude that the two data sets are con-
sistent. But the weak lensing constraints approximately define
a 1-dimensional degeneracy in the 3-dimensional ⌦m–�8–H0
space, so consistency of the Hubble parameter at each point in
the projected space must also be considered (see appendix E1
of Planck Collaboration XV 2015). Comparing the contours in
Fig. 18 (the regions where the weak lensing constraints are con-
sistent with BAO observations) the CFHTLenS data favour a
lower value of �8 than the Planck data (and much of the area
of the blue contours also has higher ⌦m). However, even with
the conservative angular cuts applied by H13, the weak lens-
ing constraints depend on the nonlinear model of the power
spectrum and on the possible influence of baryonic feedback
in reshaping the matter power spectrum at small spatial scales
(Harnois-Déraps et al. 2014; MacCrann et al. 2014). The impor-
tance of these e↵ects can be reduced by imposing even more
conservative angular cuts on ⇠±, but of course, this weakens the
statistical power of the weak lensing data. The CFHTLenS data
are not used in combination with Planck in this paper (apart
from Sects. 6.3 and 6.4.4) and, in any case, would have little
impact on most of the extended ⇤CDM constraints discussed
in Sect. 6. Weak lensing can, however, provide important con-
straints on dark energy and modified gravity. The CFHTLenS
data are therefore used in combination with Planck in the com-
panion paper (Planck Collaboration XIV 2015) which explores
several halofit prescriptions and the impact of applying more
conservative angular cuts to the H13 measurements.

5.5.3. Planck cluster counts

In 2013 we noted a possible tension between our primary CMB
constraints and those from the Planck SZ cluster counts, with the
clusters preferring lower values of �8 in the base ⇤CDM model
in some analyses (Planck Collaboration XX 2014). The compar-
ison is interesting because the cluster counts directly measure �8
at low redshift; any tension could signal the need for extensions
of the base model, such as non-minimal neutrino mass (though
see Sect. 6.4). However, limited knowledge of the scaling rela-
tion between SZ signal and mass have hampered the interpreta-
tion of this result.

With the full mission data we have created a larger cata-
logue of SZ clusters with a more accurate characterization of
its completeness (Planck Collaboration XXIV 2015). By fitting
the counts in redshift and signal-to-noise, we are able to si-
multaneously constrain the slope of the SZ signal-mass scal-
ing relation and the cosmological parameters. A major uncer-
tainty, however, remains the overall mass calibration, which
in Planck Collaboration XX (2014) we quantified with a bias
parameter, (1 � b), with a fiducial value of 0.8 and a range
0.7 < (1 � b) < 1. In the base ⇤CDM model, the primary
CMB constraints prefer a normalization below the lower end
of this range, (1 � b) ⇡ 0.6. The recent, empirical normaliza-
tion of the relation by the Weighing the Giants lensing program
(WtG; von der Linden et al. 2014) gives 0.69 ± 0.07 for the 22
clusters in common with the Planck cluster sample. This cali-
bration reduces the tension with the primary CMB constraints in
base ⇤CDM. In contrast, correlating the entire Planck 2015 SZ
cosmology sample with Planck CMB lensing gives 1/(1 � b) =
1±0.2 (Planck Collaboration XXIV 2015), toward the upper end
of the range adopted in Planck Collaboration XX (2014) (though
with a large uncertainty). An alternative lensing calibration by
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DES SV Results
DES SV: first 170 deg2, grizy, mag<24, zm~0.7, seeing~0.9’’

Jarvis et al. 2015 
Bonnet et al. 2015 
Becker et al. 2015 
DES Collab 2015
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Figure A2. Spherical harmonic shear power spectrum estimated
using PolSpice. The left and right panels correspond to the ng-

mix and im3shape catalogs, respectively. The top and bottom
panels show the E- and B-modes, respectively. The measurement
uncertainties are estimated using the mock catalogs. The black
solid lines show the predictions for the flat, ⇤CDM model given
above. Note that the theoretical prediction has been convolved
with the PolSpice kernels, which relate the true to measured
power spectra. The S/N values for the E-modes are computed as
outlined in Section 4.1 and the �2 values for the B-modes indi-
cate consistency with zero. The reported values take into account
correlations between the band-powers.

tion range introduce kernels which relate the power spectra
measured by PolSpice to the underlying true power spec-
tra. These kernels can be computed for a given apodization
scheme and integration range and can therefore be corrected
for when comparing measurement to theory (for details see
Chon et al. 2004). For our analysis, we pixelise the galaxy
ellipticities onto a HEALPix pixelisation of the sphere with
a resolution of Nside=1024, where each pixel covers a solid
angle of 11.8 arcmin2. In order to obtain a robust estimate
of the shear field, we need to correct for multiplicative bias
in the measured ellipticities. Since the correction factors de-
scribed in Sections 2.1 and 2.2 are noisy estimates of the
true corrections, we determine the mean sensitivity or mul-
tiplicative bias correction for our galaxy sample and apply
this mean correction to the pixelised maps. Additionally,
we apply the DES SV LSS mask (Crocce et al. in prepara-
tion) to our maps in order to restrict to regions deeper than
MAG_I_AUTO = 22.5. For the power spectrum measurement,
we limit all integrations to scales smaller than ✓max = 15 de-
grees and we apodize the correlation function with a Gaus-
sian window of ✓FWHM = 10 degrees. Finally, we compress
the power spectra into 7 band-powers with PolSpice band-
power kernels.

The noise power spectrum needs to be computed from
simulations. In order to produce noise only maps, we remove
correlations in the input maps by rotating each galaxy shear
by a random angle. We then estimate the noise power spec-
trum as the mean of the power spectra of 100 such random
realizations. This procedure yields shape noise estimates

consistent with C`,SN =
�2

✏
n
pix

where �2
✏ is the variance of

either component of the mean ellipticity per pixel and npix

is the number density of HEALPix pixels; this suggests that

the ellipticity distribution of the galaxies is non- Gaussian
and therefore the analytic estimate can only be applied after
averaging the distribution over pixels. We test the pipeline
using Gaussian field realizations and the mock catalogs.

A3 Results

Figure A1 shows the non-tomographic band-powers using
the methods of Becker & Rozo (2014), their window func-
tions as the dotted lines, and their error bars computed with
the mock catalogs as the grey bands. We find a detection
significance 6.1� and 5.7� for ngmix and im3shape, respec-
tively. These detection significances are similar to the real-
space two-point functions. Finally, the solid line shows the
expected shear power spectrum amplitude assuming the flat,
⇤CDM model given above. The dashed line shows for each
band-power the integral of the band-power window function
over the shear power spectrum.

Figure A2 shows the results for the PolSpice statistics.
We find a detection of cosmic shear of 5.1� and 5.5� for
ngmix and im3shape respectively for the PolSpice statis-
tics. Note that the PolSpice statistics do not use as many
high-` modes as the real-space band-powers or the real-space
correlation functions, so that one expects a lower detection
significance. We also find that the B-modes are statistically
consistent with zero for the PolSpice statistics.

APPENDIX B: VALIDATION OF THE MOCK
CATALOGS

In this section we present validation tests on the mock
catalogs. We first compare the shear correlation functions
measured in the mock catalogs in tomographic bins with
the theoretical expectation from the Takahashi et al. (2012)
fitting function for the matter power spectrum. The result
of this test is shown in Figure B1. We find that at high
redshift the small-scale shear correlation functions are
suppressed relative to the theoretical expectation. Note
however that this numerical e↵ect is below the scales where
the two-point functions are being used for cosmological
parameter estimation (see Table 2 of DES et al. 2015). Ad-
ditionally, we only estimate the covariance of the two-point
functions from the mock catalogs. Our covariance matrices
from the mock catalogs agree well with the halo model
computations at small-scales, indicating that the covariance
is less sensitive to these numerical e↵ects (see Sec. 5 for
a quantitative comparison). Future work may require
higher-resolution shear fields for covariance estimation.

APPENDIX C: DETAILED COVARIANCE
MATRIX VALIDATION

In this section, we present further details of the valida-
tion of the covariance matrices, including our tomographic
halo model computations and the comparison to the simu-
lations. The halo model covariance was computed with the
CosmoLike covariance module (see Eifler et al. 2014b and
Krause et al. 2015 for details).

In the halo model, the covariance of tomographic shear

c� 2015 RAS, MNRAS 000, 1–21
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Figure 1. The measured shear correlation functions ⇠+/� for a single tomographic bin for the ngmix shape catalog (left) and im3shape

shape catalog (right). The single tomographic bin corresponds to redshift distribution shown in Figure 3, z ⇡ 0.3 � 1.3. ote that the
redshift distributions of the two catalogs are not identical, so that the shear correlation functions are not expected to match. A detailed
comparison of the two catalogs is described in Section 6.2. Negative measurements are shown as upper limits. The error bars show the
1� uncertainties from the mock catalogs with the appropriate level of shape noise for each shear pipeline. The black solid lines show the
predictions from a flat, ⇤CDM model described in Section 3 — not chosen to fit the data.
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Figure 2. The measured shear correlation functions ⇠+/� times ✓ in six angular bins and three tomographic bins for the ngmix shape
catalog (left) and im3shape shape catalog (right). The tomographic bins correspond to those shown in Figure 3, z ⇡ 0.30 � 0.55, 0.55 �
0.83, 0.83 � 1.30, and are labeled from 1 to 3, increasing with redshift. Thus, panel ‘3-2’ shows the cross-correlation between the highest
and middle redshift bins. The error bars show the 1� uncertainties from the mock catalogs with the appropriate level of shape noise for
each shear pipeline. As in Figure 1, the black solid lines show the predictions from our fiducial ⇤CDM model — not chosen to fit the
data.
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predictions from a flat, ⇤CDM model described in Section 3 — not chosen to fit the data.
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0.83, 0.83 � 1.30, and are labeled from 1 to 3, increasing with redshift. Thus, panel ‘3-2’ shows the cross-correlation between the highest
and middle redshift bins. The error bars show the 1� uncertainties from the mock catalogs with the appropriate level of shape noise for
each shear pipeline. As in Figure 1, the black solid lines show the predictions from our fiducial ⇤CDM model — not chosen to fit the
data.
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the inclusion of the AGN model causes an increase in S8

of 20% of our error bar (compare the “Without small-scale
cuts” line in Table 1 with the “OWLS AGN P (k) w/o small-
scale cuts” line). (However, with our fiducial cuts to small
scales the increase is only 13% of our error bar (compare the
“OWLS AGN P (k)” line in Table 1 with the Fiducial line).
We note that although the contours in Figure 9 do appear to
tighten slightly along the degeneracy direction when includ-
ing small scales, the errorbar on S8 increases slightly. This
could be due to the theoretical model being a poor fit at
small scales, or the noisiness of the covariance matrix. ) To
take advantage of the small scale information in future weak
lensing analyses, more advanced methods of accounting for
baryonic e↵ects will be required. Eifler et al. (2014a) pro-
pose a PCA marginalisation approach that uses information
from a range of hydrodynamic simulations, while Zentner
et al. (2013b) and Mead et al. (2015) propose modified halo
model approaches to modelling baryonic e↵ects. Even with
more advanced approaches to baryonic e↵ects, future cosmic
shear studies will have to overcome other systematics that
a↵ect small angular scales, such as the shape measurement
selection biases explored in Hartlap et al. (2011).

6 OTHER DATA

In this Section we compare the DES SV cosmic shear con-
straints with other recent cosmological data. We first com-
pare our results to those from CFHTLenS. We then com-
pare and combine with the Cosmic Microwave Background
(CMB) constraints from Planck (Planck XIII 2015), primar-
ily using the TT + low P dataset throughout (which we refer
to simply as “Planck” in most figures). We also compare to
another Planck data combination which used high-` TT, TE
and EE data and low-` P data.

Planck also measured gravitational lensing of the CMB,
which probes a very similar quantity to cosmic shear, but
weighted to higher redshifts (z ⇠ 2); we refer to this as
“Planck lensing” when comparing constraints. We discuss
additional datasets and present constraints on the dark
energy equation of state. See Planck Collaboration et al.
(2015c) and Lahav & Liddle (2014) for a broad review of
current cosmological constraints.

6.1 Comparisons

A comparison of DES SV constraints to those from other
observables is shown in Figure 10. The observables shown are
described below. Constraints on S8 from these comparisons
are also shown in Table 1 and Figure 3.

6.1.1 Other lensing data

CFHTLenS remains the most powerful current cosmic shear
survey, with 154 square degrees of data in the u, g, r, i, and
z bands. Table 1 summarises the constraints from the non-
tomographic analysis of K13 and the tomographic analysis
of H13 that we have computed using the same parameter
estimation pipeline as the DES SV data (starting from the
published correlation functions and covariance matrices).

We investigate the e↵ect of the scale cuts used for the

Figure 10. Joint constraints from a selection of recent datasets
on the total matter density ⌦m and amplitude of matter
fluctuations �8. From highest layer to lowest layer: Planck
TT+lowP(red); X-ray cluster mass counts (Mantz et al. 2015,
white/grey shading); DES SV (purple); CFHTLenS (H13, or-
ange); Planck CMB lensing (yellow); CMASS f�8 (Chuang et al.
2013, green).

CFHTLenS analysis so that we can make a more fair com-
parison to DES SV. In Table 1 and Fig 3 we show constraints
using scale cuts that were used in both C13 and K13 to test
the robustness of the results, labelled “original conservative
scales”. (H13 exclude angles < 30 for redshift bin combina-
tions involving the lowest two redshift bins from ⇠+, and
excluding angles < 300 for bin combinations involving the
lowest four redshift bins, and angles < 160 for bin combina-
tions involving the highest two redshift bins from ⇠�. K13
exclude angles < 170 from ⇠+ and < 530 from ⇠�.) Finally,
we show the CFHTLenS results using minimum scales se-
lected using the approach described in Section 4.2, which
we refer to as “modified conservative scales” in Table 1 and
Fig 3.

We show constraints from H13, with our scale cuts, on
(⌦m,�8) as orange contours in Figure 10. Our cosmologi-
cal constraints are consistent with H13, but have a higher
amplitude and larger uncertainties.

The values in Table 1 show that our prescription for
selecting which scales to use gives similar results to the pre-
scription in H13 (compare the “CFHTLenS (H13) original
conservative scales” line to the “CFHTLenS (H13) modified
conservative scales” line). The K13 results show some sen-
sitivity to switching from using all scales to cutting small
scales (possibly because of the apparent lack of power in the
large scale points that K13 used but H13 did not), with
a lower amplitude preferred when excluding small scales
(though see also Kitching et al. (2014) which prefers higher
amplitudes). The uncertainties increase by ⇠ 50% for the
“modified conservative scales” case (✓min(⇠+) = 3.50 and
✓min(⇠�) = 280) compared to using all scales.

The most comparable lines in Table 1 show that our
tomographic uncertainties are ⇠ 20% larger than those
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Figure 11. Non-tomographic DES SV (blue circles), CFHTLenS
K13 (orange squares) and Planck (red) data points projected
onto the matter power spectrum (black line). This projection is
cosmology-dependent and assumes the Planck best fit cosmology
in ⇤CDM. The Planck error bars change size abruptly because
the C`s are binned in larger ` bins above ` = 50.

of the point is the median of the window function of the
P (k) integral used to predict the observable (⇠+ or C`). The
height of the point is given by the ratio of the observed to
predicted observable, multiplied by the theory power spec-
trum at that wavenumber. For simplicity we use the no-
tomography results from each of DES SV and CFHTLenS
(K13). The results are therefore cosmology dependent, and
we use the Planck best fit cosmology for the version shown
here. The CFHTLenS results are below the Planck best fit
at almost all scales (see also discussion in MacCrann et al.
2014). The DES results agree relatively well with Planck up
to the maximum wavenumber probed by Planck, and then
drop towards the CFHTLenS results.

6.2 Dark Energy

The DES SV data is only 3% of the total area of the full
DES survey, so we do not expect to be able to significantly
constrain dark energy with this data. Nonetheless, we have
recomputed the fiducial DES SV constraints for the second
simplest dark energy model, wCDM, which has a free (but
constant with redshift) equation of state parameter w, in
addition to the other cosmological and fiducial nuisance pa-
rameters (see Section 3). The purple contours in Figure 12
show constraints on w versus the main cosmic shear param-
eter S8; we find DES SV has a slight preference for lower
values of w, with w < �0.68 at 95% confidence. There is a
small positive correlation between w and S8, but our con-
straints on S8 are generally robust to variation in w.

The Planck constraints (the red contours in Figure 12)
agree well with the DES SV constraints: combining DES SV
with Planck gives negligibly di↵erent results to Planck alone.
This is also the case when combining with the Planck+ext
results shown in grey. Planck Collaboration et al. (2015b)

Figure 12. Constraints on the dark energy equation of state w
and S8 ⌘ �8(⌦m/0.3)0.5, from DES SV (purple), Planck (red),
CFHTLenS (orange), and Planck+ext (grey). DES SV is consis-
tent with Planck at w = �1. The constraints on S8 from DES SV
alone are also generally robust to variation in w.

discuss that while Planck CMB temperature data alone do
not strongly constrain w, they do appear to show close to a
2� preference for w < �1. However, they attribute it partly
to a parameter volume e↵ect, and note that the values of
other cosmological parameters in much of the w < �1 region
are ruled out by other datasets (such as those used in the
‘ext’ combination).

Planck CMB data combined with CFHTLenS also show
a preference for w < �1 (Planck Collaboration et al. 2015b).
The CFHTLenS constraints (orange contours) in Figure 12
show a similar degeneracy direction to the DES SV results,
although with a preference for slightly higher values of w
and lower S8. The tension between Planck and CFHTLenS
in ⇤CDM is visible at w = �1, and interestingly, is not fully
resolved at any value of w in Figure 12. This casts doubt on
the validity of combining the two datasets in wCDM.

7 CONCLUSIONS

We have presented the first constraints on cosmology from
the Dark Energy Survey. Using 139 square degrees of Science
Verification data we have constrained the matter density of
the Universe ⌦m and the amplitude of fluctuations �8, and
find that the tightest constraints are placed on the degener-
ate combination S8 ⌘ �8(⌦m/0.3)0.5, which we measure to
7% accuracy to be S8 = 0.81± 0.06.

DES SV alone places weak constraints on the dark
energy equation of state: w < �0.68 (95%). These do
not significantly change constraints on w compared to
Planck alone, and the cosmological constant remains within
marginalised DES SV+Planck contours.

The state of the art in cosmic shear, CFHTLenS, gives
rise to some tension when compared with the most powerful
dataset in cosmology, Planck (Planck Collaboration et al.
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Planck at the expected level. In Sect. 3.3, we cross-correlate the
reconstructed lensing potential with the large-angle temperature
anisotropies to measure the CT�

L correlation sourced by the ISW
e↵ect. Finally, the power spectrum of the lensing potential is pre-
sented in Sect. 3.4. We use the associated likelihood alone, and
in combination with that constructed from the Planck temper-
ature and polarization power spectra (Planck Collaboration XI
2015), to constrain cosmological parameters in Sect. 3.5.

3.1. Lensing potential

In Fig. 2 we plot the Wiener-filtered minimum-variance lensing
estimate, given by

�̂WF
LM =

C��, fid
L

C��, fid
L + N��L

�̂MV
LM , (5)

where C��, fid
L is the lensing potential power spectrum in our fidu-

cial model and N��L is the noise power spectrum of the recon-
struction. As we shall discuss in Sect. 4.5, the lensing potential
estimate is unstable for L < 8, and so we have excluded those
modes for all analyses in this paper, as well as in the MV lensing
map.

As a visual illustration of the signal-to-noise level in the lens-
ing potential estimate, in Fig. 3 we plot a simulation of the MV
reconstruction, as well as the input � realization used. The re-
construction and input are clearly correlated, although the recon-
struction has considerable additional power due to noise. As can
be seen in Fig. 1, even the MV reconstruction only has S/N ⇡ 1
for a few modes around L ⇡ 50.

The MV lensing estimate in Fig. 2 forms the basis for a
public lensing map that we provide to the community (Planck
Collaboration I 2015). The raw lensing potential estimate has a
very red power spectrum, with most of its power on large angular
scales. This can cause leakage issues when cutting the map (for
example to cross-correlate with an additional mass tracer over a
small portion of the sky). The lensing convergence  defined by

LM =
L(L + 1)

2
�LM , (6)

has a much whiter power spectrum, particularly on large angular
scales. The reconstruction noise on  is approximately white as
well (Bucher et al. 2012). For this reason, we provide a map
of the estimated lensing convergence  rather than the lensing
potential �.

3.2. Lensing B-mode power spectrum

The odd-parity B-mode component of the CMB polarization is
of great importance for early-universe cosmology. At first order
in perturbation theory it is not sourced by the scalar fluctuations
that dominate the temperature and polarization anisotropies, and
so the observation of primordial B-modes can be used as a
uniquely powerful probe of tensor (gravitational wave) or vec-
tor perturbations in the early Universe. A detection of B-mode
fluctuations on degree angular scales, where the signal from
gravitational waves is expected to peak, has recently been re-
ported at 150 GHz by the BICEP2 collaboration (Ade et al.
2014). Following the joint analysis of BICEP2 and Keck Array
data (also at 150 GHz) and the Planck polarization data, primar-
ily at 353 GHz (BICEP2/Keck Array and Planck Collaborations
2015), it is now understood that the B-mode signal detected
by BICEP2 is dominated by Galactic dust emission. The joint

�̂WF (Data)

Fig. 2 Lensing potential estimated from the SMICA full-mission
CMB maps using the MV estimator. The power spectrum of
this map forms the basis of our lensing likelihood. The estimate
has been Wiener filtered following Eq. (5), and band-limited to
8  L  2048.

�̂WF (Sim.)

Input � (Sim.)

Fig. 3 Simulation of a Wiener-filtered MV lensing reconstruc-
tion (upper) and the input � realization (lower), filtered in the
same way as the MV lensing estimate. The reconstruction and
input are clearly correlated, although the reconstruction has con-
siderable additional power due to noise.

analysis gives no statistically-significant evidence for primor-
dial gravitational waves, and establishes a 95 % upper limit
r0.05 < 0.12. This still represents an important milestone for
B-mode measurements, since the direct constraint from the B-
mode power spectrum is now as constraining as indirect, and
model-dependent, constraints from the TT spectrum (Planck
Collaboration XIII 2015).

In addition to primordial sources, the e↵ect of gravitational
lensing also generates B-mode polarization. The displacement of
lensing mixes E-mode polarization into B-mode as (Smith et al.
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Fig. 6 Planck 2015 full-mission MV lensing potential power spectrum measurement, as well as earlier measurements using the
Planck 2013 nominal-mission temperature data (Planck Collaboration XVII 2014), the South Pole Telescope (SPT, van Engelen
et al. 2012), and the Atacama Cosmology Telescope (ACT, Das et al. 2014). The fiducial ⇤CDM theory power spectrum based on
the parameters given in Sect. 2 is plotted as the black solid line.

In addition to the priors above, we adopt the same sampling
priors and methodology as Planck Collaboration XIII (2015),†
using CosmoMC and camb for sampling and theoretical predic-
tions (Lewis & Bridle 2002; Lewis et al. 2000). In the ⇤CDM
model, as well as ⌦bh2 and ns, we sample As, ⌦ch2, and the
(approximate) acoustic-scale parameter ✓MC. Alternatively, we
can think of our lensing-only results as constraining the sub-
space of ⌦m, H0, and �8. Figure 7 shows the corresponding
constraints from CMB lensing, along with tighter constraints
from combining with additional external baryon acoustic oscil-
lation (BAO) data, compared to the constraints from the Planck
CMB power spectra. The contours overlap in a region of accept-
able Hubble constant values, and hence are compatible. To show
the multi-dimensional overlap region more clearly, the red con-
tours show the lensing constraint when restricted to a reduced-
dimensionality space with ✓MC fixed to the value accurately mea-
sured by the CMB power spectra; the intersection of the red and
black contours gives a clearer visual indication of the consis-
tency region in the ⌦m–�8 plane.

The lensing-only constraint defines a band in the ⌦m–�8
plane, with the well-constrained direction corresponding ap-
proximately to the constraint

�8⌦
0.25
m = 0.591 ± 0.021 (lensing only; 68 %). (13)

This parameter combination is measured with approximately
3.5% precision.

The dependence of the lensing potential power spectrum on
the parameters of the ⇤CDM model is discussed in detail in
† For example, we split the neutrino component into approximately

two massless neutrinos and one with
P

m⌫ = 0.06 eV, by default.

Appendix E; see also Pan et al. (2014). Here, we aim to use
simple physical arguments to understand the parameter degen-
eracies of the lensing-only constraints. In the flat ⇤CDM model,
the bulk of the lensing signal comes from high redshift (z > 0.5)
where the Universe is mostly matter-dominated (so potentials are
nearly constant), and from lenses that are still nearly linear. For
fixed CMB (monopole) temperature, baryon density, and ns, in
the ⇤CDM model the broad shape of the matter power spectrum
is determined mostly by one parameter, keq ⌘ aeqHeq / ⌦mh2.
The matter power spectrum also scales with the primordial am-
plitude As; keeping As fixed, but increasing keq, means that the
entire spectrum shifts sideways so that lenses of the same typ-
ical potential depth  lens become smaller. Theoretical ⇤CDM
models that keep `eq ⌘ keq �⇤ fixed will therefore have the same
number (proportional to keq �⇤) of lenses of each depth along
the line of sight, and distant lenses of the same depth will also
maintain the same angular correlation on the sky, so that the
shape of the spectrum remains roughly constant. There is there-
fore a shape and amplitude degeneracy where `eq ⇡ constant,
As ⇡ constant, up to corrections from sub-dominant changes in
the detailed lensing geometry, changes from late-time potential
decay once dark energy becomes important, and nonlinear ef-
fects. In terms of standard ⇤CDM parameters around the best-fit
model, `eq / ⌦0.6

m h, with the power-law dependence on ⌦m only
varying slowly with ⌦m; the constraint `eq / ⌦0.6

m h = constant
defines the main dependence of H0 on ⌦m seen in Fig. 7.

The argument above for the parameter dependence of the
lensing power spectrum ignores the e↵ect of baryon suppres-
sion on the small-scale amplitude of the matter power spectrum
(e.g., Eisenstein & Hu 1998). As discussed in Appendix E, this
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Figure 2. Map of the main galaxies used for our analysis in the SPT-E field,
pixellated on the Healpix Nside = 2048 scheme (pixel side: 1.70) in Equa-
torial coordinates, after masking. The colour scale indicates the number of
galaxy counts in each pixel. The grid lines are 2.5 deg apart. Grey areas
indicate masked data or areas outside the SV footprint. The coordinates
(74.6,�52.7) indicate the position of the map centre.

full sample, we also use five redshift bins of width �zphot = 0.2
that we use in the tomographic analysis below. Also in this case,
the cuts are applied on the maximum-likelihood photo-z; in all
cases, the stacked photo-z PDF has tails outside the cut boundaries.
The number of galaxies in each bin is: 509,456; 818,376; 673,881;
424,437; 118,126 from low to high z respectively. While the num-
ber of galaxies in the last bin is significantly lower than in the oth-
ers, we choose the current binning in order to explore the clustering
and the CMB lensing correlation up to the highest redshifts that are
accessible to DES.

We show the masked map of the DES galaxy sample we use
in our analysis in Fig. 2.

3.2 CMB lensing maps

We consider the lensing convergence maps reconstructed from ob-
servations of the CMB temperature anisotropies by the South Pole
telescope (SPT) and by the Planck satellite shown in Fig. 3. For
each experiment, we also use simulated CMB observations to char-
acterise the noise properties in the cross-correlation analysis with
the DES data. We present in Fig. 9 below the angular power spec-
tra of the CMB lensing maps together with their noise properties
inferred from the mocks.

Figure 3. Maps of the CMB lensing convergence in the SPT-E field for SPT
(left) and Planck (right), pixellated on the Healpix Nside = 2048 scheme
(pixel side: 1.70) in Equatorial coordinates, smoothed on angular scales of
10 arcmin to improve visualisation. The grid lines are 2.5 deg apart. Grey
areas indicate masked data. The DES mask has been applied for clarity,
but we do not impose it onto the CMB data in our cross-correlation es-
timation. The Planck lensing map also includes the Planck lensing mask.
Planck shows higher amplitude variations, but this is due to higher noise
caused by the lower spatial resolution of its map.

3.2.1 The South Pole Telescope lensing maps

The SPT-SZ survey was assembled from hundreds of individual
observations of each of 19 contiguous fields that together covered
the full survey area. For the SPT-E field a 25� ⇥ 25� 150 GHz map
was made by forming an inverse-variance weighted coadd of all
the overlapping observations. A lensing map was constructed from
this CMB map following the procedures described in detail by van
Engelen et al. (2012), which we briefly outline below.

Individual sources detected with signal-to-noise greater than
15 (in any of the 3 SPT frequencies) were masked, with the masked
regions in the CMB map filled in using Wiener interpolation. These
maps were filtered in Fourier space (using the flat-sky approxima-
tion) with an anisotropic filter that removed Fourier modes along
the scan direction with `x < 500, and an isotropic filter that re-
moved modes with ` > 4000. A flat-sky lensing map was gener-
ated from the filtered maps using a quadratic estimator technique
(Okamoto & Hu 2003). This map was then projected into spherical
coordinates for the cross-correlation.

The details of point source masking, anisotropic noise, non-
stationary noise, and spatially varying beams are su�ciently com-
plex that calibrations and noise estimates were obtained from sim-
ulated data. Starting with 100 mock lensed skies and 100 mock un-
lensed skies, synthetic time-streams were generated, masked and
filtered identically to the data. By cross-correlating the 100 lensed
output reconstructions with the known input lensing potential, a
lensing transfer function was estimated. This lensing transfer func-
tion was applied to both the data and the output from the unlensed
simulations, which provided 100 noise realisations to characterise
the noise properties of the cross-correlations.

We use multipoles between 30 < ` < 2000 in the SPT lensing
map, as including higher multipoles negligibly changes the overall
signal-to-noise in the SPT lensing data.

3.2.2 The Planck lensing maps

We use the 2015 CMB lensing map provided by the Planck col-
laboration (Planck Collaboration et al. 2015a). As in the SPT case,
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torial coordinates, after masking. The colour scale indicates the number of
galaxy counts in each pixel. The grid lines are 2.5 deg apart. Grey areas
indicate masked data or areas outside the SV footprint. The coordinates
(74.6,�52.7) indicate the position of the map centre.

full sample, we also use five redshift bins of width �zphot = 0.2
that we use in the tomographic analysis below. Also in this case,
the cuts are applied on the maximum-likelihood photo-z; in all
cases, the stacked photo-z PDF has tails outside the cut boundaries.
The number of galaxies in each bin is: 509,456; 818,376; 673,881;
424,437; 118,126 from low to high z respectively. While the num-
ber of galaxies in the last bin is significantly lower than in the oth-
ers, we choose the current binning in order to explore the clustering
and the CMB lensing correlation up to the highest redshifts that are
accessible to DES.

We show the masked map of the DES galaxy sample we use
in our analysis in Fig. 2.

3.2 CMB lensing maps

We consider the lensing convergence maps reconstructed from ob-
servations of the CMB temperature anisotropies by the South Pole
telescope (SPT) and by the Planck satellite shown in Fig. 3. For
each experiment, we also use simulated CMB observations to char-
acterise the noise properties in the cross-correlation analysis with
the DES data. We present in Fig. 9 below the angular power spec-
tra of the CMB lensing maps together with their noise properties
inferred from the mocks.

Figure 3. Maps of the CMB lensing convergence in the SPT-E field for SPT
(left) and Planck (right), pixellated on the Healpix Nside = 2048 scheme
(pixel side: 1.70) in Equatorial coordinates, smoothed on angular scales of
10 arcmin to improve visualisation. The grid lines are 2.5 deg apart. Grey
areas indicate masked data. The DES mask has been applied for clarity,
but we do not impose it onto the CMB data in our cross-correlation es-
timation. The Planck lensing map also includes the Planck lensing mask.
Planck shows higher amplitude variations, but this is due to higher noise
caused by the lower spatial resolution of its map.

3.2.1 The South Pole Telescope lensing maps

The SPT-SZ survey was assembled from hundreds of individual
observations of each of 19 contiguous fields that together covered
the full survey area. For the SPT-E field a 25� ⇥ 25� 150 GHz map
was made by forming an inverse-variance weighted coadd of all
the overlapping observations. A lensing map was constructed from
this CMB map following the procedures described in detail by van
Engelen et al. (2012), which we briefly outline below.

Individual sources detected with signal-to-noise greater than
15 (in any of the 3 SPT frequencies) were masked, with the masked
regions in the CMB map filled in using Wiener interpolation. These
maps were filtered in Fourier space (using the flat-sky approxima-
tion) with an anisotropic filter that removed Fourier modes along
the scan direction with `x < 500, and an isotropic filter that re-
moved modes with ` > 4000. A flat-sky lensing map was gener-
ated from the filtered maps using a quadratic estimator technique
(Okamoto & Hu 2003). This map was then projected into spherical
coordinates for the cross-correlation.

The details of point source masking, anisotropic noise, non-
stationary noise, and spatially varying beams are su�ciently com-
plex that calibrations and noise estimates were obtained from sim-
ulated data. Starting with 100 mock lensed skies and 100 mock un-
lensed skies, synthetic time-streams were generated, masked and
filtered identically to the data. By cross-correlating the 100 lensed
output reconstructions with the known input lensing potential, a
lensing transfer function was estimated. This lensing transfer func-
tion was applied to both the data and the output from the unlensed
simulations, which provided 100 noise realisations to characterise
the noise properties of the cross-correlations.

We use multipoles between 30 < ` < 2000 in the SPT lensing
map, as including higher multipoles negligibly changes the overall
signal-to-noise in the SPT lensing data.

3.2.2 The Planck lensing maps

We use the 2015 CMB lensing map provided by the Planck col-
laboration (Planck Collaboration et al. 2015a). As in the SPT case,
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Figure 7. Measured auto- (left) and cross-correlation functions (right) of DES-SV main galaxies as a function of photometric redshift. The panels refer to thin
photo-z bins, from low to high redshift. The error bars are derived from the N-body covariance matrix. The lines show the fiducial Planck cosmology rescaled
by the best-fit linear bias or amplitude obtained from the auto- (dashed) and from the cross-correlations (solid); for each case, the linear theory is shown with
thin dotted lines. The best-fit bias values and their 1� errors are also shown in each panel; the coloured bands represent 1 and 2� uncertainties on the best
fits. When fitting the auto-correlation bias, the points at # < #NL have been excluded from the fit, consistently with Crocce et al. (2015), as they lie in the
non-linear regime where the non-linear corrections are > 20%. All points are included in the cross-correlation fits. The auto-correlation results are presented
and discussed in more detail by Crocce et al. (2015), including a further discussion on the anomalous behaviour of the lowest-redshift bin at small angular
scales.

computationally expensive optimal estimators that extract all in-
formation contained in the data (Tegmark 1997; Bond et al. 1998),
and pseudo-C` estimators that are sub-optimal, but have a much
lower computational complexity (e.g., Hivon et al. 2002; Chon
et al. 2004).

5.2.1 Power spectrum estimators

In the following, we repeat our cross-correlation analysis in har-
monic space using two di↵erent estimators of the angular power
spectra C`: the pseudo-C` estimator PolSpice (Szapudi et al. 2001;
Chon et al. 2004; Fosalba & Szapudi 2004) for our main results
of Sections 5.2.2, 5.2.3, 5.2.4, and as a cross-check, a quadratic
maximum likelihood estimator described in Section 5.2.5. Masks

and data remain the same as for the real-space analysis presented
above.

We measure here the power spectra C` with the nearly-optimal
and unbiased pseudo-C` estimator implemented in the PolSpice
code. This public code measures the two-point auto (or cross-)
correlation functions w(#) and the angular auto- (or cross-) power
spectra C` from one (or two) sky map(s). It is based on the fast
spherical harmonic transforms allowed by isolatitude pixelisations
such as Healpix; for Npix pixels over the whole sky, and a C` com-
puted up to ` = `max, the PolSpice complexity scales like N1/2

pix `
2
max

instead of Npix `2max. The algorithm corrects for the e↵ects of the
masks and can deal with inhomogeneous weights given to the map
pixels. In detail, PolSpice computes the (pseudo) C` of the map
and weights/masks, calculates their (fast) Legendre transforms, i.e,
the corresponding correlation functions, computes their ratio, ap-
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SV source galaxies after all our quality cuts have been applied;
the remaining region covers 139 deg2. For SPT we have data over
a wider contiguous patch of 600 deg2, overlapping the DES SV
SPT-E region. The mask is one inside this region and zero outside.
For Planck we use the publicly available mask designed for power
spectrum estimation, where point sources and galactic emission are
masked out, removing roughly one third of the full sky.

We take a hybrid approach to estimating the noise in our cross-
correlation, describing the noise with an analytic expression that
includes estimates of noise in the constituent GWL and CMBWL
parts acquired from simulations or randomised realisations of the
data. Alternate noise estimators and the considerations governing
our choice are described in Section 6.3. The analytic form of the
noise is given by

�2

CMB�E
(`) =

✓
1

f
sky

(2`+ 1)�`
[C

CMB�E(`)CCMB�E(`)+

(C
CMBCMB(`) +N

CMBCMB(`))(C�E�E(`) +N
�E�E(`))]

◆
,

(9)

where C
�E�E , C

CMBCMB and C
CMB�E are the theory power

spectra of the WL auto-correlation, the CMB lensing auto-
correlation and the WL/CMB cross-correlation respectively, as-
suming the Planck 2015 best-fit cosmology, and f

sky

is the fraction
of sky covered by the survey. These are calculated using CAMB
sources (Challinor & Lewis 2011).

The auto-correlation contributions to the noise estimate in-
clude measurement noise terms, N

�E�E(`) and N
CMBCMB(`).

The noise term for DES is the mean of the auto-correlations of the
maps produced from the 100 randomised realisations of our shape
catalogue. The CMBWL noise term is calculated as the mean of
the auto-correlations of the 100 noise realisations provided by both
the SPT and Planck collaborations. Each of these sets of noise sim-
ulations are described in Section 3.3 above. Note that we have es-
timated the uncertainty using the mean noise level from Planck,
whereas in reality the SV patch covers a region where Planck noise
is lower than average, hence we are slightly over-estimating the
noise in the DES⇥Planck case.

We calculate f
sky

using our most restrictive mask, in this case
that of the DES shape catalogues. As mentioned above, the DES SV
SPT-E patch which we are using covers 139 deg2 of sky, though the
exact sky fraction varies slightly depending on the shape catalogue
and redshift range considered. We take this variation into account
in our calculations. In the case of DES⇥Planck there are a small
number of additional regions inside the DES SV mask but excluded
from the Planck mask. We take the product of the two masks when
estimating f

sky

, reducing the sky fraction by 1.5% compared to
DES⇥SPT.

We also tested a number of alternative techniques to estimate
the cross-correlation signal, covariance and noise as consistency
checks on our main analysis. These are detailed in Section 6 below.

5 RESULTS

Figure 2 shows our results using PolSpice to correlate 
CMB

with �
E

in harmonic space. The measurement is averaged into 16
linearly-spaced bins over the multipole range 64 < ` < 1600. We
then use our forecast cross-correlation power spectrum to fit a sin-
gle free parameter, the cross-correlation amplitude A, by a simple

Figure 2. 

CMB

�

E

correlation measured in harmonic space with
PolSpice. Projected angular power spectra, C(`), are shown for DES ⇥
SPT (blue boxes) and DES ⇥ Planck (orange boxes). Sources come from
the ngmix shape catalogue and span the redshift range 0.3 < z < 1.3,
selected using the SkyNet2 photo-z catalogue. The height of the bars rep-
resents 68% error limits. The theoretical prediction for the cross-correlation,
with amplitude A = 1, is also shown (black solid line).
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where the error, �
CMB�E , is calculated according to Equation (9).

The fits to the cross-correlation amplitude are detailed in Table 1. If
our measurement were consistent with the expectation from theory,
assuming the Planck cosmology and that we have correctly mod-
elled the DES galaxy redshift distribution, then we would expect a
result consistent with A = 1.

Our measurement shows E-mode cross-correlations with best-
fit amplitudes of A = 0.88 ± 0.30 for DES⇥SPT and A =

0.86 ± 0.39 for DES⇥Planck, giving a significance of 2.9� and
2.2� respectively. We estimate the goodness-of-fit by calculating
�2 per degree of freedom (15, the number of ` bins minus one),
finding good fits in both cases, with �2/dof = 0.93 for DES⇥SPT
and �2/dof = 1.52 for DES⇥Planck. The measurements with
SPT and Planck are consistent with each other and with the theo-
retical expectation. The DES⇥Planck cross-correlation has a rela-
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the remaining region covers 139 deg2. For SPT we have data over
a wider contiguous patch of 600 deg2, overlapping the DES SV
SPT-E region. The mask is one inside this region and zero outside.
For Planck we use the publicly available mask designed for power
spectrum estimation, where point sources and galactic emission are
masked out, removing roughly one third of the full sky.
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We calculate f
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in our calculations. In the case of DES⇥Planck there are a small
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, reducing the sky fraction by 1.5% compared to
DES⇥SPT.
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the cross-correlation signal, covariance and noise as consistency
checks on our main analysis. These are detailed in Section 6 below.
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in harmonic space. The measurement is averaged into 16
linearly-spaced bins over the multipole range 64 < ` < 1600. We
then use our forecast cross-correlation power spectrum to fit a sin-
gle free parameter, the cross-correlation amplitude A, by a simple
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correlation measured in harmonic space with
PolSpice. Projected angular power spectra, C(`), are shown for DES ⇥
SPT (blue boxes) and DES ⇥ Planck (orange boxes). Sources come from
the ngmix shape catalogue and span the redshift range 0.3 < z < 1.3,
selected using the SkyNet2 photo-z catalogue. The height of the bars rep-
resents 68% error limits. The theoretical prediction for the cross-correlation,
with amplitude A = 1, is also shown (black solid line).
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where the error, �
CMB�E , is calculated according to Equation (9).

The fits to the cross-correlation amplitude are detailed in Table 1. If
our measurement were consistent with the expectation from theory,
assuming the Planck cosmology and that we have correctly mod-
elled the DES galaxy redshift distribution, then we would expect a
result consistent with A = 1.

Our measurement shows E-mode cross-correlations with best-
fit amplitudes of A = 0.88 ± 0.30 for DES⇥SPT and A =

0.86 ± 0.39 for DES⇥Planck, giving a significance of 2.9� and
2.2� respectively. We estimate the goodness-of-fit by calculating
�2 per degree of freedom (15, the number of ` bins minus one),
finding good fits in both cases, with �2/dof = 0.93 for DES⇥SPT
and �2/dof = 1.52 for DES⇥Planck. The measurements with
SPT and Planck are consistent with each other and with the theo-
retical expectation. The DES⇥Planck cross-correlation has a rela-
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correlated between the GWL and CMBWL, therefore the N-body
method, which would otherwise be preferred, misses power due
to both correlated non-linear structure growth and correlated cos-
mological signal. In addition the assumed cosmology in the simu-
lations produces a lower amplitude signal than the Planck best-fit
assumed throughout the rest of this work. The jack-knife approach
is useful as a consistency check but is known to over-estimate er-
rors on small scales (Norberg et al. 2009). In future work, with the
full DES survey data set, the production of correlated N-body sim-
ulations of GWL and CMBWL should be a main priority so that we
can use the full covariance estimate and capture off-diagonal power
from mode-mixing due to correlated structure formation and mask
effects.

6.4 B-modes

In Section 4 we describe how the GWL shear field, �, can be de-
composed into curl-free (E-mode) and divergence-free (B-mode)
contributions. WL will only produce E-mode signal to first order
so, in cosmic shear measurements, detection of a significant B-
mode auto-correlation is a diagnostic for systematics in the obser-
vations or the measurement, for example a poorly reconstructed
PSF. While we do not necessarily expect these processes to gen-
erate B-modes that are positively correlated with CMBWL, it is
possible that our estimator could introduce spurious power to our
measurement (which would appear equally in the E/B-mode) or
allow power to leak from the 

CMB

�
E

to the 
CMB

�
B

signal. Test-
ing for significant 

CMB

�
B

cross-correlation is therefore still a
useful check on the efficacy of our estimators. Note that although
the CMB lensing signature may contain some B-mode fluctuations,
the magnitude is substantially less than the gravitationally-induced
lensing signal (Planck Collaboration 2014) and we ignore this ef-
fect in our current study.

In Section 5 we presented the cross-correlation of our GWL
E-mode signal with lensing from the CMB, 

CMB

�
E

. In Figure 3
and Table 2 we show the equivalent 

CMB

�
B

cross-correlation. We
estimate the significance of the 

CMB

�
B

signal by fitting the ex-
pected E-mode signal with, as before, a varying constant cross-
correlation coefficient, A

B

. We estimate the best-fit value of that
constant by minimising �2 in the same way as with the theoretical
forecasts in our main 

CMB

�
E

measurement. A significant signal
of this kind would indicate leakage of power from E- to B-modes.
Our best-fit B-mode cross-correlation amplitudes are consistent
with zero for both DES⇥SPT, A

B

= 0.18 ± 0.21, �2

min

/dof =

0.79, and DES⇥Planck, A
B

= 0.17 ± 0.25, �2

min

/dof = 0.92.
We also checked the �2/dof for zero cross-correlation, A

B

= 0,
finding this to be a good fit to the data in both the DES⇥SPT,
�2

AB=0

/dof = 0.83, and DES⇥Planck, �2

AB=0

/dof = 0.95,
cases. This gives us confidence that our estimator is not suffering
from either spurious power or E to B leakage at a level that could
bias our measurement significantly, given the size of our errors.

6.5 Intrinsic Alignments

As described in Section 2, GWL measurements are contaminated
by the alignment of unlensed galaxy shapes determined by large-
scale gravitational potentials during galaxy formation, known as in-
trinsic alignments (IA) (Heavens et al. 2000; Croft & Metzler 2000;
Catelan et al. 2001; Crittenden et al. 2001; Hirata & Seljak 2004).
The IAs reduce the overall observed correlation because they tend
to align galaxy shapes and the matter distribution with the opposite
sign to the GWL alignment.

Figure 3. 

CMB

�

B

correlation measured in harmonic space with
PolSpice for DES ⇥ SPT (blue boxes) and DES ⇥ Planck (orange
boxes). Sources come from the ngmix shape catalogue and span the red-
shift range 0.3 < z < 1.3, selected using the SkyNet2 photo-z catalogue.
The height of the bars represents 68% error limits.
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2

min
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2(A
B

= 0)/dof

ngmix ⇥ SPT 0.18± 0.21 0.79 0.83
ngmix ⇥ Planck 0.17± 0.25 0.92 0.95

Table 2. Summary of constraints on the B-mode cross-correlation,


CMB

�

B

. The table shows best-fit cross-correlation amplitude, A
B

, with
1� errors and minimum �

2

/dof as well as �

2

/dof for A
B

= 0 (where
dof = 15). Results are shown for cross-correlations between DES GWL
from the ngmix catalogue and CMBWL from both SPT and Planck. The
redshift selection, 0.3 < z < 1.3, is performed using the SkyNet2 photo-z
catalogue.

We examine the potential contamination of our
GWL⇥CMBWL cross-correlation by IAs using the NLA
model as given in Equation (5). Figure 4 shows the effect of IAs
on the cross power spectrum. For our fiducial SkyNet2 source
redshift distribution the decrement in expected observed power
spectrum, Cobs

CMB�E
(`), can be as much as ⇠18% around `⇠200

but is substantially lower at other scales.
This is a relatively simplistic approach to the modelling of IAs.

We have assumed that the NLA model applies to all types of galaxy
even though it is only designed to explain alignment of elliptical
galaxies and there is, as yet, no positive detection of IAs in spiral
galaxies for large surveys in the field (Mandelbaum et al. 2011).
Furthermore we have assumed that the amplitude of alignment is
set exactly by the C

1

normalisation of Brown et al. (2002); Bridle &
King (2007), though the DES SV cosmic shear analysis was equally
consistent, at the 2� level, with there being no IAs or IAs at four
times this assumed amplitude (Dark Energy Survey Collaboration
2015).
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correlated between the GWL and CMBWL, therefore the N-body
method, which would otherwise be preferred, misses power due
to both correlated non-linear structure growth and correlated cos-
mological signal. In addition the assumed cosmology in the simu-
lations produces a lower amplitude signal than the Planck best-fit
assumed throughout the rest of this work. The jack-knife approach
is useful as a consistency check but is known to over-estimate er-
rors on small scales (Norberg et al. 2009). In future work, with the
full DES survey data set, the production of correlated N-body sim-
ulations of GWL and CMBWL should be a main priority so that we
can use the full covariance estimate and capture off-diagonal power
from mode-mixing due to correlated structure formation and mask
effects.

6.4 B-modes

In Section 4 we describe how the GWL shear field, �, can be de-
composed into curl-free (E-mode) and divergence-free (B-mode)
contributions. WL will only produce E-mode signal to first order
so, in cosmic shear measurements, detection of a significant B-
mode auto-correlation is a diagnostic for systematics in the obser-
vations or the measurement, for example a poorly reconstructed
PSF. While we do not necessarily expect these processes to gen-
erate B-modes that are positively correlated with CMBWL, it is
possible that our estimator could introduce spurious power to our
measurement (which would appear equally in the E/B-mode) or
allow power to leak from the 
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CMB
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signal. Test-
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cross-correlation is therefore still a
useful check on the efficacy of our estimators. Note that although
the CMB lensing signature may contain some B-mode fluctuations,
the magnitude is substantially less than the gravitationally-induced
lensing signal (Planck Collaboration 2014) and we ignore this ef-
fect in our current study.

In Section 5 we presented the cross-correlation of our GWL
E-mode signal with lensing from the CMB, 
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. In Figure 3
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cross-correlation. We
estimate the significance of the 
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signal by fitting the ex-
pected E-mode signal with, as before, a varying constant cross-
correlation coefficient, A
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. We estimate the best-fit value of that
constant by minimising �2 in the same way as with the theoretical
forecasts in our main 
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measurement. A significant signal
of this kind would indicate leakage of power from E- to B-modes.
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bias our measurement significantly, given the size of our errors.
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As described in Section 2, GWL measurements are contaminated
by the alignment of unlensed galaxy shapes determined by large-
scale gravitational potentials during galaxy formation, known as in-
trinsic alignments (IA) (Heavens et al. 2000; Croft & Metzler 2000;
Catelan et al. 2001; Crittenden et al. 2001; Hirata & Seljak 2004).
The IAs reduce the overall observed correlation because they tend
to align galaxy shapes and the matter distribution with the opposite
sign to the GWL alignment.
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correlation measured in harmonic space with
PolSpice for DES ⇥ SPT (blue boxes) and DES ⇥ Planck (orange
boxes). Sources come from the ngmix shape catalogue and span the red-
shift range 0.3 < z < 1.3, selected using the SkyNet2 photo-z catalogue.
The height of the bars represents 68% error limits.
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We examine the potential contamination of our
GWL⇥CMBWL cross-correlation by IAs using the NLA
model as given in Equation (5). Figure 4 shows the effect of IAs
on the cross power spectrum. For our fiducial SkyNet2 source
redshift distribution the decrement in expected observed power
spectrum, Cobs
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(`), can be as much as ⇠18% around `⇠200

but is substantially lower at other scales.
This is a relatively simplistic approach to the modelling of IAs.

We have assumed that the NLA model applies to all types of galaxy
even though it is only designed to explain alignment of elliptical
galaxies and there is, as yet, no positive detection of IAs in spiral
galaxies for large surveys in the field (Mandelbaum et al. 2011).
Furthermore we have assumed that the amplitude of alignment is
set exactly by the C
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normalisation of Brown et al. (2002); Bridle &
King (2007), though the DES SV cosmic shear analysis was equally
consistent, at the 2� level, with there being no IAs or IAs at four
times this assumed amplitude (Dark Energy Survey Collaboration
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KiDS 450
Hildebrandt et al. 2016

VST, first 450 deg2, ugri, r band: mag<24.9(5σ), zm~0.5, seeing~0.7’’



Wide-Field Instruments
CMB Planck, SPT,  ACT,  Keck

VIS/NIR
Imaging VST, DES, Pann-STARRS, LSST

Euclid, WFIRST, Subaru
Boss, Wigglez, DESI, HETDEXSpectro

Radio
LOFAR, GBT, Chimes, BINGO, GMRT, 

BAORadio, ASKAP, MeerKAT, SKA



Impact on Cosmology

Stage IV Surveys will challenge all sectors of the 
cosmological model: 
• Dark Energy: wp and wa with an error of 2% and 

13% respectively (no prior) 
• Dark Matter: test of CDM paradigm, precision of 

0.04eV on sum of neutrino masses (with 
Planck) 

• Initial Conditions: constrain shape of primordial 
power spectrum, primordial non-gaussianity 

• Gravity: test GR by reaching a precision of 2% 
on the growth exponent  (dlnm/dlnam) 

→ Uncover new physics and map LSS at 0<z<2: 
Low redshift counterpart to CMB surveys

 Stage IV

 Stage IV+Planck

 Stage IV+Planck

 Stage IV

Amara et al. 2008
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Integrated Probe Combination
Nicola, Refregier & Amara 2016
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Conclusions

‣ Gravitational Lensing is a special probe of the dark universe: 
purely gravitational, direct probe of mass, strong statistical power

‣ Many wide field lensing surveys coming online or being planned

‣ Tensions remain between Planck CMB and LSS probes on the 
power spectrum amplitude 

‣ Forward modeling is a promising way for weak lensing 
measurements with next generation surveys


