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Cosmic Shear
In cosmic shear, you measure the auto- and cross-correlations of 

galaxy shapes in different redshift bins.

12.5 degrees

Convergence and shear fields at z=0.57

Cosmology and Gravitational Lensing 11

Figure 2: The lensing power spectra constructed from galaxies split into two broad redshift

bins. The two auto-spectra and one cross-spectrum are shown. The solid curves are predictions

for the fiducial ΛCDM model, which include nonlinear evolution (40). The boxes show the

expected measurement error due to the sample variance and intrinsic ellipticity errors from a

5000 deg2 survey with median redshift z = 0.8 (these are ambitious survey parameters by the

standards of Stage III surveys). The thin curves are the predictions for a dark energy model

with w = −0.9. Note that at least four or five redshift bins are expected to be useful from such

a survey, leading to many more measured power spectra.

Along with the galaxy-galaxy power spectrum, Cgigi
(ℓ), equations 8 and 9

represent the three sets of auto- and cross-spectra that can be measured from

(foreground) galaxy positions and (background) galaxy shapes (41). Each of the

three power spectra can be measured for multiple photo-z bins. These contain all

the two-point information one can extract from multicolor imaging data on both

galaxy clustering and lensing. It would be an exhaustive exercise in parameter

estimation to perform model fitting on a set of such measurements; only pieces

of this have been carried out so far.

In addition, cosmographic information via the distance-redshift relation can

be obtained using the variation of the galaxy-galaxy lensing signal with redshift.

While this has less constraining power than other tests of the distance-redshift

relation, it would help isolate the geometric and growth of structure information

lensing power spectrum
Hoekstra & Jain (2008)

Cosmology and Gravitational Lensing 9

plicated galaxies was presented in (17), which also included an improvement in

the statistical accuracy of the test. These two studies showed that pipelines that

have been used to constrain cosmological parameters can recover the lensing sig-

nal with a precision better than 7%, within the statistical errors of current weak

lensing analyses. The most successful methods were shown to achieve 1-2% level

accuracy. Although sufficient for current work, biases as a function of object size

and magnitude remain. The next phase in this work is to identify the points

of failure and find improvements. The simulations also need to become more

realistic, for instance through the inclusion of systematics at the detector level.

3 Cosmic shear and dark energy

3.1 Two-point shear correlations and tomography

To quantify the lensing signal, we measure the shear correlation functions from

galaxy shape catalogs. The two-point correlation function of the shear, for source

galaxies in the i−th and j−th redshift bin, is defined as

ξγiγj
(θ) = ⟨γi(θ1) · γj

∗(θ2)⟩. (7)

with θ = |θ1 − θ2|. Note that the two-point function of the convergence is iden-

tical to that of the shear. It is useful to separate ξγ into two separate correlation

functions by using the +/× decomposition: the + component is defined paral-

lel or perpendicular to the line connecting the two points taken, while the ×

component is defined along 45◦. This allows us to define the rotationally in-

variant two-point correlations of the shear field: ξ+(θ) = ⟨γi+(θ1)γj+(θ2)⟩, and

ξ×(θ) = ⟨γi×(θ1)γj×(θ2)⟩. The correlation function of Equation 7 is simply given

by ξγiγj
= ξ+ + ξ−.

The E/B mode decomposition discussed in §2.3 is given by linear superpositions

of ξ+(θ) and ξ×(θ) (though it involves integrals over all θ). A more direct way to

perform the E/B decomposition is through the mass aperture variance, M2
ap(θ),

which is a weighted second moment of the tangential shear measured in apertures.

This provides a very useful test of systematics in the measurements; we will not

use it here, but refer the reader to (27). All two-point statistics such as M2
ap(θ)

can be expressed in terms of the shear correlation functions defined above.

The shear power spectrum at angular wavenumber ℓ is the Fourier transform

of ξγiγj
(θ). It is identical to the power spectrum of the convergence and can be

expressed as a projection of the mass density power spectrum Pδ. For source

galaxies in the ith and jth redshift bin it is (5, 29)

Cγiγj
(ℓ) =

!

∞

0
dz

Wi(z)Wj(z)

χ(z)2 H(z)
Pδ

"

ℓ

χ(z)
, z

#

. (8)

where the indices i and j cover all the redshift bins. The redshift binning is

assumed to be provided by photo-z’s that can be estimated from multi-color
Pδ(k,z): matter power spectrum Wi(z): lensing kernel 
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where dx is the separation vector between points on the
respective planes. In the weak-lensing limit, the deformation
can be decomposed as (Mellier 1999 ; Bartelmann & Schnei-
der 2001)

A
ij

\ (1 [ i)d
ij

[ c1 p3 [ c2 p1 , (2)

where the are the 2 ] 2 Pauli matrices, i > 1 is the con-p
ivergence, and is the shear. If a galaxy has (weighted)c

a
> 1

second moments MS, then the image will have

MI \ A~1 Æ MS Æ A~1 . (3)

The ellipticities are usually deÐned in terms of the second
moments of the light distribution, corrected for instrumen-
tal and observational e†ects, and in the weak-lensing regime
equation (3) simpliÐes dramatically, such that the observed
ellipticity of a galaxy is linearly related to the shear. The
proportionality constant depends on the deÐnition of the
ellipticity ; we take

SeT \ c , (4)

but note that 2c is often found in the literature (Bartelmann
& Schneider 2001). The result is that e deÐnes a (noisy)
estimate of the local shear Ðeld at nü .

Now consider an observation of a given area of the sky.
The observed Ðeld yields an estimate of the ellipticities e

iand positions of a set of galaxies binned into pixelsnü
ii \ 1, . . . , In a Cartesian coordinate system on the sky,Npix.the two components of the shear Ðeld, and trans-c1(nü ) c2(nü ),

form as a spin-2 Ðeld. The Fourier decomposition is

c1(nü ) ^ ic2(nü ) \P d2l
(2n)2W (l)[v(l) ^ ib(l)]eB2irleil Õ n9 , (5)

where is the angle between l and the x-axis, and W (l) isr
lthe Fourier transform of the pixel window function. For

square pixels of side p in radians,

W (l) \ j0
Alp

2
cos r

l
B

j0
Alp

2
sin r

l
B

, (6)

where is the zeroth-order spherical Besselj0(x) \ sin (x)/x
function. Note that for long wavelengths, the pixelization is
irrelevant and the window goes to unity.

We are interested in the power spectrum or correlation
function of the shear Ðeld. The two-point correlations in the
shear are determined by the three shear power spectra,

Sv(l)v(l @)T \ (2n)2d(l [ l@)C
l
vv ,

Sb(l)b(l@)T \ (2n)2d(l [ l@)C
l
bb ,

Sv(l)b(l@)T \ (2n)2d(l [ l@)C
l
vb . (7)

For the shear generated by weak lensing, C
l
vv \ C

l
ii, C

l
bb \

0, and For shot noise, Systematic errorsC
l
vb \ 0. C

l
vv \ C

l
bb.

can in principle generate any of the power spectra.
Since a 45¡ rotation of the shears takes v ] b, it converts

the lensing signal to a spectrum withC
l
bb \ C

l
ii C

l
vv \

A more general rotation leaves a signal in bothC
l
vb \ 0. C

l
vv

and but also correlates them as ForC
l
bb, (C

l
vb)2 \ C

l
vv C

l
bb.

the shot noise, the relation is invariant underC
l
vv \ C

l
bb

rotations. These rotations also allow one to visualize the
pattern implied by each spectrum (see Fig. 1). In particular,
the b-component possesses a ““ handedness ÏÏ ; formally, the
two are distinguished by their transformation under parity.

By direct substitution,

Sc1(nü
i
)c1(nü

j
)T \P d2l

(2n)2 (C
l
vv cos2 2r

l
] C

l
bb sin2 2r

l

[C
l
vb sin 4r

l
)W 2(l)eil Õ (n9 i~n9 j) ,

Sc2(nü
i
)c2(nü

j
)T \P d2l

(2n)2 (C
l
vv sin2 2r

l
] C

l
bb cos2 2r

l

]C
l
vb sin 4r

l
)W 2(l)eilÕ(n9 i~n9 j) ,

Sc1(nü
i
)c2(nü

j
)T \P d2l

(2n)2
C1

2
(C

l
vv [ C

l
bb) sin 4r

l

]C
l
vb cos 4r

l
D

W 2(l)eilÕ(n9 i~n9 j) . (8)

For a coordinate system that is oriented so that nü
i
[ nü

j
px

and pixel separations that are small compared with the
coherence scale of the Ðeld, the cosmological vv signal gen-
erates For shot noise and forSc1 c1T [ 0. Sc2 c2T B Sc1 c1T,
either These are the tests suggested bySc1 c2T B 0.
Miralda-Escude (1991).

FIG. 1.ÈFundamental shear modes and their cross-correlation. (a) Pure v-Ðeld obtained from a convergence map from White & Hu (2000). (b) Pure b-Ðeld
obtained by a rotation of the shears by n/4. (c) Correlated mixture of v and b with obtained by a rotation of the shears by n/8.C

l
vv \ C

l
bb \ C

l
vb

Hu & White (2001)

E-mode B-mode
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example statistics:
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matter distribution (125 Mpc/h) 

matter power 
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movie, simulation, statistics: Matt Becker, Ralf Kaehler, Yao-Yuan Mao, Rachel Reddick, Risa Wechsler (Stanford/SLAC)
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We observe galaxies with telescopes!

graphic from the GREAT08 handbook (arXiv:astro-ph/0802.1214)

convolution with point 
spread function (PSF)

galaxies:

stars provide 
measurements of the PSFstars:
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Measuring shears is hard!

Results from GREAT3 Challenge (arXiv:astro-ph/1412.1825)

GREAT3 Results I 5

2.3.1 Constant shear

For constant-shear simulations, each field has a particular
value of shear applied to all galaxies (App. A2). Participants
submitted estimated (“observed”) shears for each constant
shear value in the branch. We relate biases in observed shears
gobs to the true shear gtrue using a linear model in each
component:

gobsi − gtruei = mig
true
i + ci (7)

where i denotes the shear component, and mi and ci are the
multiplicative and additive biases, respectively. From user-
submitted estimates of all gobsi in a branch, the metric calcu-
lation begins with an unweighted least-squares linear regres-
sion to provide estimates of mi, ci given the true shears (in
Sec. 4.8 we discuss the role of outliers in affecting the mi and
ci estimates). The regression is done in a coordinate frame
rotated to be aligned with the mean PSF ellipticity in each
field, so that c values will properly reflect the contamination
of galaxy shapes by the PSF anisotropy.

Having estimated mi and ci, we constructed the metric,
Qc, by comparison with ‘target’ values mtarget, ctarget. These
come from requirements for upcoming weak lensing experi-
ments; we use mtarget = 2×10−3 and ctarget = 2×10−4, mo-
tivated by a recent estimate of requirements (Cropper et al.
2013; Massey et al. 2013) for the Euclid space mission. The
constant-shear metric is then defined as

Qc =
2000 × ηc

!

"

"

#σ2
min,c +

$

i=+,×

%

&

mi

mtarget

'2

+

&

ci
ctarget

'2
(

. (8)

The indices +, × refer to the two shear components in the
rotated reference frame described above. We adopt σ2

min,c =
1 (4) for space (ground) branches, corresponding to the typ-
ical dispersion in the quadrature sum of mi/mtarget and
ci/ctarget due to pixel noise. This metric is normalized by
ηc such that methods that meet our chosen targets on mi

and ci in space-based data should achieve Qc ≃ 1000. In the
ground branches Qc is slightly lower for submissions reach-
ing target bias levels, reflecting their larger σ2

min,c due to
greater uncertainty in individual shear estimates for ground
data. However, Qc scores are consistent between space and
ground branches where biases are significant.

Given the nature of this metric definition, the uncer-
tainty in Qc is larger at high Qc than at small Qc. For
the level of pixel noise in the simulations from ground
(space), the effective uncertainty on Qc for Qc values of
[100, 300, 500, 1000] is [3, 28, 80, 328] ([2, 19, 55, 229]).

2.3.2 Variable shear

For variable-shear simulations, the key test is the recon-
struction of the shear correlation function. Submission of
results for these branches begins with calculation of correla-
tion functions by the participant10. The submission consists
of estimates of the aperture mass dispersion (e.g., Schneider
2006; Schneider et al. 1998), which are constructed from

10 Software for this purpose was distributed publicly at
https://github.com/barnabytprowe/great3-public .

two-point correlation function estimates, and allows a sepa-
ration into contributions from E and B modes11. We label
these E and B mode aperture mass dispersions ME and MB .

The submissions were estimates of ME,j for each of ten
fields labelled by index j; this estimate is constructed using
twenty subfields in a given field. This choice provides a large
dynamic range of spatial scales in the correlation function,
and thereby probes a greater range of shear signals. The
ME,j are estimated in Nbins logarithmically spaced annular
bins of galaxy pair separation θk, from the smallest available
angular scales in the field to the largest.

The metric Qv for the variable-shear branches was con-
structed by comparison to the known, true value of the aper-
ture mass dispersion for the realization of E-mode shears in
each field. These we label ME,true,j(θk). The variable-shear
branch metric is then calculated as

Qv =
1000 × ηv

σ2
min,v + 1

Nnorm

Nbins
$

k=1

)

)

)

)

)

Nfields
$

j=1

[ME,j(θk)−ME,true,j(θk)]

)

)

)

)

)

(9)
where Nnorm = NfieldsNbins, σ

2
min,v = 4 (9)× 10−8 for space

(ground) branches, and ηv is a normalization factor designed
to yield Qv ≃ 1000 for a method achieving m1 = m2 =
mtarget and c1 = c2 = ctarget.

The primary source of noise in the ME,j(θk) is pixel
noise, with some residual shape noise playing a role despite
the shape noise cancellation scheme. After the end of the
challenge we found that a small additional source of noise
comes from the interplay between the θk bin size, the galaxy
grid configuration, and approximations used in the calcula-
tion of the correlation function and aperture mass disper-
sion in corr212. While this is a subdominant source of noise
(∼ 1/4 of that due to measurement error), it does mean that
participants will find that their Qv results depend slightly
on the ordering of galaxies in their catalog.

For the level of pixel noise in the simulations from
ground (space), the effective uncertainty on Qv for Qv values
of [100, 300, 500, 1000] is [6, 47, 118, 418] ([5, 36, 91, 326]).

2.3.3 Other diagnostics

For the constant-shear branches, we have a clean way to di-
rectly study additive and multiplicative biases in the form
of mi and ci, where i = +,× (defined in the frame aligned
with the PSF ellipticity, and at 45 degree angles with re-
spect to that direction). However, also of interest are the mi

and ci defined in the frame defined by the pixel coordinates,
for i = 1, 2. In the STEP2 challenge (Massey et al. 2007a),
many methods exhibited coherent differences in shear sys-
tematics along the pixel axes and at 45 degrees with respect
to them, presumably due to the different effective sampling
of the galaxy and PSF profiles. Since the PSF ellipticity di-
rection has a random orientation with respect to the pixel
axes, differences between m1 and m2 will average out, giv-
ing m+ ≈ m×. Since differences between m1 and m2 may be

11 For more discussion of the limitations on E- and B-mode sep-
aration in GREAT3, please see Mandelbaum et al. (2014).
12 https://code.google.com/p/mjarvis/

c⃝ 0000 RAS, MNRAS 000, 000–000

22 Mandelbaum, Rowe, et al.

Figure 17. Multiplicative and additive biases for constant-shear branches in the control (left) and realistic galaxy (right) experiments,
for ground (top) and space (bottom) branches. For each branch, we show the averaged (over components) multiplicative bias ⟨m⟩ vs.
c+, the additive bias term defined in the coordinate system defined by the PSF anisotropy. The axes are linear within the target region
(|m| < 2× 10−3 and |c| < 2× 10−4, shaded grey) and logarithmic outside that region.

Figure 16. Comparison between the Qv predicted from the
constant-shear branch results (CGC), and the actual Qv results
for variable shear (CGV).

sitive than Qv. The results for Amalgam@IAP and CEA-
EPFL are good in many branches, but exhibit significant
fluctuations due to partial cancellations of biases. The re-
sults for Fourier_Quad with a realistic weighting scheme
are quite good, but degraded compared to the results with
the unrealistic weighting schemes.

The errorbars in Fig. 15 show that for lower Q values,
the uncertainty in Q is very small. However, near the tar-
get Q values, small uncertainties in m and c become large
uncertainties in Q. These errorbars are quite non-Gaussian,
so for example the difference between Q = 500 and 1000 for
control space branches is significantly more than the 2σ sug-
gested by the plot. It is apparent that in many branches, 2–3
teams performed well enough that the differences between
their Q values (and between the target of ∼ 1000) are not
statistically significant.

One basic question is whether the results in the constant
and variable shear branches are consistent. We cannot di-
rectly compare Qc and Qv, because they respond to system-
atic errors in different ways. However, for a given constant-
shear submission, we can use the recovered m and c values
to predict Qv by simulating variable shear submissions with
those m and c, and then checking their Qv. Comparing the

c⃝ 0000 RAS, MNRAS 000, 000–000

multiplicative 
errors

additive errors

m

c

space-based lensing 
requirements DES SV requirements!
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Two-point Function Estimators

4 Becker, Troxel, Eifler, MacCrann, Bridle, Friedrich, Krause and the DES Collaboration

from Becker & Rozo (2014). Alternative statistics are con-
sidered in Appendix B.

We follow Miller et al. (2013) and estimate the two-
point function with7

⇠± = X+ ± X⇥ (1)

X+/⇥ =

P
i,j

wiwj(e � c)i+/⇥(e � c)j
+/⇥P

i,j
wiwjsisj

where i, j index the galaxies in the two sets we are corre-
lating. Here e+/⇥ are the estimated shears from the lensing
analysis projected into the + and ⇥ components for each
pair of galaxies {i, j} in the sum. The wi are weights applied
to each galaxy (typically inverse variance weighting; see Sec.
2 for each lensing code). The si are multiplicative noise bias
and/or lensing sensitivity corrections that are applied to the
shears. Finally, the ci are the additive bias corrections used
for im3shape. We follow Miller et al. (2013) and apply these
corrections to the entire population of shears as opposed to
applying them to each shear individually.

The band-powers of Becker & Rozo (2014) use the meth-
ods of Becker (2013) to estimate Fourier space band-powers
directly from linear combinations of the real-space two-point
functions. These estimators are

E =
1
2

hX
f+i⇠+i +

X
f�i⇠�i

i
(2)

B =
1
2

hX
f+i⇠+i �

X
f�i⇠�i

i
(3)

where the sum runs over the angular bins of the shear two-
point functions and the weight vectors f+/� are chosen to
simultaneously minimize E- to B-mode mixing while also
producing compact band-power estimates in Fourier space.
The final band-power estimates can be computed from the
underlying E-mode power spectrum as

E =

Z
d ln ` `2

2⇡
CEE(`)W+(`) (4)

where W+(`) is the band-power window function computed
from the coe�cients {f+i, f�i}. See Becker & Rozo (2014)
for more details. The computation of the band-powers re-
quires computing the e↵ective bin window functions of the
shear correlation function points. These window functions
are discussed in Appendix A.

3.1 Mock Catalogs for DES SVA1

We use a set of 126 to 196 mock catalogs to compute the
covariance matrix of the shear correlation functions, E/B-
mode statistics, power spectra and null statistics defined
above. These mock catalogs are constructed from seven sim-
ulations consisting of three N-body light cones pieced to-
gether along the line-of-sight. We use 1050 h�1Mpc, 2600
h�1Mpc and 4000 h�1Mpc boxes with 14003, 20483 and
20483 particles respectively. The initial conditions are gen-
erate at redshift 49 with 2LPTic, a second-order Lagrangian
perturbation theory initial conditions generator (Crocce
et al. 2006), based on the CAMB code (Lewis & Bridle 2002).

7 We compared several di↵erent methods for incorporating the
sensitivities into the two-point function estimator and found that
they di↵ered by at most ⇠ 2%.

The N-body evolution is computed with an e�cient dark
matter only version of the Gagdet-2 code (Springel 2005),
LGadget-2. We have implemented our own on-the-fly light
cone generator directly into the LGadget-2 code in order
to produce light cone outputs (Busha et al. in prep.). We
produce a full-sky light cone which formally replicates the
N-body box eight times. However each final simulation cov-
ers only one octant of the full-sky, ⇠ 5, 000 square degrees,
and is thus composed of non-replicated volume. As the DES
SV area is only ⇠ 150 square degrees, we break each simula-
tion into 18 di↵erent pieces using the observed SVA1 mask
to construct 126 total mock catalogs. This procedure has the
advantage of properly computing the halo-sample variance
contributions to the lensing covariance matrices since each
patch is embedded in the large-scale modes of the box. We
also produce a larger number of patches with a square mask,
making 28 per simulation or 196 total.

We place lensing sources randomly in angle and with the
redshift distribution of the tomographic bins defined above.
Then weak lensing shear for each source is computed us-
ing the CALCLENS ray tracing code (Becker 2013). In this
application of the CALCLENS code we use the pure spherical
harmonic transform version with Nside=8192. Appendix C
presents tests of the underlying simulations in comparison
to simple expectations from fitting functions to the matter
power spectrum. We find that the simple expectations from
matter power spectrum fitting functions agree with the sim-
ulation to within sample variance, but that some resolution
issues remain on small scales.

Finally, we generate the shape noise and other prop-
erties in the mock by randomly drawing from the obser-
vations separately for each tomographic bin. Importantly,
we draw the intrinsic shape of each mock shear source sep-
arately from its other properties, like signal-to-noise, size,
etc. Properties which have intrinsic spatial dependence in
the survey are drawn from the nearest real galaxy to each
mock galaxy. These procedures randomize the shear field in
the data and ensure that the mocks have no correlations be-
tween the systematic parameters, like air mass or seeing, and
the shear field. Any residual correlations are due to random
alignments of the underlying signal or shape noise pattern
with the spatial dependence of the systematic parameter.

4 THE COSMIC SHEAR SIGNAL

We now discuss the main results, namely the cosmic shear
measurements. These are shown in Figures 2 and 3. We find
an overall detection signal-to-noise of XXX for the shear cor-
relation functions and XXX for the band-powers. Note that
these three di↵erent sets of statistics use di↵erent angular
scales in the data and thus are not expected to have the
same detection significance.

The cosmological analysis of this data is presented
in XXX. Instead, we compare directly to CFHTLenS and
Planck using the methods of Tegmark & Zaldarriaga (2002)
in Figure 4. We find reasonable agreement with Planck and
some disagreement with CFHTLenS at large scales. The cos-
mological implications of these results will be explored in
XXX.

We generate estimates of the 1� uncertainties for each
measurement by computing the covariance over the simu-
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Cosmic Shear w/ the 
Dark Energy Survey
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So how does this actually go?
1) a survey (e.g., the Dark Energy Survey) 
2) data reduction/calibrations (DES Data Management) 
3) shear measurements (e.g., ngmix and im3shape) 
4) estimate photometric redshifts 
5) estimate covariances of the two-point functions 
6) lots of tests, simulations and analysis

The rest of the talk will be about all of these different 
things with more detail on some than others.
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The Dark Energy Survey

Some basic facts about the DES: 
• on the Blanco 4-meter telescope at the Cerro Tololo Inter-

American Observatory 
• survey goes from 2013-2018 w/ 525 nights 
• DECam: 570 Mpix, 3 deg2 FOV, grizY filters 
• 5,000 deg2 survey to 24th mag (10 tilings per band) 
• 30 deg2 deep SN fields

The DES aims to constrain the nature of Dark Energy with 
four probes: clusters (growth), weak lensing (growth), BAO 

(distance) and supernovae (distance).

Here I will focus on the analysis of DES Science Verification data. This 
dataset (for cosmic shear) consists of ~139 deg2 to approximate full 
DES depth. It covers the eastern portion of the overlap with the SPT 
survey, and so has been dubbed informally “SPT East.”
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The shape estimation codes use a full likelihood over all of the 
individual images of each source to measure shears.

DES SV Shear Measurements

Additional Notes: 
• the DES currently uses two substantially different shear 

estimation codes (ngmix and im3shape) 
• PSF is interpolated with PSFEx (Bertin) excluding brightest stars 
• masking of neighboring galaxies in postage stamps is done on-

the-fly (but the most blended things are cut)

4

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.

(4; 23; 52; 49) and the most recent results (33; 12) use millions of galaxies
to measure the clumpiness of dark matter to around 5 percent accuracy.
Fig. 1 shows a three-dimensional map of the dark matter reconstructed
by (32). Future surveys plan to use roughly a billion galaxies to measure
the dark matter clumpiness to extremely high accuracy and thus measure
the properties of dark energy to 1 percent accuracy. This will require a
measurement accuracy on each of g1 and g2 of better than 0.0003. However
this can only be achieved if statistical inference problems can be overcome.

Shear measurement is an inverse problem. The forward process is illus-
trated in Fig. 2: (i) Each galaxy image begins as a compact shape, which
appears sheared by the operation in Eq. 2.1; (ii) The light passes through
the atmosphere (unless the telescope is in space) and telescope optics, caus-
ing the image to be convolved with a kernel; (iii) Emission from the sky
and detector noise cause a roughly constant “background” level to be added
to the whole image; (iv) The detectors sum the light falling in each square
detector element (pixel); and (v) The image is noisy due to a combination of
Poisson noise1 in the number of photons arriving in each pixel, plus Gaus-

1Poisson noise arises because there is a finite number of photons arriving at the detector
during the fixed length of time that the shutter is open. The probability of receiving n
photons in a pixel is therefore given by Pr(n|λ) = λne−λ/n! where λ is the mean number
of photons observed in that pixel during many exposures of the same length of time.
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DES Photo-z’s for WL
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Bonnett et al. (2015; arXiv:astro-ph/1507.05909)

12 Bonnett, Troxel, Hartley, Amara, Leistedt and the DES Collaboration

Figure 10. Each row of panels show the weighted spectroscopic redshift distributions (shaded area) of the objects in each tomographic
bin as selected by the mean of skynet compared to estimates of the redshift distribution of the four methods used in this work. Top
row: The spectra used in this test comes from VVDS-F14, an independent sample not not used for training. Second row: The spectra
used in this test are a 30% subset of VVDS-Deep used as part of the validation sample. Third row: The spectra used in this test are a
30% subset of the matched spectroscopic catalogue used for validation. Bottom row: The redshift distribution in the tomographic bins
for the ngmix sample.

methods is very small despite low-z di↵erences in the corre-
lation function, with agreement at much better than the 1�
level. bpz has a relative bias of about 1�, by comparison,
which corresponds to about 3% in �

8

.

For completeness, we have also repeated the above anal-
yses and those in Sec. 6.1.2 on the im3shape n(z) with the
same redshift boundaries matching those derived for ngmix

and again for tomographic bins derived for im3shape, and
find in all cases that the major conclusions and resulting
di↵erences across photo-z methods are consistent between
analyses of the two catalogues at the level of accuracy we
require for SV analysis.

MNRAS 000, 000–000 (0000)

10 Bonnett, Troxel, Hartley, Amara, Leistedt and the DES Collaboration
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Figure 9. The full redshift distribution n(z) for the validation
sample (0.3 < z < 1.3). Upper panel: The kernel density esti-
mate of the full unweighted validation sample compared to the
four photo-z methods. Lower panel: The same, but including the
weighting from Sec. 3.2 and matched COSMOS photometric red-
shifts from Ilbert et al. (2009). The vertical lines in the plots are
the mean values of the distributions.

DES SV -WL sample Validation sample

Spectra 0.72 (weighted) 0.64
annz2 0.73 0.65
skynet 0.73 0.65
tpz 0.73 0.64

bpz 0.71 0.64

Matched COSMOS 0.70 -

Table 2. The left column contains the estimates of the mean
of redshift distribution of the ngmix sample of the four photo-z
methods and also the mean of the weighted spectroscopic sample
which is itself an estimate of the mean of the ngmix sample. The
right column contains the mean of the unweighted validation set
with the four photo-z methods and the mean from the spectra.

sample. Here we take the spectroscopic sample to be a truth
catalogue and we can see again that our methods are able
to find the mean of this distribution to a precision better
than 0.01. The corresponding means for these results are
also shown in Table 2.

5 TOMOGRAPHIC PHOTO-Z
PERFORMANCE

In the previous section, we discussed the global character-
istics of the estimated n(z). In the cosmological analysis of
DES et al. (2015), we have presented a conservative analysis
of the two-point cosmic shear constraints on cosmology by
marginalising over a large array of nuisance parameters re-
lated to known or suspected systematics. Particularly in the
case of intrinsic alignment, doing so severely degrades the
constraining power of a non-tomographic analysis. Thus we
must also characterise how well the four photo-z methods
are able to reconstruct the redshift distribution of individ-
ual tomographic bins – in this case, three bins selected that
match those used in Becker et al. (2015); DES et al. (2015).
These are designed to contain approximately equal lensing
weight in the larger ngmix shear catalogue. The bin bound-
aries are set by cuts on the skynet mean redshifts at [0.3,
0.55, 0.83, 1.3]. We choose to keep the galaxies in each bin
fixed according to the cosmology analysis of DES et al. 2015.

In this section we look at the photo-z performance in
these three tomographic bins. This is done through a series
of tests, comparing the reconstruction of n(z) (and in par-
ticular the value of the mean redshift) in three spectroscopic
galaxy samples and the ngmix catalogue:

• Test 1: An independent sample of spectroscopic galax-
ies in the VVDS-F14 field, which were not used in training or
validation and located in a distinct part of the sky separate
from the training and validation fields. The radial structure
in the independent sample is thus di↵erent from what the
machine learning methods trained on.

• Test 2a: A deeper spectroscopic sample of 30% of the
galaxies in the VVDS-Deep field, which matches better to
the depth of DES SV photometry, but which is also part of
the validation sample and thus not fully independent.

• Test 2b: The full validation sample – 30% of the
matched spectroscopic sample set – excluding galaxies in
the VVDS-F14 field.

• Test 3: Comparison of the redshift estimates of the four
photo-z methods for the full DES SV ngmix catalogue.

Once again, we use skynet as the fiducial photo-z re-
sult, and so for consistency all objects in this section are
assigned a bin based on the mean of the skynet p(z). In Ap-
pendix B, we show results where each code assigns a bin to
each galaxy based on their own z-mean. Figures 10 show the
results in the tomographic bins of tests 1, 2a and 2b for each
of the photo-z algorithms we consider as labelled. Overall we
see that all the methods produce consistent results. Since we
do not have a perfectly representative spectroscopic sample
for the galaxy population for the full ngmix catalogue, we
only compare the relative agreement of the photo-z methods
in the bottom panel of Fig. 10. The bin with the highest cos-
mological information content for tomographic lensing is the
highest redshift bin. It is therefore reassuring that visually
the di↵erent methods give consistent results. Table 3 shows
the mean o↵sets of the results shown in the top 3 panels
of Fig. 10. Table 4 shows the estimates of the mean in the
tomographic bins of the ngmix sample by the photo-z codes
and the estimate of the weighted spectroscopic sample. We
see from the results for Tests 2b and 3, which are the clos-
est to our weak lensing samples, that the relative bias of the

MNRAS 000, 000–000 (0000)

Details: 
• used only griz magnitudes 
• template code: BPZ 
• machine learning codes: 

ANNZ2, SkyNet, TPZ 
• marginalize over error of 0.05 

in mean redshift of each 
tomographic bin
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Correlations with the PSF?

�measured = �true + ✏+ ↵�PSF

Mass and galaxy distributions of four massive galaxy clusters with DES 7
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Figure 3. Stellar and PSF model ellipticities and sizes for the RXC J2248.7-4431 i.2 coadd image. From left to right, the top row shows the ellipticities ✏? (in
terms of shears, not polarizations) of the stars from the clean catalog (cf. Section 4.1.1); the corresponding ellipticities ✏m of the PSFEx model derived from
the same stars with PSFVAR DEGREES=12; the residuals between stellar and model ellipticities; the diagnostic two-point correlation functions ⇢1 and ⇢2 out to
a maximum separation of 1 deg. The bottom row is analogous but for stellar and PSF model sizes, respectively. See Section 4.1.2 for details on the diagnostic
functions and their tolerances (Equation 11 and shaded areas in the right panels). In the left two panels, the shaded area indicates the field cut to eliminate
parts of the coadd images not covered by all exposures. For reference, a comparison whisker and the size color scales are indicated in the top-right corner of
these panels. The measurements are done with the moment-based shape code deimos (Melchior et al. 2011) at a fixed size of an adaptively matched elliptical
Gaussian weight function of �w = 2.5 pixels.

4.1 PSF modeling

Ordinarily, one models the PSF and its spatial variations simply
by building a model from all available stars in the field. Unfortu-
nately, PSF modeling for DECam is somewhat more complicated
because its thick deep-depleted CCDs exhibit a mild flux depen-
dence in the registration of charges. This is believed to be due to
the accumulation of charges in the pixels altering the local electric
field, e↵ectively creating a repulsive force that scales linearly with
the amount of charge already present (Antilogus et al. 2014). The
most apparent consequence is a flux dependence of the PSF width,
hence the e↵ect being dubbed the “brighter-fatter relation”. The ef-
fect is not quite isotropic, having a preferred alignment towards the
readout direction.

A proper correction of this e↵ect would involve modeling
the redistribution of charges and locally re-assigning image counts
between neighboring pixels to recreate the theoretical “zero-flux”
shape of stars and galaxies. Such an approach is currently under
development, but goes beyond the scope of this paper. In the fol-
lowing sections, we will adopt a simpler approach, in which we
eliminate the brightest stars when building the PSF model (see Ap-
pendix A for details). As they carry most of the photons, we need
to compensate by pushing the star selection for the PSF model to
fainter levels, where identification and shape measurement of stars
can be performed much more reliably on coadded images.

4.1.1 Star selection and PSFEx models

The first step of building a PSF model is to select a sample of stars,
from which the shape of the PSF can be reliably inferred. Due to
the large size of DECam, we need to be able to tolerate consider-
able variations of size and ellipticity of actual stars in this initial
selection to avoid forming an incomplete model of the PSF.

We work with the coadd catalogs from SExtractor and per-
form a first-pass selection of stars in the size-magnitude plane
(to be precise, in the plane of MAG_AUTO and both FWHM_IMAGE
and FLUX_RADIUS), which yields mostly isolated stars, well suited
for PSF measurements. To avoid saturated or noise-dominated
stars, we could restrict the selection to objects with MAG_AUTO
2 [15, 21.5], but the flux-dependence of the PSF forces us to in-
troduce a much more restrictive selection MAG_AUTO 2 [18, 21.5] to
prevent the brightest stars from rendering the PSF model inappro-
priate for the bulk of fainter stars and galaxies (cf. Figure A1 for an
example with the full range of stellar magnitudes).

We improve upon this first pass by requiring that stars be
on the stellar branch in each of the filters r, i, z, which makes
for a cleaner selection at faint levels and avoids the inclusion of
blended stars whose faint companion is a drop-out galaxy for bluer
filters. As a last step, we build a locally smoothed map of the
FLUX_RADIUS measurements of the stars selected so far and reject
3� outliers. This localized selection is necessary for the wide-field
imager DECam since stellar sizes increase considerably towards
the edges of the field (cf. bottom-left panel of Figure 3) so that

c� 2014 RAS, MNRAS 000, 1–19

~2 deg.

Melchior+14

Correctly measured shears exhibit no correlation with the PSF on 
average, but there can be variance due to random alignments of the 

true shear and the PSF pattern of the telescope.
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No Correlations with the PSF

�measured = �true + ✏+ ↵�PSFFig. 18.— The mean galaxy shear as a function of the
input PSF size for IM3SHAPE (top) and NGMIX (bot-
tom). The solid lines show the best linear fit without
binning.

lines on the left plots (i.e. he
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) and the
blue lines on the right plots (i.e. he
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2

). For
IM3SHAPE we find ↵ = 0.008±0.025, and for NGMIX
↵ = �0.001 ± 0.007. There is no evidence for non-
zero ↵; however, for IM3SHAPE, we cannot definitively
confirm that |↵| < 0.03 (cf. equation 3-15) given the
uncertainty in the estimate.

We similarly plot the mean shear as a function of
PSF size in Figure 18 for both IM3SHAPE (left) and
NGMIX (right). Linear best-fit lines are also included.
The slopes here are also consistent with zero, being on
the order of 0.1% or less, which indicates negligible
dependence of the mean shear on the PSF size.

8.2.2. Star/galaxy cross-correlation

Another estimate of the leakage factor ↵ comes
from the cross-correlation of the galaxy shapes with
the PSF shapes, ⇠

gp

+

. Writing ⇠

gp

+

in terms of equa-
tion 8-1 and solving for ↵, we find that

↵ =
⇠

gp

+

� he
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i

⇤
hePSFi

⇠

pp

+

� |hePSFi|
2

, (8-2)

where ⇠

pp

+

is the auto-correlation function of the PSF
shapes, ePSF.

While this nominally gives us an estimate of ↵ as a
function of scale, ↵ is not a scale-dependent quantity.
It quantifies a point process, the possible leakage of
the PSF shape into the galaxy shape estimates. There-
fore, we expect this estimate of ↵ to be consistent at all
scales, given the uncertainties in the estimate.
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Fig. 19.— The calculation of the PSF leakage pa-
rameter ↵, which is given in equation 8-2. The top
plots show ⇠

gp (red), the cross correlation of the galaxy
shapes with the PSF shapes, and ⇠

pp (blue), the auto-
correlation of the PSF shapes, for IM3SHAPE (left) and
NGMIX (right). The bottom plots show ↵, which is
a measure of the leakage of the PSF shapes into the
galaxy shapes as a function of scale. The grey band
shows the sample variance plus shape noise uncertainty
for ↵. The �

2

/d.o.f. is given for ↵ over all scales.

The measured ⇠

gp

+

and ⇠

pp

+

correlation functions are
shown in the top panels of Figure 19 for IM3SHAPE
(left) and NGMIX (right). ↵ is then calculated based
on these and shown in the lower panels. Due to sam-
ple variance, ↵ can be non-zero in this test even if the
measured shears have no PSF contamination. We use
the mock catalogs described in Becker et al. (2015) to
compute the total uncertainty for ↵. These catalogs
are populated with PSF shapes by using the PSF shape
from the nearest observed galaxy to each mock galaxy.
We then use the full suite of 126 mock catalogs to com-
pute the total uncertainty on ↵ including both shape
noise and sample variance.

We find that both IM3SHAPE and NGMIX show no
significant PSF contamination in this test, with a to-
tal �

2

/d.o.f. of 18.3/25 and 22.3/25 for ↵ computed
over all scales. The best fit value for ↵ in each case,
properly taking into account the correlations (Avery
1996), is ↵ = 0.010 ± 0.023 for IM3SHAPE and
↵ = �0.008 ± 0.006 for NGMIX, both below the re-
quirement of |↵| < 0.03 from equation 3-15, although
in the case of IM3SHAPE we are only able to constrain
|↵| to be less than 0.03 at about 1�.

31

Jarvis et al. (2015; arXiv:astro-ph/1507.05603)
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Two-point Function Null Tests
Lots of things vary over the survey.
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Two-point Function Null Tests
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These tests are of both the photo-z’s and the shear measurements! 

red = upper half     blue = lower half     purple = reweighted
M. R. Becker                                                                                                                     SLAC Summer Institute, Aug 10, 2015



Null Test Results for ngmix

Cosmic Shear Measurements with DES Science Verification Data 11

Figure 8. An example of the redshift re-weighting procedure used when comparing the correlation function between galaxies split into
bins of galaxy or survey properties. Left: The SkyNet redshift distribution for each half of the ngmix data, split into upper (blue) and
lower (red) bins of signal-to-noise ratio (S/N)r before (dashed) and after (solid) re-weighting, compared to the full sample n(z) (black
solid curve). Right: The distribution of weights applied to each galaxy to produce the solid n(z) lines, generated as described in Sec. 4.5.
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Figure 9. Null tests for the ngmix two point correlation function based on a variety of catalog and survey properties as described in
Table 1. Each panel for a given property shows the di↵erence between the ⇠+ relative to its error for the galaxies in the upper and lower
halves of the sample split into bins by the magnitude of the quantity. The two halves of the sample have been reweighted to have the
same redshift distribution. The error on the di↵erence is computed directly via the mock catalogs. Grey bands are shown representing
the 1� and 2� variance at each value of ✓. Adjacent points in angle are correlated.
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Figure 10. Null tests for the im3shape two point correlation function based on a variety of catalog and survey properties as described
in Table 1. See Fig. 9 for details.

Property �2 [d.o.f. = 8] �⇠+/�(⇠+) Description
ngmix (im3shape) ngmix (im3shape)

Signal-to-Noise 4.9 ( 5.2 ) 0.05 ( 0.49 ) Signal-to-noise of galaxy detection
Galaxy Size 5.3 ( 10.7 ) -0.3 ( 0.15 ) Galaxy size (deconvolved with PSF)
Galaxy Colour 7.3 ( 2.2 ) -0.31 ( -0.32 ) g � z colour
Surface Brightness 7.8 ( 8.7 ) 0.33 ( -0.32 ) Galaxy surface brightness
RA 7.0 ( 8.8 ) 0.24 ( 0.28 ) Galaxy right ascension
Dec 4.0 ( 6.2 ) -0.24 ( -0.57 ) Galaxy declination
E(B-V) 5.1 ( 6.2 ) 0.23 ( 0.06 ) Mean extinction
Air Mass 20.7 ( 13.8 ) 0.31 ( 0.46 ) Mean r-band air mass
Exposure Time 4.7 ( 6.8 ) 0.18 ( 0.3 ) Mean total r-band exposure time
Mag. Limit 4.4 ( 7.4 ) 0.18 ( 0.45 ) Mean r-band limiting magnitude
Sky Sigma 1.7 ( 13.0 ) -0.02 ( -0.08 ) Mean r-band RMS sky brightness
Sky Brightness 5.0 ( 14.3 ) -0.05 ( -0.27 ) Mean r-band sky brightness
FWHM 6.4 ( 3.3 ) -0.23 ( -0.13 ) Mean r-band PSF FWHM
PSF e1 16.8 ( 13.5 ) 0.12 ( -0.37 ) Galaxy PSF e1
PSF e2 17.1 ( 7.5 ) -0.58 ( -0.22 ) Galaxy PSF e2
PSF Size 2.6 ( 5.6 ) -0.1 ( 0.42 ) Galaxy PSF size

Table 1. Summary of null tests for ngmix and im3shape. Results are given as ngmix (im3shape). The �2 values are given for the
di↵erences between the two-point correlation function calculated from galaxies that fall within one of two bins in each catalog or survey
property. Also shown is the magnitude of the di↵erence relative to the 1� error of the measurement of ⇠+ on the full sample.
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Tomographic B-modes
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Simulations for DES SV Data
Basic ingredients: 

• initial conditions w/ CAMB (Lewis et al.) & 2LPTic 
(Croccee et al.) 

• simulations run with LGadget-2 (Springel et al.) w/ a 
custom light cone generator 

• ray traced to produce WL shear maps (CALCLENS; 
Becker 2013) 

• apply observational masks 
• add shape noise and other props. by drawing from 

the data 
• select “galaxy” sample w/ obs. redshift distribution

z~0.35

z~0.90

z~2.4

Box Size 
[Mpc/h] # of particles Storage CPU hours

1050 14003 0.70 TB 12.3k

2600 20483 2.2 TB 36.9k

4000 20483 2.2 TB 38.8k
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Figure B1. The shear correlation functions in the mock catalogs compared to the expected values from Takahashi et al. (2012) for the
middle tomographic bin (left) and the upper tomographic bin (right). The solid lines show the theoretical expectation, the band shows
the error bars including shape noise and the dashed line shows the mean from the mock catalogs. ⇠+ is in red and ⇠� is in blue.
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Figure C1. Comparison of the shear correlation function correlation matrix estimated from mock catalogs and calculated from the halo
model. Figure 4 shows a subset, those for tomographic bin combinations (1,1), (1,3) and (3,3), of the covariance matrix elements shown
in this figure. The correlation matrix from mock catalogs is on the upper-left and that from the halo model is on the lower-right.
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and finally…
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Cosmic Shear!

4 Becker, Troxel, MacCrann, Krause, Eifler, Friedrich, Nicola, Refregier and the DES Collab.

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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Cosmological Constraints
6 The Dark Energy Survey Collaboration

Figure 2. Constraints on the amplitude of fluctuations �8 and
the matter density ⌦m from DES SV cosmic shear (purple filled
contours) compared with constraints from Planck (red filled con-
tours) and CFHTLenS (orange filled, using the correlation func-
tions and covariances presented in Heymans et al. (2013), and the
‘original conservative scale cuts’ described in Section 6.1.1). DES
SV and CFHTLenS are marginalised over the same astrophysical
systematics parameters and DES SV is additionally marginalised
over uncertainties in photometric redshifts and shear calibration.
Planck is marginalised over the 6 parameters of ⇤CDM (the 5 we
vary in our fiducial analysis plus ⌧). The DES SV and CFHTLenS
constraints are marginalised over wide flat priors on ns, ⌦b and
h (see text), assuming a flat universe. For each dataset, we show
contours which encapsulate 68% and 95% of the probability, as is
the case for subsequent contour plots.

The fiducial data vector is the real-space shear–shear
angular correlation function ⇠±(✓) measured in three red-
shift bins (hereafter bins 1, 2, 3, with ranges of 0.3 < z <
0.55, 0.55 < z < 0.83 and 0.83 < z < 1.3, and galaxies
assigned to bins according the mean of their photometric
redshift probability distribution function) including cross-
correlations, as shown in Figure 1. The data vector initially
includes galaxy pairs with separations between 2 and 300 ar-
cmin (although many of these pairs are excluded by the scale
cuts described in Section 4.2). We focus mostly on placing
constraints on the matter density of the Universe, ⌦m, and
�8, defined as the rms mass density fluctuations in 8 Mpc/h
spheres at the present day, as predicted by linear theory.

We marginalise over wide flat priors 0.2 < h < 1, 0.01 <
⌦b < 0.07 and 0.7 < ns < 1.3, assuming a flat Universe, and
thus we vary 5 cosmological parameters in total. The priors
were chosen to be wider than the constraints in a variety
of existing Planck chains.. In practice the results are very
similar to those with these parameters fixed, due to the weak
dependence of cosmic shear on these other parameters. We
use a fixed neutrino mass of 0.06 eV.

We summarise our systematics treatments below:
(i) Shear calibration: For each redshift bin, we
marginalise over a single free parameter to account for
shear measurement uncertainties: the predicted data vector
is modified to account for a potential unaccounted multi-
plicative bias ⇠ij ! (1+mi)(1+mj)⇠

ij . We place a separate
Gaussian prior on each of the three mi parameters. Each is

centred on 0 and of width 0.05, as advocated by J15. See
Section 5.1 for more details.
(ii) Photometric redshift calibration: Similarly, we
marginalise over one free parameter per redshift bin to de-
scribe photometric redshift calibration uncertainties. We al-
low for an independent shift of the estimated photomet-
ric redshift distribution ni(z) in redshift bin i i.e. ni(z) !
ni(z � �zi). We use independent Gaussian priors on each of
the three �zi values of width 0.05 as recommended by Bo15.
See Section 5.2 for more details.
(iii) Intrinsic alignments: We assume an unknown ampli-
tude of the intrinsic alignment signal and marginalise over
this single parameter, assuming the non-linear alignment
model of Bridle & King (2007). See Section 5.3 for more
details of our implementation and tests on the sensitivity of
our results to intrinsic alignment model choice.
(iv) Matter power spectrum: We use halofit (Smith
et al. 2003a), with updates from Takahashi et al. (2012) to
model the non-linear matter power spectrum, and refer to
this prescription simply as ‘halofit’ henceforth. The range
of scales for the fiducial data vector is chosen to reduce the
bias from theoretical uncertainties in the non-linear matter
power spectrum to a level which is not significant given our
statistical uncertainties (see Sections 4.2 and 5.4, and Table
2 for the minimum angular scale for each bin combination).
We thus marginalise over 3 + 3 + 1 = 7 nuisance parame-
ters characterising potential biases in the shear calibration,
photometric redshift estimates and intrinsic alignments re-
spectively.

Figure 2 shows our main DES SV cosmological con-
straints in the ⌦m � �8 plane, from the fiducial data vec-
tor and systematics treatment, compared to those from
CFHTLenS and Planck. For the CFHTLenS constraints, we
use the same six redshift bin data vector and covariance as
H13, but apply the conservative cuts to small scales used
as a consistency test in that work (for ⇠+ we exclude an-
gles < 30 for redshift bin combinations involving the lowest
two redshift bins, and for ⇠�, we exclude angles < 300 for
bin combinations involving the lowest four redshift bins, and
angles < 160 for bin combinations involving the highest two
redshift bins). We see that in this plane, our results are mid-
way between the two datasets and are compatible with both.
We discuss this further in Section 6.1.

Using the MCMC chains generated for Figure 2 we find
the best fit power law �8(⌦m/0.3)↵ to describe the degen-
eracy direction in the �8, ⌦m plane (we estimate ↵ using
the covariance of the samples in the chain in log�8 � log⌦m

space). We find ↵ = 0.478 and so use a fiducial value for ↵
of 0.5 for the remainder of the paper 9 We find a constraint
perpendicular to the degeneracy direction of

S8 ⌘ �8(⌦m/0.3)0.5 = 0.81± 0.06 (68%). (1)

Because of the strong degeneracy, the marginalised 1d con-
straints on either ⌦m or �8 alone are weaker; we find
⌦m = 0.36+0.09

�0.21 and �8 = 0.81+0.16
�0.26. In Table 1 we also show

other results which are discussed in the later sections, includ-

9 We would advise caution when using S8 to characterise the DES
SV constraints instead of a full likelihood analysis - S8 is sensi-
tive to the tails of the probability distribution, and also weakly
depends on the priors used on the other cosmological parameters.

MNRAS 000, 1–20 (2015)

The DES Collaboration (2015; arXiv:astro-ph/1507.05552)
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Recap and Outlook
We have a 9.7σ measurement of cosmic 

shear with six tomographic correlation 
functions. 

We have developed a large suite of null tests and 
comparisons to theoretical models in order to verify the 

components of the cosmic shear likelihood. 

The next few years of DES weak lensing 
science will be exciting!

Lots of improvements to all aspects of the analysis are 
ongoing, from pixels to the simulations. 
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