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The Dark Energy Survey
Camera

• Imaging galaxy survey.
• 5000 sq. deg. after 6 years 

(2013-2019)
• 570-Megapixel digital camera, 

DECam, mounted on the Blanco 4-
meter telescope at Cerro Tololo 
Inter-American Observatory 
(Chile). 

• Five filters are used (grizY) with a 
nominal limiting magnitude iAB≃24 
and with a typical exposure time of 
90 sec for griz and 45 sec for Y
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Credit: Judit Prat

400 hundred scientists 

25 institutions 

7 countries 
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DES footprint 
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35 million galaxies  
with measured shapes

DESY1

Y1 area : ~1500 deg2
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3 probes / 2 point statistics 
=

3X2pt cosmological analysis  

Galaxy Clustering

Cosmic Shear

Galaxy Galaxy lensing

Galaxy-Galaxy correlation

Shear-Shear correlation
correlations between galaxy 

ellipticity as a function of 
their separation

Galaxy-Shear correlation 

correlations between galaxy 
position as a function of their 

separation

correlations between the 
ellipticity of background 

galaxy with the position of 
foreground ones as a 

function of their separation
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Davis and Peebles : Davis & Peebles (1983)
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(2.35)
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2.2.2.6 Baryon Accoustic Oscillation

In the primordial universe, matter density were so high that baryons, leptons and photons were
coupled and were forming a plasma. As the expansion were happening, the temperature was
cooling and at time of recombination (z ⇠ 1090), the temperature were cool enough for proton
and electrons to form neutral hydrogen atoms, leaving then free the photons.

2.2.3 Lensing

As mentioned before, in general relativity theory the photons are following the geodesics of a
curved space-time, where the deformations are made by gravitational potential. In this context,
the theory is then predicting the deviation of photons travelling toward us when approaching
massive object. This e�ect is known as Gravitational Lensing, and measuring it should in
principle bring more information on the underlying matter field that these photons are crossing.

2.2.3.1 Propagation and deflection in an in-homogeneous universe

In section 2.1.2, we solved the general relativity equations considering an isotropic and homoge-
neous universe, in the case of gravitational lensing however, one has to consider scales where the
homogeneity cannot be assumed anymore. Applying first order perturbation, one can reformulate
equation 2.13 and obtain a the line element equation for light propagation in an inhomegeneous
universe as :

ds2 =

✓
1 + 2 

c2

◆
c2dt2

� a2
(t)

✓
1 �

2�
c2

◆
dl2 (2.36)

Using the Fermat’S principle of minimal light travel time, it’s possible to derive the time travel
of the light ray in the metric of equation 2.36 as :

t =
1
c

π ✓
1 �

2�
c2

◆
dr (2.37)
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The samples of DESY1 7

in one of four redshift bins, z = [(0.2 � 0.43), (0.43 �
0.63), (0.63�0.9), (0.9�1.3)], based upon the mean of their
p
BPZ

(z) distributions. As described in [83], [87] and [88],
in the case of METACALIBRATION these bin assignments are
based upon photo-z estimates derived using photometric mea-
surements made by the METACALIBRATION pipeline in order
to allow for correction of selection effects.

We denote by ni
PZ

(z) an initial estimate of the redshift dis-
tribution of the N i galaxies in bin i produced by randomly
drawing a redshift z from the probability distribution p

BPZ

(z)
of each galaxy assigned to the bin, and then bin all these N i

redshifts into a histogram. For this step, we use a BPZ esti-
mate based on the optimal flux measurements from the multi-
epoch multi-object fitting procedure (MOF) described in [81].

For both the source and the lens galaxies, uncertainties in
the redshift distribution are quantified by assuming that the
true redshift distribution ni(z) in bin i is a shifted version of
the photometrically derived distribution:

ni(z) = ni
PZ

(z ��zi), (II.1)

with the �zi being free parameters in the cosmological anal-
yses. Prior constraints on these shift parameters are derived in
two ways.

First, we constrain �zi from a matched sample of galaxies
in the COSMOS field, as detailed in [83]. Reliable redshift
estimates for nearly all DES-selectable galaxies in the COS-
MOS field are available from 30-band imaging [101]. We se-
lect and weight a sample of COSMOS galaxies representative
of the DES sample with successful shape measurements based
on their color, magnitude, and pre-seeing size. The mean red-
shift of this COSMOS sample is our estimate of the true mean
redshift of the DES source sample, with statistical and system-
atic uncertainties detailed in [83]. The sample variance in the
best-fit �zi from the small COSMOS field is reduced, but not
eliminated, by reweighting the COSMOS galaxies to match
the multiband flux distribution of the DES source sample.

Second, the �zi of both lens and source samples are fur-
ther constrained by the angular cross-correlation of each with
a distinct sample of galaxies with well-determined redshifts.
The �zi

l

for the three lowest-redshift lens galaxy samples
are constrained by cross-correlation of redMaGiC with spec-
troscopic redshifts [85] obtained in the overlap of DES Y1
with Stripe 82 of the Sloan Digital Sky Survey. The �zi

s

for
the three lowest-redshift source galaxy bins are constrained
by cross-correlating the sources with the redMaGiC sample,
since the redMaGiC photometric redshifts are much more ac-
curate and precise than those of the sources [84][86]. The
z < 0.85 limit of the redMaGiC sample precludes use of
cross-correlation to constrain �z4

s

, so its prior is determined
solely by the reweighted COSMOS galaxies.

For the first three source bins, both methods yield an es-
timate of �zi

s

, and the two estimates are compatible, so we
combine them to obtain a joint constraint. The priors derived
for both lens and source redshifts are listed in Table I. The re-
sulting estimated redshift distributions are shown in Figure 1.

Ref. [83] and Figure 20 in Appendix B demonstrate that,
at the accuracy attainable in DES Y1, the precise shapes

of the ni(z) functions have negligible impact on the in-
ferred cosmology as long as the mean redshifts of every bin,
parametrized by the �zi, are allowed to vary. As a con-
sequence, the cosmological inferences are insensitive to the
choice of photometric redshift algorithm used to establish the
initial ni

PZ

(z) of the bins.
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FIG. 1. Estimated redshift distributions of the lens and source galax-
ies used in the Y1 analysis. The shaded vertical regions define the
bins: galaxies are placed in the bin spanning their mean photo-z esti-
mate. We show both the redshift distributions of galaxies in each bin
(colored lines) and their overall redshift distributions (black lines).
Note that source galaxies are chosen via two different pipelines
IM3SHAPE and METACALIBRATION, so their redshift distributions
and total numbers differ (solid vs. dashed lines).

III. TWO-POINT MEASUREMENTS

We measure three sets of two-point statistics: the auto-
correlation of the positions of the redMaGiC lens galaxies,
the cross-correlation of the lens positions with the shear of the
source galaxies, and the two-point correlation of the source
galaxy shear field. Each of the three classes of statistics is
measured using treecorr [102] in all pairs of redshift bins
of the galaxy samples and in 20 log-spaced bins of angular
separation 2.50 < ✓ < 2500, although we exclude some of
the scales and cross-correlations from our fiducial data vector
(see section IV). Figures 2 and 3 show these measurements
and our best-fit ⇤CDM model.

A. Galaxy Clustering: w(✓)

The inhomogeneous distribution of matter in the Universe
is traced by galaxies. The overabundance of pairs at angu-
lar separation ✓ above that expected in a random distribution,

redMaGiC (Rozo et al. (2016)):  algorithm that select Luminous 
Red Galaxies   7

FIG. 2. The measured BPZ and resampled COSMOS redshift dis-
tributions for the METACALIBRATION shape catalog, binned by the
means of the photo-z posteriors into the four tomographic ranges in
Table I and marked by the color shading. The normalization of each
bin reflects their relative neff. The BPZ distributions are corrected
by the mean of the redshift bias priors �zi. The contribution of each
galaxy is weighted by WiSi, as defined in Sec. IV. The IM3SHAPE
redshift distributions are similar to those shown for METACALIBRA-
TION. The second bin is clearly most different between the resam-
pled COSMOS estimate and BPZ – we explore this further in Sec.
IX C and show that it does not significantly impact the inferred cos-
mological parameters.

lection in each tomographic bin from the photo-z estimates
using both the unsheared METACALIBRATION photometry
and the four sheared photometries. We use these five selec-
tions, in addition to all other selection criteria such as signal-
to-noise cuts, to construct the component of the selection bias
correction hRSi. For more details on the mechanics of this
calculation, see Secs. 4.1 & 7.4 of [39]. For the IM3SHAPE
catalog, BPZ redshifts estimated from MOF photometry are
used both for binning and for reconstructing the redshift dis-
tribution, since IM3SHAPE does not actively calibrate for such
biases via the data. It has been confirmed for IM3SHAPE that
there is no apparent residual redshift-dependent bias m in its
image simulation, for the same redshift bins used in this work
and using the associated COSMOS redshifts of each input ob-
ject, as discussed in [39]. This test is performed by construct-
ing the calibration from one half of the simulation and test-
ing the residual in the other, split both randomly and by input
COSMOS objects.

Our adopted model for the redshift distribution assumes
that the true redshift distribution in each bin is related to our
measured distribution such that:

ni
(z) = ni

PZ(z ��zi), (2)

TABLE I. Effective number density neff (gal arcmin�2) and ellip-
ticity dispersion �e (per component) estimates for each tomographic
redshift bin of the METACALIBRATION catalog. We include values
for both the [67] (C13) and [26] (H12) definitions of these values.
The ellipticity dispersion defined in H12 includes both shape noise
(�sh) and measurement noise (�m), while that in C13 is purely �sh.
The shot noise �2

e/ne↵ for both definitions is the same. These quan-
tities are discussed further in [39].

Bin Extent ne↵ �sh �sh + �m

C13 H12 C13 H12
Full 0.20 – 1.30 5.14 5.50 0.27 0.27

1 0.20 – 0.43 1.47 1.52 0.25 0.26
2 0.43 – 0.63 1.46 1.55 0.28 0.29
3 0.63 – 0.90 1.50 1.63 0.26 0.27
4 0.90 – 1.30 0.73 0.83 0.27 0.29

where �z is the difference in the mean redshift of the true
and measured n(z). This is a sufficient description of the
photo-z uncertainty for the current cosmic shear analysis, as
we demonstrate in Sec. IX C. Deviations in the shape of the
n(z) are subdominant to the impact of the mean z, for reason-
able variance in the shape at the level of precision necessary
for the DES Y1 analysis. We derive constraints on �zi for
the estimated redshift distributions by comparison of the mean
redshift in each bin to that from two independent methods:

1. The mean, high-quality photo-z of a sample of galaxies
from the COSMOS2015 catalog [68], matched to re-
semble the source galaxies in griz flux and pre-seeing
size [40].

2. In the lowest three redshift bins, the clustering of source
galaxies with REDMAGIC galaxies at 0.15 < z < 0.85,
for which accurate and precise photometric redshifts
can be derived from DES photometry [41–43].10

We will refer to these as the ‘COSMOS’ and ‘WZ’ redshift
validation methods, respectively. Their constraints on �zi are
independent and consistent for the first three bins and of com-
parable uncertainty. We thus combine them to provide a prior
on the systematic parameters �zi at the level of ±0.02 [40].
For METACALIBRATION the �zi are listed in Table II and are
consistent with the original BPZ estimate. The agreement be-
tween these validation methods provides further justification
of our reliance on the accuracy of the COSMOS2015 30-band
photo-zs. The priors for alternate combinations of shear and
photo-z pipelines are given in [40] and require statistically
significant shifts to the redshift distributions in some cases.

10 The calculation of the difference of the mean redshift relative to the trun-
cated redshift range of our reference REDMAGIC galaxies is described in
detail in [43], but briefly we calculate the mean in this cross-correlation
comparison for both samples in a redshift window of ±2� from the mean
of the n(z) derived from the cross-correlation.

5

FIG. 1. Galaxy distribution of the redMaGiC Y1 sample used in this analysis. The fluctuations represent the raw counts,
without any of the corrections derived in this analysis. We have restricted the analysis to the contiguous region shown in the
figure. The area is 1321 square degrees.

FIG. 2. Redshift distribution of the combined redMaGiC
sample in 5 redshift bins. They are calculated by stacking
Gaussian PDFs with mean equal to the redMaGiC redshift
prediction and standard deviation equal to the redMaGiC
redshift error. Each curve is normalized so that the area of
each curve matches the number of galaxies in its redshift bin.

The first is based on SExtractor MAG AUTO quantities from
the Y1 coadd catalogs, as applied to redMaPPer in
[38]. The second is based on a simultaneous multi-epoch,
multi-band, and multi-object fit (MOF) (see Section 6.3 of
Y1GOLD), as applied to redMaPPer (Mcclintock et al.
2017, in preparation). In general, due to the careful han-
dling of the point-spread function (PSF) and matched

z range L

min

/L⇤ n

gal

(deg�2) N

gal

Photometry
0.15 < z < 0.3 0.5 0.0134 63719 MAGAUTO
0.3 < z < 0.45 0.5 0.0344 163446 MAGAUTO
0.45 < z < 0.6 0.5 0.0511 240727 MAGAUTO
0.6 < z < 0.75 1.0 0.0303 143524 MOF
0.75 < z < 0.9 1.5 0.0089 42275 MOF

TABLE I. Details of the sample in each redshift bin. L
min

/L⇤
describes the minimum luminosity threshold of the sample,
n

gal

is the number of galaxies per square degree, and N

gal

is
the total number of galaxies.

multi-band photometry, the MOF photometry yields lower
color scatter and hence smaller scatter in red-sequence
photo-zs. For each version of the catalog, photometric
redshifts and uncertainties are primarily derived from the
fit to the red-sequence template. In addition, an after-
burner step is applied to ensure that redMaGiC photo-
zs and errors are consistent with those derived from the
associated redMaPPer cluster catalog [13].

As described in [13], the redMaGiC algorithm com-
putes color-cuts necessary to produce a luminosity-
thresholded sample of constant co-moving density. Both
the luminosity threshold and desired density are inde-
pendently configurable, but in practice higher luminos-
ity thresholds require a lower density for good perfor-
mance. We note that in [13] the co-moving density was
computed with the central redshift of each galaxy (zRM).
For this work, the density was computed by sampling
from a Gaussian distribution zRM ± �

z

, which creates
a more stable distribution near filter transitions. This is
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FIG. 3. The cosmic shear correlation functions ⇠+ (top panel) and ⇠� (bottom panel) in DES Y1 in four source redshift bins, including cross
correlations, measured from the METACALIBRATION shear pipeline (see [87] for the corresponding plot with IM3SHAPE); pairs of numbers in
the upper left of each panel indicate the redshift bins. The solid lines show predictions from our best-fit ⇤CDM model from the analysis of all
three two-point functions, and the shaded areas display the angular scales that are not used in our cosmological analysis (see §IV).
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assumed throughout); bi is the linear redMaGiC bias in red-
shift bin i; J

0

is the Bessel function of order zero; ni
l

(z(�))
is the redshift distribution of redMaGiC galaxies in the bin i
normalized so that the integral over � is equal to unity; H(z)
is the Hubble expansion rate at redshift z; and P

NL

(k; z) is
the 3D matter power spectrum at wavenumber k (which, in
this Limber approximation, is set equal to (l + 1/2)/�) and
at the cosmic time associated with redshift z. The expan-
sion rate, comoving distance, and power spectrum all depend
upon the cosmological parameters, and the redshift distribu-
tion depends implicitly upon the shift parameter introduced in
Eq. (II.1). Thus, the angular correlation function in a given
redshift bin depends upon eight parameters in ⇤CDM.

The expression in Eq. (IV.1) and the ones in Eqs. (IV.2) and
(IV.4) use the “flat-sky” approximation, while the correspond-
ing expressions in [79] use the more accurate expression that
sums over Legendre polynomials. However, we show there
that the differences between these two expressions are negli-
gible over the scales of interest.

The model power spectrum here is the fully nonlinear
power spectrum in ⇤CDM or wCDM, which we estimate on
a grid of (k, z) by first running CAMB [112] or CLASS [113]
to obtain the linear spectrum and then HALOFIT [114] for
the nonlinear spectrum. The smallest angular separations for
which the galaxy two-point function measurements are used
in the cosmological inference, indicated by the boundaries
of the shaded regions in the upper panels of Figure 2, cor-
respond to a comoving scale of 8h�1 Mpc; this scale is cho-
sen such that modeling uncertainties in the non-linear regime
cause negligible impact on the cosmological parameters rela-
tive to their statistical errors, as shown in [79] and [87].

As described in §VI of [79], we include the impact of neu-
trino bias [115–117] when computing the angular correlation
function of galaxies. For Y1 data, this effect is below statis-
tical uncertainties, but it is computationally simple to imple-
ment and will be relevant for upcoming analyses.

2. Galaxy–galaxy lensing: �t(✓)

We model the tangential shear as we modeled the angular
correlation function, since it is also a two-point function: the
correlation of lens galaxy positions in bin i with source galaxy
shear in bin j. On large scales, it can be expressed as an in-
tegral over the power spectrum, this time with only one factor
of bias,

�ij
t

(✓) = bi(1 +mj)

Z
dl l

2⇡
J
2

(l✓)

Z
d�ni

l

(z(�))

⇥ qjs(�)

H(z)�2

P
NL

✓
l + 1/2

�
, z(�)

◆
, (IV.2)

where mj is the multiplicative shear bias, J
2

is the 2nd-order
Bessel function, and the lensing efficiency function is given
by

qis(�) =
3⌦mH2

0

2

�

a(�)

Z �(z=1)

�
d�0ni

s(z(�
0))

dz

d�0
�0 � �

�0

(IV.3)

with ni
s

(z) the source galaxy redshift distribution. Because
both the source and lens redshift distributions impact the sig-
nal, the shift parameters �zj

s

and �zi
l

are implicit, as are all
the cosmological parameters. The shear signal also depends
upon intrinsic alignments of the source shapes with the tidal
fields surrounding the lens galaxies; details of our model for
this effect (along with an examination of more complex mod-
els) are given in [79] and in [87]. The smallest angular separa-
tions for which the galaxy–galaxy lensing measurements are
used in the cosmological inference, indicated by the bound-
aries of the shaded regions in the lower panels of Figure 2,
correspond to a comoving scale of 12h�1 Mpc; as above, this
scale is chosen such that the model uncertainties in the non-
linear regime cause insignificant changes to the cosmological
parameters relative to the statistical uncertainties, as derived
in [79] and verified in [80].

3. Cosmic shear ⇠±(✓)

The cosmic shear signal is independent of galaxy bias but
shares the same general form as the other sets of two-point
functions. The theoretical predictions for these shear-shear
two-point functions are

⇠ij
+/�(✓) = (1 +mi)(1 +mj)

Z
dl l

2⇡
J
0/4(l✓)

Z
d�

⇥qis(�)q
j
s(�)

�2

P
NL

✓
l + 1/2

�
, z(�)

◆
(IV.4)

where the efficiency functions are defined above, and J
0

and
J
4

are the Bessel functions for ⇠
+

and ⇠�. Intrinsic alignment
affects the cosmic shear signal, especially the low-redshift
bins, and are modeled as in [79]. Baryons affect the matter
power spectrum on small scales, and the cosmic shear sig-
nal is potentially sensitive to these uncertain baryonic effects;
we restrict our analysis to the unshaded, large-scale regions
shown in Figure 3 to reduce uncertainty in these effects below
our measurement errors, following the analysis in [87].

B. Parameterization and Priors

We use these measurements from the DES Y1 data to es-
timate cosmological parameters in the context of two cosmo-
logical models, ⇤CDM and wCDM. ⇤CDM contains three
energy densities in units of the critical density: the matter,
baryon, and massive neutrino energy densities, ⌦m,⌦b, and
⌦⌫ . The energy density in massive neutrinos is a free pa-
rameter but is often fixed in cosmological analyses to either
zero or to a value corresponding to the minimum allowed neu-
trino mass of 0.06 eV from oscillation experiments [118]. We
think it is more appropriate to vary this unknown parameter,
and we do so throughout the paper (except in §VII D, where
we show that this does not affect our qualitative conclusions).
Since most other survey analyses have fixed ⌦⌫ , our results
for the remaining parameters will differ slightly from theirs,
even when using their data.
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Zel’dovich approximation and a linear power spectrum gen-
erated with CAMB.11 On-the-fly light-cone outputs of dark-
matter particles up to z = 1.4 were produced without repe-
tition in one octant. A set of 256 all-sky maps with angular
HEALPIX resolution N

side

= 8192 of the projected mass
density field in narrow redshift shells were measured. The
process used to compute weak lensing maps from HEALPIX
mass maps in z-slices was first discussed in [75]. These were
used to derive the convergence field  in the Born approxima-
tion by integration along the line-of-sight. The convergence
was transformed to harmonic space, converted to an E-mode
shear map, and transformed back to angular space to obtain
the Stokes (�

1

, �
2

) shear fields, following [76]. In this way
3D lensing maps of convergence and shear were produced.

Halos in the light-cone were identified using a Friends-of-
Friends algorithm. A combination of Halo Occupation Distri-
bution (HOD) and SubHalo Abundance Matching (SHAM)
techniques were then implemented to populate halos with
galaxies, assigning positions, velocities, luminosities and col-
ors to reproduce the luminosity function, (g � r) color distri-
bution, and clustering as a function of color and luminosity in
SDSS [77, 78]. Spectral energy distributions (SEDs) are then
assigned to the galaxies resampling from the COSMOS cata-
log of [79]. Finally, DES griz magnitudes are generated by
convolving the SEDs with the DES pass bands. The catalogs
are available at cosmohub.pic.es and a detailed descrip-
tion is given in [76, 80–82].

C. Lognormal Mock Catalogs

In order to generate large numbers of realizations of mock
shear data, we take advantage of the fact that a lognormal
shear field can be produced quickly and with reasonable lev-
els of non-Gaussianity. The potential use of lognormal ran-
dom fields in cosmological analyses was first outlined in [83],
and the lognormal distribution of shear fields has shown good
agreement with N -body simulations and real data up to non-
linear scales [84–86]. The production of such mock cata-
logs has a significantly smaller computational expense than
a full N -body simulation and ray-tracing. Thus, lognormal
mock simulations provide a compromise between accuracy
and computational cost that allows us to quantify how the
non-Gaussianity of cosmic fields and incomplete sky cover-
age propagate into the covariance of cosmic shear.

We use the publicly available code FLASK12 [87], which
generates consistent density and convergence fields, to pro-
duce 150 mock full-sky shear maps that reproduce a set of in-
put power spectra that fit a fiducial cosmology13 and the actual
redshift distribution of sources in our data. These maps are
produced on a HEALPIX grid with resolution set by an N

side
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12 http://www.astro.iag.usp.br/⇠flask/
13 The cosmology used for the FLASK simulations is described by a flat

⇤CDM model with: ⌦m = 0.295, ⌦b = 0.0468, As = 2.260574 ⇥
10�9, h = 0.6881, ns = 0.9676.

parameter of 4096. In this resolution, the typical pixel area is
around 0.73 arcmin2. The full sky mocks are then divided into
eight non-overlapping DES Y1 footprints per full-sky simula-
tion. To a good approximation, the footprints belonging to
the same full-sky are uncorrelated for sufficiently high multi-
poles. This produces a total of 1,200 mock shear maps. For
each mock realization, we simulate four shear fields corre-
sponding to the redshift distributions of the four redshift bins
shown in Fig. 2.

To capture the expected noise properties of the shear fields,
we then add appropriate shape-noise by sampling each pixel
of the map to match the measured n

e↵

and �e shown in Table
I for each tomographic shear bin. Covariance validation was
done using METACALIBRATION parameters, while the mock
catalogs were remade for each null test in Sec. B to match the
effective shape noise of either shape catalog after reweighting
the objects to match redshift distributions of subsets of the
catalogs. For further details of how this was implemented, see
Appendix B.

IV. COSMIC SHEAR MEASUREMENT

We present in this section the measurements of the real-
space two-point correlation function ⇠± from the METACAL-
IBRATION and IM3SHAPE catalogs. These results are derived
from measurements in a contiguous area 1321 deg2 on the sky,
which has been split into four tomographic bins as described
in Sec. II B. These measurements are the highest signal-to-
noise measurements of cosmic shear in a galaxy survey to
date, with total detection significance (S/N ) of 25.4 � for the
fiducial METACALIBRATION measurement using all angular
scales and redshift bin pairs.14

Cosmic shear is a quantity with two components, based on
two 2nd order angular derivatives of the lensing potential,  :
�
1

= ( 
11

�  
22

)/2; �
2

=  
12

(where the angular deflec-
tion is �r ). For points along the 1 axis, these compo-
nents give a simple definition of the tangential- and cross-
shear components: �t = ��

1

; �⇥ = ��
2

. There are thus
three 2-point functions to consider, but in practice the cross-
correlation h�t�⇥i vanishes, leaving the two standard quanti-
ties that are the focus of most weak-lensing studies [88]:

⇠± = h�t�ti± h�⇥�⇥i. (3)

We estimate ⇠± for redshift bin pair i, j as

ˆ⇠ij± (✓) =

P
ab WaWb

h
êia,t(

~✓)êjb,t(
~✓)± êia,⇥(

~✓)êjb,⇥(
~✓)
i

P
ab WaWbSaSb

,

(4)
where êa,t is the tangential component of the corrected ellip-
ticity of galaxies a along the direction towards galaxy b and

14 Signal-to-noise is derived here as in [49] as S/N = ⇠dataC
�1⇠modelp

⇠modelC�1⇠model
,

where C is the covariance described in Sec. V and ⇠model is the best-fit
model obtained from the analysis in Sec. VIII.
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The model used for the theoretical signal is

wi
(✓) = (bi)2

π
dl
l

2⇡J0(l✓)
π

d�
[nilens(z(�))]

2

�2H(z)
PNL

✓
l + 1/2
�
, z(�)

◆
(3.6)

and fixing the cosmological parameters to the one infer in the combined cosmological analysis
DES Collaboration et al. (2017), infer an estimation of the bias consistant with ggl.

3.3.2 Cosmic Shear

The deflection of light due to the matter that travel from a background galaxy to us make
the observed shape and size di�erent from the emitted one due to lensing e�ects as presented
in 2.2.3. If one new the intrinsic shapes and sizes of background objects, one would have
direct information on the matter between us and the background object. However, it is possible
statistically using the 2-point statistics auto-correlating the shapes of these distorted galaxies and
obtain information on the matter distribution, this analysis is called cosmic shear. Note that
this method has a big advantage compare to the clustering measurement presented in the last
section, it does not depends on the galaxy bias. The amplitude of the cosmic shear signal is at
first approximation sensitive to the matter fluctuation �8 and the matter denstiy ⌦m.

scales as / ⌦2
m�

2
8

In this paragraph will be presented the results from the DESY1 cosmic shear analysis, these
results with a significance of 25.4� (signal-to-noise) for the fiducial catalog of galaxy shape is
the highest significance obtained in today cosmic shear analysis. In this analysis, the catalogs
with galaxy shapes used are the METACALIBRATION and IM3SHAPE catalogs presented in 3.2.4.2.

⇠+/� =< �t�t > ± < �
⇥

�
⇥

> (3.7)

The correlation signal is evaluated for pair of galaxy bins i and j

⇠̂i j
+/�

(✓) =

Õ
ab WaWb

h
êia,t (Æ✓ ê

j
b,t (

Æ✓) ± êia,⇥(Æ✓ ê
j
b,⇥(

Æ✓)
i

⌃abWaWbSaSb
(3.8)

Where Wa,b are weight gave by the shape algorithm, S is the shear response correction (for
METACALIBRATION S = R� + RS . There it has been assume that the shear response do not
depends on the environment and thus the error to apply when one estimates the auto-correlation
signal is the square of the mean response S (see Sheldon & Hu� (2017)).
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FIG. 2. Top panels: scaled angular correlation function, ✓w(✓), of redMaGiC galaxies in the five redshift bins in the top panel of Figure 1, from
lowest (left) to highest redshift (right) [89]. The solid lines are predictions from the ⇤CDM model that provides the best fit to the combined
three two-point functions presented in this paper. Bottom panels: scaled galaxy–galaxy lensing signal, ✓�t (galaxy-shear correlation), measured
in DES Y1 in four source redshift bins induced by lens galaxies in five redMaGiC bins [88]. Columns represent different lens redshift bins
while rows represent different source redshift bins, so e.g., bin labelled 12 is the signal from the galaxies in the second source bin lensed by
those in the first lens bin. The solid curves are again our best-fit ⇤CDM prediction. In all panels, shaded areas display the angular scales that
have been excluded from our cosmological analysis (see §IV).
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Clustering
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modelEstimator
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w(✓), is one of the simplest measurements of galaxy cluster-
ing. It quantifies the strength and scale dependence of the
clustering of galaxies, which in turn reflects the clustering of
matter.

The upper panel of Figure 2 shows the angular correlation
function of the redMaGiC galaxies in the five lens redshift
bins described above. As described in [89], these correlation
functions were computed after quantifying and correcting for
spurious clustering induced by each of multiple observational
variables. Figure 2 shows the data with the error bars set equal
to the square root of the diagonal elements of the covariance
matrix, but we note that data points in nearby angular bins are
highly correlated. Indeed, as can be seen in Figure 5 of [79],
in the lowest redshift bins the correlation coefficient between
almost all angular bins is close to unity; at higher redshift,
the measurements are highly correlated only over the adja-
cent few angular bins. The solid curve in Figure 2 shows the
best-fit prediction from ⇤CDM after fitting to all three two-
point functions. In principle, we could also use the angular
cross-correlations between galaxies in different redshift bins
in the analysis, but the amount of information in these cross-
bin two-point functions is quite small and would require sub-
stantially enlarging the covariance matrix, so we use only the
auto-correlations.

B. Galaxy–galaxy lensing: �t(✓)

The shapes of background source galaxies are distorted by
the mass associated with foreground lenses. The character-
istic distortion is a tangential shear, with the source galaxy
ellipticities oriented perpendicular to the line connecting the
foreground and background galaxies. This shear, �t(✓), is
sensitive to the mass associated with the foreground galax-
ies. On scales much larger than the sizes of parent halos of
the galaxies, it is proportional to the lens galaxy bias parame-
ters bi in each lens bin which quantifies the relative clumping
of matter and galaxies. The lower panels of Figure 2 show the
measurements of galaxy–galaxy lensing in all pairs of lens-
source tomographic bins, including the model prediction for
our best-fit parameters. The plots include bin pairs for which
the lenses are nominally behind the sources (those towards
the upper right), so might be expected to have zero signal.
Although the signals for these bins are expected to be small,
they can still be useful in constraining the intrinsic alignment
parameters in our model (see, e.g., [103]).

In [88], we carried out a number of null tests to ensure the
robustness of these measurements, none of which showed evi-
dence for significant systematic uncertainties besides the ones
characterized by the nuisance parameters in this analysis. The
model fits the data well. Even the fits that appear quite bad
are misleading because of the highly off-diagonal covariance
matrix. For the nine data points in the 3–1 bin, for example,
�2 = 14, while �2 would be 30 if the off-diagonal elements
were ignored.

C. Cosmic shear: ⇠±(✓)

The two-point statistics that quantify correlations between
the shapes of galaxies are more complex, because they are the
products of the components of a spin-2 tensor. Therefore, a
pair of two-point functions are used to capture the relevant in-
formation: ⇠

+

(✓) and ⇠�(✓) are the sum and difference of the
products of the tangential and cross components of the shear,
measured with respect to the line connecting each galaxy pair.
For more details, see [87] or earlier work in Refs [104–111].
Figure 3 shows these functions for different pairs of tomo-
graphic bins.

As in Figure 2, the best-fit model prediction here includes
the impact of intrinsic alignment; the best-fit shifts in the pho-
tometric redshift distributions; and the best-fit values of shear
calibration. The one-dimensional posteriors on all of these
parameters are shown in Figure 19 in Appendix A.

IV. ANALYSIS

A. Model

To extract cosmological information from these two-point
functions, we construct a model that depends upon both
cosmological parameters and astrophysical and observational
nuisance parameters. The cosmological parameters govern
the expansion history as well as the evolution and scale depen-
dence of the matter clustering amplitude (as quantified, e.g.,
by the power spectrum). The nuisance parameters account for
uncertainties in photometric redshifts, shear calibration, the
bias between galaxies and mass, and the contribution of in-
trinsic alignment to the shear spectra. §IV B will enumerate
these parameters, and our priors on them are listed in Table I.
Here, we describe how the two-point functions presented in
§III are computed in the model.

1. Galaxy Clustering: w(✓)

The lens galaxies are assumed to trace the mass distribution
with a simple linear biasing model.Although this need not be
true in general, the validity of this assumption over the scales
used in this analysis was demonstrated in [79], [88], and [80].
The measured angular correlation function of the galaxies is
thus related to the matter correlation function by a simple fac-
tor of (bi)2 in each redshift bin i. The theoretical prediction
for wi(✓) in bin i depends upon the galaxy redshift distribu-
tion of that bin according to

wi(✓) =
�
bi
�
2

Z
dl l

2⇡
J
0

(l✓)

Z
d�

⇥
⇥
ni
l

(z(�)
⇤
2

�2H(z)
P
NL

✓
l + 1/2

�
, z(�)

◆
, (IV.1)

where the speed of light has been set to one; �(z) is the co-
moving distance to that redshift (in a flat universe, which is

7

1.0L⇤ sample is complete to z = 0.75, and the 1.5L⇤ sam-
ple is complete to z = 0.9. We also restrict the analysis
to the contiguous region shown in Figure 1.

An additional 1.6% of the footprint is vetoed because it
has extreme observing conditions. The selection of these
cuts is detailed in Section V.

After masking and additional cuts, we obtain a total
sample of 653,691 objects distributed over an area of 1321
square degrees, as shown in Fig. 1. The average redshift
uncertainty of the sample is �

z

/(1 + z) = 0.0166. The
redshift distribution of each bin can be seen in Figure
2. The number of objects in each bin increases up to
z = 0.6 due to the increase in volume, and decreases at
higher redshift due to the increased luminosity threshold.

IV. ANALYSIS METHODS

A. Clustering estimators

We measure the correlation functions w(✓) using the
Landy & Szalay estimator [40]

ŵ(✓) =
DD � 2DR+RR

RR
, (4)

where DD, RR and DR are the number of pairs of
galaxies from the galaxy sample D and a random cat-
alog R. This is calculated in 20 logarithmically sep-
arated bins in angle ✓ between 2.5 arcmin and 250
arcmin to match the analysis in Y1COSMO. We use
60 times more randoms than data. The pair-counting
was done with the package tree-corr [41] available at
https://github.com/rmjarvis/TreeCorr.

We also calculate cross-correlations between the galaxy
sample and a suite of potential contaminants, including
observational conditions and survey property maps, de-
scribed in Sec. V. As these properties are best described
in pixelated map format, for these cross-correlations we
use a pixel-based estimator. Using the notation of [17],
the correlation between two maps N1 and N2 of mean
values N̄1, N̄2 is estimated as

ŵ1,2(✓) =

N

pixX

i=1

N

pixX

j=i

(N
i,1 � N̄1)(Nj,2 � N̄2)

N̄1N̄2
⇥

i,j

, (5)

where the sum runs through all pairs of the Npix pixels
in the footprint, N

i,1 is the value of the N1 map in pixel
i, and ⇥

i,j

is unity when the pixels i and j are separated
by an angle ✓ within the bin size �✓.

B. Covariances

The fiducial covariance matrix we use for the w(✓)
measurement is a theoretical halo model covariance, de-
scribed and tested by [20]. This same covariance is used
for Y1COSMO.

For the analysis of observational systematics and their
correlation with the data, we use a set of 1000 mock sur-
veys (hereafter ‘mocks’) based on Gaussian random field
realizations of the projected density field. These are then
used to obtain an alternative covariance, which includes
all the mask e↵ects as in the real data. The mocks we
use were produced using the following method. We first
calculate, using Camb [24], the galaxy clustering power
spectrum Cgg

i

(`), assuming the fiducial cosmology with
fixed galaxy bias bi for each redshift bin i; the galaxy bias
values are listed in Table II. The angular power spectrum
is then used to produce a full-sky Gaussian random field
of �

g

. We apply a mask to this field corresponding to
the Y1 data, as shown in Fig. 1. This is converted into a
galaxy number count N

gal

as a function of sky position,
with the same mean as the observed number count N̄

o

in
each redshift bin, using

Ngal = N̄
o

(1 + �
g

). (6)

Shot noise is finally added to this field by Poisson sam-
pling the Ngal field.
In order to avoid pixels with �

g

< �1, which cannot
be Poisson sampled, we follow the method used by [20]:
before Poisson sampling, we multiply the density field
by a factor ↵, where ↵ < 1; we then rescale the number
density ngal by 1/↵2 in order to preserve the ratio of shot-
noise to sample variance; we then rescale the measured
w(✓) by 1/↵2 to obtain the unbiased w(✓) for each mock.
This procedure is summarized by

�
g

! ↵�
g

, (7)

ngal ! ngal/↵
2 , (8)

w(✓) ! w(✓)/↵2 . (9)

We then use these mocks to estimate statistical errors
in galaxy number density as a function of potential sys-
tematics. Alternatively we “contaminate” each of the
1000 mocks with survey properties as discussed in Sec-
tion V to assess the impact of systematics on the w(✓)
covariance. Note that these mocks would not be fully re-
alistic for w(✓) covariance and cosmological inference as
they are basically Gaussian realizations. These mocks al-
low us to quantify significances (i.e., a ��2) to null tests,
which are a necessary step in our analysis. Further, given
such a large number of realizations we are able to obtain
estimates of both the impact of the systematic correction
on the resulting statistical uncertainty and any bias im-
parted by our methodology to well below 1� significance
(e.g., given 1000 mocks, a 0.1� bias can be detected at
3� significance).

V. SYSTEMATICS

A. Survey property (SP) maps

The number density of galaxies selected based on their
imaging is likely to fluctuate with the imaging quality
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These additional cuts lead to a final catalogs of 26 million galaxy with a galaxy density of 5.5
galaxies arcmin�2 for the METACALIBRATION catalog and 18 million galaxy with 3.4 galaxies
arcmin�2 for the IM3SHAPE catalog. And a final area for DESY1 analysis of 1321 deg2.

3.3 DES first year data main results

With these catalog various cosmological probes allowed the collaboration to put new constraints
on the cosmology of our universe, this section aim to give an overview of the main results
that came out from this analysis. More specifically we will present the results obtain for the
three probes that entered the main cosmological analysis for DESY1 (Elvin-Poole et al. (2017);
Troxel et al. (2017); Prat et al. (2017); DES Collaboration et al. (2017)): the galaxy clustering
signal (3.3.1), the cosmic shear signal (3.3.2) and the galaxy-galaxy lensing signal (3.3.3).
These analysis have used the 2-point statistics presented in 2.2.2 computed in all possible pair
of redshift bins of the sample presented in 3.2.4, the angular correlation functions have bin
estimated in 20 log-spaced angular bins between 2.50 < ✓ < 2500

3, using the public code
tree-corr4 Jarvis et al. (2004) . It is also good to mentionned that all the analysis presented
in the following paragraph have been in a first time realised in a b́lindÊontext, meaning that the
correlation functions have been at first plot in di�erent axis for measured and theoretical ones to
avoid confirmation bias.

3.3.1 Clustering measurement for combine probe

The more direct analysis that can be done with this wide galaxy catalogs is to extract information
from the clustering of galaxies using the auto (or/and cross) angular correlation signal of our
samples. However, as it has been mentioned in section 2.2.2.3, galaxies are biased tracers of
the underlying matter density field, and moreover, this bias is highly dependant on the sample
considered, for this reason in cosmological analysis, it is often treated as nuisance parameter.

scales as / b2�2
8

The result of the galaxy clustering analysis for DESY1 is presented in Elvin-Poole et al. (2017),
in there the galaxy sample considered is the combined redMaGiC sample presented in 3.2.4,
divided in five bins in redshift of width �z = 0.15 going from z = 0.15 to z = 0.9

To estimate the 2-point angular correlations, the Landy Szaley estimator 2.2.2.5 have been used.

3These scales hve been selected in order to mitigate contributions due to baryonic interactions at small scales and
residual mean shear bias at large scales

4https://github.com/rmjarvis/TreeCorr
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assumed throughout); bi is the linear redMaGiC bias in red-
shift bin i; J

0

is the Bessel function of order zero; ni
l

(z(�))
is the redshift distribution of redMaGiC galaxies in the bin i
normalized so that the integral over � is equal to unity; H(z)
is the Hubble expansion rate at redshift z; and P

NL

(k; z) is
the 3D matter power spectrum at wavenumber k (which, in
this Limber approximation, is set equal to (l + 1/2)/�) and
at the cosmic time associated with redshift z. The expan-
sion rate, comoving distance, and power spectrum all depend
upon the cosmological parameters, and the redshift distribu-
tion depends implicitly upon the shift parameter introduced in
Eq. (II.1). Thus, the angular correlation function in a given
redshift bin depends upon eight parameters in ⇤CDM.

The expression in Eq. (IV.1) and the ones in Eqs. (IV.2) and
(IV.4) use the “flat-sky” approximation, while the correspond-
ing expressions in [79] use the more accurate expression that
sums over Legendre polynomials. However, we show there
that the differences between these two expressions are negli-
gible over the scales of interest.

The model power spectrum here is the fully nonlinear
power spectrum in ⇤CDM or wCDM, which we estimate on
a grid of (k, z) by first running CAMB [112] or CLASS [113]
to obtain the linear spectrum and then HALOFIT [114] for
the nonlinear spectrum. The smallest angular separations for
which the galaxy two-point function measurements are used
in the cosmological inference, indicated by the boundaries
of the shaded regions in the upper panels of Figure 2, cor-
respond to a comoving scale of 8h�1 Mpc; this scale is cho-
sen such that modeling uncertainties in the non-linear regime
cause negligible impact on the cosmological parameters rela-
tive to their statistical errors, as shown in [79] and [87].

As described in §VI of [79], we include the impact of neu-
trino bias [115–117] when computing the angular correlation
function of galaxies. For Y1 data, this effect is below statis-
tical uncertainties, but it is computationally simple to imple-
ment and will be relevant for upcoming analyses.

2. Galaxy–galaxy lensing: �t(✓)

We model the tangential shear as we modeled the angular
correlation function, since it is also a two-point function: the
correlation of lens galaxy positions in bin i with source galaxy
shear in bin j. On large scales, it can be expressed as an in-
tegral over the power spectrum, this time with only one factor
of bias,

�ij
t

(✓) = bi(1 +mj)

Z
dl l

2⇡
J
2

(l✓)

Z
d�ni

l

(z(�))

⇥ qjs(�)

H(z)�2

P
NL

✓
l + 1/2

�
, z(�)

◆
, (IV.2)

where mj is the multiplicative shear bias, J
2

is the 2nd-order
Bessel function, and the lensing efficiency function is given
by

qis(�) =
3⌦mH2

0

2

�

a(�)

Z �(z=1)

�
d�0ni

s(z(�
0))

dz

d�0
�0 � �

�0

(IV.3)

with ni
s

(z) the source galaxy redshift distribution. Because
both the source and lens redshift distributions impact the sig-
nal, the shift parameters �zj

s

and �zi
l

are implicit, as are all
the cosmological parameters. The shear signal also depends
upon intrinsic alignments of the source shapes with the tidal
fields surrounding the lens galaxies; details of our model for
this effect (along with an examination of more complex mod-
els) are given in [79] and in [87]. The smallest angular separa-
tions for which the galaxy–galaxy lensing measurements are
used in the cosmological inference, indicated by the bound-
aries of the shaded regions in the lower panels of Figure 2,
correspond to a comoving scale of 12h�1 Mpc; as above, this
scale is chosen such that the model uncertainties in the non-
linear regime cause insignificant changes to the cosmological
parameters relative to the statistical uncertainties, as derived
in [79] and verified in [80].

3. Cosmic shear ⇠±(✓)

The cosmic shear signal is independent of galaxy bias but
shares the same general form as the other sets of two-point
functions. The theoretical predictions for these shear-shear
two-point functions are

⇠ij
+/�(✓) = (1 +mi)(1 +mj)

Z
dl l

2⇡
J
0/4(l✓)

Z
d�

⇥qis(�)q
j
s(�)

�2

P
NL

✓
l + 1/2

�
, z(�)

◆
(IV.4)

where the efficiency functions are defined above, and J
0

and
J
4

are the Bessel functions for ⇠
+

and ⇠�. Intrinsic alignment
affects the cosmic shear signal, especially the low-redshift
bins, and are modeled as in [79]. Baryons affect the matter
power spectrum on small scales, and the cosmic shear sig-
nal is potentially sensitive to these uncertain baryonic effects;
we restrict our analysis to the unshaded, large-scale regions
shown in Figure 3 to reduce uncertainty in these effects below
our measurement errors, following the analysis in [87].

B. Parameterization and Priors

We use these measurements from the DES Y1 data to es-
timate cosmological parameters in the context of two cosmo-
logical models, ⇤CDM and wCDM. ⇤CDM contains three
energy densities in units of the critical density: the matter,
baryon, and massive neutrino energy densities, ⌦m,⌦b, and
⌦⌫ . The energy density in massive neutrinos is a free pa-
rameter but is often fixed in cosmological analyses to either
zero or to a value corresponding to the minimum allowed neu-
trino mass of 0.06 eV from oscillation experiments [118]. We
think it is more appropriate to vary this unknown parameter,
and we do so throughout the paper (except in §VII D, where
we show that this does not affect our qualitative conclusions).
Since most other survey analyses have fixed ⌦⌫ , our results
for the remaining parameters will differ slightly from theirs,
even when using their data.
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randomly aligned, we can obtain the mean weak lensing
shear

⌦
�t/⇥

↵
averaging the ellipticity measurements for

each component over many such lens-source pairs. How-
ever, note that the assumption of random galaxy orien-
tations is broken by intrinsic galaxy alignments (IA),
which lead to non-lensing shape correlations (e.g. [58]),
which are included in the modelling of the combined
probes cosmology analysis [23]). Then:

h�↵ (✓)i =
P

j !je↵,jP
j !j

, (7)

where ✓ is the angular separation, ↵ = t or ⇥ de-
notes the two possible components of the shear and
wj = w

l

w
s

w
e

is a weight associated with each lens-
source pair, which will depend on the lens (w

l

, see VD),
on the source weight assigned by the shear catalog (w

s

,
see IVA 1 & IV A2) and on a weight assigned by the
estimator (w

e

, see App. A). These estimates need to be
corrected for shear responsivity (in the case of Meta-
calibration shears, IVA 1) or multiplicative and ad-
ditive bias (in the case of im3shape, IV A2). Also note
that in this work w

e

= 1 because we are using the �t es-
timator, which weights all sources uniformly. Another
option would be to choose an optimal weighting scheme
that takes into account the redshift estimate of the
source galaxies to maximize the lensing efficiency, as it
is the case of the �⌃ estimator. In the context of a cos-
mological analysis combining galaxy-galaxy lensing and
cosmic shear, using uniform weighting for the sources
has the considerable advantage that nuisance parame-
ters describing the systematic uncertainty of shear and
redshift estimates of the sources are the same for both
probes. In Appendix A, we find the increase in signal-
to-noise ratio due to the optimal weighting scheme to
be small given the photo-z precision of source galaxies
in DES, and hence we use the �t estimator in this work
to minimize the number of nuisance parameters in the
DES Y1 cosmological analysis [23].

In all measurements in this work, we grouped the
galaxy pairs in 20 log-spaced angular separation bins
between 2.5 and 250 arcmin. We use TreeCorr2 [59] to
compute all galaxy-galaxy lensing measurements in this
work.

One advantage of galaxy-shear cross-correlation over
shear-shear correlations is that additive shear systemat-
ics (with constant �

1

or �
2

) average to zero in the tan-
gential coordinate system. However, this cancellation
only occurs when sources are distributed isotropically
around the lens and additive shear is spatially constant,
two assumptions that are not accurate in practice, espe-
cially near the survey edge or in heavily masked regions,
where there is a lack of symmetry on the source distri-
bution around the lens. To remove additive systematics
robustly, we also measure the tangential shear around
random points: such points have no net lensing signal
(see Sec. VA), yet they sample the survey edge and
masked regions in the same way as the lenses. Our full
estimator of tangential shear can then be written as:

h�↵(✓)i = h�↵(✓)Lens

i � h�↵(✓)Random

i . (8)

2
https://github.com/rmjarvis/TreeCorr

Besides accounting for additive shear systematics, re-
moving the measurement around random points from
the measurement around the lenses has other benefits,
such as leading to a significant decrease of the uncer-
tainty on large scales, as was studied in detail in [60].
We further discuss the implications the random point
subtraction has on our measurement and covariance in
App. B.

1. Metacalibration responses

In the Metacalibration shear catalog [40, 41, 43],
shears are calibrated using the measured response of the
shear estimator to shear, which is usually the ellipticity
e = (e1, e2). Expanding this estimator in a Taylor series
about zero shear

e = e|�=0

+
@e

@�

����
�=0

� + ...

⌘ e|�=0

+R�� + ... ,

(9)

we can define the shear response R� , which can be mea-
sured for each galaxy by artificially shearing the images
and remeasuring the ellipticity:

R�,i,j =
e+i � e�i
��j

, (10)

where e+i , e�i are the measurements made on an image
sheared by +�j and ��j , respectively, and ��j = 2�j .
In the Y1 Metacalibration catalog, �j = 0.01. If
the estimator e is unbiased, the mean response matrix
hR�,i,ji will be equal to the identity matrix.

Then, averaging Eq. (9) over a sample of galaxies
and assuming the intrinsic ellipticities of galaxies are
randomly oriented, we can express the mean shear as:

h�i ⇡ hR�i�1 hei (11)

It is important to note that any shear statistic will be
effectively weighted by the same responses. Therefore,
such weighting needs to be included when averaging
over quantities associated with the source sample, for
instance when estimating redshift distributions (cf. [32],
their section 3.3). We are including these weights in all
the redshift distributions measured on Metacalibra-
tion used in this work.

Besides the shear response correction described
above, in the Metacalibration framework, when
making a selection on the original catalog using a quan-
tity that could modify the distribution of ellipticities,
for instance a cut in S/N, it is possible to correct for
selection effects. In this work, we are taking this into ac-
count when cutting on S/N and size (used in Sec. V C to
test for systematics effects) and in BPZ photo-z’s (used
to construct the source redshift tomographic bins). This
is performed by measuring the mean response of the
estimator to the selection, repeating the selections on
quantities measured on sheared images. Following on
the example of the mean shear, the mean selection re-
sponse matrix hRSi is

hRS,i,ji =
heiiS+ � heiiS�

��j
, (12)
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In Troxel et al. (2017) applying the describe above methodology, DESY1 permitted to make the
so far higher precision measument in cosmological parameter measurement using cosmic shear
auto-correlation.

The model used :

⇠̂i j
±

(✓) =
1

2⇡

π
dll j0/4(✓l)P

i j
k (l) (3.9)

and the systematic :
⇠i j = (1 + mi

)(1 + m j
)⇠i jtrue (3.10)

results for ⇤CDM: �8(⌦m/0.3)0.5 = 0.782+0.027
�0.027

for wCDM: �8(⌦m/0.3)0.5 = 0.777+0.036
�0.038 and the equation of state w = �0.95+0.33

�0.39

3.3.3 Galaxy-galaxy lensing

The last probe used in this analysis, is what is known as the galaxy-galaxy lensing signal, it
consist in getting information on the matter density field by cross-correlating the shape of a
sample of background galaxies (sources) with a sample of foreground galaxies (acting as lenses).
As for the clustering measurement, because the analysis uses galaxies as matter tracer, this signal
will also depends on the bias of the lens sample used.

scales as / b⌦m�2
8

�t =
�⌃

⌃crit
(3.11)

⌃�1
crit (zl, zs) =

4⇡G
c2

DlsDl

Ds
(3.12)

⌃
�1 i, j
crit,e f f =

π π
dzldzsnil(zl)n

j
s(zs)⌃�1

crit (zl, zs) (3.13)

In Prat et al. (2017), the galaxy sample used for this analysis are the same five redshift bins of
the redMaGiC sample used in 3.3.1 as lenses, and the four redshift bins of the shape catalogs
used in 3.3.2 as sources.
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FIG. 2. Tangential shear measurements for Metacalibration and im3shape together with the best-fit theory lines from
the DES Y1 multiprobe cosmological analysis [25]. Scales discarded for the cosmological analysis, smaller than 12h�1Mpc
in comoving distance, but which are used for the shear-ratio test, are shown as shaded regions. Unfilled points correspond
to negative values in the tangential shear measurement, which are mostly present in the lens-source combinations with
low signal-to-noise due to the lenses being at higher redshift than the majority of sources. HiDens, HiLum and HigherLum
correspond to the three redmagic samples (High Density, High Luminosity and Higher Luminosity) described in Sec. III A

.



13

17

�m

0.6

0.7

0.8

0.9

1.0

�
8

DES Y1
KiDS-450
Planck

0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
�m

0.65

0.70

0.75

0.80

0.85

0.90

S
8
⌘

�
8(
�
m
/0
.3
)0
.5

�CDM

FIG. 7. Fiducial constraints on the clustering amplitude �8 and S8

with the matter density ⌦m in ⇤CDM. The fiducial DES Y1 cosmic
shear constraints are shown by the gray filled contours, with Planck
CMB constraints given by the filled green contours, and cosmic shear
constraints from KiDS-450 by unfilled blue contours. In all cases,
68% and 95% confidence levels are shown. External data have been
reanalyzed in our model space, as described in Sec. VIII C.

the effective integrated exposure time per galaxy.

We have plotted the best-fit ⇤CDM prediction in Figs. 4 &
5 for both shape catalogs. We find a total �2 for the fiducial
METACALIBRATION measurement of 227 with 211 degrees

FIG. 8. A comparison of the fiducial constraints in ⇤CDM (filled
gray contours) to constraints where we: 1) fix ⌦⌫h

2 (orange con-
tours), 2) fix all photo-z and shear systematic parameters (green),
and 3) fix all systematic parameters and intrinsic alignment (IA) pa-
rameters (green). We find no visually significant bias correction or
decrease in constraining power including systematics parameters, but
varying ⌦⌫h

2 and IA parameters both shift and enlarge the resulting
contours. Both 68% and 95% confidence levels are shown.

of freedom (227 data points and 16 free parameters22) for the
⇤CDM best-fit model. The probability p of getting a higher
�2 value can be derived assuming our data vector is drawn
from a multi-variate Gaussian likelihood around the best-fit
theory vector and that our covariance matrix is precisely and
fully characterized. We find for our fiducial result p = 0.21.

B. Fiducial wCDM Results

We marginalize over a total of 7 cosmological parame-
ters in the fiducial wCDM model, including a free neutrino
mass density, and 10 systematic or astrophysical parameters.
These are listed in Table II. Our fiducial wCDM constraints
are shown in Fig. 10. We find a 4.8% fractional uncertainty
on S

8

= 0.777+0.036
�0.038 at 68% CL, which is more than a factor

of 2 improvement over the constraining power of our Science
Verification results. We find a dark energy equation-of-state
w = �0.95+0.33

�0.39 using DES cosmic shear alone.
We find an equally good fit to the wCDM model as for

⇤CDM, with best-fit �2 of 228 for the 227 data points in the

22 It is worth noting that half of the fitted parameters are tightly constrained by
priors, such that fixing them does not significantly alter the final constraint,
and thus the number of degrees of freedom may be underestimated.

Cosmic Shear (only)

DES Y1 Results
21

TABLE IV. A comparison of the priors and posteriors of non-
cosmological parameters in the fiducial analysis.

Parameter Prior Posterior
Systematic
m1 ⇥ 102 1.2+2.3

�2.3 1.3+1.8
�1.8

m2 ⇥ 102 1.2+2.3
�2.3 1.1+2.1

�2.0

m3 ⇥ 102 1.2+2.3
�2.3 0.4+1.9

�1.8

m4 ⇥ 102 1.2+2.3
�2.3 1.4+2.1

�1.5

�z1 ⇥ 102 0.1+1.6
�1.6 0.1+1.3

�1.3

�z2 ⇥ 102 �1.9+1.3
�1.3 �2.0+1.1

�0.9

�z3 ⇥ 102 0.9+1.1
�1.1 0.9+0.8

�0.9

�z4 ⇥ 102 �1.8+2.2
�2.2 �1.6+1.6

�2.0

Astrophysical
A 0.0+5.0

�5.0 1.0+0.4
�0.7

⌘ 0.0+5.0
�5.0 2.8+1.7

�2.0

ments on simulated data by both shape measurement methods,
which gave us an estimate of the relative selection bias, and
resulted in choices that made the catalogs more similar. Resid-
ual differences ultimately provided the basis for the final prior
for m. This is even more complicated to do with METACALI-
BRATION and IM3SHAPE due to the very different ways each
are calibrated. Instead, [39] perform detailed independent, ab
initio estimations of uncertainty in m for each pipeline.

The paper [39] also demonstrates that there is no significant
B-mode signal in our shear data. The (null) B-mode measure-
ment is performed in harmonic space, where the E-mode and
B-mode signals can be naturally separated. We note that this
null result does not formally guarantee that the real-space cor-
relation functions used in this work are B-mode-free. For ex-
ample, B-mode power above ` = 1000 (the maximum ` used
in [39]) could in principle contribute to the real-space statistics
used here. However, [145] (Fig. 2) demonstrate that although
⇠
+

has sensitivity up to ` ⇠ 10

4 for a minimum angular scale
of 1 arcmin (the minimum scale used for ⇠

+

in this work is 3.6
arcmin), the contribution from ` > 1000 is small, so B-mode
power at ` > 1000 would have to be extreme to significantly
affect our measurements.

To confirm that the two shear measurements from META-
CALIBRATION and IM3SHAPE agree, we have relied on a
quantitative comparison of their agreement only at the level
of cosmological parameter constraints, where the differing se-
lection of objects in each catalog is naturally accounted for.
This comparison was performed only once the two shape cat-
alogs were finalized based on results of tests in [39], and is
shown in Fig. 12 for ⇤CDM. The resulting contours in the
S
8

– ⌦m plane are entirely consistent, though the mean of the
IM3SHAPE constraint in S

8

is shifted to slightly higher values.
The weaker constraint for IM3SHAPE is due primarily to using
only the r band for shape measurement, relative to riz bands
for METACALIBRATION, and additional necessary catalog se-
lections to remove objects that cannot be calibrated accurately
due to limitations of galaxy morphology in the input COS-
MOS catalog. These contribute to a significantly smaller n

e↵

for IM3SHAPE. This agreement, reached through two very
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FIG. 12. A comparison of ⇤CDM constraints in the S8 – ⌦m plane
from the two shape measurement pipelines, METACALIBRATION
(gray filled contours) and IM3SHAPE (blue contours). This is a strong
test of robustness to assumptions and differences in measurement and
calibration methodology. Each pipeline utilizes very different and in-
dependent methods of shape measurement and shear calibration. We
also compare the DES SV results (from NGMIX) in green. Both 68%
and 95% confidence levels are shown.

different and independent shape measurement and calibration
strategies, is thus a very strong test of robustness to shape
measurement errors in the final cosmological constraints.

C. Photometric Redshift Comparison

As discussed in Sec. II B, we rely on a combination of 1)
comparisons to redshift distributions of resampled COSMOS
objects and 2) constraints due to clustering cross-correlations
between source galaxies and REDMAGIC galaxies with very
good photometric redshifts. We parameterize corrections to
the n(z) as a shift in the mean redshift of the distribution
of galaxies. As an independent test of whether shifting the
mean of the redshift distribution captures the full effect of
photo-z bias uncertainty, we show cosmological constraints
directly using the resampled COSMOS ni

(z) redshift distri-
butions measured from COSMOS (see Fig. 2). The resulting
constraints are shown in Fig. 13, illustrating that differences
in the shape of the redshift distribution are sub-dominant for
cosmic shear when matching the mean at the current statis-
tical precision (see also [146]). The independent constraint
from clustering cross-correlations is unavailable in the fourth
redshift bin, because the REDMAGIC sample ends at redshift
z = 0.9. Thus, we also tested removing the fourth bin from
our analysis and confirmed in Fig. 13 that it does not pro-

(3 times better than SV)
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the recovered value of A, the amplitude of the tidal alignment
(TA) model as a function of redshift in the four models consid-
ered in this analysis. For the mixed alignment model, we also
show the constraint on A

2

, the amplitude of the tidal torquing
(TT) component of the model. Note that subscripts are used
with the amplitudes in the mixed alignment case and that A

1

corresponds to the fiducial A parameter. We find good agree-
ment in the TA amplitude between all four models, including
the mixed alignment case, where the contributions from TT
terms appear largely independent from the TA amplitude. For
the fiducial IA model and the mixed alignment model, which
have a smooth functional form with redshift, we derive the
amplitude at the mean redshifts of each redshift bin and report
this value and its uncertainty. This analysis provides a sig-
nificant improvement in IA constraining power compared to
previous analyses, with detection of nonzero A = 1.0 at the
89% CL when allowing a power-law redshift scaling, which
is comparable to that when assuming a fixed ⌘. The fiducial
power-law ⌘ = 2.8 is constrained to be non-zero at the 83%
CL. In the mixed model, A

1

= 0.9 is still constrained to be
non-zero at 83% CL with ⌘

1

= 2.3 constrained to be posi-
tive at the 79% CL. The tidal torque amplitude A

2

= �0.9
is nonzero at the 84% CL, with a negative amplitude, and
power-law ⌘

2

= 0.4, which is consistent with zero at 1�. As
discussed in [133], the sign convention for A

1

and A
2

is such
that positive values correspond to galaxy alignment towards
overdense regions and thus a negative GI term.

The measured fiducial IA amplitude is in agreement with
our prediction of A ⇡ 0.5 at z

piv

= 0.62, obtained from ex-
trapolating IA amplitude scalings calibrated on galaxies that
are significantly more luminous than our lensing sample [58].
This prediction assumes that only red/elliptical galaxies con-
tribute to the fiducial IA signal and accounts for the approx-
imate red fraction of the source sample. Our analysis thus
provides significant improvement in constraining the IA sig-
nal in weak lensing measurements. Moreover, it is the first
indication of nonlinear alignment mechanisms, such as tidal
torquing, in a general weak lensing sample. Previous weak
lensing studies (e.g., [32, 34]) did not account for the po-
tential presence of these higher-order effects, while spectro-
scopic alignment studies on blue/spiral galaxies have placed
comparatively weak constraints on these contributions (e.g.,
[132]). Recent hydrodynamic simulations have also exam-
ined the expected alignment of both disk and elliptical galax-
ies (e.g., [147–149]). These simulations consistently find an
overall alignment towards overdense regions, dominated by
elliptical galaxies, in agreement with the sign of our measured
A. However, they disagree on the IA behavior of spiral galax-
ies (as well as other kinematic properties), with [147] find-
ing tangential alignment of the major axis with overdensities,
consistent with our tentative measurement of A

2

, while others
find radial alignment (see [148] for a comparison). Improved
observational data and hydrodynamic simulations, along with
advances in analytic modeling, will clarify this issue. Finally,
we note that our inferred redshift evolution of IA, character-
ized by ⌘ or the per-bin amplitudes Ai, captures both the true
underlying redshift evolution as well as the luminosity and
galaxy-type dependence of IA, since these properties of the

FIG. 16. The constraint on the intrinsic alignment amplitude A as a
function of redshift in the four models considered. For all models,
we show A1, the amplitude of the tidal alignment (TA) model, while
for the mixed alignment model, we also show the constraint on A2,
the amplitude of the tidal torquing (TT) component of the model.
We find good agreement between the redshift evolution of the tidal
alignment amplitude in the four models.

source sample evolve with redshift. Moreover, the IA redshift
evolution is partially degenerate with the assumed source red-
shift distribution, and thus ⌘ could absorb contributions both
from IA and systematics in the source n(z).

X. CONCLUSIONS

We have used 26 million galaxies from Dark Energy Sur-
vey (DES Y1) shape catalogs over 1321 deg2 of the southern
sky to produce the most significant measurement of cosmic
shear in a galaxy survey to date. We constrain cosmologi-
cal parameters in both the ⇤CDM and wCDM models, while
also varying the neutrino mass density. We find a 3.5% frac-
tional uncertainty on S

8

= 0.782+0.027
�0.027 at 68% CL, which is

a factor of 3 improvement over the constraining power of our
SV results [61]. In wCDM, we find a 4.8% fractional uncer-
tainty on S

8

= 0.777+0.036
�0.038 and w = �0.95+0.33

�0.39. We find
no evidence preferring a model allowing w 6= �1 using cos-
mic shear alone, and no constraint beyond our prior on the
neutrino mass density.

Our constraints from cosmic shear agree incredibly well
with previous cosmic shear results from KiDS-450 (and DES
SV). Despite significant discussion in previous literature, we
find no evidence that any of the cosmic shear results from DES
or KiDS analyzed here are in disagreement with CMB data
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X. CONCLUSIONS

We have used 26 million galaxies from Dark Energy Sur-
vey (DES Y1) shape catalogs over 1321 deg2 of the southern
sky to produce the most significant measurement of cosmic
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TABLE II. 68%CL marginalized cosmological constraints in ⇤CDM and wCDM using a variety of datasets. “DES Y1 3x2” refers to results
from combining all 3 two-point functions in DES Y1. Cells with no entries correspond to posteriors not significantly narrower than the prior
widths. The only exception is in wCDM for Planck only, where the posteriors on h are shown to indicate the large values inferred in the model
without any data to break the w � h degeneracy.
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VII. COMPARISON WITH EXTERNAL DATA

We next explore the cosmological implications of com-
parison and combination of DES Y1 results with other ex-
periments’ constraints. For the CMB, we take constraints
from Planck [51]. In the first subsection below, we use only
the temperature and polarization auto- and cross-spectra from
Planck, omitting the information due to lensing of the CMB
that is contained in the four-point function. The latter de-
pends on structure and distances at late times, and we wish in
this subsection to segregate late-time information from early-
Universe observables. We use the joint TT, EE, BB and TE
likelihood for ` between 2 and 29 and the TT likelihood for
` between 30 and 2508 (commonly referred to as TT+lowP),
provided by Planck.5 In all cases that we have checked, use
of WMAP [130] data yields constraints consistent with, but
weaker than, those obtained with Planck. Recent results from
the South Pole Telescope [131] favor a value of �

8

that is 2.6-
� lower than Planck, but we have not yet tried to incorporate
these results.

5 Late-universe lensing does smooth the CMB power spectra slightly, so
these data sets are not completely independent of low redshift information.

We use measured angular diameter distances from the
Baryon Acoustic Oscillation (BAO) feature by the 6dF Galaxy
Survey [132], the SDSS Data Release 7 Main Galaxy Sam-
ple [133], and BOSS Data Release 12 [48], in each case ex-
tracting only the BAO constraints. These BAO distances are
all measured relative to the physical BAO scale correspond-
ing to the sound horizon distance r

d

; therefore, dependence
of r

d

on cosmological parameters must be included when de-
termining the likelihood of any cosmological model (see [48]
for details). We also use measures of luminosity distances
from observations of distant Type Ia supernovae (SNe) via the
Joint Lightcurve Analysis (JLA) data from [134].

This set of BAO and SNe experiments has been shown to
be consistent with the ⇤CDM and wCDM constraints from the
CMB [49, 51], so we can therefore sensibly merge this suite
of experiments—BAO, SNe, and Planck—with the DES Y1
results to obtain unprecedented precision on the cosmological
parameters. We do not include information about direct mea-
surements of the Hubble constant because those are in tension
with this bundle of experiments [135].
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�0.028 0.960+0.006
�0.008 0.0512+0.0036

�0.0022 0.656+0.015
�0.026 . . . . . .

⇤CDM DES Y1 + Planck (No Lensing) 0.303+0.029
�0.013 0.793+0.018

�0.014 0.971+0.006
�0.005 0.0481+0.0040

�0.0010 0.681+0.010
�0.025 < 0.62 . . .

⇤CDM DES Y1 + JLA + BAO 0.301+0.013
�0.018 0.775+0.016

�0.027 1.05+0.02
�0.08 0.0493+0.006

�0.007 0.680+0.042
�0.045 . . . . . .

⇤CDM Planck + JLA + BAO 0.306+0.007
�0.007 0.815+0.013

�0.015 0.969+0.005
�0.005 0.0485+0.0007

�0.0008 0.679+0.005
�0.007 < 0.25 . . .

⇤CDM DES Y1 +
Planck + JLA + BAO 0.301+0.006

�0.008 0.799+0.014
�0.009 0.973+0.005

�0.004 0.0480+0.0009
�0.0006 0.682+0.006

�0.006 < 0.29 . . .

wCDM DES Y1 ⇠±(✓) 0.317+0.074
�0.054 0.789+0.036

�0.038 . . . . . . . . . . . . �0.82+0.26
�0.47

wCDM DES Y1 w(✓) + �t 0.317+0.045
�0.041 0.788+0.039

�0.067 . . . . . . . . . . . . �0.76+0.19
�0.45

wCDM DES Y1 3x2 0.279+0.043
�0.022 0.794+0.029

�0.027 . . . . . . . . . . . . �0.80+0.20
�0.22

wCDM Planck (No Lensing) 0.220+0.064
�0.025 0.798+0.035

�0.035 0.960+0.008
�0.006 0.0329+0.0100

�0.0030 0.800+0.050
�0.090 . . . �1.50+0.34

�0.18

wCDM DES Y1 + Planck (No Lensing) 0.230+0.023
�0.015 0.780+0.013

�0.023 0.967+0.005
�0.004 0.0359+0.0037

�0.0021 0.785+0.023
�0.037 < 0.56 �1.34+0.08

�0.15

wCDM Planck + JLA + BAO 0.304+0.008
�0.011 0.814+0.013

�0.016 0.968+0.005
�0.005 0.0480+0.0010

�0.0020 0.681+0.010
�0.009 < 0.29 �1.03+0.05

�0.05

wCDM DES Y1 +
Planck + JLA + BAO 0.299+0.009

�0.007 0.798+0.012
�0.011 0.973+0.005

�0.004 0.0479+0.0015
�0.0012 0.683+0.009

�0.010 < 0.35 �1.00+0.04
�0.05

VII. COMPARISON WITH EXTERNAL DATA

We next explore the cosmological implications of com-
parison and combination of DES Y1 results with other ex-
periments’ constraints. For the CMB, we take constraints
from Planck [51]. In the first subsection below, we use only
the temperature and polarization auto- and cross-spectra from
Planck, omitting the information due to lensing of the CMB
that is contained in the four-point function. The latter de-
pends on structure and distances at late times, and we wish in
this subsection to segregate late-time information from early-
Universe observables. We use the joint TT, EE, BB and TE
likelihood for ` between 2 and 29 and the TT likelihood for
` between 30 and 2508 (commonly referred to as TT+lowP),
provided by Planck.5 In all cases that we have checked, use
of WMAP [130] data yields constraints consistent with, but
weaker than, those obtained with Planck. Recent results from
the South Pole Telescope [131] favor a value of �

8

that is 2.6-
� lower than Planck, but we have not yet tried to incorporate
these results.

5 Late-universe lensing does smooth the CMB power spectra slightly, so
these data sets are not completely independent of low redshift information.

We use measured angular diameter distances from the
Baryon Acoustic Oscillation (BAO) feature by the 6dF Galaxy
Survey [132], the SDSS Data Release 7 Main Galaxy Sam-
ple [133], and BOSS Data Release 12 [48], in each case ex-
tracting only the BAO constraints. These BAO distances are
all measured relative to the physical BAO scale correspond-
ing to the sound horizon distance r

d

; therefore, dependence
of r

d

on cosmological parameters must be included when de-
termining the likelihood of any cosmological model (see [48]
for details). We also use measures of luminosity distances
from observations of distant Type Ia supernovae (SNe) via the
Joint Lightcurve Analysis (JLA) data from [134].

This set of BAO and SNe experiments has been shown to
be consistent with the ⇤CDM and wCDM constraints from the
CMB [49, 51], so we can therefore sensibly merge this suite
of experiments—BAO, SNe, and Planck—with the DES Y1
results to obtain unprecedented precision on the cosmological
parameters. We do not include information about direct mea-
surements of the Hubble constant because those are in tension
with this bundle of experiments [135].

Before the data were unblinded, we decided that we
would combine results from these two sets of two-point
functions if the Bayes factor defined in Eq. (5.3) did not
suggest strong evidence for inconsistency. According to the
Jeffreys scale, our condition to combine is therefore that
R > 0.1 (since R < 0.1 would imply strong evidence for
inconsistency). We find a Bayes factor of R ¼ 583, an
indication that DES Y1 cosmic shear and galaxy clustering
plus galaxy-galaxy lensing are consistent with one another
in the context of ΛCDM.
The DES Y1 data were thus validated as internally

consistent and robust to our assumptions before we gained
any knowledge of the cosmological parameter values that
they imply. Any comparisons to external data were, of
course, made after the data were unblinded.

VI. DES Y1 RESULTS: PARAMETER
CONSTRAINTS

A. ΛCDM
We first consider the ΛCDM model with six cosmo-

logical parameters. The DES data are most sensitive to two
cosmological parameters, Ωm and S8, as defined in
Eq. (4.7), so for the most part we focus on constraints
on these parameters.
Given the demonstrated consistency of cosmic shear

with clustering plus galaxy-galaxy lensing in the context of
ΛCDM as noted above, we proceed to combine the
constraints from all three probes. Figure 5 shows the
constraints on Ωm and σ8 (bottom panel) and on Ωm and

the less degenerate parameter S8 (top panel). Constraints
from cosmic shear, galaxy clustering þ galaxy-galaxy
lensing, and their combination are shown in these two-
dimensional subspaces after marginalizing over the 24
other parameters. The combined results lead to constraints

Ωm ¼ 0.267þ0.030
−0.017

S8 ¼ 0.773þ0.026
−0.020

σ8 ¼ 0.817þ0.045
−0.056 : ð6:1Þ

The value of Ωm is consistent with the value inferred
from either cosmic shear or clustering plus galaxy-galaxy
lensing separately. We present the resulting marginalized
constraints on the cosmological parameters in the top rows
of Table II.
The results shown in Fig. 5, along with previous analyses

such as that usingKiDSþ GAMAdata [67], are an important
step forward in the capability of combined probes from
optical surveys to constrain cosmological parameters.
These combined constraints transform what has, for the past
decade, been a one-dimensional constraint on S8 (which
appears banana shaped in the Ωm-σ8 plane) into tight
constraints on both of these important cosmological param-
eters. Figure 6 shows the DES Y1 constraints on S8 and Ωm
along with some previous results and in combination with
external data sets, as will be discussed below. The sizes of
these parameter error bars from the combinedDESY1 probes
are comparable to those from the CMB obtained by Planck.
In addition to the cosmological parameters, these probes

constrain important astrophysical parameters. The intrinsic-
alignment signal is modeled to scale as AIAð1þ zÞηIA ; while
the data do not constrain the power law well (ηIA ¼
−0.7% 2.2), they are sensitive to the amplitude of the
signal:

AIA ¼ 0.44þ0.38
−0.28 ð95% C:L:Þ: ð6:2Þ

Further strengthening evidence from the recent combined
probes analysis of KiDS [67,68], this result is the strongest
evidence to date of IA in a broadly inclusive galaxy sample;
previously, significant IA measurements have come from
selections of massive elliptical galaxies, usually with
spectroscopic redshifts (e.g., Ref. [140]). The ability of
DES data to produce such a result without spectroscopic
redshifts demonstrates the power of this combined analysis
and emphasizes the importance of modeling IA in the
pursuit of accurate cosmology from weak lensing. We are
able to rule out AIA ¼ 0 at 99.76% C.L. with DES alone
and at 99.90% C.L. with the full combination of DES and
external data sets. The mean value of AIA is nearly the same
when combining with external data sets, suggesting that IA
self-calibration has been effective. Interestingly, the mea-
sured amplitude agrees well with a prediction made by
assuming that only red galaxies contribute to the IA signal
and then extrapolating the IA amplitude measured from

FIG. 5. ΛCDM constraints from DES Y1 on Ωm; σ8, and S8
from cosmic shear (green), REDMAGIC galaxy clustering plus
galaxy-galaxy lensing (red), and their combination (blue). Here,
and in all such 2D plots below, the two sets of contours depict the
68% and 95% confidence levels.
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when varying a full set of cosmological parameters (includ-
ing σ8, which is quite degenerate with bias when using
galaxy clustering only) and 15 other nuisance parameters,
the combined probes in DES Y1 therefore constrain bias at
the 10% level.

B. wCDM

A variety of theoretical alternatives to the cosmological
constant has been proposed [6]. For example, it could be
that the cosmological constant vanishes and that another
degree of freedom, e.g., a very light scalar field, is driving
the current epoch of accelerated expansion. Here, we
restrict our analysis to the simplest class of phenomeno-
logical alternatives, models in which the dark energy
density is not constant but rather evolves over cosmic
history with a constant equation-of-state parameter, w. We
constrain w by adding it as a seventh cosmological
parameter. Here, too, DES obtains interesting constraints
on only a subset of the seven cosmological parameters, so
we show the constraints on the three-dimensional subspace
spanned byΩm, S8, and w. Figure 8 shows the constraints in
this three-dimensional space from cosmic shear and from
galaxy-galaxy lensingþ galaxy clustering. These two sets
of probes agree with one another. The consistency in the
three-dimensional subspace shown in Fig. 8, along with the
tests in the previous subsection, is sufficient to combine
the two sets of probes. The Bayes factor in this case is equal
to 1878. The combined constraint from all three two-point
functions is also shown in Fig. 8.
The marginalized 68% C.L. constraints on w and on the

other two cosmological parameters tightly constrained by

DES, S8 andΩM, are shown in Fig. 9 and given numerically
in Table II. In the next section, we revisit the question of
how consistent the DES Y1 results are with other experi-
ments. The marginalized constraint on w from all three
DES Y1 probes is

w ¼ −0.82þ0.21
−0.20 : ð6:3Þ

Finally, if one ignores any intuition or prejudice about
the mechanism driving cosmic acceleration, studying
wCDM translates into adding an additional parameter to
describe the data. From a Bayesian point of view, the
question of whether wCDM is more likely than ΛCDM can
again be addressed by computing the Bayes factor. Here,
the two models being compared are simpler: ΛCDM and
wCDM. The Bayes factor is

Rw ¼ PðD⃗jwCDMÞ
PðD⃗jΛCDMÞ

: ð6:4Þ

Values of Rw less than unity would imply ΛCDM is
favored, while those greater than 1 argue that the intro-
duction of the additional parameter w is warranted. The
Bayes factor is Rw ¼ 0.39 for DES Y1, so although ΛCDM

FIG. 7. The bias of the REDMAGIC galaxy samples in the five
lens bins from three separate DES Y1 analyses. The two labeled
“fixed cosmology” use the galaxy angular correlation function
wðθÞ and galaxy-galaxy lensing γt, respectively, with cosmo-
logical parameters fixed at best-fit values from the 3 × 2 analysis,
as described in Refs. [93,94]. The results labeled “DES Y1—all”
vary all 26 parameters while fitting to all three two-point
functions.

FIG. 8. Constraints on the three cosmological parameters σ8,
Ωm, and w in wCDM from DES Y1 after marginalizing over four
other cosmological parameters and 10 (cosmic shear only) or 20
(other sets of probes) nuisance parameters. The constraints from
cosmic shear only (green), wðθÞ þ γtðθÞ (red), and all three two-
point functions (blue) are shown. Here and below, outlying panels
show the marginalized 1D posteriors and the corresponding
68% confidence regions.
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consistent cosmological results from these three two-point functions and from their combination 
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FIG. 6. 68% confidence levels for ⇤CDM on S8 and ⌦m from DES Y1 (different subsets considered in the top group, black); DES Y1 with all
three probes combined with other experiments (middle group, green); and results from previous experiments (bottom group, purple). Note that
neutrino mass has been varied so, e.g., results shown for KiDS-450 were obtained by re-analyzing their data with the neutrino mass left free.
The table includes only data sets that are publicly available so that we could re-analyze those using the same assumptions (e.g., free neutrino
mass) as are used in our analysis of DES Y1 data.

FIG. 7. The bias of the redMaGiC galaxy samples in the five lens
bins from three separate DES Y1 analyses. The two labelled “fixed
cosmology” use the galaxy angular correlation function w(✓) and
galaxy–galaxy lensing �t respectively, with cosmological parameters
fixed at best-fit values from the 3x2 analysis, as described in [88] and
[89]. The results labelled “DES Y1 - all” vary all 26 parameters while
fitting to all three two-point functions.

A. High redshift vs. low redshift in ⇤CDM

The CMB measures the state of the Universe when it was
380,000 years old, while DES measures the matter distribu-
tion in the Universe roughly ten billion years later. Therefore,
one obvious question that we can address is: Is the ⇤CDM
prediction for clustering today, with all cosmological param-
eters determined by Planck, consistent with what DES ob-
serves? This question, which has of course been addressed
by previous surveys (e.g., [31, 34, 62, 63]), is so compelling
because (i) of the vast differences in the epochs and condi-
tions measured; (ii) the predictions for the DES Y1 values
of S

8

and ⌦m have no free parameters in ⇤CDM once the
recombination-era parameters are fixed; and (iii) those pre-
dictions for what DES should observe are very precise, with
S
8

and ⌦m determined by the CMB to within a few percent.
We saw above that S

8

and ⌦m are constrained by DES Y1 at
the few-percent level, so the stage is set for the most stringent
test yet of ⇤CDM growth predictions. Tension between these
two sets of constraints might imply the breakdown of ⇤CDM.

Figure 10 compares the low-z constraints for ⇤CDM from
all three DES Y1 probes with the z = 1100 constraints from
the Planck anisotropy data. Note that the Planck contours are
shifted slightly and widened significantly from those in Fig-
ure 18 of [51], because we are marginalizing over the un-
known sum of the neutrino masses. We have verified that
when the sum of the neutrino masses is fixed as [51] assumed
in their fiducial analysis, we recover the constraints shown in

above that S8 and Ωm are constrained by DES Y1 at the
few-percent level, so the stage is set for the most stringent
test yet of ΛCDM growth predictions. Tension between
these two sets of constraints might imply the breakdown
of ΛCDM.
Figure 10 compares the low-z constraints for ΛCDM

from all three DES Y1 probes with the z ¼ 1100 con-
straints from the Planck anisotropy data. Note that the
Planck contours are shifted slightly and widened signifi-
cantly from those in Fig. 18 of Ref. [53], because we are
marginalizing over the unknown sum of the neutrino
masses. We have verified that when the sum of the neutrino
masses is fixed as Ref. [53] assumed in their fiducial
analysis we recover the constraints shown in their Fig. 18.
The two-dimensional constraints shown in Fig. 10 vis-

ually hint at tension between the Planck ΛCDM prediction
for rms mass fluctuations and the matter density of the
present-day Universe and the direct determination by DES.
The 1D marginal constraints differ by more than 1σ in both
S8 and Ωm, as shown in Fig. 6. The KiDS survey
[35,67,68,147] and, earlier, Canada-France Hawaii
Telescope Lensing Survey [31,148] also report lower S8
than Planck at marginal significance.
However, a more quantitative measure of consistency in

the full 26-parameter space is the Bayes factor defined in
Eq. (5.3). As mentioned above, a Bayes factor below 0.1
suggests strong inconsistency, and one above 10 suggests
strong evidence for consistency. The Bayes factor for

combining DES and Planck (no lensing) in the ΛCDM
model is R ¼ 6.6, indicating “substantial” evidence for
consistency on the Jeffreys scale, so any inconsistency
apparent in Fig. 10 is not statistically significant according
to this metric. In order to test the sensitivity of this
conclusion to the priors used in our analysis, we halve
the width of the prior ranges on all cosmological parameters
(the parameters in the first section of Table I). For this case,
we find R ¼ 0.75; despite dropping by nearly a factor of
10, R it is still above 0.1, and therefore we are still passing
the consistency test. The Bayes factor in Eq. (5.3) compares
the hypothesis that two data sets can be fit by the same set
of N model parameters (the null hypothesis) to the
hypothesis that they are each allowed an independent set
of the N model parameters (the alternative hypothesis). The
alternative hypothesis is naturally penalized in the Bayes
factor since the model requires an extra N parameters. We
also test an alternative hypothesis where only Ωm and As
are allowed to be constrained independently by the two data
sets; in this case, we are introducing only two extra
parameters with respect to the null hypothesis. For this
case, we find R ¼ 0.47, which again indicates that there is
no evidence for inconsistency between the data sets.
We therefore combine the two data sets, resulting in the

red contours in Fig. 10. This quantitative conclusion that
the high- and low-redshift data sets are consistent can even
be gleaned by viewing Fig. 10 in a slightly different way: if
the true parameters lie within the red contours, it is not
unlikely for two independent experiments to return the blue
and green contour regions.

FIG. 10. ΛCDM constraints from the three combined probes in
DES Y1 (blue), Planck with no lensing (green), and their
combination (red). The agreement between DES and Planck
can be quantified via the Bayes factor, which indicates that in the
full, multidimensional parameter space the two data sets are
consistent (see the text).

FIG. 11. ΛCDM constraints from high redshift (Planck, without
lensing) and multiple low redshift experiments (DES
Y1þ BAO þ JLA); see the text for references.
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Results: 
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Baxter et al. (2018)
Results:
This work

FIG. 1. Summary of papers presenting analyses of two-point functions of DES-Y1 measurements of projected galaxy density, �g, and shear, �,
as well as cross-correlations with the CMB lensing maps, CMB, from [25]. The blue box represents the joint 3⇥2pt analysis, while the orange
and black boxes represent the 5⇥2pt and 6⇥2pt analyses considered in this work.

q�ig = bi
g

ni
g(z(�))

n̄i
g

dz
d�
, (4)

where ni
s(z) and ni

g(z) are the redshift distributions of source
and tracer galaxies in the ith bin, and n̄i

s and n̄i
g are the corre-

sponding integrated number densities in this redshift bin. In
Eq. 4 we have assumed linear galaxy bias with a single bias
parameter, bi

g, for each galaxy redshift bin i.
The position-space correlation functions can be related to

the harmonic-space cross-spectra as follows. The correlations
of the galaxy density field with itself and with the CMB con-
vergence field are computed via

w�
i
g�

j
g (✓) =

X 2` + 1
4⇡

P`(cos(✓))C�
i
g�

j
g (`) (5)

w�
i
gCMB (✓) =

X 2` + 1
4⇡

F(`)P`(cos(✓))C�
i
gCMB (`), (6)

where P` is the `th order Legendre polynomial, and F(`) de-
scribes filtering applied to the CMB map. For correlations
with the CMB map of [25] (hereafter O17), we set F(`) =
B(`)⇥(` � 30)⇥(3000 � `), where ⇥(`) is a step function and
B(`) = exp(�`(` + 1)/`2beam) with `beam ⌘

p
16 ln 2/✓FWHM ⇡

2120. The motivation for this filtering is discussed in more
detail in B18.

We compute the cosmic shear two-point functions, ⇠+ and
⇠�, using the flat-sky approximation:

⇠i j
+/�(✓) =

Z
d` `
2⇡

J0/4(`✓)C
i
s

j
s (`), (7)

where Ji is the second order Bessel function of the ith kind.
For ease of notation, we will occasionally use w�� to generi-
cally refer to both ⇠+ and ⇠�.

When measuring the cross-correlations between galaxies
and shear, or between CMB and shear, we consider only the
tangential component of the shear field, �t. These correlation

functions are then given by

w�
i
g�

j
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d` `
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J2(`✓)C�
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j
s (`), (8)
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i
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Z
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2⇡

F(`)J2(`✓)C
i
sCMB (`). (9)

In addition to the coherent distortion of galaxy shapes
caused by gravitational lensing, galaxies can also be intrin-
sically aligned as a result of gravitational interactions. We
model intrinsic galaxy alignments using the nonlinear linear
alignment (NLA) model [49], which modifies qis as:

qis (�)! qis (�) � A(z(�))
ni

s((z(�))
n̄i

s

dz
d�
, (10)

where

A(z) = AIA,0

 
1 + z
1 + z0

!⌘IA 0.0139⌦m

D(z)
, (11)

and where D(z) is the linear growth factor and z0 is the redshift
pivot point which we set to 0.62 as done in K17.

We also model two sources of potential systematic mea-
surement uncertainties in our analysis: biases in the photo-
metric redshift estimation, and biases in the calibration of
the shear measurements. Photometric redshift bias is mod-
eled with an additive shift parameter, �z, such that the true
redshift distribution is related to the observed distribution via
ntrue(z) = nobs(z � �z). We adopt separate redshift bias param-
eters �zi

g and �zi
s for each tracer and source galaxy redshift

bin, respectively.
We model shear calibration bias via a multiplicative bias

parameter, mi, for the ith redshift bin. We then make the re-
placements

⇠i j
+/�(✓)! (1 + mi)(1 + mj) ⇠i j

+/�(✓) (12)

w�
i
tCMB (✓)! (1 + mi)w�

i
tCMB (✓). (13)
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FIG. 4. Marginalized constraints on ⌦m and S 8 ⌘ �8(⌦m/0.3)0.5

for di↵erent combinations of correlation functions in the context of
⇤CDM+⌫ cosmology: 5⇥2pt (gold), wCMBCMB (gray) and 6⇥2pt
(purple). The wCMBCMB contours are derived from the Planck 2015
lensing data [21]. The 5⇥2pt contours are identical to those in Fig. 2.
The wCMBCMB constraints are complementary to those of the 5⇥2pt
analysis.

allows us to ignore covariance between the 5⇥2pt data vec-
tor and the CMB lensing autospectrum. This simplification
comes at no reduction in cosmological constraining power.
Furthermore, the SPT+Planck and Planck-only measurements
of the CMB lensing autospectrum are consistent [68].

Ignoring the covariance between the 5⇥2pt data vector and
the Planck CMB lensing autospectrum measurements is justi-
fied for several reasons. First, the CMB lensing auto-spectrum
is most sensitive to large scale structure at z ⇠ 2, at signif-
icantly higher redshifts than that probed by the 5⇥2pt data
vector. Second, the instrumental noise in the SPT CMB tem-
perature map is uncorrelated with noise in the Planck CMB
lensing maps. Finally, and most significantly, the measure-
ments of the 5⇥2pt data vector presented here are derived from
roughly 1300 deg2 of the sky, while the Planck lensing au-
tospectrum measurements are full-sky. Consequently, a large
fraction of the signal and noise in the Planck full-sky lensing
measurements is uncorrelated with that of the 5⇥2pt data vec-
tor. We therefore treat the Planck CMB lensing measurements
as independent of the 5⇥2pt measurements in this analysis.

The cosmological constraints from Planck lensing au-
tospectrum measurements alone are shown as the grey con-
tours in Fig. 4. The constraints from the 5⇥2pt analysis
and those of the Planck lensing autospectrum overlap in this
two dimensional projection of the multidimensional posteri-
ors. We find an evidence ratio of log10 R = 4.1 when eval-
uating consistency between the 5⇥2pt data vector and the
Planck lensing autospectrum measurements, indicating “de-

cisive” preference on the Je↵reys scale for the consistency
model.

When using the PPD to assess consistency, we set D2 equal
to wCMBCMB (✓) and set D1 equal to the 5⇥2pt data vector. The
p-value computed from the PPD is determined to be p = 0.09;
there therefore no significant evidence for inconsistency be-
tween the 5⇥2pt and wCMBCMB measurements in the context of
⇤CDM. The distributions of the test statistic for the data and
realizations are shown in Fig. 6 in the Appendix.

F. Combined constraints from 5⇥2pt and the Planck lensing
autospectrum

Having found that the cosmological constraints from the
5⇥2pt and Planck lensing analyses are statistically consistent,
we perform a joint analysis of both datasets, i.e. of the 6⇥2pt
data vector. The constraints resulting from the analysis of this
joint data vector are shown as the purple contours in Fig. 4
(constraints on more parameters can be found in Section D).

As seen in Fig. 4, the DES+SPT+Planck 5⇥2pt analysis
yields cosmological constraints that are complementary to the
auto-spectrum of Planck CMB lensing, as evidenced by the
nearly orthogonal degeneracy directions of the two contours
in ⌦m and S 8. When combining the constraints, we obtain for
the 6⇥2pt analysis:

⌦m = 0.271+0.022
�0.016

�8 = 0.800+0.040
�0.025

S 8 = 0.776+0.014
�0.021.

The constraints on ⌦m and S 8 are 25% and 24% tighter, re-
spectively, than those obtained from the 3⇥2pt analysis of
DES-Y1-3x2. The addition of Planck lensing provides ad-
ditional constraining power coming from structure at higher
redshifts than is probed by DES.

VII. DISCUSSION

We have presented a joint cosmological analysis of two-
point correlation functions between galaxy density, galaxy
shear and CMB lensing using data from DES, the SPT-SZ
survey and Planck. The 5⇥2pt observables — w�g�g (✓), ⇠±(✓),
w�g�(✓), w�gCMB (✓), and w�tCMB (✓) — are sensitive to both the
geometry of the Universe and to the growth of structure out
to redshift z . 1.3.4 The measurement process and analysis
has been carried out using a rigorous blinding scheme, with
cosmological constraints being unblinded only after nearly all
analysis choices were finalized and systematics checks had
passed.

4 The cross-correlations with CMB depend on the distance to the last scatter-
ing surface at z ⇠ 1100 through the lensing weight of Eq. 3. This sensitivity
is purely geometric, though, and does not reflect sensitivity to large scale
structure at high redshifts.
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FIG. 3. Marginalized constraints on ⌦m and S 8 ⌘ �8(⌦m/0.3)0.5

for the 3⇥2pt (gray) and 5⇥2pt (gold) combinations of correlation
functions in the context of ⇤CDM+⌫ cosmology when priors on
multiplicative shear bias are relaxed (filled contours). In this case,
the cosmological constraints obtained from the 5⇥2pt data vector are
significantly tighter than those resulting from the 3⇥2pt data vector.
The dashed contours show the constraints when the fiducial priors on
multiplicative shear bias (see Table I) are applied.

Sample 3⇥2pt bi 5⇥2pt bi

0.15 < z < 0.30 1.42+0.13
�0.08 1.41+0.11

�0.11

0.30 < z < 0.45 1.65+0.08
�0.12 1.60+0.11

�0.09

0.45 < z < 0.60 1.60+0.11
�0.08 1.60+0.09

�0.10

0.60 < z < 1.75 1.93+0.14
�0.10 1.91+0.11

�0.11

0.75 < z < 1.90 2.01+0.13
�0.14 1.96+0.15

�0.11

TABLE II. Constraints on the linear galaxy bias parameters, bi, from
the 3⇥2pt and 5⇥2pt data vectors for the five redshift samples.

and multiplicative shear bias. For the fiducial DES-Y1 priors
on multiplicative shear bias from DES-Y1-3x2, the degener-
acy breaking is weak since multiplicative shear bias is already
tightly constrained using data and simulation based methods,
as described in [42]. However, if these priors are relaxed, the
5⇥2pt analysis can obtain significantly tighter cosmological
constraints than the 3⇥2pt analysis. In essence, the cosmo-
logical constraints can be made more robust to the e↵ects of
multiplicative shear bias.

The 3⇥2pt and 5⇥2pt constraints on⌦m and S 8 when priors
on multiplicative shear bias are relaxed to mi 2 [�1, 1] are
shown in Fig. 3. In contrast to Fig. 2, the 5⇥2pt constraints
are significantly improved over 3⇥2pt when the multiplicative
shear bias constraints are relaxed.

For these relaxed priors, the data alone calibrate the multi-

Sample 3⇥2pt mi 5⇥2pt mi

0.20 < z < 0.43 �0.03+0.34
�0.16 0.03+0.25

�0.15

0.43 < z < 0.63 �0.02+0.27
�0.14 0.07+0.19

�0.11

0.63 < z < 0.90 �0.04+0.20
�0.15 �0.01+0.13

�0.09

0.90 < z < 1.30 �0.02+0.18
�0.17 �0.08+0.14

�0.08

TABLE III. Constraints on the shear calibration parameters, mi, from
the 3⇥2pt and 5⇥2pt data vectors when priors on mi are relaxed. In
all cases, the posteriors obtained on the mi from the 5⇥2pt analysis
are consistent with the priors adopted in the 3⇥2pt analysis of [9].

plicative shear bias. The resultant constraints on the shear cal-
ibration parameters are shown in Table III. These constraints
are consistent with the fiducial shear calibration priors shown
in Table I. In other words, we find no evidence for unac-
counted systematics in DES measurements of galaxy shear.

We have also performed similar tests for other nuisance
parameters such as photo-z bias and IA. However, the ef-
fect of self-calibration for these other parameters tends to be
smaller than for shear calibration. As shown in B18, this
is because shear calibration, galaxy bias, and As are part of
a three-parameter degeneracy. Consequently, the 3⇥2pt data
vector cannot tightly constrain these parameters without exter-
nal priors on shear calibration. For the other systematics pa-
rameters, however, such strong degeneracies are not present,
and significant self-calibration can occur. Consequently, for
these parameters, adding the additional correlations with CMB
does not add significant constraining power beyond that of the
3⇥2pt data vector.

E. Consistency with Planck measurements of the CMB lensing
autospectrum

While the 5⇥2pt data vector includes cross-correlations of
galaxies and galaxy shears with CMB lensing, it does not in-
clude the CMB lensing auto-spectrum. Both the 5⇥2pt data
vector and CMB lensing auto-spectrum are sensitive to the
same physics, although the CMB lensing auto-spectrum is
sensitive to higher redshifts as a result of the CMB lensing
weight peaking at z ⇠ 2. Consistency between these two
datasets is therefore a powerful test of the data and the as-
sumptions of the cosmological model.

Measurements of the CMB lensing autospectrum over the
2500 deg2 patch covered by the SPT-SZ survey have been ob-
tained from a combination of SPT and Planck data by [25],
and this power spectrum has been used to generate cosmolog-
ical constraints by [68]. Because of lower noise and higher
resolution of the SPT maps relative to Planck, the cosmolog-
ical constraints obtained in [68] are comparable to those of
the full sky measurements of the CMB lensing autospectrum
presented in [21], despite the large di↵erence in sky coverage.

In this analysis, we choose to test for consistency between
the 5⇥2pt data vector and the Planck-only measurement of the
CMB lensing autospectrum. The primary motivation for this
choice is that it significantly simplifies the analysis because it
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Clusters abundances
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FIG. 5. Comparison of the 68% (dark) and 95% (light)
confidence level constraints on S

8

derived from our baseline
model (shaded gray area) with other constraints from the lit-
erature: red error bars for cluster abundance analyses, blue
error bars for weak lensing and galaxy clustering analyses
and purple for the CMB constraint. From the bottom to
the top: SDSS from [19]; WtG from [7]; ACT SZ from [68]
(BBN+H0+ACTcl(dyn) in the paper); SPT-2500 from [9];
Planck SZ from [69] (CCCP+H

0

+BBN in the paper); KiDS-
450+GAMA from [70]; KiDS-450+2dFLens from [71]; KiDS-
450+VIKING from [72]; DES-Y1 3x2 from [20]; HST-Y1 from
[11]; Planck CMB from [73] (DR15) and [2] (DR18). Note
that all the constraints but those from SDSS, DES-Y1 3x2,
HSC-Y1 and Planck CMB have been derived fixing the total
neutrino mass either to zero or to 0.06 eV.

the purposes of this comparison, we cross match low-
redshift DES clusters with SDSS clusters, and correct
the SDSS richnesses for the systematic richness o↵set of
0.93 between SDSS and DES [Eq. 67 in MV19]. Fur-
ther, we correct our SDSS result for the expected red-
shift evolution from z = 0.23—the mean redshift of the
SDSS redMaPPer clusters—to our chosen pivot point of
z = 0.45 using the best-fit value for the evolution pa-
rameter ✏ from the DES chain. While the slopes of the
richness–mass relations are in agreement between the two
analyses, the DES data prefers a larger value for the
amplitude. This di↵erence is explained by the selection
e↵ect bias correction applied to the weak-lensing mass
estimates (see Appendix D): while the mass estimates
in [15] were consistent with those of SDSS redMaPPer
clusters [18], our selection e↵ect correction lowered the
DES Y1 masses by ⇠ 20% relative to our analysis in
[15]. By the same token, the variance as a function of
mass is similar between the two analyses, but shifted to
lower masses in this work because of the selection e↵ects
correction. We note, however, that the selection e↵ects
characterized in this work should also impact the SDSS
constraints. That is, we expect the SDSS richness–mass

0.1 0.2 0.3 0.4 0.5
�m

0.60

0.75

0.90

1.05

�
8

DES Clusters
DES 3x2pt
Planck 18
SN Panth.
SPT-2500

WtG
BAO

FIG. 6. Comparison of the 68% and 95% confidence con-
tours in the �

8

-⌦m plane derived from DES Y1 cluster counts
and weak-lensing mass calibration (gray contours) with other
constraints from the literature: BAO from the combination of
data from Six Degree Field Galaxy Survey [6dF 62], the SDSS
DR 7 Main galaxy sample [63], and the Baryon Oscillation
Spectroscopic Survey [BOSS 64] (black dashed lines); Super-
novae Pantheon [65] (green contours); DES-Y1 3x2 from [20]
(red contours); Planck CMB from [2] (blue contours); SPT-
2500 from [9] (violet contours); WtG from [7] (gold contours).

relation shown above to be biased low by ⇡ 15%.
Figure 9 shows the mass distribution for each of our

four richness bins at a redshift z = 0.45, as constrained
through our posteriors. Integrating over these distribu-
tions, we can recover the mean mass of the redMaPPer
galaxy clusters of a given richness. This mean mass is
shown with a blue band in Figure 13. From the combi-
nation of DES Y1 cluster counts and weak-lensing mass
estimates we constrain the mean mass at the pivot rich-
ness �ob = 40 to loghM |�obi = 14.252 ± 0.026. As be-
fore, the selection e↵ect bias correction applied in this
work lowered our masses by ⇠ 20%, leading to a mis-
match between our results and that presented in [15]:
log(M

0

[M�/h]) = 14.334±0.022. Remarkably, the ⇡ 6%
precision in the posterior masses is similar to the uncer-
tainty quoted in [15], despite the large systematic uncer-
tainty we have added to the weak lensing masses. This
demonstrates that the inclusion of cluster count data o↵-
sets the factor of ⇠ 2 larger uncertainty in mass due to
the uncertain calibration of selection e↵ects in our final
results. However, the calibration of the scaling relation
through number counts data is made at the expense of
more relaxed cosmological constraints. For the same rea-
son, this posterior would likely relax in extended cosmo-
logical models such as wCDM.
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posteriors in 2.4� tension with the DES Y1
3x2pt results, and in 5.6� with the Planck CMB analysis. These results include the impact of post-
unblinding changes to the analysis, which did not improve the level of consistency with other data
sets compared to the results obtained at the unblinding. The fact that multiple cosmological probes
(supernovae, baryon acoustic oscillations, cosmic shear, galaxy clustering and CMB anisotropies),
and other galaxy cluster analyses all favor significantly higher matter densities suggests the presence
of systematic errors in the data or an incomplete modeling of the relevant physics. Cross checks with
X-ray and microwave data, as well as independent constraints on the observable–mass relation from
SZ selected clusters, suggest that the discrepancy resides in our modeling of the weak lensing signal
rather than the cluster abundance. Repeating our analysis using a higher richness threshold (� � 30)
significantly reduces the tension with other probes, and points to one or more richness-dependent
e↵ects not captured by our model.
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ness and redshift bin are given by

hNi =
Z 1

0

dztrue
Z z

max

z
min

dzob
Z �

max

�
min

d�ob (1)

hn|�ob, ztruei dV

dztrue
P (zob|ztrue)

hMi = 1

hNi

Z 1

0

dztrue
Z z

max

z
min

dzob
Z �

max

�
min

d�ob (2)

hnM |�ob, ztruei dV

dztrue
P (zob|ztrue).

In the above expressions, �
min

and �
max

are edges of the
richness bins, while z

min

and z
max

are the edges of the
photometric redshift bins. The quantities hn|�ob, ztruei
and hnM |�ob, ztruei are the comoving space density of
clusters and the mass weighted comoving densities, re-
spectively. The term dV/dztrue is the survey volume per
unity redshift. These various quantities are given by

hn|�ob, ztruei =
Z 1

0

dM
dn

dM
P (�ob|M, ztrue) (3)

hnM |�ob, ztruei =
Z 1

0

dM
dn

dM
MP (�ob|M, ztrue) (4)

dV

dz
= ⌦

mask

(z)cH�1(z)�2(z) (5)

where ⌦
mask

(z) is the survey area as a function of red-
shift, H(z) is the Hubble parameters as a function of
redshift, �(z) is the comoving distance to redshift z, and
dn/dM is the halo mass function. The above expression
assumes a flat cosmology. The survey area is computed
as described in [19], and is nearly constant up to redshift
z = 0.5, dropping to ⇡ 50% of the total survey area at
z ⇡ 0.63. Uncertainties in the survey area as a function
of redshift are below 1%, and do not contribute to our
error budget.

As noted earlier in section II B, we assume the photo-
metric redshift probability distributions are known. The
halo mass function is modeled using the [56] halo mass
function, but allowing for power-law deviations that are
calibrated using numerical simulations. Specifically, we
assume the mass function is specified by

dn

dM
=

✓
dn

dM

◆

Tinker


s ln

✓
M

M⇤

◆
+ q

�
. (6)

The parameters s and q are fit to the Aemulus sim-
ulations [57], which are also used to characterize the
associated uncertainties in the parameters s and q (see
table III). Our cosmological posteriors are marginalized
over these uncertainties. Following [19], we do not in-
clude additional uncertainties due to the impact of bary-
onic physics on the halo mass function. This assumption
is well justified because of our choice of halo mass def-
inition: for halos with M & 1014 h�1M�, the radius
R

200m is su�ciently large that the baryonic redistribu-
tion within a halo due to cooling and feedback processes
has a negligible impact on the mass within R

200m [58–60].

The key remaining ingredient is the model for the
richness–mass relation P (�ob|M). Our model is de-
scribed in [36], which was custom built for this analysis.
Briefly, the intrinsic richness–mass relation is modeled
using a conventional halo model parameterization, with
�true = �cen+�sat where �cen and �sat are the number of
central and satellite galaxies respectively. �cen is assumed
to be a deterministic function of mass, with �cen = 1 for
M � M

min

and �cen = 0 otherwise. �sat is a random
variable with an expectation value

h�sat|M, zi =
✓

M �M
min

M
1

�M
min

◆↵ ✓
1 + z

1 + z⇤

◆✏

(7)

where M
1

is the characteristic mass at which a halo of
massM has on average one satellite galaxy, and the pivot
redshift is set equal to the mean redshift of the sample
z⇤ = 0.45. Note that the above formula ensures that only
halos with central galaxies can have satellite galaxies. To
allow for super-Poisson halo occupancies at high mass,
we model P (�true|M) as the convolution of a Poisson
and a Gaussian distribution, where the scatter of the lat-
ter is simply �

intr

h�sat|M, zi. For numerical reasons, we
approximate this convolution using a skew-normal dis-
tribution. For details, see [19], particularly Appendix
B. We note that because of the Gaussian component of
P (�true|M), a large width may result in negative rich-
ness values. These are interpreted as a finite probability
of having P (�true = 0), where the probability P (�true) is
set to the integral of the Gaussian model below �true = 0.
In other words, negative �true values are considered halos
with no satellite galaxies (and therefore no galaxy over-
density). We investigate the sensitivity of our cosmolog-
ical conclusions to our model for P (�true|M) in section
VC.
The observed richness �ob is a noisy measurement of

�true. Four distinct sources of noise on �ob are: 1) ran-
dom errors associated with magnitude errors and back-
ground subtraction of uncorrelated structures; 2) projec-
tion e↵ects; 3) percolation e↵ects and 4) miscentering
e↵ects. The modeling of first three e↵ects is the focus of
our work in [36]. In that work, we demonstrate that pro-
jection e↵ects follow an exponential distribution, while
photometric uncertainties and background subtraction
lead to a Gaussian error. Percolation e↵ects modulate
the richness of masked halos by a multiplicative factor
that is uniformly distributed between 0 and 1, and the
fraction of clusters that su↵er from percolation e↵ects is
a decreasing function of richness. Parameters governing
these distributions are determined by a semi-empirical
method applied to halos in synthetic light-cone maps de-
rived from N-body simulations [61]. DES redMaPPer
data is used to calibrate a projection kernel that is used
as a weight function applied to the simulated halos. Us-
ing sightlines that target halos of specific intrinsic rich-
ness and redshift, a weighted sum of the richness of halos
along the line of sight is used to estimate the component
of P (�ob|�true, z) arising from two-halo and higher spa-
tial correlations. These same simulations are used to cal-

Model

Data vector is the DES Y1 
redMaPPer cluster counts and 
weak-lensing masses. 

Measurement

‘arising from the highest peaks of the matter density field, their abundance and spatial distribution 
are sensitive to the growth of structures and cosmic expansion' 

3

I. INTRODUCTION

The flat ⇤CDM model, despite its apparent
simplicity—six parameters su�ce to define it—has
proven able to describe a wide variety of observations,
from the low to the high redshift Universe. Despite its
successes, however, the two dominant components of the
Universe in this model—the Cold Dark Matter (CDM)
and the Cosmological Constant (⇤)—lack a fundamental
theory to connect them with the rest of physics. Ongoing
(e.g. the Dark Energy Survey (DES)1, Hyper Suprime-
Cam2, Kilo-Degree Survey3 eRosita4, South Pole Tele-
scope (SPT)5, Atacama Cosmology Telescope (ACT)6)
and future surveys (e.g. Euclid7, Large Synoptic Survey
Telescope8, WFIRST9) aim to further test the ⇤CDM
paradigm , as well as the mechanism that drives the
cosmic acceleration, be it a cosmological constant, some
form of dark energy, or a modification of General Rel-
ativity. Lacking a fundamental theory to test, one way
to shed light on the latter is by looking at the evolu-
tion of cosmic structures over the past few Gyr, when
the dark energy becomes dominant, and searching for
discrepancies between the observables in the low-redshift
Universe and the predictions for said observables derived
from the high-redshift Universe as measured through ob-
servations of the Cosmic Microwave Background (CMB)
anisotropies [e.g. 1, 2].

The Dark Energy Survey is a six-year survey that
mapped 5000 deg2 of the southern sky in five broadband
filters, g, r, i, z, Y , between August 2013 and January
2019, using the 570 megapixel Dark Energy Camera [DE-
Cam; 3] mounted on the 4m Blanco telescope at the Cerro
Tololo Inter-American Observatory (CTIO). DES was de-
signed with the primary goal of testing the ⇤CDM model
and studying the nature of dark energy through four key
probes: cosmic shear, galaxy clustering, clusters of galax-
ies, and Type Ia supernovae.

Galaxy clusters have long proven to be a valuable cos-
mological tool: arising from the highest peaks of the mat-
ter density field, their abundance and spatial distribution
are sensitive to the growth of structures and cosmic ex-
pansion [see e.g. 4, 5, for reviews]. More specifically, the
cluster abundance constrains the parameter combination
�
8

(⌦
m

/0.3)↵, where ⌦
m

is the mean matter density of
the Universe, �

8

is the present-day rms of the linear den-
sity field in spheres of 8h�1 Mpc radius, and ↵ ranges

1 https://www.darkenergysurvey.org
2 http://hsc.mtk.nao.ac.jp/ssp/
3 http://kids.strw.leidenuniv.nl/index.php
4 http://www.mpe.mpg.de/eROSITA
5 https://pole.uchicago.edu/
6 https://act.princeton.edu/
7 http://sci.esa.int/euclid/
8 https://www.lsst.org/
9 https://wfirst.gsfc.nasa.gov/

between ⇠ 0.2 � 0.5 depending on the characteristics of
the survey. The evolution of the cluster abundance can
thus be used to measure the growth rate of cosmic struc-
ture, which in turn constrains dark energy and modified
gravity models [e.g. 6–9].
At present, cluster abundance studies at all wave-

lengths are limited by their ability to calibrate the rela-
tion between halo mass and the observable used as a mass
proxy. Among the di↵erent techniques to calibrate the
observable–mass relation, the weak lensing signal, based
on the distortion of background galaxy images due to the
gravitational lensing of intervening clusters, is the current
gold standard [e.g. 7, 9–11]. Still, many sources of sys-
tematic uncertainty a↵ect this type of measurement, in-
cluding shear and photometric redshift biases, halo triax-
iality, miscentering, and projection e↵ects, each of which
contribute a significant fraction of the total error budget
[e.g. 12–15] As we will discuss later, this is especially true
for the optically-selected cluster sample adopted in this
work, for which the systematic error represents ⇠60% of
the total error budget on mass estimates.
In this study we combine cluster abundances and weak-

lensing mass estimates derived from data collected dur-
ing the first year of observation of DES to simultane-
ously constrain cosmology and the observable–mass rela-
tion. Our optically-selected catalog is built using the red
sequence Matched-filter Probabilistic Percolation cluster
finder algorithm [redMaPPer; 16]. For mass estimates,
we rely on updated results of the stacked weak lensing
analysis of [15], which include a new calibration of the
selection e↵ect bias10. The latter has been studied by
means of numerical simulations by Wu et al. (in prepara-
tion) to validate the systematic bias correction adopted
in [15]. The results of this analysis, which started be-
fore the unblinding but have been finalized only after,
show that selection e↵ects have a ⇠20� 30% impact on
stacked weak lensing mass measurements, a much larger
e↵ect compared to the ⇠4% correction estimated in [15]
combining simulations [17] and analytic estimates [18].
This analysis follows the methodology described in

[19], in which we develop our pipeline using the redMaP-
Per SDSS cluster catalog. This analysis was performed
blind to the cosmological parameters to avoid confirma-
tion bias. However, the large tension between our original
unblinded results and multiple cosmological probes, in-
cluding Planck CMB [2], and especially the DES 3x2pt
[20] results, motivated a careful review of our handling
of systematics. This led us to revisit our estimates of
the selection e↵ects bias and, in turn, to re-analyse and
update our results post-unblinding. The analysis pre-
sented in the main text of the paper make use of this
post-unblinding correction, and we will refer to it as the

10 We use the term ”selection e↵ect bias” to refer to the bias in-
troduced by the cluster finder for preferentially selecting clusters
with properties that correlate with the lensing signal at fixed
mass.
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It is clear from Fig. 1 that the cubic galileon model,
having no free parameters after imposition of the tracker
ansatz, gives rise to significant deviations from the GR
tangential shear signal. There is a factor of ⇠ 2 boost in
the lensing signal compared to the GR predictions, at all
radii.

As described in the introduction, modified gravity the-
ories can alter the lensing signal via two channels: i) by
contributing to the the effective energy density on the
RHS of the Poisson equation, and ii) by creating effec-
tive anisotropic stress such that � 6=  . Using eq.(21)
and the expressions in the appendix, one can see that the
cubic galileon does not generate any effective anisotropic
stress. Consequently, all the deviations between the GR
and cubic galileon curve in Fig. 1 must arise from the
effective energy density of the galileon field.

Initially it may seem surprising that the galileon field
can have such a substantial effect on the lensing profile,
whilst its effects on the matter distribution within the
void are much smaller (see §III A). The reason underlying
this is the relative evolutionary timescales of the matter
distribution and the scalar field profile. Since the galileon
field is designed to drive cosmic acceleration (at least in
the model considered here), it only becomes a significant
fraction of the energy budget of the universe for z < 1
(see [80] for the evolution of spherical perturbations in
a comparable gravity model). The void density profile
has largely been determined before these redshifts are
reached.

The quartic galileon is an example of a theory which
can modify lensing via both of the channels above. Inter-
estingly, the quartic curve in Fig. 1 remains much closer
to the GR prediction. This is due to the effect of the
constraints in eqs.(10-13), which fix the value of c3 used
to be much smaller and of opposite sign to that in the
cubic model. Quantitatively, using ⇠ = 2.1 in both mod-
els gives c3 ' 0.08 in the cubic, but c3 ' �0.001 in the
quartic galileon. This explains why a single value of ⇠
results in significant enhancements in the lensing ampli-
tude for one model and a small suppression (relative to
GR) in the other. However, Fig. 2 shows that the tangen-
tial shear profile of the quartic galileon is quite sensitive
to small variations away from ⇠ = 2.1.

Note from Figs. 1 and 2 that, despite significant vari-
ation around the void radius and at a few radii out
(r/RV ⇠ 2 � 3), the null of the tangential shear re-
mains fixed at r ⇠ 1.5Rv in all cases. The reason for
this is as follows: the void density profile determines
the radius at which the void is exactly compensated, i.e.
�M(< r) ! 0. In §III B we selected the physical branch
of solutions such that �,�/� ! 0 at the same radius.
Since the void density profile used is the same for all
gravity models (see discussion in §IIIA), the potential
derivatives (eqs. 20 and 21) vanish at the same radius for
all gravity models. Via eq.(25), this then ensures that
the null of �⌃ is unchanged by variations of the gravity
model. This property should hold true for any model of
gravity that does not appreciably impact the void density

FIG. 1: Upper panel: the void density profile of eq.(17),
shown here with a central depth �v = �0.5 and the fiducial
parameters of eq.(18). Lower panel: corresponding tangen-
tial shear profiles in GR, the cubic galileon and the quartic
galileon gravity theories. Recall (from §II C) that after apply-
ing the tracker ansatz the cubic galileon has no free parame-
ters, whilst the quartic galileon has one; we take this here to
be ⇠ = 2.1. This figure is shown at z = 0.

profile.

B. Void Profiles

In §III A we introduced two void density profiles: a
simple cubic fit, and a compensated ridge profile. For
ease of comparison, most of the figures in this paper em-
ploy the latter profile. In Fig. 3 we show the correspond-
ing density and tangential shear profile for the cubic fit,
together with data obtained from voids identified by [4]
in the SDSS DR7-Full LRG catalog of [81]. As reported
in [4], a void of central depth �v ' �0.5 provides a good
fit to the data in GR.

In the lower panel we further show a corresponding set
of tangential shear profiles in the cubic galileon model.
It is clear that the cubic galileon produces a higher am-
plitude lensing signal than in GR (this can be seen, for
example, by comparing the two curves with �v = �0.5),
and that this enhancement persists out to distances well
beyond the void radius.

We will use the void lensing data and covariance (as per
the methods of [4]) to obtain the posterior probability of
�v for the cubic galileon. It is easy to see by eye from Fig.
3 that a cubic galileon model with �v ⇠ �0.4 provides a
good fit to the SDSS data points (compared to �v ⇠ �0.5

Kovács et al. 2019

Baker et al. 2018
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FIG. 1. Galaxy distribution of the redMaGiC Y1 sample used in this analysis. The fluctuations represent the raw counts,
without any of the corrections derived in this analysis. We have restricted the analysis to the contiguous region shown in the
figure. The area is 1321 square degrees.

FIG. 2. Redshift distribution of the combined redMaGiC
sample in 5 redshift bins. They are calculated by stacking
Gaussian PDFs with mean equal to the redMaGiC redshift
prediction and standard deviation equal to the redMaGiC
redshift error. Each curve is normalized so that the area of
each curve matches the number of galaxies in its redshift bin.

The redMaGiC algorithm produces a redshift predic-
tion zRM and an uncertainty �

z

which is assumed to be
Gaussian. This sample was chosen instead of other DES
photometric samples because of its small redshift uncer-
tainty, which is obtained at the expense of number den-
sity.

The redMaGiC algorithm makes use of an empiri-

cal red-sequence template generated by the training of
the redMaPPer cluster finder [34, 35]. As described in
[35], training of the red-sequence template requires over-
lapping spectroscopic redshifts, which in this work were
obtained from SDSS in the Stripe 82 region [36] and the
OzDES spectroscopic survey in the DES deep supernova
fields [37].

For the redMaGiC samples in this work, we make
use of two separate versions of the red-sequence training.
The first is based on SExtractor MAG AUTO quantities from
the Y1 coadd catalogs, as applied to redMaPPer in
[38]. The second is based on a simultaneous multi-epoch,
multi-band, and multi-object fit (MOF) (see Section 6.3
of Y1GOLD), as applied to redMaPPer [39]. In gen-
eral, due to the careful handling of the point-spread func-
tion (PSF) and matched multi-band photometry, the MOF
photometry yields lower color scatter and, hence, smaller
scatter in red-sequence photo-zs. For each version of the
catalog, photometric redshifts and uncertainties are pri-
marily derived from the fit to the red-sequence template.
In addition, an afterburner step is applied (as described
in Section 3.4 of [13]) to ensure that redMaGiC photo-
zs and errors are consistent with those derived from the
associated redMaPPer cluster catalog [13].

As described in [13], the redMaGiC algorithm com-
putes color-cuts necessary to produce a luminosity-
thresholded sample of constant co-moving density. Both
the luminosity threshold and desired density are inde-
pendently configurable, but in practice higher luminos-
ity thresholds require a lower density for good perfor-
mance. We note that in [13] the co-moving density was
computed with the central redshift of each galaxy (zRM).
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ABSTRACT
Cosmic voids gravitationally lens the cosmic microwave background (CMB) radiation, result-
ing in a distinct imprint on degree scales. We use the simulated CMB lensing convergence map
from the MICE N-body simulation to calibrate our detection strategy for a given void defini-
tion and galaxy tracer density. We then identify cosmic voids in DES Year 1 data and stack the
Planck 2015 lensing convergence map on their locations, probing the consistency of simulated
and observed void lensing signals. When fixing the shape of the stacked convergence profile
to that calibrated from simulations, we find imprints at the 3� significance level for various
analysis choices. The best measurement strategies based on the MICE calibration process
yield S/N ⇡ 4 for DES Y1, and the best-fit amplitude recovered from the data is consistent
with expectations from MICE (A ⇡ 1). Given these results as well as the agreement between
them and N-body simulations, we conclude that the previously reported excess integrated
Sachs-Wolfe (ISW) signal associated with cosmic voids in DES Y1 has no counterpart in the
Planck CMB lensing map.

Key words: cosmic microwave background, gravitational lensing

1 INTRODUCTION

The standard model of cosmology is based on the assumption that
our universe is homogeneous and isotropic at large scales. However,
going to smaller scales one can observe a hierarchical clustering of
matter that forms di�erent structures in the cosmic web.

Surrounded by galaxies, galaxy clusters, filaments and walls,

? Corresponding author: pvielzeu@sissa.it
† Corresponding author: akovacs@iac.es

cosmic voids are large underdense regions that occupy the majority
of space in our Universe. They are the most dark energy dominated
regions in the cosmic web, essentially devoid of dark matter and re-
lated non-linear e�ects. Their underdense nature thus makes them
good candidates for studying the dark energy phenomenon (Ryden
1995; Lee & Park 2009; Bos et al. 2012; Pisani et al. 2015; Sutter
et al. 2015) and to probe its alternatives (Zivick et al. 2015; Cai et al.
2015; Li et al. 2012; Clampitt et al. 2013; Verza et al. 2019). Modi-
fied gravity models attempt to explain cosmic acceleration without
the use of a cosmological constant, however the viability of these

© 0000 The Authors
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-0.678 1.11

Ri

Rj

δ(Ri)�0 ⇒ i++ 
δ(Rj) ≥ 0 ⇒ Rv = Rj

Figure 1. Graphical description of the void-finding algorithm
presented in this paper. The background gray-scaled field is the
smoothed galaxy field (� = 10 Mpc/h) in a redshift slice used by
the void-finder. The two solid (red) dots show two void centers. For
the upper void, we show a circular shell or radius Ri. Since the den-
sity contrast �(Ri

) < 0, the algorithm checks larger shells, up to
radius Rj such that �(Rj

) > 0. The void radius is then defined as
Rv = Rj .

of 0.1 deg. and a physical resolution of 1.5 Mpc/h at z = 0.3
(3 Mpc/h at z = 0.6).

(ii) We compute the mean density in the map corresponding
to the given redshift slice, n̄

2d, and convert the galaxy map
to a density contrast map as � = n

2d/n̄2d � 1, where n
2d is

the galaxy map.
(iii) Then we smooth the density contrast map with a Gaus-

sian filter of comoving scale �s = 10 Mpc/h.
(iv) We take this smoothed contrast map and consider only the

most underdense pixels (with � < �m = �0.3) as potential
void centers. We define the most underdense pixel in the
map as the first void center.

(v) Next we start defining circular shells of increasing radius
around that center, stopping when the mean density within
the slice (� = 0) is reached. That is, starting with a shell
of radius R i

v , we measure the average galaxy density in the
shell �(R i

v ), and if the density is negative we check the next
larger shell �(R i+1

v ), where the increment between shells is
1 Mpc/h in radius. For some shell R j

v the density contrast
reaches zero, �(R j

v ) > 0, and at that point the void radius is
defined as Rv = R j

v (see Fig. 1 for a graphical explanation).
(vi) Then all pixels contained in this void are removed from

the list of potential void centers, preventing any of these
pixels to become the center of any other void. From the
remaining pixels that satisfy � < �m = �0.3, we define the
next most underdense pixel as the second void center. The
process is repeated until all pixels with � < �m = �0.3
have been assigned to a void.

Beyond the dependency on the line-of-sight size of the
projected slice in which the finder is executed, studied in more
detail later in this section, the void catalog produced by this
algorithm depends on two parameters: the smoothing scale,
�s, and the maximum density contrast of a pixel to become

a void center, �m. The smoothing scale (�s = 10 Mpc/h) is
chosen to be about half the radius of the smallest voids we
can access in our data sample (because of photo-z smearing),
and increasing it would erase the structure leading to some
of these smallest voids, leaving the large voids intact. On the
other hand, the most significant voids found by the algorithm,
the deepest ones, are independent of the choice �m = �0.3
since their void center pixel is more underdense than that. By
changing the value of �m we are only affecting the shallower
voids of the sample. The impact of the �m choice is studied in
Appendix A. Also, voids found by this algorithm can overlap or
even enclose one another, but just in the case where a subvoid
is deeper than the bigger void enclosing it.

The process detailed above will produce a list of voids for
a given redshift slice. Before describing how various slices are
combined to obtain the full void catalog, we first study the
performance of the single slice results in simulations.

3.2 Performance on simulations

In order to validate the performance of the algorithm we use
the simulations, where we have both spectroscopic and pho-
tometric redshift for void tracer galaxies, and we compare the
voids found by the algorithm in spec-z and photo-z space. In
particular, we run the void finding algorithm twice on each
redshift slice: first using spectroscopic redshifts for selecting
the galaxies that go into the slice and then using photometric
redshifts that mimic the ones we have in real DES data.

Once we have the spec-z and photo-z defined void cata-
logs, we measure the projected galaxy density profiles of the
voids in them in radial annuli using the true redshifts. Figure
2 shows the resulting density profiles for both cases in differ-
ent slice comoving thicknesses. As expected, the void finder
performs poorly if the size of the projected slice is smaller or
similar to the photo-z dispersion �z ' 50 Mpc/h. Therefore,
the accuracy of the finder is a function of the thickness of the
projected slice: for slice width ⇠ 2 times the size of the typical
photometric redshift scatter, the difference between the aver-
age density profiles of voids found in spec-z and photo-z is not
significant, being smaller than the standard deviation of the
stacked void profiles.

Figure 2 shows that voids found by the algorithm in photo-
z space can indeed have very similar density profiles as voids
found in spec-z space. However, it is also important to know
the relative number of voids found in the two cases. Photomet-
ric redshifts produce a smearing in the line-of-sight position of
tracers that can actually erase some of the structure, espe-
cially on scales comparable to the size of the photo-z scatter
or smaller. That will have the consequence of some small voids
not being detected in the photo-z case. The voids of size larger
than the photo-z scatter should be detected in both cases. Fig-
ure 3 shows the distribution of void radii in simulations for
spec-z and photo-z samples. As expected, we find less voids in
the photo-z case, with the difference being more important for
small voids and becoming negligible for the voids substantially
larger than the photo-z dispersion (�z ' 50 Mpc/h).

In addition to the comparison of the galaxy density pro-
files of voids, which is the most important test of the algo-
rithm, Fig. 4 shows a visual comparison between the positions
and radius of spec-z and photo-z defined voids in a random
100 Mpc/h-thick slice of our simulations. The correlation be-
tween the two sets of voids is very clear, in both positions and
radii. In some cases, especially for the biggest voids, the match

c� 0000 RAS, MNRAS 000, 1–15

• Divide the sample in redshift slices. 100Mpc/h 
slices are shown to be a good  
compromise considering redMaGiC redshift 
accuracy.  

• Compute the density field for each slice by 
counting the galaxy number in each  
pixel and smoothing the field with a Gaussian 
with a predefined smoothing scale.  

• Select the most underdense pixel and grow 
around it the void until it reaches the mean 
density.  

• Save the void, erase it from the density map 
and iterate the process with the following 
underdense pixel.  

Sánchez et al. (DES Collaboration), MNRAS 465, 746, 
2017.
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Figure 1. Comparison of the 2D void catalogue characteristics constructed in simulated MICE1 and MICE2 (orange bars and blue steps) and observed DES
Y1 samples (blue bars) with the di�erent void catalogue versions (HD10, HD20, HL10, HL20). We present results for the high-density sample (first and second
columns) and the high-luminosity sample (third and fourth columns) for di�erent void finder smoothing scales of 10 Mpc/h and 20 Mpc/h.

each void is assigned an e�ective radius re�
v that is equal to the

radius of a sphere with a volume identical to the total void volume.
Then centers of 3D VIDE voids are defined as volume-weighted
barycenters of all the Voronoi cells that make up the given void.

We note that the possible elongation properties of ZOBOV/VIDE
voids identified in photo-z samples have also been investigated by
Granett et al. (2015) using overlapping tracer with accurate spec-
troscopic redshift information as ground truth. Then Fang et al.
(2019) reconstructed the average shape of the DES Y1 and MICE
VIDE voids we also use in this study and reported a significant line-
of-sight elongation (with an axis ratio of about 4) due to photo-z
errors. They concluded, however, that individual voids are not nec-
essarily more elongated but a selection bias in orientation aligned
with our line-of-sights breaks the isotropy. Relatedly, Cautun et al.
(2018) argued that tunnel-like structures provide better signal-to-
noise compared to spherical voids of the same angular size, and
therefore this property of our VIDE voids is not a disadvantage.

3.3 Cosmic void properties in the MICE galaxy mocks

We note that the definition of e�ective radius of 3D VIDE voids (re�
v )

is di�erent than the radius definition of 2D voids (rv) as we describe
above. In particular, the void radius of VIDE structures is defined
as a turning point in the density profile’s compensation around the
voids, while the 2D void radius is simply a distance where the pro-
files reach the mean density. Similarly, the underdensity parameters
are defined di�erently in the two void finders. Nevertheless the cat-
alogues are internally consistent and their CMB lensing signals can
meaningfully be compared to each other. We apply specific pruning
methods to make 2D and VIDE void catalogues more comparable,
especially in number counts, and we provide a detailed description
of these cuts in Section 4.

3.3.1 2D voids

We examine how potential systematic e�ects modify the resulting
void populations. We compare the void parameter distributions for

MNRAS 000, 000–000 (0000)
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di�erent tracer densities and various initial Gaussian smoothing
applied to the density fields. Edge/mask e�ects may lead to di�erent
mean void properties because at survey boundaries the full extent of
underdense regions around minima may not be captured with good
precision.

We run our 2D void finder using two di�erent redMaGiC
samples as tracers. The redMaGiC high-luminosity sample applies a
stronger cut in luminosity (L > 1.5L⇤) which o�ers higher precision
in photometric redshift. On the other hand, the redMaGiC high-
density sample has a more relaxed luminosity cut (L > 0.5L⇤),
resulting in an increased galaxy density. We then further probe
systematic e�ects by running the void finder on these two rather
di�erent samples using two di�erent initial Gaussian smoothing
scales, namely 10 Mpc/h and 20 Mpc/h.

We compare the void catalogues in terms of three characteristic
parameters of voids: distribution in physical size (rv), distribution
of mean density (�̄) and distribution in central void density (�1/4).
We observe the following properties:

• Comparing the di�erent resulting catalogues, a higher number
of voids is detected when the tracer density is lower (redMaGiC
high-luminosity sample). Sutter et al. (2014a) found a di�erent
behavior for VIDE voids in simulations. Shot noise appears to drive
these e�ects. In particular, a higher number of pixels are identified
as 2D void center candidates when the tracer density is lower, and
the mean density might be reached more frequently, splitting voids
up.

• A larger smoothing scale decreases the total number of voids
for both tracer densities , as the role of shot noise is reduced.

• The mean void radius is shifted towards larger values for larger
smoothings, as smaller voids merge into larger encompassing voids.

• Small smoothing scales result in a larger fraction of deep voids,
given the same tracer density. This feature is also related to shot
noise properties.

When testing mask e�ects, we found that the voids identified
using redMaGiC tracers in the MICE octant have di�erent prop-
erties compared to void properties of DES Y1-like survey patches
inside the octant. We therefore decided to use the same mask as in
the DES Y1 cosmological analysis (Elvin-Poole et al. 2018) as this
guarantees faithful comparison to the observed data. We consider
two rotated positions of the Y1 mask with some overlap that is un-
avoidable inside the octant. Therefore, as a consistency test, we will
study two MICE Y1-like void catalogues (MICE 1 and MICE 2; see
Table 1 for more details).

3.3.2 VIDE voids

Aiming at a di�erent catalogue of voids from the same data set,
we also run the VIDE void finder on the MICE redMaGiC photo-z
catalogue in the full octant, focusing on the high density sample of
galaxies.

We find a total of 36115 voids using this 3-dimensional algo-
rithm. The VIDE algorithm provides various output parameters to
characterize the voids. We judge that the most important parameters
for our CMB lensing study are the e�ective radius (re�

v ), density
contrast (r), and the TreeLevel (for details see e.g. Neyrinck 2008;
Sutter et al. 2015).

Unlike for 2D voids, we find no significant di�erence in VIDE
void properties when using Y1-like mask patches or a full octant
mask in MICE. This agrees with the findings of Pollina et al. (2019).
We therefore consider all voids in the MICE octant for our stacking

High luminosity (HL)

Smoothing DES Y1 MICE 1 MICE 2

10 Mpc/h 1218 1158 1219
20 Mpc/h 411 364 400

High density (HD)

Smoothing DES Y1 MICE 1 MICE 2

10 Mpc/h 518 521 495
20 Mpc/h 122 85 106

VIDE DES Y1 MICE

All 7383 36115
Pruned 239 1687

Table 1. We list the numbers of 2D voids identified in two Y1-like MICE
patches vs. in DES Y1 data. We also provide void number counts for VIDE
voids for the full MICE octant and for the DES Y1 data set, with and without
pruning cuts that we consider in our measurements.

tests , i.e. a factor of ⇠ 5 more voids than in a Y1 patch (see also
Table 1 for void number count comparisons).

In our empirical tests, we found that a re�
v > 35 Mpc/h limit in

radius e�ectively removes small voids that tend to live in overdense
environments. The positive central  imprint of these small voids
decreases the negative stacked  signal inside the void radius, bring-
ing the signal closer to zero thus harder to detect. We also found
that an additional cut that removes the least significant voids below
the 1� extremeness level (r > 1.22) (Neyrinck 2008) is helpful to
eliminate voids with less negative central imprints and remaining
larger voids with positive central imprints. While these choices are
subject to further optimization, we use them in the present analysis
in order to test a di�erent definition using a robust and clean VIDE
sub-sample.

Finally, we apply a cut with TreeLevel = 0 to only keep voids
which are highest in the hierarchy, i.e. do not overlap with sub-
voids. These three conditions result in a set of voids that is a very
conservative subset of the full catalogue. However, such a pruned
catalogue with clean expected CMB  imprints is su�cient for
providing an alternative for our main analysis with 2D voids.

3.4 DES Y1 catalogues compared to simulations

In the light of the simulated stacking measurements using the MICE
 map, we aim to measure the DES Y1 voids ⇥ Planck CMB 
signal. We thus use the observed redMaGiC catalogues from DES
Y1, presented in 3.3, to construct void catalogues with the di�erent
tracer densities and initial smoothing scales.

Figure 1 shows a comparison of the observed and simulated
2D void catalogues. We report a very good agreement in terms
of sizes, central density, and mean density for both MICE Y1-
like patches when they are compared to DES Y1 data. We find
that the simple two-sample Kolmogorov-Smirnov (KS) histrogram
consistency tests (Kolmogorov 1933; Smirnov 1948) suggest that,
in general, high luminosity samples are in slightly better agreement
(see Table 1). However, the overall agreement is su�cient (with KS
test p-values ranging from 0.28 to 0.97), thus we aim to test the
consistency of simulations and observations for all void catalogue
versions.

We also find good agreement between void properties of the
simulated and observed catalogues using the VIDE algorithm on
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• Cutting out patches of the CMB map 
centered at superstructure position 
using healpix (Górski et al., 2005).

• Re-scaling the patches given the 
angular size of the structure. 

• Stacking all patches and measuring 
the average signal in different 
concentric radius bins around the 
center.  

 

Stacking methodology

Grannett et al., 2008

5 times the structure radius
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Stacked Healpix image CMB convergence 
profile

Stacking methodology
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Figure 2. Simulated signal-only stacked  images from MICE (left) in comparison to noise-added versions (centre) and observed DES Y1 stacked results
(right) for the HL20 version of 2D voids. All versions of our results are displayed, without smoothing (top) and with FWHM= 1� (middle) or � = 1� (bottom)
Gaussian smoothings are used. The re-scaled void radius R/Rv = 1 is marked by the dashed circles. We identify important trends with changing smoothing
scales but overall report good consistency between data and simulations.

the DES Y1 redMaGiC high density sample. We identify a total of
239 voids in DES Y1 data considering the selection cuts explained
above. This is a very conservative cut on the total of 7383 voids
in the DES Y1 VIDE catalogue that also includes smaller and less
significant voids. Our primary goal with this work was to o�er
a robust alternative to 2D voids, and we thus leave the further
optimization of the VIDE sample for future work.

4 SIMULATED CROSS-CORRELATION ANALYSES

4.1 Stacking  maps on void positions

The CMB lensing imprint of single voids is impossible to detect (see
e.g. Krause et al. 2013). We therefore apply an averaging method
using cutouts of the CMB map at void positions (see e.g. Kovács

MNRAS 000, 000–000 (0000)
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Figure 4. Comparison of the radial  imprint profiles of 2D voids in the MICE simulation and in DES Y1 data. We show results based on all three  map
smoothing strategies, including no smoothing (left), FWHM= 1� smoothing (middle), and � = 1� smoothing (right). For completeness, we present the imprints
for all 2D void catalogue versions including HD10, HD20, HL10, and HL20 from top to bottom. Dashed red profiles mark the best fitting MICE templates
considering the DES measurements.
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S/N comparison for di�erent void catalogs

Figure 6. We provide a detailed comparison of measurement significance in the form of A/�A. The conservative VIDE sample also provides useful consistency
tests in agreement with our 2D analyses. The dashed horizontal lines mark the mean of the DES Y1 (dark) and the MICE (light) significances with values 3.03
and 3.39, respectively.

their methodology but we put more emphasis on simulation analy-
ses to detect a signal with DES data, given di�erent galaxy tracer
density and void finding methods. In particular, we used simulated
DES-like redMaGiC galaxy catalogues together with a simulated
lensing convergence map from the MICE Grand Challenge N-body
simulation to test our ability to detect the CMB lensing imprint of
cosmic voids.

We constrained the ratio of the observed and expected lensing
systems, which we called A. We first analyzed the signal-to-noise
corresponding to the CMB  profile of MICE redMaGiC voids.
We considered di�erent void populations including 2D voids and
VIDE voids in 3D. We varied the galaxy density and also the initial
smoothing scale applied to the density field to find the centres of the
2D voids (see Sánchez et al. 2017, for details). These parameters
a�ect the significance of the measurement as the total number of
voids, mean void size, underdensity in void interiors, and their depth
in their centres are all a�ected by these choices and hence so is the
resulting lensing signal and noise.

We then comprehensively searched for the best combination
of parameters that guarantees the best chance to detect a signal with
observed DES data. We concluded that the lower tracer density of
the higher luminosity redMaGiC galaxy catalogue is preferable to
achieve a higher signal-to-noise for both 10 Mpc/h and 20 Mpc/h
initial Gaussian smoothing. We tested to prospects of using sub-
classes of voids instead of the full sample, but concluded that stack-
ing all voids is preferable for the best measurement configuration
with DES Y1 data.

We also tested the importance of post-processing in the MICE 
map. We experimentally verified that Gaussian smoothing of scales
FWHM= 1� and � = 1� reduce the size of the small-scale fluctu-
ations in the lensing map while preserving most of the signal. For
completeness, we created stacked images for all smoothing versions
and provided a detailed comparison of the results. In the MICE
analysis, we found that the best measurement configurations to
detect a stacked signal are achieved when considering a 2D void
catalogue with high luminosity tracers and 10 Mpc/h initial density
smoothing (HL10), exceeding S/N ⇡ 5 for all three  smoothing
strategies.

We then identified voids in the observed DES Y1 redMaGiC
catalogue and compared their properties with MICE voids. In gen-
eral, we found a good agreement when comparing observed 2D and
VIDE void catalogues with both DES Y1-like MICE mocks that we

used for predictions. We repeated the simulated stacking analyses
using the observed Planck CMB lensing map. The signal-to-noise
is typically slightly lower than expected from MICE, due to a trend
of lower amplitudes at the level of A ⇡ 0.8 in some of the cases.
Nevertheless, given the measurement errors, we detected a stacked
signal of voids with amplitudes consistent with A ⇡ 1.

Overall, we robustly detected imprints at the 3� significance
level with most of our analysis choices, reaching S/N ⇡ 4 in
the best predicted measurement configurations using DES Y1 high
luminosity redMaGiC data. We found that VIDE voids provided
similar imprints in the CMB lensing maps, albeit at consistently
lower S/N than 2D voids. This finding, however, is not unexpected
given the conservative cuts we apply to select our VIDE sample. We
leave the possible further improvements in the VIDE analysis for
future work.

Regarding the previously reported excess ISW signal in DES
void samples compared to ⇤CDM simulations, however, we con-
clude that the excess in the CMB temperature maps at void locations
has no counterpart in the Planck CMB lensing map. This finding
does not necessarily invalidate the ISW tension. First, Cai et al.
(2017) also reported excess ISW signals using BOSS data, but found
a stacked  signal in good agreement with ⇤CDM simulations. Sec-
ond, no detailed simulation work has jointly estimated the ISW and
CMB lensing signal of voids in some alternative cosmologies. It
is yet to be analyzed if the excess ISW signal should always be
imprinted in the corresponding CMB  map. Such simulation anal-
yses could potentially exclude the coexistence of an enhanced ISW
signal and a ⇤CDM-like CMB  imprint, pointing towards some
exotic systematic e�ect that results in an ISW-like excess in Planck
temperature data aligned with the biggest voids in both BOSS and
DES data.

Our goal for the future is to create a bigger catalogue of voids,
and potentially superclusters, using galaxy catalogues from three
years of observed DES data (DES Y3). These presumably more
accurate future detections with more voids will most probably allow
cosmological parameter constraints as suggested by e.g. Chantavat
et al. (2016). Furthermore, joint analyses of CMB lensing and galaxy
shear statistics may constrain modified gravity models (see e.g.
Cautun et al. 2018; Baker et al. 2018).

In the near future, beyond a better understanding of the method-
ologies, new simulations and new cosmic web decomposition data
from experiments such as the Dark Energy Spectroscopic Instru-
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• while approximately two thirds of the S/N is contained inside
the void radius (R/Rv < 1) and in the close surroundings (1 <
R/Rv < 2), measuring the cumulative S/N up to (R/Rv = 5) does
increase the detectability and provides a way to test convergence to
zero signal at large radii.

• the highest S/N is achieved by stacking all voids, even if some
voids are expected to contribute with less pronounced signal and
higher noise at small scales (see Kovács et al. 2017, for a counter-
example in the case of ISW imprints).

In terms of di�erent tracer density and smoothing, the highest
S/N is found when using the high luminosity catalogue with 10
Mpc/h smoothing (HL10). We note that such a result is not unex-
pected, given the wider redshift range and the larger fraction of deep
voids in the case of the HL sample (see Figure 1).

We estimate S/N = 4.0 for the case of no  map smoothing,
while we find an even higher S/N = 4.8 and S/N = 4.5 for Gaus-
sian smoothings using FWHM= 1� and � = 1�, respectively. We
use S/N and A/�A interchangeably to refer to the signal-to-noise
throughout the paper. We consider a DES Y1 measurement config-
uration and resulting errors and a MICE ⇤CDM signal (A = 1) of
the simulated 2D voids.

Nevertheless, all measurement configurations show moder-
ately significant S/N & 3 CMB lensing signals for voids in a survey
such as DES Y1, and thus we will measure the corresponding ob-
served lensing imprint of all DES void catalogues and smoothing
versions. See again Figure 2 for details.

We note that the main results above are based on the full
void sample with a variety of redshifts in 0.2 < z < 0.7. For
completeness, we also performed a simple redshift binning test for
voids of size 20 Mpc/h < rv < 70 Mpc/h. We found no clear
evidence for redshift evolution in their CMB lensing profile.

4.4.2 VIDE voids

Because in this paper we consider VIDE voids as a consistency test,
we do not formally optimize the signal-to-noise for the VIDE void
sample. Relatedly, we do not have a single recipe for pruning param-
eters in the presence of photo-z errors for 3D voids. Nevertheless, as
explained in Section 3.3.2, we apply various pruning cuts in order
to ensure a detectable CMB lensing signal in the MICE simulation
and therefore also in DES Y1 data (see Figure 3). These cuts result
in 1687 VIDE voids in the MICE octant to be used in the stacking
measurement, and 239 voids in the DES Y1 redMaGiC high den-
sity data. We present a comparison with 2D void types in Table 2,
finding good consistency in void number counts.

Overall, we find S/N = 2.3 for the case of no  map smooth-
ing, while S/N = 2.0 and S/N = 2.1 for Gaussian smoothings
using FWHM= 1� and � = 1�, respectively. In these tests, we again
consider a MICE ⇤CDM imprint signal (A = 1) and a DES Y1 mea-
surement configuration and resulting errors (�A) of the simulated
VIDE voids.

We note that our pruning cuts in fact remove most of the voids
from the original catalogue; thus the VIDE catalogue may promise
higher S/N with further optimization. However, for our purposes
of studying a sample complementary to the 2D void analysis the
sample defined above is adequate. We leave the optimization of
VIDE catalogues for CMB lensing measurements for future work,
including tests of VIDE voids in high luminosity tracer catalogues
that appear more promising for the 2D void definition.

No smoothing

Catalogue VIDE HD10 HD20 HL10 HL20

MICE 2.27 3.13 2.38 4.00 3.85

DES Y1 2.25 2.47 3.29 3.04 3.36

FWHM= 1� smoothing

Catalogue VIDE HD10 HD20 HL10 HL20

MICE 2.00 3.70 2.94 4.76 4.17

DES Y1 2.42 3.30 2.79 3.48 3.58

� = 1� smoothing

Catalogue VIDE HD10 HD20 HL10 HL20

MICE 2.13 3.70 3.33 4.55 4.00

DES Y1 2.11 2.89 2.40 4.91 3.19

Table 2. Signal-to-noise ratios (A/�A) are listed for all measurement con-
figurations using MICE and DES Y1 signals. We compare three di�erent
smoothing strategies and five void catalogue versions.

5 RESULTS FOR OBSERVATIONS: DES Y1 ⇥ PLANCK

We measure the stacked imprint of DES Y1 voids with the same
methodology and parameters as in the case of the MICE mock.
Together with the MICE results, the stacked  images of the DES
Y1 void catalogues are shown in Figures 2 and 3 for 2D and VIDE
voids, respectively. We find good consistency between simulations
and observations for all void definitions, smoothing strategy, and
tracer density.

We then use the stacked images to calculate a radial  imprint
profile in order to quantify the results, relying on the noise analysis
we introduced above. We present these results below and provide a
detailed description of our constraints on the A amplitude of DES
Y1 and MICE void lensing profiles.

5.1 2D voids

We continue our data analysis with the DES Y1 2D void catalogues
that promised higher S/N in our MICE analysis, where, recall, we
forecasted S/N ⇡ 4.8 for the high luminosity catalogue.

We compare the stacked images of the  imprints in the high
luminosity catalogue with 20 Mpc/h smoothing in the galaxy density
map in Figure 2 as a representative example of all 2D void results. A
visual inspection shows good agreement between MICE and DES
Y1  imprints both in the centres and surroundings of the voids.
We find consistency for all  smoothing strategies and report that
similar conclusions can be drawn from stacked images from other
void catalogue versions (see also Figure 3).

We then also measure the azimuthally averaged radial imprint
profile in the stacked images to quantify the results. We present the
results in Figure 4 for all four 2D void catalogue versions HD10,
HD20, HL10, and HL20. The shaded blue regions mark 1� errors
computed with 500 random realizations of the stacking measure-
ment on the MICE  map with Planck-like noise included, while
the error bars around DES Y1 measurements show the correspond-
ing uncertainties for the DES data. We observe a good general
agreement in the sign and the shape of the observed and simulated
profiles. Negative  values in the interior of voids plus an extended
range of positive convergence in the surroundings. We note that
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• 3σ significance level • We then comprehensively searched for 
the best combination of parameters that 
guarantees the best chance to detect a 
signal with observed DES data. We 
concluded that the lower tracer density of 
the higher luminosity redMaGiC galaxy 
catalogue is preferable to achieve a 
higher signal-to-noise for both 10 Mpc/h 
and 20 Mpc/h initial Gaussian smoothing. 
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Conclusions 

.  DESY1 gave us competitive results in cosmological analysis 

• DESY1 have made the stronger cosmic shear signal detection.

• The combined cosmological analysis using DES large scale structure have begin to be 
statistically strong enough to be competitive with the CMB.

• DESY1 combined with additional probe allowed us to put the tightest constraints today in 
cosmological parameter namely for LCDM: 

• wCDM, no evidence for varying equation of state parameter : 

• Tensions remains looking forward y3/6 

• We have now large and precise sample that (will) allows us to use cosmic voids as 
cosmological probe.

• We robustly detected imprints at the 3σ significance level with most of our analysis choices, 
reaching S/N ≈ 4 in the best predicted measurement configurations using DES Y1 high 
luminosity redMaGiC data. 
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FIG. 15. ⇤CDM constraints on the sum of the neutrino masses from
DES and other experiments. The lower power observed in DES can
be accommodated either by lowering ⌦, or �8 or by increasing the
sum of the neutrino masses.

FIG. 16. ⇤CDM constraints on ⌦m and �8 from Planck without
lensing and all three probes in DES. In contrast to all other plots in
this paper, the dark contours here show the results when the sum of
the neutrino masses was held fixed at its minimum allowed value of
0.06 eV.

1 to 2-� level, in the direction of offsets that other recent
lensing studies have reported.

• The statistical consistency allows us to combine DES
Y1 results with Planck, and, in addition, with BAO and
supernova data sets. This yields S

8

= 0.799+0.014
�0.009 and

⌦m = 0.301+0.006
�0.008 in ⇤CDM, the tightest such con-

straints to date (Figure 13).

• None of our likelihoods, including those combining
DES with external data, prefer the addition of a free
dark energy equation of state parameter w to the pa-
rameters of ⇤CDM. The wCDM likelihoods from DES
and Planck each constrain w poorly; moreover, allow-
ing w as a free parameter makes the two data sets less
consistent (in terms of the Bayesian evidence) and does
not bring the DES and Planck central values of S

8

closer. DES is, however, consistent with the bundle of
Planck, BAO, and supernova data, and this combina-
tion tightly constrains the equation-of-state parameter,
w = �1.00+0.04

�0.05 (Figure 14).

• The two-point functions measured in DES Y1 contain
some information on two other open questions in cos-
mological physics: the combination of DES and Planck
shifts the Planck constraints on the Hubble constant by
more than 1� in the direction of local measurements
(Figure 12), and the joint constraints on neutrino mass
slightly loosens the bound from external experiments toP

m⌫ < 0.29eV (95% C.L.) (Figure 15).

• All results are based on redundant implementations and
tests of the most critical components. They are robust
to a comprehensive set of checks that we defined a pri-
ori and made while blind to the resulting cosmological
parameters (see Section V and Appendix A). All related
analyses, unless explicitly noted otherwise, marginalize
over the relevant measurement systematics and neutrino
mass.

• Joint analyses of the three two-point functions of weak
lensing and galaxy density fields have also been exe-
cuted recently by the combination of the KiDS weak
lensing data with the GAMA [62] and 2dfLenS [63]
spectroscopic galaxy surveys, yielding ⇤CDM bounds
of S

8

that are compared to ours in Eq. (VII.7). Our re-
sults agree with the former, but differ from the latter at
greater than 1-�. DES Y1 uncertainties are roughly

p
2

narrower than those from KiDS-450; while one might
have expected a greater improvement considering the
⇠3⇥ increase in survey area, we caution against any
detailed comparison of values or uncertainties until the
analyses are homogenized to similar choices of scales,
priors on neutrino masses, and treatments of observa-
tional systematic uncertainties.

The next round of cosmological analyses of DES data will
include data from the first three years of the survey (DES Y3),
which cover more than three times as much area to greater
depth than Y1, and will incorporate constraints from clusters,
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detailed comparison of values or uncertainties until the
analyses are homogenized to similar choices of scales,
priors on neutrino masses, and treatments of observa-
tional systematic uncertainties.

The next round of cosmological analyses of DES data will
include data from the first three years of the survey (DES Y3),
which cover more than three times as much area to greater
depth than Y1, and will incorporate constraints from clusters,
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Unknown systematics in DES data :  
The internal consistency of the other DES probes, along with their consistency with external 
cosmological probes, rule out the possibility that the tension observed with the DES Y1 clusters 
data is driven by observational systematics affecting the DES data (e.g. photometry or shear 
calibration). 

at least one aspect of our 
theoretical model is 

incorrect 

Wrong cosmology : 
tension in Standard 

model exists… 

stacked weak lensing signal as mean 
cluster mass is incorrect
or 
the richness–mass relation and/or 
selection function is flawed. 
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FIG. 14. Cosmological posteriors in the �
8

–⌦
m

(upper panel)
and logM

1

–↵ (lower panel) plane for our fiducial analysis
(blue), and a new analysis in which we remove the lowest
richness bins (red). Removing the low richness bins shifts
the posteriors towards larger ⌦

m

values, bringing our analy-
sis into agreement with the DES Y1 3x2pt cosmology analysis
(0.9� tension; green contours in the upper panel). Similarly,
when excluding the low richness bins, the richness–mass re-
lation posteriors move towards the region of the parameter
space preferred by the combination of DES number counts
and 3x2pt cosmological priors (green contours in the lower
panel).

comparing the latter to the predicted masses as-
suming a DES 3x2pt cosmology and using the clus-
ter counts to constrain the richness–mass relation.
The relative mass o↵set we recover is richness de-
pendent, corresponding to a steeper slope in the
richness–mass relation compared to the one pre-
ferred by the weak lensing data.

• Our understanding of how photometric cluster se-
lection impacts the stacked lensing profiles of clus-
ters might have a major role in the observed ten-
sion. However, at low richness, the necessary se-
lection e↵ect bias requires the raw weak-lensing
masses of photometrically selected clusters to be
biased low relative to a mass-selected sample. This
is contrary to our a priori expectations, and we
have not yet been able to identify a systematic that
could give rise to such a selection e↵ect.

• Interpreting our results within the context of cor-
related observables, our data implies that the cor-
relation coe�cient between richness and weak lens-
ing is mass dependent, and changes sign in going
from high mass clusters (positive correlation) to
low mass clusters (negative correlation). As noted
above, this is very surprising.

As discussed in section VIC, hints of a richness-
dependent bias in the weak lensing signal of galaxy clus-
ters go as far back as [88], but it is only with the improved
statistical power of the DES that these biases have be-
come statistically significant. Understanding the origin
of this systematic e↵ect, and the degree to which it can be
calibrated using multi-wavelength cluster data, is an ab-
solute necessity for future photometric cluster cosmology
analyses. Observational and simulation-based campaigns
to study the relation of true cluster mass, observed rich-
ness, and weak lensing profiles, independent of the in-
herent limitations of purely photometric data, will shed
light on the puzzles posed by DES Y1 cluster abundance
and lensing data.
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