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1 INTRODUCTION

ABSTRACT

We study the correlations of the shear signal between triplets of sources in the Canada-
France-Hawaii Telescope Lensing Survey (CFHTLenS) to probe cosmological parameters
via the matter bispectrum. In contrast to previous studies, we adopt a non-Gaussian model
of the data likelihood which is supported by our simulations of the survey. We find that for
state-of-the-art surveys, similar to CFHTLenS, a Gaussian likelihood analysis is a reasonable
approximation, albeit small differences in the parameter constraints are already visible. For
future surveys we expect that a Gaussian model becomes inaccurate. Our algorithm for a
refined non-Gaussian analysis and data compression is then of great utility especially because
it is not much more elaborate if simulated data are available. Applying this algorithm to the
third-order correlations of shear alone in a blind analysis, we find a good agreement with
the standard cosmological model: Tg = o3(2,/0.27)%* = 0.7970} for a flat A cold dark
matter cosmology with 4 = 0.7 = 0.04 (68 per cent credible interval). Nevertheless our models
provide only moderately good fits as indicated by x?/dof = 2.9, including a 20 per cent rms
uncertainty in the predicted signal amplitude. The models cannot explain a signal drop on
scales around 15 arcmin, which may be caused by systematics. It is unclear whether the
discrepancy can be fully explained by residual point spread function systematics of which we
find evidence at least on scales of a few arcmin. Therefore we need a better understanding of
higher order correlations of cosmic shear and their systematics to confidently apply them as
cosmological probes.

Key words: gravitational lensing: weak —methods: statistical —cosmology: observations —
dark matter.

(e.g. Dodelson 2003; Laureijs et al. 2011). Gravitational lensing is
a technique to assess the mass distribution in the Universe in a way

The statistics of the distribution of matter on large cosmological that is independent of the exact nature of dark matter and its dynam-
scales, when combined with other cosmological probes, is a pow- ical state (Bartelmann & Schneider 2001, for an extensive review).
erful tool to discriminate between different cosmological models One of the consequences of gravitational lensing is cosmic shear,
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which we statistically infer from correlations between shapes of
distant galaxies (see Schneider 2006; Kilbinger 2014, for a recent
review on weak gravitational lensing). The correlations between
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shapes of galaxy pairs give a measurement of the projected matter
density power spectrum, which in turn constrains the geometry of
the Universe and the growth of structure.

The most recent cosmological constraints from cosmic shear are
reported by Fu et al. (2014, hereafter F14), Kilbinger et al. (2013),
Kitching et al. (2014), Benjamin et al. (2013), and Heymans et al.
(2013) where the authors analyse the latest data release by the
Canada—France-Hawaii Telescope Lensing Survey (CFHTLenS)
team.! This lensing catalogue builds upon the Canada—France—
Hawaii Telescope Legacy Survey (CFHTLS), which represents to-
gether with the Red Cluster Sequence Lensing Survey? the state-of-
the-art of gravitational lensing surveys from the ground. A pre-
liminary weak lensing analysis of the CFHTLS has been pre-
sented earlier in Hoekstra et al. (2006), Semboloni et al. (2006),
Benjamin et al. (2007), and Fu et al. (2008). Since then, however,
the CFHTLenS data have significantly improved in terms of the
characterization of the residual systematics and the estimation of
galaxy redshifts, making the full scientific potential of weak lensing
areality (Heymans et al. 2012; Hildebrandt et al. 2012; Erben et al.
2013; Gillis et al. 2013; Simon et al. 2013; Simpson et al. 2013; van
Waerbeke et al. 2013; Velander et al. 2014).

While current studies mainly focus on the two-point correlations
in the cosmic shear field, higher order statistics contain more infor-
mation, and this can improve constraints on cosmological models
(Bernardeau, van Waerbeke & Mellier 1997, 2003; van Waerbeke,
Bernardeau & Mellier 1999; Schneider & Lombardi 2003; Takada
& Jain 2003; Kilbinger & Schneider 2005; Schneider, Kilbinger
& Lombardi 2005; Bergé, Amara & Réfrégier 2010; Vafaei et al.
2010; Kayo, Takada & Jain 2013). For the ongoing wide field sur-
veys, such as the Kilo Degree Survey (KiDS),? the Dark Energy
Survey (DES),* the Hyper Suprime-Cam survey (HSC),? and future
surveys such as the Large Synoptic Survey Telescope (LSST)® and
Euclid,” the statistical power of the three-point shear statistics alone
is comparable to that of two-point shear statistics (Vafaei et al. 2010;
Kayo et al. 2013). Therefore, prospects on obtaining cosmological
information from third-order shear statistics are high.

On the observational side, early attempts to measure the three-
point shear statistics were carried out by Pen et al. (2003) and Jarvis,
Bernstein & Jain (2004). These two studies were performed using
small data sets and shape measurement algorithms that are not as
robust as algorithms today. While in both studies a signal was de-
tected, the results were strongly affected by residual point spread
function (PSF) systematics. More recently, Semboloni et al. (2011)
used high-quality space-based data, the Hubble Space Telescope
(HST)/Cosmic Evolution Survey (COSMOS) data set, to perform a
measurement of three-point shear statistics that did not show evi-
dence of residual systematics; however, the analysis was limited to
1.6 deg? of the COSMOS data. The latest successful measurements
of third-order shear statistics have been performed by F14 and van
Waerbeke et al. (2013) based on the CFHTLenS data set. These
two different approaches, shear correlation functions and moments
in the reconstructed lensing mass map, are complementary and are
sensitive to different residual systematics.

Uhttp://www.cfhtlens.org

2 http://www.rcslens.org

3 http://kids.strw.leidenuniv.nl (de Jong et al. 2013).

4 http://www.darkenergysurvey.org (The Dark Energy Survey Collaboration
2005).

3 http://www.subarutelescope.org/Projects/HSC (Miyazaki et al. 2012).

6 http://www.Isst.org (Abell et al. 2009).

7 http://sci.esa.int/euclid (Laureijis R. et al. 2011).
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The interpretation of these statistics is still plagued and possibly
limited by theoretical uncertainties. A correct interpretation of this
signal can only be performed by accurately modelling the evolu-
tion of the matter bispectrum in the non-linear regime. Analytical
fitting formulae such as Scoccimarro & Couchman (2001) are only
accurate at the 10-20 per cent level (van Waerbeke et al. 2001; Sem-
boloni et al. 2011; Harnois-Déraps, Vataei & van Waerbeke 2012).
Alternative approaches based on the halo model also have a limited
accuracy (Valageas & Nishimichi 2011a,b; Kayo et al. 2013).

Moreover, other phenomena are expected to affect the measured
signal, such as baryonic physics in the non-linear regime, intrinsic
alignments (IAs) of source galaxies, and source—lens clustering.
These phenomena have not yet been extensively studied and are
uncertain (Hamana et al. 2002; Semboloni et al. 2008, 2011; F14;
Harnois-Déraps et al. 2014).

Improvements of both the theoretical cosmological models and
the reduction of systematics in observational data are only two
pillars of a successful exploitation of the plentiful cosmological in-
formation in the higher order shear statistics. The success will also
depend on realistic models of statistical uncertainties in the shear
correlation estimators. For this, a Gaussian likelihood is typically
used in the statistical analysis, such as in F14, whereas at least
for second-order cosmic shear statistics there is evidence in favour
of more complex models (Hartlap et al. 2009; Keitel & Schneider
2011; Sato, Ichiki & Takeuchi 2011; Wilking & Schneider 2013).
For this paper, we hypothesize that a Gaussian model for the data
likelihood of third-order shear correlations possibly yields biased
results for cosmological parameters. We motivate this by our ob-
servation in Section 4 that the distribution of the estimates in simu-
lations of the CFHTLenS data exhibits a non-Gaussian distribution
on angular scales of around 10-30 arcmin, violating the assump-
tion of Gaussian noise. To test our hypothesis for CFHTLenS data
we compare the cosmological constraints obtained from measure-
ments of the third moment of the aperture mass when based on
Gaussian versus non-Gaussian likelihoods (Schneider et al. 1998,
2005). The CFHTLenS data are briefly summarized in Section 2.
Our first analysis uses a commonly used Gaussian likelihood as in
F14, whereas the second analysis uses a non-Gaussian model. Our
estimator of the third-order shear statistics is detailed in Section 3.
For the cosmology, we assume a flat A cold dark matter (ACDM)
model with the matter density parameter 2;,, and the amplitude of
fluctuations in the matter density field og as free parameters; a flat
ACDM model is strongly supported by recent constraints from the
cosmic microwave background (CMB; Komatsu et al. 2009; Planck
Collaboration XVI 2014). Based on our new technique in Section 5,
we construct the non-Gaussian likelihood from a set of simulated
measurements. We present the results in Section 6 and discuss them
in Section 7. In comparison to the two-point systematics analysis
of Heymans et al. (2012, hereafter H12), we perform new tests
for third-order shear systematics of CFHTLenS that we present in
Section 4.2 and in Appendix A.

2 DATA

2.1 CFHTLenS

The CFHTLS-Wide survey area is divided into four independent
fields (W1, W2, W3, W4), with a total area of 154 degz, observed in
the five optical bands u*, g’, ¥/, 7', z’. Each field is a mosaic of several
MEGACAM fields, called pointings. More details about the data set
itself are given in Erben et al. (2013). The procedure for the shape
measurements using LENSFIT can be found in Miller et al. (2007,
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2013) and Kitching et al. (2008), and the photometric redshifts are
described in Hildebrandt et al. (2012).

A description of the CFHTLenS shear catalogue, and the residual
systematics based on the shear two-point correlation function, is
given in H12.

For the measurement of the three-point shear statistics presented
in this paper, we use galaxies from the 129 pointings selected by
HI12, with 0.2 < zZphot < 1.3 and i’ < 24.7. The mosaic for each
field has been constructed by merging the single pointings, so that
overlaps are eliminated, and each galaxy appears only once. Each
field is projected on the tangential plane centred in the middle using
a gnomonic projection (see e.g. Calabretta & Greisen 2000). Three-
point shear correlation functions are measured for each of the four
fields, i.e. not for individual pointings, using for each galaxy the final
Cartesian coordinates (x, y) (flat sky approximation), the ellipticity
(€1, €2), and weights w provided by LENSFIT.

In order to interpret the shear signal we need to know the red-
shift distribution of the sources. The redshift probability distribution
function (PDF) of each galaxy in the CFHTLenS catalogues is sam-
pled in 70 redshift bins of width 0.05 between 0 and 3. We obtain
the source redshift distribution of the full data set by stacking the
distributions of all galaxies. However, since each galaxy in our
sample is weighted according to w when we compute the shear
signal, we need to weight the PDF of each galaxy to obtain the
effective redshift distribution of the sources, p,(z). This technique
is explained and tested in Benjamin et al. (2013). The final redshift
distribution, shown in Fig. 1, has a mean redshift of Zp = 0.74,
and it is sampled in 30 steps between redshift 0 and 3.

2.2 Clone simulations of CFHTLenS

The CFHTLenS clone is a mock survey in which the lensing
signal obtained from N-body simulations is known, and the ob-
servational properties, such as galaxy position, ellipticity, mag-
nitude, weight, are included such that the clone’s are consistent
with the data. In this paper, we use the CFHTLenS clone for
various purposes. A thorough description of the dark-matter-only
simulations can be found in Harnois-Déraps et al. (2012). These
simulations have been constructed using the 5-year Wilkinson Mi-
crowave Anisotropy Probe (WMAPS)-+supernovae (SN)+ baryon
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Figure 1. Source redshift distribution p,(z) obtained by stacking the prob-
ability densities of all galaxies with 0.2 < zppor < 1.3, 7' < 24.7, weighted
by the LENSFIT weight w. This distribution is used here to construct a forecast
of the cosmological shear signal for a WMAP5 cosmology.
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acoustic oscillations (BAO) cosmology: {2, 24, Qb, 1, h, 03} =
{0.279, 0.721, 0.046, 0.96, 0.701, 0.817} (Komatsu et al. 2009).
Starting at an initial redshift of 200, the mass density in the simu-
lation box is sampled at 26 different redshifts between z = 3 and
0. The density fields are collapsed along one of the Cartesian axes,
and the resulting series of planes are used to generate shear, conver-
gence, and mass maps inside the light cone. The 184 independent
line-of-sights cover an area of 12.84 deg? each and have been pop-
ulated with sources using the same redshift distribution and galaxy
density as in the CFHTLenS observations.

The clone does not include density fluctuations larger than the
simulation box, and this is known to affect the covariance estimated
from these simulated maps. These missing supersurvey modes prop-
agate in many ways in the shear covariance (Li, Hu & Takada 2014).
Our measurement, however, is very weakly impacted by these for
two reasons. First, our shear aperture statistics uses only aperture
scales up to 30 arcmin, which is well below the maximum usable
scale of 70 arcmin. This makes the finite support effect described
in Harnois-Déraps & van Waerbeke (2014) at most a 5 per cent
deficit on the error bar of the largest angles. Second, we must also
examine the contribution from the halo sampling variance, beat
coupling and dilation, which causes the small-scale clustering vari-
ance to be underestimated (Hamilton, Rimes & Scoccimarro 20006;
Rimes & Hamilton 2006). As summarized in Harnois-Déraps &
van Waerbeke (2014), simulation boxes of 500 2! Mpc miss about
90 per cent of the non-Gaussian part of the variance at z = (0. We
can expect that the clone misses even more due to the smaller
size of the box. However, weak lensing projects many scales on to
the same angular measurement, which dramatically decreases the
non-Gaussian contribution to the error bar. In this case, the most im-
portant contribution to the supersample covariance comes from the
halo sampling variance, which peaks at small scales. As argued in
Kilbinger et al. (2013), this causes the small-scale covariance to be
underestimated by less than 10 per cent, hence we do not explicitly
correct for supersurvey modes in the clone.

3 THREE-POINT SHEAR STATISTICS

3.1 Definition of statistics

In this section, we briefly outline the relation between cosmic shear
and the statistics of the matter density fluctuation. The matter density
field at comoving position x and at redshift z is p(x; z) = p(2)[1 +
8(x;2)], where § is the density contrast and p(z) the average density
at redshift z. The power spectrum P(k; z) and the bispectrum B(k;,
ko, k3; z) are defined by the correlators

(8(k132)8(k232)) = (2m) S (ks + ko) P(ky: 2) (1
and
(813 2)8 (ka3 2)8 (k33 2))

= ()’ dplky + ky + k3)B(ky, ka, k3; 2) )

of the Fourier transform 8(k;; z) of the density contrast § for the
three-dimensional (3D) wavenumber k; at redshift z.

We apply a flat-sky approximation in the following. Let x , be
the two-dimensional (2D) vector that we obtain by projecting x on
to the tangential plane on the celestial sphere that is defined by the
line-of-sight direction; the x- and y-coordinates of x , are x and y,
respectively. The complex shear y = y; + iy, and the convergence
k at angle s are both functions of the second-order derivatives of the
gravitational potential ¢(x | ; x) at x ; := s fk(x) with fx(x) being

MNRAS 449, 1505-1525 (2015)
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the comoving angular diameter distance at radial distance x = |x]|.
Following Schneider et al. (1998) we find at angle s in the tangential
plane:

C3QuHG [ 800K o o .

k(s) = 202 / Tx)(ax‘f'ay)d’()(pX)v (3)
_3QuHG [ 800/ 00 o )

=" / I 00 (xuin). @
_3QuHy [ 8O0 S0 ,

y) = o / ar0802,0,0 (x.:1). 5)

where H is the Hubble constant, $2,, is the matter density parameter,
¢ is the vacuum speed of light, a is the cosmological scale factor,
Xn is the size of the Hubble horizon, and p, (x)dx in

o NS =)
g(x): /X dx'py(x) 00) (6)
describes the distribution of sources per distance interval d, or per
redshift interval in the case of p,(z)dz.

In the weak lensing regime of cosmic shear, we find ¥ < 1 and
Y] < 1 such that the observable galaxy ellipticity € = €| + i€
becomes an unbiased estimator of the galaxy shear to first approx-
imation, i.e. (€) = p. In addition, by assuming that galaxies are
randomly oriented intrinsically, the Fourier transform of the angu-
lar correlation (€;€7) = (y;¥7) = (k;k;) between the ellipticities
of pairs of galaxies i, j can be interpreted as a direct measure of the
matter power spectrum in projection on the sky,

Q% Hi / 200 ( ¢ )
d P ; .7
a Jy Yoo \Foo ) D

By y* we denote the complex conjugate of y. The angular power
spectrum P, (£) of « is defined by

(RUDEE)) = 2m)*8p(&; + L) P (L)) (8)

9
P(l)=P,(0) =

for the angular wavenumber £.
A similar relation exists between the angular bispectrum B, of
K,

(R(£)REDR(E3)) = 21 8p (&) + £ + €3) B (€, £, £3), &)

attainable through the correlation of three galaxy ellipticities, and
the projected matter bispectrum

21H; 2, /dx g0
8c® Je(a(x)

2 2 03
B , , 4 10
(fKoo GO TGO Z(X)) (10

(Bernardeau et al. 1997; Schneider et al. 1998). In contrast to
second-order statistics, four independent correlation functions of
the third-order statistics can be defined. We utilize the representa-
tion of the correlator in terms of its natural components as advocated
by Schneider & Lombardi (2003). Let r, r + s, and r + ¢ be the an-
gular positions of three galaxies, while & denotes the angle between
the x-axis and s. The natural components are then given by

B.(8y, €5, £3) =

To(s, t) = (y(r)y(r +s)y(r +0)e ), an
Ti(s,t) = (y* ")y +9)yr+e ™), (12)
Ty, t)) = (y(@)y*(r + s)y(r + e ), (13)
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T3(s, ) = (y(@)y(r +s)y*r + e ), (14)

where s = +/ss* of s and t' = ts*/s. In equations (11)—(14), the
ensemble averages are performed over triangles invariant under
translation and rotation. These triangles can hence be characterized
by three real-valued variables s and ¢ = ¢{ + iz;. The component
I'y is invariant under a parity transformation, whereas I'; , 3 are not
(Schneider & Lombardi 2003).

For our analysis, we integrate the natural components to obtain
an alternative third-order statistic of shear, the third moment of the
aperture mass (Schneider et al. 1998),

Map(9)=/d2r Up(Ir i (r), 15)

for an aperture filter Uy(r) and a triplet (6, 6,, 63) of aperture
radii,

(M3,61.,62,69)

/ f[dzrjdzﬁ‘,-U()/(|r/-|)ei’f'"/
B mn)?

(R(EDR L)k (L))  (16)

j=1

(Pen et al. 2003; Jarvis et al. 2004; Schneider et al. 2005). Roughly
speaking, M,,(0) is the Us-smoothed convergence field at r = 0,
and (pr(Hl, 6, 03)) is the Uy-smoothed version of the correlator
(kK (£1)k(£)K (£3)), which is a measure of the projected matter bis-
pectrum in equation (10). In particular, by choosing an exponential
aperture filter as in van Waerbeke (1998),

U = —— (1= 2 e267 (an
=\ T 207)°

the relation between three-point correlation functions and the third
moment of (pr) is relatively simple. Note that our filter has been

rescaled by 2+4/20 in comparison to van Waerbeke (1998). Our filter
peaks at £ = +/2/0 ~ 4862 (9/1')~" in wavenumber space.

3.2 Model of the matter bispectrum

Equations (9), (10), and (16) establish an explicit relation between
B(ky, ky, k3; z) and the third moment ( Msp). Thus, in order to predict
(pr> we need to model the bispectrum of matter fluctuations. It
is important that the bispectrum model captures the mode coupling
beyond perturbation theory, since our CFHTLenS measurements
are probing the non-linear regime of k ~ 0.1-10 A Mpc~'. To this
end, we employ the bispectrum fit of Scoccimarro & Couchman
(2001, hereafter SCO1). The work of SCO1 produced an analytical
fit to the non-linear evolution of the bispectrum based on a suite of
cold dark matter N-body simulations that was available at that time.
The accuracy of this fit is limited by the accuracy of the N-body
simulations in their study and by the fact that the effect of baryons
on the small-scale clustering of matter is not included. In short,
the fit of SCO1 consists of a refinement lowest order perturbation
theory:

B(ki, ko, k33 2) = 2F (k1, ka3 2) P(ky; 2) P (ko3 2) 4 cycl., (18)

where cycl. indicates a cyclic permutation of the indices. SCO1
express the non-linear extension of the mode coupling factors



F(ky, ky;z) as

5
F(ky, ky, z) = 50('1, ki;2)a(n, ka; 2)

1k -ky [k ko

— — 4+ — |b(n, ky;2)b(n, ky;

2 Tk (k2+k1> (n, ki;2)b(n, ky;2)

2 (ki ky\?

7( ;qkzz) c(n, ki3 2)en, kx; 2), (19)

where the coefficients

1+ 03(2)~*2[0.7Q5(m)] 2 (g[z]/4)" >
1+ (q[z]/4)+33

an, k;z) = ) (20)

1 +0.4(n 4 0.3)g[z]" "

b(n, k;z) = 1+ glz3

; @n

1+ 4.5/[1.5+ (n +3)*1Q2q[z])" "
C(l’l, k; Z) = 1+ (261 [z])n+3,5 (22)

have been fitted to the N-body simulations with
4 -2"
1 4 2+l :

QOs(n) = (23)
Here o5(z) is the standard deviation of matter density fluctuations
within a sphere of radius 8 4~ Mpc linearly devolved from zero
to redshift z, and n is the spectral index of the primordial power
spectrum. The time dependence of F(ky, k,;z) is given by both
the evolution of og(z) and the function ¢[z] = k/knlz] where
41tk [z]? Pin(knlz];z) = 1 defines the wavenumber ky[z] of the
non-linear regime at redshift z, Pj;,(k; z) denotes the linear matter
power spectrum.

SCO1 showed that this approximation is accurate to within
15 percent up to k of a few A Mpc~!. van Waerbeke et al. (2001)
compared the third-order moments of the projected density field
measured directly on simulated x maps with predictions obtained
using the fitting formula. They found a similar accuracy. In agree-
ment with these previous results, Semboloni et al. (2011) found that
this approximation systematically underestimates (pr) on small
angular scales. A different approach to compute the bispectrum has
been recently suggested by Valageas & Nishimichi (2011a,b). It
uses a combination of perturbation theory and the halo model. This
approach is promising but its performance depends on the accu-
racy of the halo model which is in general still limited. Moreover,
none of these approximations accounts for the potentially large ef-
fects from baryonic physics (Semboloni et al. 2011). Overall, the
accuracy of bispectrum predictions is therefore still an open issue.
Current models cannot claim an accuracy better than ~20 per cent
which we include in our cosmological analysis. Consequently fur-
ther improvements in modelling are necessary in the future, which
is beyond the scope of this work.

We note here that the coefficients of SCO1 have recently been
updated by Gil-Marin et al. (2012). Our analysis does not include
this update as the corrections are smaller than the 20 per cent model
error that we include in our analysis, and as such this update would
not impact our results. Moreover, as non-linear power spectrum
P(k; z) in equation (18) we use the model of Smith et al. (2003)
with the transfer function of Eisenstein & Hu (1998). As recently
reported in Harnois-Déraps et al. (2014), this model lacks power
on small scales in comparison to N-body simulations. As shown in
Section 4.1, however, this bias is negligible on the angular scales
that we exploit for our analysis.

Non-Gaussian analysis of shear correlations 1509

3.3 Estimators of the natural components

The measurement of the third-order moment of the aperture mass
statistics, (M,fp(éh , 05, 03)), is performed using the same procedure
described in Semboloni et al. (2011) and in the recent F14 analysis
(see their section 2.3). This procedure consists of reconstructing
(Msp) by numerical integration of estimates of the natural compo-
nents T';.

For the estimators of the natural components equations (11)-(14),
we bin the products of three source ellipticities of similar triangle
configurations. One possible choice is to bin the triangles according
to their values of (s, #{, ;). However, Jarvis et al. (2004) suggested
a more suitable binning scheme. Given three sides s, 7, d; with
s <t < dj, the following variables are defined:

d= S, dmin <d < dmum (24)
u=s/t, O<u<l, (25)
d —t
v=4""  —l<v<lI. (26)
s

Assigning a sign to v keeps track of the triangle orientation: if
t. =t, (thatis s, > 0, i.e. the triangle is clockwise oriented), then
v > 0, otherwise v < 0. The limits d,,;, and d,,,x are the minimal and
maximal lengths for the smallest triangle side s and define the range
on which the natural components are sampled. For the CFHTLenS
fields, din 1S setto 9 arcsec in order to avoid bias from close galaxies
pairs with overlapping isophotes. The maximum separation is set to
dimax = 400 arcmin which means that (pr) can be reconstructed up
to angular scales <100 arcmin. We compute the correlation function
of the galaxy triplets by a TREE-code approach, similar to the one
suggested by Zhang & Pen (2005). In our implementation of the
tree code, we require (S1 + S2)/D < 0.1 as criterion for stopping a
deeper search into the tree; S| and S, are the sizes of any pair of tree
nodes belonging to a node triplet, and D is the distance between the
centres of the nodes.

In the case of the CFHTLenS catalogue, it is necessary to account
for a multiplicative correction factor m(vg)N, rg) assigned to each
galaxy (H12; Miller et al. 2013). The correction factor depends on
the galaxy signal-to-noise ratio (S/N) vg/x and size rg,. According
to Miller et al. (2013), for an average shear (y;) the corrected
estimate of the i-component is given by

{(vi)
(1+m)’

where (... ) indicates ensemble weighted averages for ny, galaxies
defined using the LENSFIT weights w, namely

Ngal -1 Ngal
(Vl) = <Z wa) Z €; aWa, (28)
a=1 a=1

{Videa = withi = 1,2, 27)

a=1

Ngal -1 Ngal
(1 + m) = (Z wa) Z wd(l + ma(vS/Na rgal))~ (29)
a=1

The extension of this calibration scheme to the three-point shear
statistics is straightforward:

Z ei.aéj.bek,c Wy Wy We

abc
2 wawpwe(1 4 my)(1 + mp)(1 +me)’ G0

abc

<Viyj)/k>ca| =
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where the sum is over all triplets a, b, c belonging to a bin and i, j,
k =1, 2 denote the shear components. This correction is applied to
our practical estimators of the natural components,

ZZ}R W, Wh W€, €€ 1P

To(s. b)) = 31
o5, £ > Wawpwe(1 + m)(1 + my)(1 + me) G
and

= W, W W] Epece” I
Ti(s, 1) = 2 Wiy (32)

Zm wzlwbwc(l + ma)(l + ’/nb)(1 + mc) '

We obtain the remaining two other estimators I' 5(s, ) by cyclic
permutations of the triangle parameters (Schneider & Lombardi
2003).

3.4 Estimators of modes of the aperture statistics

In practice, we encounter four distinct modes of the aperture statis-
tics due to the possible presence of B-modes in the shear field.
Known sources of B-modes are systematics due to residuals in the
PSF correction or IAs between the sources (e.g. Heavens, Refregier
& Heymans 2000; Kitching et al. 2012). Even without these sys-
tematics higher order effects such as lens coupling and corrections
beyond the Born approximation give rise to B-modes, however,
much smaller than the amplitude of the E-modes (Schneider et al.
1998; Cooray & Hu 2002; Hirata & Seljak 2003).

For the aperture mass of an aperture centred on the origin r = 0,
the formal separation between E- and B-modes is given by

M(0) = My (0) +iM ()

=— / d*r Qo(Ir|)y (r)e 7, (33)

where the imaginary part M (9) is the B-mode of the aperture mass,
the real part M,,(0) is the E-mode of equation (15), ¢ is the polar
angle of r, and
2 X

Qy(x) = (;2 /0 dssUa(S)) = Uy(x) (34
is the filter of the shear field that corresponds to Uy. We denote by
M*(@) the complex conjugate of M(9). To lowest order in 8¢/c?,
gravitational lensing can only produce E-modes, hence M, = 0 in
this regime. In this case, the third-order moment (M;p(ﬁl , 605, 03))
in equation (16) is given by the average (M(6,)M(6,)M(653)) over
all available aperture positions. Generally, however, we have E/B
mixing inside the correlator, giving rise to different modes of the
statistics: the EEE, EEB, EBB, and BBB mode:

EEE: (M3,01,6:.6:))

1 .
= ;Re ((M*(01, 62, 65)) + (M*M*(61, 6, 63))

+(M>M* (65,61, 60,)) + (M*M* (65,65, 60))) , (35)

EEB : <M§FML(01, 02, 93)>

1
= Im (M6, 65, 65)) + (M*M*(65, 6, 62))

+ (M*>M* (0, 65,61)) — (M*M*(6;,6,,65))) . (36)
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EBB : (M,M>(61,6,,65))
1
= JRe (= (M0, 6:,09) + (M°M'(61, 65, 65))

+ (M*M* (03,61, 6,)) — (M*M*(6,,65,6)))) (37)

BBB: (M} (6, 6,,63))

1
= ;m ((M*(01, 65, 65)) + (M*M* (61, 6, 65))

+ (M>M*(6s, 61, 62)) + (M*M*(6,, 65, 6)))) . (38)

Note the order of the arguments (6, 6, 63) in the previous equa-
tions. The actual cosmological signal EEE is the focus of this study.
The modes EEB and BBB, or parity modes, are only present for
parity violation (Schneider 2003), whereas the B-mode EBB may
be the product of IAs of the galaxy ellipticities or an indicator of
PSF systematics. To obtain the different modes, we estimate the two
statistics (M?) and (M?M*) from the measured natural components
as in F14 (their equations 16 and 17).

Ideally, all four modes can be separated perfectly if the natural
components are measured with infinite resolution and over the entire
sky. However, the observed shear fields are finite, incomplete, and
they are only sampled at the positions of sources. For second-
order statistics, specially designed filters can be used to do this job;
see for example Schneider, Eifler & Krause (2010) and references
therein. For the third-order statistics in this study, on the other
hand, this separation is currently not perfect. However, all these
effects can be quantified and are much smaller than the expected
signal. In addition, given the large errors in our measurements these
inaccuracies are not important for this study. Therefore separating
the signal into E-, B-, and parity components is nevertheless a very
effective way to assess the cosmological origin of measured shear
statistics.

4 SIMULATED DATA VERSUS
MEASUREMENTS

4.1 Clone simulation

We measure the three-point shear signal on the 184 simulated
12.84 deg? lines-of-sights from the CFHTLenS clone. For this pur-
pose, we perform two separate measurements. Both sets of mea-
surements are used for different purposes. First, for the noise-free
sample, we analyse shear catalogues that assume intrinsically round
sources. Second, for the noisy sample, we add ellipticity noise with
an amplitude similar to the CFHTLenS data. The noisy sample is
attained by adding a Gaussian random value with an average of zero
and a one-dimensional (1D) dispersion of o, = 0.28 to a noise-free
sample where this value is the measured ellipticity dispersion of
the CFHTLenS including both intrinsic ellipticity dispersion and
measurement noise; we do not include IAs. For each line-of sight,
we measure the natural components I'; using the same binning and
the same criteria we use on the CFHTLenS data. From the natu-
ral compon