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Galaxy clusters form at the highest-density nodes of the cos-
mic web'?, The clustering of dark matter halos hosting these
galaxy clusters is enhanced relative to the general mass dis-
tribution, with the matter density beyond the virial region
being strongly correlated to the halo mass (halo bias):. Halo
properties other than mass can further enhance the halo clus-
tering (secondary bias)*’. Observational campaigns have
ascertained the halo bias®"'°, but efforts to detect this second-
ary bias for massive halos have been inconclusive'-. Here,
we report the analysis of the environment bias in a sample of
massive clusters, selected through the Sunyaev-Zel'dovich
effect by the Planck mission'*", focusing on the detection of
the environment dark matter correlated to a single cluster,
PSZ2 G099.86+58.45. The gravitational lensing signal of the
outskirts is very large and can be traced up to 30 megaparsecs
with a high signal-to-noise ratio (about 3.4), implying envi-
ronment matter density in notable excess of the cosmological
mean. Our finding reveals this system to be extremely rare in
the current paradigm of structure formation and, implies that
enhancing mechanisms around high-mass halos can be very
effective. Future lensing surveys will probe the surroundings
of single haloes, enabling the study of their formation and
evolution of structure.

Here, we measure the environment bias of a single massive clus-
ter by detection of the weak lensing (WL) signal, which distorts the
shape of the background galaxies. The correlated matter around
the halo imprints a peculiar feature in the shear profile'*. Mass
and concentration of the halo, as well as environment bias, can be
determined by fitting the shear profile up to very large distances.
No proxy is needed. Even though the shear measurement around a
single cluster is very challenging due to high noise, the interpreta-
tion is much more direct than for stacked samples, where the noise
is reduced at the cost of averaging over heterogeneous or contami-
nated samples.

Sunyaev-Zeldovich (SZ) selected galaxy clusters appear to be
trustful tracers of the massive end of the cosmological halo mass
function”. We study the environment bias in the PSZ2LenS sample”,
which consists of the 35 galaxy clusters detected by the Planck mis-
sion' in the sky portion covered by the legacy surveys CFHTLenS
(Canada-France-Hawaii Telescope Lensing Survey)'® and RCSLenS
(Red Cluster Sequence Lensing Survey)'’. PSZ2LenS is a statistically
complete and homogeneous subsample of the PSZ2 catalogue'.

It is approximately mass limited, and the main halo properties are
in excellent agreement with the ACDM (cold dark matter with a
cosmological constant A) scenario of structure formation'.

The WL data quality enables us to investigate the environment
bias up to very large radii. Our main target is PSZ2 G099.86+58.45,
the highest redshift cluster (z,=0.616) of the PSZ2LenS sample
(Fig. 1). PSZ2 G099.86+58.45 is massive. The temperature of the
intra-cluster medium is T,=8.977%keV, as derived from the spec-
troscopic analysis of XMM-Newton data. The galaxy velocity dis-
persion is 6,=1,040+110kms™". We identify the centre with the
dominant brightest cluster galaxy (BCG).

PSZ2 G099.86+58.45 is located at the centre of the CFHTLS
wide3 field. The angular diameter distance to the cluster is
D,;~0.98Gpch™!, where h=H,/(100kms™ Mpc™), which is ~80%
of the maximum angular diameter distance reachable in our
Universe. The shear can then be investigated up to very large pro-
jected proper distances (R=6D,) from the cluster centre, in rela-
tively small angular apertures (). The lens redshift is still such that
we can measure the shape distortion of a significant number of faint
sources in the background. This makes PSZ2 G099.86+58.45 an
ideal target, unique in PSZ2LenS. For lower redshift clusters, the
limited survey area cannot cover the full radial range.

The mass distribution around PSZ2 G099.86+4-58.45 is recov-
ered with the WL analysis of the differential surface density, AX,
(Fig. 2). We collect the shear signal of more than 150,000 galaxies up
to ~25.1 Mpc h™' (~1.46°).

Shape distortions of galaxies in CFHTLenS are measured in the
i optical band***; photometric redshifts are estimated exploiting
observations in the u, g, r, i and z bands***. We select background
galaxies by their colours or photometric redshifts. The effective red-
shift of the selected source galaxies is z,%0.96. The overall level of
shear systematics due to calibration errors, fitting procedure, con-
tamination by foreground or cluster member galaxies, photometric
redshift uncertainties and intrinsic alignment is at the ~6% level.

The mass distribution as inferred from WL can be compared
with the galaxy density at the cluster redshift. Despite the poor
angular resolution of the WL analysis, the comparison between the
iso-density maps suggests that the peaks in matter and galaxy den-
sity coincide (Fig. 1).

We measure the WL signal in circular annuli (Fig. 2). All the
matter along the line of sight contributes to lensing. We can iden-
tify three main agents: (1) the main lens, that is, the collapsed and

INAF - Osservatorio di Astrofisica e Scienza dello Spazio di Bologna, Bologna, Italy. 2Dipartimento di Fisica e Astronomia, Alma Mater Studiorum -
Universita di Bologna, Bologna, Italy. 3INFN, Sezione di Bologna, Bologna, Italy. 4Instituto de Astrofisica de Andalucia (IAA-CSIC), Granada, Spain.
Dipartimento di Fisica, Universita di Napoli ‘Federico II', Compl. Univers. di Monte S. Angelo, Napoli, Italy. °INFN, Sezione di Napoli, Compl. Universita
di Monte S. Angelo, Napoli, Italy. ’Instituto de Astrofisica de Canarias (IAC), Tenerife, Spain. 8Universidad de La Laguna, Departamento de Astrofisica,
C/ Astrofisico Francisco Sdnchez s/n, Tenerife, Spain. *e-mail: mauro.sereno@oabo.inaf.it

744

NATURE ASTRONOMY | VOL 2 | SEPTEMBER 2018 | 744-750 | www.nature.com/natureastronomy


mailto:mauro.sereno@oabo.inaf.it
http://orcid.org/0000-0003-0302-0325
http://orcid.org/0000-0002-9590-7961
http://orcid.org/0000-0001-9695-8472
http://orcid.org/0000-0002-8850-0303
http://orcid.org/0000-0003-2387-1194
http://orcid.org/0000-0003-4117-8617
http://orcid.org/0000-0002-3473-6716
http://orcid.org/0000-0002-2553-096X
http://orcid.org/0000-0003-4969-232X
http://www.nature.com/natureastronomy

+5.0'
< 0.0
-5.0'
-10.0' —
-10.0' -5.0' OéO' +5.0' +10.0'

Fig. 1] Visible light and total mass. Shown is the composite colour image
of PSZ2 G099.86+58.45 exploiting CFHTLS g, r and i band images.

The contours follow the mass distribution reconstructed from WL (white)
and optical i light (red) of the galaxies with photometric redshift within
+0.06(1+z,) of the cluster redshift (z.). The longer the dash, the higher
the contour value. The map is centred on the BCG, and north is up.

Scale bar, TMpch.

nearly virialized cluster, which is dominant at radii <3 Mpc; (2) the
correlated matter in the surroundings (23 Mpc), comprised of the
satellite halos, the filamentary structure and the smoothly accret-
ing matter’”*; and (3) the uncorrelated matter from the large-scale
structure (LSS), which fills the line of sight.

The measured lensing signal in the range 10 < R<25.1 Mpch™,
where the correlated matter is the dominant term, is AX, ,,=32.1
+4.5(stat.) +8.1(LSS) +2.1(sys.) M hpc2 The signal-to-noise
ratio is SNR, gype, = 3.4 after combining all three sources of noise.
This provides a clear and model independent detection of the clus-
ter surroundings.

The ACDM paradigm makes detailed predictions on clusters
and surroundings in terms of mass and redshift of the main halo.
The cluster can be modelled with a cuspy density profile* whose
mass and concentration are correlated”’. The density profile is trun-
cated and the matter beyond the splashback radius is still infalling?.
The correlated matter can be expressed as a two-halo term'¢, where
the halo bias is a function of the peak height’. The LSS acts as a noise
whose amplitude is determined by the effective projected power
spectrum?. It is significant on very large scales.

We measure the matter distribution and compare it with ACDM
predictions. The environment bias (b,) expresses the matter over-
density in the halo surroundings. We use two parametric model-
lings. First, we fit the shear profile only in the region more sensitive
to the main halo (0.1 < R<3 Mpch™') with an informative prior on
the mass—concentration relation” and b, modelled as a two-halo
term’. The systematic uncertainty on the theoretical halo bias is
~6%, as estimated from the simulation-to-simulation scatter’, even
though simulations poorly cover the mass and redshift range around
PSZ2 G099.86+58.45. Within this scheme (the ACDM model), we
measure mass M,p,=(8.2+3.5) X 10" M h™" or M;y,=(5.5+2.0) X
10" Myh™', concentration c,,,=3.4.20.9 and b ,cpy=11.1%+2.8,
where uncertainties include statistical and LSS noise.

The measured WL mass is in good agreement with expectations
based on multi-probe proxies: My ;oo =(5.1+1.8) X 10"M k" based
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Fig. 2 | Lensing profile. Shown is the differential surface density (AX,) of
PSZ2 G099.86+58.45 as a function of the proper projected distance from
the BCG. Black points are the measurements. The horizontal error bars are
the weighted standard deviations of the distribution of radial distances

in the annulus; the vertical error bars represent the square root of the
diagonal elements of the total uncertainty covariance matrix, including
statistical and LSS noise. Red points are the averaged simulations; small
coloured points are for single realizations. The vertical red bar includes
68.3% of the simulated profiles. Red and coloured points are horizontally
shifted for visualization purposes. The black line is the best fitting profile on
the full radial range; the blue line plots the ACDM model. The dotted and
dashed curves plot the contribution by the main halo and the correlated
matter, respectively.

on Ty; Mg, s00=(6.1%£0.8)x10"“M,h™" based on the integrated
Compton parameter'; M, 5, = (4.3 +1.4) X 10" M, h™! based on the
galaxy velocity dispersion.

Second, we fit the full profile (0.1 <R<25.1 Mpch™!) with b, as a
free parameter to quantify how much the matter around the halo is
overdense. We find b, =72+ 20. Priors on mass and concentration
of the main halo only very marginally affect this bias estimate. The
bias excess cannot be explained in terms of a severely underesti-
mated halo mass, as confirmed by the multi-probe analysis.

The measured signal in the range 10 <R<25Mpch™ is much
higher than the average ACDM prediction, A%, \cpy=5.7+1.7
Mh pc?, hinting to two possible, not mutually exclusive, causes:
very overdense correlated matter boosted by formation mechanisms
or projection effects from uncorrelated structure.

To quantify the degree of discrepancy, we perform numerical
simulations exploiting the Lagrangian perturbation theory, where
the hierarchical formation of dark matter halos is realized from an
initial density perturbation field*. This method is very effective in
covering the mass and redshift range we are interested in, which can
be challenging for standard N-body simulations.

We derive the shear around 128 simulated halos in the red-
shift range 0.54 $z<0.71 with average mass and redshift as PSZ2
G099.86458.45. The signal is consistent with the analytical A
CDM model (Fig. 2). The probability that an overdense line-of-
sight boosts the shear at the measured level is of ~0.5% considering
statistical and systematic uncertainties (Fig. 3).

This is also confirmed by the analysis of the shear distortions at
random locations in the CFHTLS-W3 field, where the measured
signal is larger than the excess AX, ,,—AX, ,cpy With a probability
of only ~0.8% (Fig. 3). Most of the overdense line-of-sights are asso-
ciated to PSZ2 G099.86+58.45. Considering random pointings away
from the cluster (>0.5deg) and in the remaining CFHTLS fields, the
probability is ~0.3%, slightly underestimated with respect to the
simulation-based value due to partially correlated sampling regions.
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Fig. 3 | Differential surface density of correlated matter around PSZ2
G099.86+58.45. Shown is AX, in the radial range 10 <R <25.1Mpch".
The histograms show the theoretical predictions, as obtained from
numerical simulations (red), or as the signal at random pointings in
CFHTLS-W3 added to the expected value (yellow). The black vertical line
and the grey shadowed region plot the observed value for PSZ2 G099.86+
58.45 and the 68.3% confidence region accounting for systematics and
statistical uncertainties. The blue elements plot the average ACDM
prediction (blue line) and the uncertainty (shadowed region).

The largest simulated lensing signals are associated to overdense
regions at the lens redshift. Whereas the typical simulated system
shows multiple density peaks of uncorrelated matter along the line-of-
sight, the simulation with the highest signal (AX, ; ~31.0 Myhpc™)
shows a single prominent peak at the lens redshift. Simulations
strongly disfavour the uncorrelated noise as the only source of signal
excess, which is related to the cluster surroundings.

The shear analysis of the environment bias of individual halos
cannot be extended to the full PSZ2LenS sample due to e.g. incom-
plete area coverage or low source background density. However, the
ensemble WL signal can be investigated with a stacking analysis'.
The effective lensing weighted redshift of PSZ2LenS is z,,q=0.20.
We combine the shear measurements and analyse the differential
density profile. As for PSZ2 G099.86+58.45, we fit the signal with
the ACDM model in the radial range 0.1 <R <3.1Mpch™, or with
b, as a free parameter for 0.1 <R<25.1 Mpch™' (Fig. 4).

The stacked analysis probes the bias at an halo mass of
(4.3+0.5)x 10" M, h~". We can look for bias excess in the favour-
able case of high SNR; .~ 3.9 and low LSS noise, which is now
reduced by averaging over different sky regions. Even though the
noise affecting the stacked sample is much smaller than for PSZ2
G099.86+58.45, SNRs are comparable, which further stresses
the extremely high signal produced by the surroundings of PSZ2
G099.86458.45. The stacked analysis cannot probe the assembly
bias, since we combine the signal independently of the secondary
halo properties.

The ACDM expectation for the stacked PSZ2LenS sample
(beacom=5.4+0.3) is compatible with the measured environment
bias of the stacked clusters (b, =8.1 +2.2) at the 11.9% level (Fig. 4),
which is statistically significant. The result does not change signifi-
cantly if we consider only the subsample at low redshift and it is
not driven by PSZ2 G099.864-58.45, which has a low lensing weight
given the relatively small number of background galaxies.

The SZ selection is unique in sampling the massive end of the
halo mass function and unveiling cluster properties. The environ-
ment bias for the PSZ2LenS sample is statistically consistent with
ACDM predictions whereas the correlated matter around PSZ2
G099.86+58.45 lies in the extreme value tail. This is a rare case.
Clustering around cluster-sized halos can be amplified for low halo
concentrations, or high spins, or a significant number of subhalos
with a large average distance, even tough it is still uncertain why
and if these different proxies of halo assembly history can exhibit
different trends’. According to the statistics of peaks, the extreme
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Fig. 4 | Environment bias of PSZ2LenS. Shown are the measured b,
(black lines) and the bias inferred assuming the ACDM model (blue lines).
a, The probability distribution in the bias-mass plane. The contours include
the 68.3, 95.4 and 99.7% confidence regions in two dimensions, here
defined as the regions within which the probability is larger than e=23?,
€522 or 71372 of the maximum, respectively. b, The marginalized one-
dimensional distribution of the environment bias, renormalised to the
maximum probability. The dark, medium and light grey horizontal lines
mark the confidence limits in one dimension, that is, e2, e'and e~2 of
the maximum, respectively.

environment bias of PSZ2 G099.86+58.45 is associated to a peak
of the primordial Gaussian density field with a very low value of
the curvature s=|d(5)/d log M|, where & is the density fluctuation
and M is the mass®. These peaks locate regions of larger background
density and enhanced clustering for very massive halos. Formation
and evolution mechanisms can be very effective in boosting the
environment density. Next-generation galaxy surveys will routinely
perform the lensing analysis of single halos out to very large radii,
as we have presented here.

Methods

GL signal. Our analysis exploits the public CFHTLenS and RCSLenS shear
catalogues. WL data are processed with THELI* and shear measurements are
obtained with lensfit*'. We compute the differential projected surface density A%,
in circular annuli as

Z,- (Wizc_r?i) & By,

AE+(R) = E (W 2—2

(1

where ¢, is the tangential component of the ellipticity of the i-th source galaxy
after bias correction and w;, is the weight assigned to the source ellipticity. The

sum runs over the galaxies included in the annulus at transverse proper distance R
from the centre, that is, the position of the brightest galaxy cluster (BCG). X, is the
critical density for lensing,

:i DS (2)
" 472G D,D,,

where c is the speed of light in vacuum, G is the gravitational constant, and D, D,
and Dy, are the angular diameter distances to the lens, to the source and from the
lens to the source, respectively. As reference cosmological framework, we assume
the concordance flat ACDM model with total matter density parameter ©,,=0.3,
baryonic parameter €, =0.05, Hubble constant H,=70km s~ Mpc™!, power
spectrum amplitude 6,=0.8 and initial index n,=1. When H, is not specified, / is
the Hubble constant in units of 100 km s~ Mpc~".

The differential surface density (AX,) is measured between 0.1 and ~25.12 Mpc
h~! from the cluster centre in 24 radial circular annuli equally distanced in
logarithmic space. The binning is such that there are 10 bins per decade, that is, 10
bins between 0.1 and 1 Mpch™".
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The raw ellipticity components of the sources, ¢, and e,, ,, are calibrated and
corrected by applying a multiplicative and an additive correction,
em,i~ Ci
e=—"—(i=1,2) 3
Y1+ @
Ellipticities of selected source are individually corrected for the estimated
additive bias. The multiplicative bias m mostly depends on the measurement

technique and is estimated with simulated images'*”". In each annulus, we consider
the average m, which is evaluated as”'

)
) = 2 s @)

-2
Ei Wi zcr,i

We identify the population of background galaxies either with a colour—colour
selection®”,

(g—7r<0.3)OR(r—i>1.3)OR(r—i>g—r)

5
ANDz,> z,,,+0.05 ®)
or with criteria based on the photometric redshifts,
ODDS > 0.8 AND 2, 5, > Zjop +0.05 ©

ANDz ; <z, <12

where the parameter ODDS quantifies the prominence of the most likely redshift*
and z, 5, is the lower bound of the region including the 95.4% of the probability
density distribution. z,,;,=0.2 (0.4) for the CFHTLenS (RCSLenS) fields.

The SNR of the WL detection is defined in terms of the weighted differential
density (AX,)p . e Ry 11 the relevant radial range,
<AZ+>Rmin<R<Rmax

é

2

SNR= ™
where &, includes statistical uncertainties, systematic errors and cosmic noise
added in quadrature. For our analysis of the correlated matter, we consider the
signal in the radial range 10 < R[Mpc h™'] <25.1.

Lens modelling. The differential projected surface density profile of the lens is
modelled as

AZ =AZ + AL £ AX | o+ 6AZg,, (8)

The term AX, stems from the main halo, which is described by a smoothly
truncated cuspy density profile’,

ps rtz ’ (9)
(r/r)(1+ r/rs)2 2+ rt2 ’

PBMO =

where r, is the scale length, p, is the characteristic density and r, is the truncation
radius. We express r, and p, in terms of mass M,,, and concentration c,y,. The suffix
200 (500) refers to the region wherein the mean halo density is 200 (500) times the
cosmological critical density at the cluster redshift. For our analysis™*, r,=3r,,.
Details in modelling of halo truncation and outskirts do not significantly affect the
shear fitting analysis at R > 10 Mpc.

The contribution of the local environment surrounding the halo is'>*

Py(2) 1di

AT (O;M,z2)=b—"—— [ — P (k;;
0 =b I [0 2 (10)

where py, is the mean cosmological matter density at the cluster redshift, & is the
angular radius, J, is the Bessel function of n-th order and k,=1/[(1 +2)Dy(2)]. b, is
the environment bias with respect to the linear dark matter power spectrum™*”,
P, (k;z). We compute P, with semi-analytical approximations™.

LSS induces a correlated noise. The cross-correlation between two angular bins
A6, and A, is**

<AELSS(A61')AZLSS(A0]‘)>:
232, / (D) g1, A9) g1, AB)dl {1

0

where P(I) is the effective projected power spectrum of lensing. The effects of
non-linear evolution on the power spectrum are accounted for with semi-analytical
methods™. The function g is the filter. In an angular bin 6, < A0 < 0,,

g= mﬁ Uo16,)1,16,)) + 6.1,16,)~6,,(16) 1)
1 2

Inference. In a predetermined cosmological model, the lens is characterized by
three parameters, p = (M,4,C500,b.), which we measure with a standard Bayesian
analysis''. The posterior probability density function of the parameters given the
data {AZ,} is

P(PHAZ ) < L(p)p.

prior P (13)
where £ is the likelihood and p,,, represents a prior.
The likelihood is £ o exp(—y?), where the y? is written as

7P= Y (A%, - AT (p)]7'C; AL, - AZ(p)] (14)
ij

the sum extends over the radial annuli and the effective radius R; of the i-th bin
is estimated as the shear-weighted radius;'* AX (R,) is the measured differential
surface density and AX(p) =AX, + AX..

AX s and 5AX,, are treated as uncertainties. The total uncertainty covariance
matrix is

C=C5(3t+CLSS (15)

where C* accounts for the uncorrelated statistical uncertainties in the
measured shear, whereas ijss =(AZ 5(AO)AZ 5(AD)) is due to LSS
(equation (11)).

As mass prior, we consider a uniform probability distribution in the range
0.05 < M,/ (10"Myh~") <100, with the distribution being null otherwise.

For the concentration, we consider a lognormal distribution in the range
1 < ¢y < 10, with median value”,

134]”
1+z

Czoo:A[

C
— Mo ] (16)
8x 100" 1M,,

where A=3.757, B=0.288 and C=—-0.058. The scatter of the mass-concentration
relation is 0.25 in natural logarithms.

The prior on the bias is either a Dirac § function of the peak height v,
b.=b,[1(M,40,2)]° for the ACDM model, or an uniform distribution in the range
0.02 < b, < 200.

WL stacking. We stack the lensing measurements of the PSZ2LenS clusters
following a standardized approach®”'>***2, The lensing signals of multiple

clusters are combined in physical proper length units. The weight factor is mass-
independent and the effective mass and concentration of the stacked clusters are
unbiased’*. Clusters are centred on the respective BCGs. We fit a single profile to
the stacked signal to determine the ensemble properties'”.

WL systematics. Systematic uncertainties in the shear signal are listed in
Supplementary Table 1. The main errors not accounted for in equation (15) come
from the calibration uncertainty of the multiplicative shear bias, the photo-z
accuracy and precision, and the selection of source galaxies™.

The multiplicative bias is well controlled, but a calibration uncertainty in the
shape measurements can persist at the level of a few per cents. By comparison
of separate shape catalogues®, the systematic uncertainty can be estimated in
om~0.03.

Cluster members or foreground galaxies dilute the lensing signal. Our selection
criteria suffer by a <2% contamination'”.

Miscentring can underestimate the shear signal at small scales and affect
the concentration measurement®. However, the effect is negligible at large scales
of 210 Mpc.

Photometric redshift systematics can impact WL analyses by biasing the
estimation of the surface critical density. As source redshifts, we consider the
peak of the probability density, as applicable to well-behaved distributions. The
systematic error associated to either a bias (~4.5%) or a scatter (~3%) in the
photo-z estimates is quantified for z,~0.62 with simulations reproducing the
CFHTLenS survey'.

Improper halo modelling can affect mass and concentration estimates at a few
per cent'®. However, as far as the halo truncation is accounted for, the effect on b,
is negligible.

The role of cluster projection is marginal. Two clusters that fall along the
same line of sight may be blended by the SZ cluster finder into a single, larger
cluster. Whereas the Compton parameters add approximately linearly, the lensing
amplitude A, is a differential measurement and the estimated b, of the blended
system can be well below the sum of the two aligned halos. However, the chance to
have two or more Planck clusters aligned is ~5%. At z=0.616, the systematic error
is then negligible (<1%).

Intrinsic galaxy alignment of nearby galaxies (II) can contaminate the
signal. Furthermore, galaxies experience a shear caused by the foreground tidal
gravitational field. If the foreground galaxy has an intrinsic ellipticity that is
linearly correlated with this field, shape and shear are correlated (GI). In the
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intrinsic alignment model”*, the power spectra of intrinsic alignment II and GI
are proportional to the matter power spectrum,

PBy=F.P, Py =F.F; a7
with
Q
E=-Cp.(z=0)—2% 18
z lpcr( )D(Z) ( )

where D(z) is the linear growth factor normalized to unity today and
C,=5X% 10_l4h_2M51Mpc3. At z=0.616, the combined systematic error from
II and GI is negligible (<1%).

The total level of systematic uncertainties is ~6.5%.

WL stress tests. We check for potential residual sources of errors in the WL
analysis of PSZ2 G099.86+58.45. Not properly corrected systematics can affect the
cross-component of the shear. We verify that it is consistent with zero as expected
(Supplementary Fig. 1). The Pvalue of the null hypothesis is 0.08.

We repeat the analysis of the tangential component under different
assumptions to check whether the systematic level is sufficiently smaller than the
statistical noise; see Supplementary Table 2.

The cluster catalogue and the shape measurements are taken from different
data sets. The distribution of lenses is then uncorrelated with systematics in shape
measurements®.

Residual errors can be significant if the PSF (point spread function) is very
anisotropic. We can consider only fields that pass the CFHTLenS WL selection
(WL pass)—fields with a low level of PSF anisotropy contamination as estimated
from the analysis of the star-galaxy cross-correlation'**". The result agrees with
the reference case, as also confirmed by the analysis performed disregarding the
additive bias correction, that is, by putting ¢,=0.

To check if the excess can be associated to a single structure nearby or
in projection, we measure the shear in sectors. The signals in the northwest,
northeast, southeast and southwest quadrants are compatible with the signal in the
full field of view, whereas the bias exceeds the average ACDM prediction in each
sector. This confirms that the excess is not related to foreground or background
massive halos.

The selection of background galaxies is checked by comparing results
obtained using either the colour—colour (equation (5)) or the photo-z method
(equation (6)).

The effects of centring or cluster member dilution are checked by considering
the SZ centroid as lens centre or excising the inner region at R<0.5Mpch™.

The extent of errors affecting the photo-z estimates is checked either adding
a positive bias +0.01(1 4 z) to the peak of the redshift distributions of the galaxies
in the field or randomly scattering the peaks with a Gaussian distribution with
standard deviation 6,=0.04(1 +z).

Variations in the shear signal due to the cosmological model are negligible
too, as checked by considering the cosmological parameters from the nine-year
Wilkinson Microwave Anisotropy Probe (WMAP9) observations™.

The halo bias is defined with respect to the liner power spectrum. However,
even considering non-linearities (NL-P;), the estimated bias is still much larger
than the average ACDM prediction.

The above tests confirm that systematics are negligible.

Random pointings. General features from the LSS can be studied by extracting
the signal around random points with the same procedure used for the cluster
analysis. We measure the differential density associated to 1,000 random positions
in the CFHT-W3 field at redshift z=0.616 and we stack the signals. Both the
tangential and the cross-component of the shear are consistent with a null signal
(Supplementary Fig. 2). The Pvalue of the null hypothesis is 0.30 (0.12) for the
tangential (cross) component. This further confirms that the main systematics
have been eliminated and that the signal excess around PSZ2 G099.86+58.45 is
significant (Fig. 3).

Residual systematics can affect the stacking analysis due to incomplete annuli
for clusters near the border of the field of view or at low redshift, and to partially
overlapping regions for nearby clusters. We compute the stacked signal for 100
PSZ2LenS-like catalogues of 35 random sources reproducing the input redshift
distribution and the field locations. Both the tangential and the cross-component
of the stacked shear are consistent with a null signal (Supplementary Fig. 3). The
Pvalue of the null hypothesis is 0.49 (0.25) for the tangential (cross) component.

Numerical simulations of the WL signal. We generate the WL signal around
clusters using a sample of self-consistent halo model simulations. We produce a set
of halo catalogues within past light cone simulations up to z=1 using Pinocchio™.
Pinocchio is a fast code to generate catalogues of cosmological dark matter halos
starting from an initial power spectrum and perturbing it using the Lagrangian
perturbation theory (LPT) model. For this work, we perform the Pinocchio
simulations using the 3LPT approximation®'. The large-scale matter density
distribution in halos accurately reproduces the results of N-body simulations.
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Out of 512 light-cone realizations, we extract a sample of 128 halos with
mass and redshift similar to PSZ2 G099.86+58.45. We construct the effective
convergence map of the full light cone of the main cluster plus correlated and
uncorrelated systems up to redshift z=1 (Supplementary Fig. 4), using the
MOKA™ and the WL-MOKA™ tools. In particular, we resimulate the main halo
using MOKA, which generates triaxial systems populated with dark matter
substructures mimicking halos from numerical simulations. We place a BCG,
which is modelled using a Jaffe profile, in the centre of the cluster. The halo
dark matter distribution is adiabatically contracted as consequence. Correlated
matter and uncorrelated LSS are modelled as isolated NFW (Navarro-Frenk-
White)** halos with a mass-concentration relation consistent with field halos”’.
The aperture of our field of view is 3° by side; by construction our light cones are
pyramids, where the observer is located at the vertex and the base is at a fixed
source redshift, z,= 1. We compute the shear field from the convergence maps
using fast Fourier methods.

We finally measure the reduced shear profile around the cluster centre
assuming a large source density of 32 galaxies arcminute= to make it sure that the
measured signal is due to real features in the simulated matter distribution. It is not
due to measurement uncertainties.

Alternatively to the shear signal, the cluster environment is studied by
analysing the mass distribution as a function of redshift. We measure the total
matter collapsed in halos (except for the central cluster) above the minimum
threshold of 7x 10" M h~". The redshift slices are Az=0.05 thick and we consider
only halos in limited angular radial apertures ranging from 0.15° to 1.5°. In
Supplementary Fig. 5, we plot the result for an aperture of 1°. The mass is rescaled
by the lensing distance kernel D,,,= D;/D.,.

X-ray analysis. The X-ray analysis is performed on archival XMM-Newton

data observed on 8 November 2013. We apply the standard calibration to

obtain the event lists for the EPIC detector, using the cifbuild, odfingest and
emchain packages. Background sources are excluded with the cheese tool. We
preliminarily apply a standard filtering with the mos-filter and pn-filter package for
the MOS and PN detector, respectively, to check the contamination by soft-proton
background. The high number of CCDs (three) in the anomalous mode for the
MOSI detector leads us to consider only the MOS2 and the PN detectors for our
analysis. The particle background model for our starting images and spectra is
produced with the mos_back and pn_back packages.

We select the time intervals less contaminated by the soft-proton background.
Using images in the soft and hard XMM bands, we identify and remove extra X-ray
sources located in the region of interest. Finally, we obtain the spectral files for the
source, the background and the instrumental responses.

The spectral analysis is performed with XSPEC*. We consider an absorbed
APEC thermal model for the cluster component, with metal abundance fixed at
Z=03Z,.

We take into account different background sources: (1) an unabsorbed
thermal component representing the local hot bubble™; (2) an absorbed thermal
component that models the intergalactic medium and the cool halo*’; and (3)
an absorbed power-law with spectral index a =1.46 representing the unresolved
background of cosmological sources™. In addition, we included emission lines
rising from the solar wind charge exchange at 0.56 and 0.65keV. We finally include
three Gaussian models to consider bright fluorescent lines at 1.49, 1.75 and 8keV,
due to the Ka of the Al, Si and Cu, respectively.

The spectra are finally fitted in the range 0.4-7.2keV. The X-ray temperature is
converted in mass exploiting calibrated scaling relations™.

Optical spectroscopy. The spectroscopic redshift analysis is performed under an
International time project (ITP13-08) at the Canary Islands observatories™. We
preliminarily calculate the photometric redshift of the cluster using archival Sloan
Digital Sky Survey (SDSS) DR12 data®. Candidate cluster members show coherent
colours in agreement with z,;,,=0.63+0.03.

To confirm the cluster and obtain an estimate of the galaxy velocity dispersion,
we perform spectroscopic observations using the OSIRIS spectrograph of the
10.4m GTC telescope at Roque de los Muchachos Observatory in the Canary
Islands during March 2014. We obtain spectroscopic redshifts for eight galaxy
members by setting the long-slit in two position angles. The exposure time is 3ks
for each position. The full wavelength range, 4,000~9,000 A, is covered with a
resolution of R~ 500.

The spectroscopic data reduction is performed with IRAF tasks*'; radial
velocities are obtained using XCSAO, that is, the cross-correlation technique®
implemented in the IRAF task RVSAO, with six spectrum templates of E, S0, Sa,
Sb, Sc and Irr galaxies®.

We measure radial velocities for eight cluster members, including the BCG
at RA=213.696611°, DEC =54.784321° (J2000) and z.;=0.6139 +0.0002. We
also consider four redshifts from SDSS-DR12 and 32 redshifts from literature®,
for a total of 44 unique galaxy members. Radial velocities are homogenized by
correcting for the mean difference of five repeated spectra.

All galaxy members are placed within 2.5 Mpc from the cluster centre and their
velocities are within +2,500 kms~" from the BCG. The full spectroscopic dataset
reveals that PSZ2 G099.86+58.45 is at z,..=0.616 +0.002.

pec
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The galaxy velocity dispersion ¢,=1,044 4+ 113kms™ is estimated with the
gapper scale estimator® and aperture correction®. This estimate can be used as a
mass proxy through a scaling relation®”.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon reasonable
request. Material is also publicly available at http://pico.oabo.inaf.it/sereno/.

The WL data are obtained with MegaPrime/MegaCam, a joint project of CFHT
and CEA/IRFU, at the Canada-France-Hawaii Telescope (CFHT), which is
operated by the National Research Council (NRC) of Canada, the Institut National
des Sciences de I'Univers of the Centre National de la Recherche Scientifique
(CNRS) of France, and the University of Hawaii. The CFHTLenS and RCSLenS
catalogues, including photometry and lensing shape information, are publicly
available at http://www.cadc-ccda.hia-iha.nrc-cnre.ge.ca/en/community/
CFHTLens/query.html and http://www.cadc-ccda.hia-iha.nrc-cnre.gc.ca/en/
community/rcslens/query.html, respectively.
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