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No. 3] Weak Lensing Study of 30 Clusters 827

Fig. 8. Left panel: The mean distortion profile with 1! statistical uncertainties as a function of the projected radius, which is obtained by stacking the
distortion signals for 10 clusters that are selected with the virial masses Mvir ! 6 " 1014 h#1 Mˇ from 19 clusters in figure 6. Note that the distortion
profile is plotted in units of the projected mass density, and the projected radius is computed from the weighted mean redshift of clusters. The dashed and
solid curves are the best-fit SIS and NFW models, respectively. Right panel: A similar plot, but for 9 halos with Mvir > 6 " 1014 h#1 Mˇ. For both
results, the SIS model is strongly disfavored: ∆"2 $ "2

SIS;min # "2
NFW;min ' 41 and 127 for the low- and high-mass cluster samples, respectively.

The combined results also show 2!-level evidence that the NFW concentration is greater for more massive halos, which is exactly consistent with
the result in figure 6.

status of the clusters: more relaxed clusters tend to have high
concentrations, and vice versa (also see Smith & Taylor 2008).
It will therefore be important to further explore the concentra-
tion distribution by enlarging the sample size of clusters.

5.5. Stacked Lensing Signal

In this section we study the stacked weak-lensing signal of
19 clusters in figure 6. This approach has several important
advantages. First, the average distortion profile is less sensitive
to substructures within and asphericity of the individual cluster
mass distributions and also to uncorrelated large-scale structure
along the same line-of-sight. This is because these “contam-
inating signals” are averaged out via the stacking, under the
assumption that the universe is statistically homogeneous and
isotropic. Second, stacking should boost the signal-to-noise
ratio of the distortion signal at very small and large radii. The
signal-to-noise ratio at small radii is limited for a single cluster
because the solid angle subtended by a radial bin shrinks at
small radii, thus reducing the number of galaxies over which
the mean distortion signal is calculated. Hence, the signal-to-
noise ratio suffers despite the signal peaking in these regions.
On the other hand, at large radii, the binned solid-angle is much
larger, helping to maintain the signal-to-noise; however, the
signal becomes very small, and thus the signal-to-noise ratio
declines. As discussed in subsection 5.3, the signal-to-noise
ratio is optimized at intermediate radii. Therefore, stacking
helps to improve the signal-to-noise as a function of the radius,
thus enabling a clearer investigation of (i) the curvature of the

density profile, which is a characteristic signature of the NFW
prediction, helping us potentially to address the nature of dark
matter (e.g., Yoshida et al. 2000), and (ii) the distribution of
mass outside the virial radius to address whether or not the
outer slope of the NFW profile, # / r#3, continues outside
the virial radius (e.g., Bertschinger 1985; Busha et al. 2003).

To study the stacked lensing signal, we divide the 19 clus-
ters into two mass bins, based on whether the NFW model fits
to individual clusters yielded a virial mass estimate of greater
than or less than Mvir = 6 " 1014 h#1 Mˇ. This results in
two sub-samples of 10 low-mass and 9 high-mass clusters.
Figure 8 shows the average distortion profile as a function
of the projected radius in the physical length scale. Note
that the effect of different cluster redshifts was taken into
account by using the weighting method in terms of the lensing
efficiency functions of averaging clusters (Mandelbaum et al.
2006; also see Sheldon et al. 2009a), and the projected radius
is computed from the weighted mean redshift of the sampled
clusters. However, we checked that, even if we use the single
lensing efficiency for the mean cluster redshift, the results
remains almost unchanged due to the narrow redshift coverage
of our cluster samples. Note that the mean lens redshifts are
hzli = 0.251 and 0.236 for the low- and high-mass samples,
respectively.

First, unsurprisingly, the stacked profiles yield very signifi-
cant detections: the total signal-to-noise ratios are S=N = 24
and 30 for the low- and high-mass samples, respectively.
Second, the lensing distortion signals are recovered over a wide
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[DLofDGP] Luty, Porrati & Rattazzi ‘03, Nicolis & Rattazzi ’04 

∂µφ → ∂µφ+ cµ

X ≡ −1

2
(∂φ)2

Lint ∼ X�φ
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is equivalent to the generalized galileon 
[Deffayet et al. ‘11, Kobayashi, Yamaguchi , Yokoyama ‘11] 

GiX ≡ ∂Gi/∂X

L = K(φ, X)−G3(φ, X)�φ

+G4(φ, X)R+G4X × (field derivatives)

+G5(φ, X)Gµν∇µ∇νφ

−1

6
G5X × (field derivatives)

E4-0- 

S =

�
d4x

√
−g[L+ Lm] assume matter do not  

directly couple to φ 
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S9=DT0+R:K%<+;R3A+: 
ds2 = ηµνdx

µdxν

[:+0K-0%3+%9K.A3%34A<%<+;R3A+:5%E-%0-oRA0-%3493 
K(φ0, 0) = 0, Kφ(φ0, 0) = 0

φ = φ0 = const, X = 0

'>4-0A=9;%<C..-30A=%>-03R0/93A+:<%>0+KR=-K%/C%9%
:+:0-;93A,A<3A=%.933-0 
ds2 = −[1 + 2Φ(r)]dt2 + [1− 2Ψ(r)]δijdx

idxj

φ = φ0 + ϕ(r)
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(cf. Vainshtein mechanism under considering background 
evolution [Kimura, Kobayashi, Yamamoto ‘12]) 
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P (x,A) := ξA(r) +
�η
2
+ 3ξ2

�
x+ [µ+ 6αξ − 3βA(r)]x2

+
�
ν + 2α2 + 4βξ

�
x3 − 3β2x5 = 0
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[cf. Sbisa, Niz, Koyama, Tasinato ‘12] 
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x ≈ xf := − 2ξA(r)

η + 6ξ2
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P (x,A) ≈ ξA− 3βAx2 − 3β2x5 ≈ 0

x ≈ x± := ±

�
ξ

3β
= const

Ψ�/r � Φ�/r ∝ A
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Eαβ
µν Hαβ
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[de Rham, Heisenberg ‘11] 

K = 0 = G3, G4 =
M2

pl

2
+MPlφ+

MPl

Λ3
αX, G5 = −3

MPl

Λ6
βX

η = µ = ν = 0, ξ = 1, α �= 0, β �= 0
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d2

dχ2
(χθi) = 2Φ+,i, i = 1, 2

ΣS ∝
� ∞

0
dZ�(2D)Φ+ r =
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r2⊥ + Z2

Φ+ ≡ (Φ+Ψ)/2

�Φ+ =
Λ3

MPl

[
�
αx2 + 2βx3 + 2A

�
r3]�

2r2
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ρ(r) =
ρs

(r/rs)(1 + r/rs)2
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