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[Sami’s talk] 

[Kase’s talk] 
[*] 

[*] X. Zhang; Bamba; Nojiri; Matsumoto; C.C. Lee;  
     Saridakis; Ong; Wu; Ni; … 
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Umetsu et al. 5

Figure 1. Subaru BV RcIcz′ composite color images centered on the galaxy cluster MACS1206 (z = 0.439), overlaid with mass contours
from our joint strong-and-weak lensing analysis (SaWLens) of HST and Subaru observations. The image size in the left panel is 24′ × 24′

covering a projected area of 5.7 × 5.7Mpch−2 at the cluster redshift. In the left and right panels, the lowest contour levels are κ = 0.12
and 0.15, with increments of ∆κ = 0.09 and 0.07, respectively. The right panel is a zoom-in-view of the boxed region of the left panel, with
a side length of 8′ (1.9Mpch−1). North is top and east is left.

preparation). This leads to a final photometric accu-
racy of ∼ 0.01mag in all five passbands (see also Section
3.5). Five-band BV RcIcz′ photometry catalog was then
measured using SExtractor (Bertin & Arnouts 1996) in
point-spread-function (PSF) matched images created by
ColorPro (Coe et al. 2006), where a combination of all
five bands was used as a deep detection image. The stel-
lar PSFs were measured from a combination of 100 stars
per band and modeled using IRAF routines.
For the weak-lensing shape analysis (Section 3.2), we

use the Ic-band data taken in 2009 January, which have
the best image quality in our data-sets (in terms of the
stability and coherence of the PSF anisotropy pattern,
taken in fairly good seeing conditions). Two separate
co-added Ic-band images, each with a total exposure
time of 1.1 ks, were produced based on the imaging ob-
tained at two different camera orientations separated by
90 degrees, in order not to degrade the shape measure-
ment quality.

3.2. Subaru Weak Lensing Shape Analysis

For shape measurements of background galaxies, we
use our weak-lensing analysis pipeline based on the IM-
CAT package (Kaiser et al. 1995, KSB hereafter), in-
corporating modifications and improvements outlined in
Umetsu et al. (2010). Our KSB+ implementation has
been applied extensively to Subaru cluster observations
(e.g., Broadhurst et al. 2005a, 2008; Umetsu et al. 2007;
Umetsu & Broadhurst 2008; Okabe & Umetsu 2008b;
Umetsu et al. 2009, 2010, 2011b,a; Medezinski et al.
2010, 2011; Zitrin et al. 2011c; Coe et al. 2012).
We measure components of the complex image ellip-

ticity, eα = {Q11 −Q22, Q12} /(Q11 + Q22), from the
weighted quadrupole moments of the surface brightness
I(θ) of individual objects,

Qαβ =

∫

d2θW (θ)θαθβI(θ) (α,β = 1, 2) (8)

where W (θ) is a Gaussian window function matched to
the size (rg) of the object, and the weighted object cen-

Figure 2. Stellar ellipticity distributions before and after the
PSF anisotropy correction for Subaru/Suprime-Cam Ic-band data
taken with camera orientations of PA = 0◦ (Orientation 1; red)
and PA = 90◦ (Orientation 2; black). The left panel shows the
raw ellipticity components (e∗1, e

∗
2) of stellar objects, and the right

panel shows the residual ellipticity components (δe∗1, δe
∗
2) after the

PSF anisotropy correction.

troid is chosen as the coordinate origin, which is itera-
tively refined to accurately measure the object shapes.
Next, we correct observed ellipticities eα for the PSF

anisotropy using a sample of stars in the field as ref-
erences. We select bright (18 <∼ Ic <∼ 22), unsaturated
stellar objects identified in a branch of the object half-
light radius (rh) versus Ic diagram, and measure the
PSF anisotropy kernel of the KSB algorithm as a func-
tion of the object size rg. Figure 2 shows the distri-
butions of stellar ellipticity components (e∗α) before and
after the PSF anisotropy correction. From the rest of
the object catalog, we select as a weak-lensing galaxy
sample those objects with ν > 10, rh > r∗h + 1.5σ(r∗h),
and rg > mode(r∗g), where ν is the KSB detection sig-

nificance, r∗h and σ(r∗h) are median and rms dispersion
values of stellar sizes r∗h. The anisotropy corrected ellip-
ticities e′α are then corrected for the isotropic smearing
effect as gα = e′α/Pg.
For each galaxy we assign the statistical weight,

w(k) ≡
1

σ2
g(k) + α2

g

, (9)
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Figure 1. Subaru BV RcIcz′ composite color images centered on the galaxy cluster MACS1206 (z = 0.439), overlaid with mass contours
from our joint strong-and-weak lensing analysis (SaWLens) of HST and Subaru observations. The image size in the left panel is 24′ × 24′

covering a projected area of 5.7 × 5.7Mpch−2 at the cluster redshift. In the left and right panels, the lowest contour levels are κ = 0.12
and 0.15, with increments of ∆κ = 0.09 and 0.07, respectively. The right panel is a zoom-in-view of the boxed region of the left panel, with
a side length of 8′ (1.9Mpch−1). North is top and east is left.
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point-spread-function (PSF) matched images created by
ColorPro (Coe et al. 2006), where a combination of all
five bands was used as a deep detection image. The stel-
lar PSFs were measured from a combination of 100 stars
per band and modeled using IRAF routines.
For the weak-lensing shape analysis (Section 3.2), we

use the Ic-band data taken in 2009 January, which have
the best image quality in our data-sets (in terms of the
stability and coherence of the PSF anisotropy pattern,
taken in fairly good seeing conditions). Two separate
co-added Ic-band images, each with a total exposure
time of 1.1 ks, were produced based on the imaging ob-
tained at two different camera orientations separated by
90 degrees, in order not to degrade the shape measure-
ment quality.

3.2. Subaru Weak Lensing Shape Analysis

For shape measurements of background galaxies, we
use our weak-lensing analysis pipeline based on the IM-
CAT package (Kaiser et al. 1995, KSB hereafter), in-
corporating modifications and improvements outlined in
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I(θ) of individual objects,

Qαβ =
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the size (rg) of the object, and the weighted object cen-
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troid is chosen as the coordinate origin, which is itera-
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Next, we correct observed ellipticities eα for the PSF

anisotropy using a sample of stars in the field as ref-
erences. We select bright (18 <∼ Ic <∼ 22), unsaturated
stellar objects identified in a branch of the object half-
light radius (rh) versus Ic diagram, and measure the
PSF anisotropy kernel of the KSB algorithm as a func-
tion of the object size rg. Figure 2 shows the distri-
butions of stellar ellipticity components (e∗α) before and
after the PSF anisotropy correction. From the rest of
the object catalog, we select as a weak-lensing galaxy
sample those objects with ν > 10, rh > r∗h + 1.5σ(r∗h),
and rg > mode(r∗g), where ν is the KSB detection sig-

nificance, r∗h and σ(r∗h) are median and rms dispersion
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[DGP] Dvali, Gabadadze & Porrati 2000 
[DLofDGP] Luty, Porrati, Rattazzi 2003; Nicolis, Rattazzi 2004 
[Galileon] Nicolis, Rattazzi & Trincherini 2009 

∂µφ → ∂µφ+ cµ

X ≡ −1

2
(∂φ)2

Lint ∼ X�φ

'���:2;<5*'9**)>)19052/'
'
�XP'02',/3'213)1'3)1589058);'5/'']M7'
'
�l95/;G0)5/';*1))/5/A
 ' ' ' ' '� 



N"*9$J#:*9'0<)::9*9H'*9'1%L*<'F"8*8:59 

=0'1qq1l#'U91A)'L5/)05*'0)1<'
' '''''''!H012/A';)>B%*24P>5/A'
' ' '!c)9L'*24P>5/A'02'<900)1 

H*1))/)3!?)*28)1'D?'h 

L = LGR −X − 1

Λ3
X�φ+ Lm

:>4;0)1�
H*1))/5/A'19354;'
1lm9'B)K'7P*'

φ�(r) ∝ r−1/2 � Φ�
N(r) ∝ r−2

|SW 

gS 



GiX ≡ ∂Gi/∂X

L = K(φ, X)−G3(φ, X)�φ

+G4(φ, X)R+G4X × (field derivatives)

+G5(φ, X)Gµν∇µ∇νφ
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6
G5X × (field derivatives)
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[Horndeski (1974); Deffayet et al. (2011)] 
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Minimally coupled to matter 

[Horndeski 1974] is equivalent to the Generalized Galileon 
[Deffayet et al. 2011; Kobayashi, Yamaguchi, Yokoyama 2011] 
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idxj

φ = φ0+ϕ(r)

φ = φ0 = const, X0 = 0
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(cf. Vainshtein mechanism under considering background 
evolution [Kimura, Kobayashi, Yamamoto ‘12]) 



(5<)/;52/>);;'P919<)0)1; 

G4 =
M2

Pl

2
, G4φ = MPlξ,

KX − 2G3φ = η,

−G3X + 3G4φX =
µ

Λ3
,

G4X −G5φ =
MPl

Λ3
α,

G4XX − 2

3
G5φX =

ν

Λ6
,

G5X = −3MPl

Λ6
β.

U)0'4;'5/01234*)';5O'35<)/;52/>);;'P919<)0)1;#''
�&'Ä&'Å&'Ç&'É&'Ñ�



W%*9#*<'0<"8")4M*:8?'/X%"#*59 
:2<N5/5/A'<)015*']M7'9/3'g]M7&'K)'91158)'90'

x =
1

Λ3

ϕ�

r
, A(r) =

1

MPlΛ3

M(r)

8πr3

P (x,A) := ξA(r) +
�η
2
+ 3ξ2

�
x+ [µ+ 6αξ − 3βA(r)]x2

+
�
ν + 2α2 + 4βξ

�
x3 − 3β2x5 = 0

KG)1)'K)'3)C/)'

7Q1T'5;'0G)')/*>2;)3'<9;;+ 
N20G'2B'KG5*G'91)'35<)/;52/>);;+ 



0<"8")4M*:8?'/X%"#*59 
・H2>8)'

P (x,A) := ξA(r) +
�η
2
+ 3ξ2

�
x+ [µ+ 6αξ − 3βA(r)]x2

+
�
ν + 2α2 + 4βξ

�
x3 − 3β2x5 = 0

B21'0G)'5//)1'1)A52/'Q={{!T'9/3'0G)'240)1'1)A52/'Q=qq!T+'
・()158)'9'*2/35052/'4/3)1'KG5*G'0G)'0K2';2>4052/;'91)''

''''';<220G>E'<90*G)3'5/'9/'5/0)1<)3590)'1)A52/+'

H<220G>E'790*G5/A'
'

1m1l 

OQ1T�
1�

x =
1

Λ3

ϕ�

r
, A(r) =

1

MPlΛ3

M(r)

8πr3

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

η + 6ξ2
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x ≈ x± := ±

�
ξ

3β
= const
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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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L = LGR +m2
gh

2
µν +O(h3

µν)

(Proxy theory of massive gravity[de Rham & Heisenberg 2011]) 

79;;58)'D19850E'd'=';210'2B'D9>5>)2/�
[de Rham, Gabadadze & Tolley 2010] 

G4X −G5φ =
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Λ3
α, G5X = −3MPl

Λ6
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Φ+ ≡ (Φ+Ψ)/2

d2

dχ2
(χθi) = 2Φ+,i, i = 1, 2
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Φ+ ≡ (Φ+Ψ)/2
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[Umetsu et al. ’11, 
cf. Oguri et al. ’12] 
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