


100Mpc/h

CfA銀河サーベイ, 銀河1100個

de Lapparent, Geller, Huchra, 1986

スローンデジタルスカイサーベイ(SDSS)
銀河100万個

100Mpc/h
Void

Wall

1990~  Las Campanas
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z>6, 0<z<1.5 HI21cm line

z<3 galaxies, QSOs

2<z<4 Ly# forest
z<1 lensing
galaxy clusters
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標準光源(SN Ia)を使った距離測定



Dark Energy or Modified Gravity ?

! Chaplygin 
gas p=-A/"

?

f(R) DGP

Chameleon 
mechanism



Dark Energy Probes
Ia型超新星

Pros：
Cons：

銀河分布
Pros：
Cons：

重力レンズ
Pros：
Cons： 

銀河団
Pros： 
Cons： 
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Inverse distance ladder



Standard Ruler

$z/H(z)

DA(z)$%
視線
方向

Eisenstein et al. 2005



Alcock-Paczynski test

$z/H(z)

DA(z)$%
視線
方向



SDSS III BOSS survey(2009-2014)
Goal 
 distance measurements using BAO
 with 1% (z=0.35 and 0.6) and
 1.5% (z=2.5) precisions

Target
 1,500,000 LRGs (0.2<z<0.8)
    160,000 QSOs (2.2<z<3)
  over 10,000 deg2 of sky

Instruments
 SDSS 2.5m telescope at Apache Point 
observatory (2788m, 1.2”seeing)
 Camera: 30 2kx2k CCDs with 5 filters 
(r,i,u,z,g), 6deg2 FOV
 Spectrographs: 1000 fibers (2” 
diameter), R~2000, 360-1000nm



BOSS CMASS Catalog
CMASS (Constant stellar MASS cut)
264,283 LRGs in 0.43<z<0.7 
zeff=0.57, Veff=2.2(Gpc/h)3  

Sky coverage of current data (3275deg2 )
Grey: expected total (10269deg2)Anderson et al. 2012



BOSS BAO Measurement

5! significance

Dv(z=0.57)=2094±34Mpc (1.7%エラー)



WiggleZ Dark Energy Survey
Goal
2% distance measurement at z=0.7
Target
240,000 blue emission line galaxies
over 1000 deg2  of sky in 0.2<z<1 
(~1Gpc3 volume)
Instrument
4m Anglo-Australian Telescope
AAOmega/2df spectrograph
276 nights (2006-2011)

Blake et al. 2012

ΔDv/Dv=7.2% ΔDv/Dv=4.9% ΔDv/Dv=5%



Distance & Anistoropy 
measurements using BAO

6dFGRS

SDSS LRG

BOSS

WiggleZ

BOSS

WiggleZ
(4 bins of z)

AnisotropyAngle-averaged Distance



Reconstruction of BAO

Eisenstein et al. 2007

linear

reconstruction

recon



Application to SDSS DR7 LRG

Padmanabhan et al. 2012

Before Recon.

Dv/rs=8.89±0.31 & 8.88±0.17

After Recon.
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Modified Gravity

Modified Gravity

#(k,t)

Geff(k,t)
#(k,t)

連続、オイラー式 (圧力、非等方テンソルなし)

Geff(k,t)



線形領域

非線形領域

Hamilton 1998

zobs=ztrue+'v/c



Coherent
Motion

Finger-
of-God



Anisotropy Measurement

Monopole

Quadropole 視線
方向

Reid et al. 2012



2dFGRS

SDSS
LRG

BOSS

WiggleZ





H0:1.5%

w:5%
Ωk:

0.5%



Test of  General Relativity (GR)

GR

GR

solid: BOSS Only, 
dashed: BOSS+Other growth rate



Broadband shape of LSS power spectrum

P(k)=<|$k|2>



Neutrino Properties

3
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Normal 

atmospheric
Δm2= 2.4×10-3 eV 2

solar Δm2=8×10-5 eV 2

m
as

s
What is the hierarchy ?

What is the neutrino absolute mass ?

Neutrinos are Majorana fermions ?

Inverted

1
2

3



Free-streaming damping

Takada, Komatsu, Futamase 2006

Free-streaming scale



SDSS LRG DR7 P(k)

BAO+Broadband shape 
reduces the degeneracy 
between Dv and "mh2

m(,tot<0.62eV (WMAP5＋P(k))



Taruya, Nishimichi, Saito 2010

Monopole Quadrupole



Colberg et al.

銀河個数分布と質量分布の関係

'g=b'm (Kaiser 1984)

'g=b1'm +b2'm2+・・・
(Fry & Gaztanaga 1993)

線形バイアス

非線形バイアス

非線形確率的バイアス
P('g|'m)
(Dekel & Lahav 1999)



Finger-of-God

Finger-of-God (FoG)

e.g., DFoG=exp(-%2 k2), 1/(1+%2 k2)



宇宙の構造の進化

遠方銀河

a b !

R



Cosmic Shear

credit:Hamana



Lensing Tomography

Massey et al.



Canada-France-Hawaii Telescope 
Legacy Survey (CFHTLS)

B-mode

E-mode WL+WMAP

Weak lensing survey over 170deg2(4 patches) 
3.6m telescope in Maunakea, Hawaii
MegaCAM: 340 Megapix, FOV 1) *1), 0.18" pixel, u*g'r'i'z', i'<24.5
2003-2009, 450 night (2300 hours)

B-mode

CMB

Lensing



Credit: Karen Teramura, U Hawai IfA

Sheldon et al. 2004

galaxy biasing



Mandelbaum et al. 2012
b1

b2

SDSS LRG

SDSS Main Galaxies

b2

color:joint fit for all samples
black: fit for each sample

lensing
WMAP

Joint



Bias-Free Einstein Gravity Test

Reyes et al. 2010

galaxy-galaxy lensing

galaxy correlation

SDSS LRG sample
&＝f/b

Anisotropy of  galaxy 
power spectrum



halo bulk 
velocity

internal 
velocity LRG

Hikage et al. 2012



Hikage et al. 2012

LRG-galaxy lensing オフセットによ
るダンピング

×



Impact on Growth Rate Measurement



Modified Gravity from Lensing

correction factor

'
deflection angle

convergence

convergence power spectrum



Gravity test using Galaxy 
Redshift Survey & Lensing

Effective gravitational 
contant g0=Geff/G

Ratio of Metric 
perturbation +=,/-

Guzik, Jain, Takada 2009



SUbaru Measurement of 
Images and REdshift (SUMIRE)

Joint Mission of Imaging and Redshift 
surveys using 8.2m Subaru Telescope

Hyper-Suprime Cam (HSC) 
 - 1400 deg2 sky (overlap w ACT, BOSS)
 - 30gals/arcmin2, zmean=1, i~26(5.)
 - 1.5 deg FoV, grizy band, 0.16"pix, 
 - 2013-2017

Prime Focus Spectrograph (PFS)
 - 1400 deg2 of sky (overlap with HSC)
 - Redshift of LRGs + OII emitters at 

0.8<z<2.4 (9.3 Gpc/h3 comoving vol)
 - 2400 fibers, 380--1300nm
 - 2018-2023 (planed)

Mauna Kea, Hawaii, 
4139m alt., 0.6-0.7” seeing



Hyper Suprime Camera
800M pix (106 2Kx4K CCDs)
Hamamatsu Photonics-NAOJ collaboration
1.5 deg FoV, 0.16"pix

HST 3’



PFS Instruments



PFS Forecast
2-3% measurements of DA(z),H(z) for 6 redshift bins



PFS Forecast II

Growth Rate: 6% measurements



Euclid
• ESA M-class mission
• Dark energy probe via weak 

lensing & BAO
• Imaging 20000 deg2 sky, 

40gals/arcmin2

• Spectrum of 70M H# emitters 
at 0.5<z<2, 

• 1.2m telescope
• FOV 0.5deg2, rizYJH band 

(550--1800nm), 0.2-0.3" pixel 
size

• Spectrograph: 1-2µm, R=500
• 2020-2025 (planed)



Euclid Forecast

Growth Rate: 1-2.5% measurements

Euclid White Paper (arXiv:1206.1225)

Neutrino mass, number of species (Neff)

Primordial Non-Gaussianity

In !CDM, 
Neutrino mass 
error～0.02eV

ΔfNLloc ～5



Summary


