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8.2m

) ChAoAFraNCE -HAWAIl TELESCOPE
w. wail.ed!

Canada-France-Hawaii
Telescope (Hawaii)

4m

Blanco telescope

@ CTIO (Chile) g -

https://en.wikipedia.org/wiki/Very Large Telescope
Sloan Dlgltal Sk)l Sur’vey httE://www.sdEs.org/in%truments)/l_ 86~ P

http://subarutelescope.org/Information/Download/DImage/index.html
@ APO (New Mexico) httE://www.cfht.hawgii.edl%/en/news/CFHT30/#waIIpaperg
http://www.darkenergysurvey.org/DECam/index.shtml
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http://www.sdss.org/science/#Cosmology

A Slice of galaxy catalog
by Sloan Digital Sky Survey I

finished in 2008

2 Gyrs

(look back time)

Color indicates age of galaxy

Blue - young
Red :old




A slice of galaxy catalog by
Sloan Digital Sky Survey |l

finished in 2014

© : (look back time)
S (o)

Redshift

* Yellow : SDSS-II main
Red - SDSS-II LRG
http://www.mpa-garching.mpg.de/131601/hl201506 Whlte SDSS-”I CMASS




A section of 3D map

redshift

120,000 galaxies

http://www.sdss.org/press-releases/astronomers-map-a-record-
breaking- | -2-million-galaxies-to-study-the-properties-of-dark-energy/




3D Mab of galaxies
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Sloan Digital Sky Survey

Miguel A Ardgon (JHU), Mark Subbarao (Adlep_I?J:);_-Ale_x Szalay (JHU), -

‘ .

Sloan Digital Sky Survey |
Baryon Oscillation Spectroscopic Survey hetps://www.sdss3.org/press/dr9.php
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INU A > FERE) (BAO)

o RN A V- HFREDEEIREN R —)L (~150Mpc)
(@CMBOJ-WE“[: 7037\/7 L)

(ﬁéﬁ‘%7°7417 ) — 1l ?EH 35@71:1 =7

Standard
« CMASS DR9
——best—fit model

¥*=81.5 / 59

P(k) [(h"'Mpc)*3]

« BOSS DR9
(SDSS-1l)

k [h MPC ] 0.05 0.1 0.15 y 0.2 0.25 0.3




INU A > FERE) (BAO)

o RN A V- HFREDEEIREN R —)L (~150Mpc)

(& CMBOBZE—T7 DRI —))

ZREELHEDILE UV OGRAERAIX TCOEBAEICFEZRS
w771V —) - IEEED O—7

cosmic expansion

changes the distances !!
—




Cosmological constraints from BAO

' : Aubourg et al.‘15
Distance-redshift relation from

BAO measurement

ACDM model (standard cosmological model) ‘

flat universe filled with mysterious energy/matter components :

= Combined BAO
= Combined BAO+Planck D),

(In ACDM model, dark energy=cosmological constant, /\)

Origin & nature of these components are
largely unknown. Need further observations !!




Two-point correlation function

galaxy g '

rl

Tl

Observer’s line-of-sight

Baryon acoustic
oscillation (ridge)

Samushia et al.(’14)



RSD as a probe of gravity

Linear growth
Kaiser

omia| 6 (k) = (1+[fuf) oK) , = C00% e
dna

(Kaiser '87) scale factor

This parameter tells us
how the nature of gravity affects the growth of structure

Importantly,
This Kaiser formula holds irrespective of gravity theory

probe of gravity (general relativity) on cosmological scales

* Untested hypothesis in ACDM model

* Hint for cosmic acceleration

e.g., Linder (’08); Guzzo et al. ('08);Yamamoto et al. ('08); Percival & White ('09)




Consistency test of GR

In practice

Testing gravity needs a nonlinear RSD model assuming underlying
theory of gravity

A blind fit of growth rate based

R ————————— on GR-based template
Planck 2015 Xlll modified

“— SDSS MGS .
LN - VIPERS - U Based on perturbation
© Wiggle - theory template

0.5 | i
g > % ’ Oka, Saito, Nishimichi,
O + m AT & Yamamoto (' 14)
0% A ~ |
S 6DFGS |
O 0.3 | 1 BOSS CMASS - Planck ACDM
" BOSS LOWZ Vi
— ® DRI2 final consensus I(General I"E|atIVIt)’)

02 01 02 03 04 05 06 07 08 0.9

Z

(See also Beutler, Seo, Saito et al.
No strong evidence of deviation from GR  ’16 for latest BOSS DR12)



Gravitational lensing effect

Light bending phenomena caused by gravity induced by massive
objects such as galaxy and star

Galaxy

galaxy cluster

IeQJy&Eﬁyimages

distorted light-rays

>

(
Earth

Earth

http://www.roe.ac.uk/~heymans/website_imagés/ G ravitational-Iehsing-galaxyApriI 122010-1024x768.jpg

Observer will see distorted or multiple images of distant objects




Mapping dark matter with
weak lensing effect

Gravitational lensing effect can be powerful to probe
invisible mass distribution (dark matter)

w/o dark matter w/ dark matter

d| distortion of
[ galaxy image

https://en.m.wikipedia.org/wiki/Weak_gravitational _lensing



https://www.subarutelescope.brg/ Pressrelease/2018/09/25/j_index.html
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Cosmic shear power spectrum
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Hikage et al. (arXiv:1809.09148)




Cosmological constraint
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REREF - SROEE

Multi-purpose ground- & space-based experiments

 DES (2013~) HETDEX (2016+)

'.D . A

WFIRST ‘S‘-".a\\‘.\k‘.x. &
(2024++) \\l"‘ A

Euclid (2

SuMIRe
(2014~)

~ subaru
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http://www.mpa-garching.mpg.de/galform/millennium/
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http://www?2.yukawa.kyoto-u.ac.jp/~atsushi.taruya/Lecture2018_YITP/lecture2018_yitp.html
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