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Scientific Background: RSD as a Probe of 
Cosmic Acceleration

• The origin of the acceleration of the cosmic expansion?
• dark energy?
• breakdown of general relativity on cosmological scales?

• Measurement of large-scale structure growth rate gives 
constraints on the theory of gravity
• redshift space distortion (RSD) observed in galaxy redshift surveys 
gives such a test



Redshift Space Distortion (RSD)
• observed P(k) or ξ(r) is distorted 
by line-of-sight peculiar velocity 
of galaxies
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Guzzo+’08
tangential

radial

RSD in P(k) or ξ(x)
• In the linear regime:
• the Kaiser effect

• β: the anisotropy 
parameter
• μ=cosθ （θ: angle to 
line-of-sight）
• scale independent

• In the non-linear regime:
• Fingers of God

2D contour of galaxy correlation func.ξ(r)



RSD gives a measure of structure growth rate
• anisotropy parameter β = infall velocity of large scale structure
• related to the speed of density fluctuation growth 
• simply by mass conservation, independent of gravity theory

•β = f/b within the linear theory
•β → f/b or f(z)σ8(z)→ test of gravity on cosmological scale!   

structure growth rate,
D(t) ∝ δ(t)



RSD testing Gravity Theory

• Next step: 
• more precise measurements at z < 1
• go beyond z = 1: FastSound!
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Subaru/FMOS
Fiber Multi-Object Spectrograph in NIR for Subaru
constructed by Japan-UK collaboration

400 fibres in circular FOV (30’ Φ) 
hexagonal arrangement with 1.4’ separation
fiber aperture 1.25”φ

wavelength coverage:  0.9um - 1.8um

Spectral resolution
Low resolution mode: R=500
High resolution mode: R=2200

Limiting magnitude (1 hr, S/N=5)
J ~ 22.0 
H ~ 20.0
Line ~ 1 x 10-16 erg/s/cm2 
OH airglow suppression system



FMOS highlights
multi-fiber NIR spectroscopy using Subaru 
prime-focus
400 fibers in 30’ diameter field of view
large photon collecting power by 8m Subaru
efficient fiber allocation by the Echidna system
two spectrographs (IRS1, 2) cover 200 fibers

OH airglow suppression system using mask mirror
�!������
��

	���	�����



FastSound
• The name comes from...
• FMOS 暗黒世界探査 (Ankoku Sekai Tansa = Dark World Survey)
• Subaru Observation Understanding Nature of Dark energy

• The team ~40 members from Japan, UK + Int’l:



FastSound: Quick Summary
• Cosmology-purpose redshift survey by FMOS (near-IR fiber-fed 
spectrograph) of Subaru Telescope, approved as the second 
“Subaru Strategic Program”

• 20 deg2, ~4000 galaxy redshifts in 4 CFHTLS Wide fields
• targeting Hα emitting galaxies at z~1.2-1.5 (=wavelength coverage) 
• target selection: photo-z & Hα flux est. by five optical (ugriz) bands
• 30 min. on-source exposures for each field-of-view (0.2 deg2)
• ~10% detection efficiency for 400 FMOS fibers
• ~40 nights for 2 years from Mar. 2012 - Jul. 2014 



FastSound: Quick Summary (contd.)
• primary science goal: test of gravity theory about structure 
growth rate, by measuring redshift space distortion (RSD)
• measurement of fσ8 at z~1.35 (~25% stat. error) 
• the first significant detection of RSD at z > 1

• Other various science topics, e.g.
• Hα luminosity function and cosmic SFR at z ~ 1.3
• metallicity study for star forming galaxies at z ~ 1.3
• environmental dependence of star-forming galaxies at z~1.3
• ...



Project Status
• All observations finished (July 2014). 
• The emission line catalog already open to public on the webpage
• including ~4,000 galaxies (S/N >~ 4) 
• by far the largest spectroscopic sample in NIR at z > 1
• >~90% should be Hα at z ~ 1.2-1.5

• Main series papers published/submitted to PASJ (all available on arXiv)
• Paper I (Tonegawa et al.) for survey overview
• PASJ, 67, 81 (2015)

• Paper II (Okada et al.) for catalog description and basic properties of 
emission line galaxies
• re-submitted to PASJ, arXiv:1504.05592

• Paper III (Yabe et al.) for metallicity study
• PASJ, 67, 102 (2015)

• Paper IV (Okumura et al.) for RSD and cosmology
• submitted to PASJ, arXiv:1511.08083



FastSound Results Highlights 



galaxy distribution map in 4 CHFHTLS-W fields
• 121 FMOS FoVs, 20.6 deg2 in total



Example CFHTLS Images of FastSound Galaxies
1 arcmin 24 arcsec

z=1.304

z=1.464

z=1.223

z=1.524

z=1.360

Image credit: CFHTLS, CFHTLenS, CDAC



Stacked FastSound Spectra
• assuming that the strongest line is always Hα



Are these mostly Hα？
• multiple-line galaxies are
• Hα-NII-SII system
• OIII doublets at z~2 (estimated to be ~4% in all single-line galaxies)
• no significant detection of other line pairs

• Stacked spectrum indicates that OIII doublets are ~5% of all FastSound emission 
line galaxies
• consistent result from multiple line statistics 

Okada+’15



Some Galaxy Properties

• FastSound Paper II (Okada+’15)



The FastSound Real Galaxy 3D Map
• >1200 galaxies in 7 deg2, z ~ 1.2-1.5 in CFHTLS W3 field
• comoving distance = 4.0 Gpc
• age at this redshift = 4.7 Gyr 
• comoving volume = 0.04 Gpc3   

0.78 Gpc 0.21 Gpc 

FMOS FoV
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FastSound 3D map in W3 field



3D galaxy maps by various surveys

4000 Mpc = 12 Glyr

Age of the Universe

13.7 Gyr 6 Gyr 4.7 Gyr8 Gyr

SDSS/Main
〈z〉~0.2

SDSS/LRG
〈z〉~0.35

SDSS/BOSS
〈z〉~0.6

WiggleZ
z~0.3-0.9

FastSound
z~1.2-1.5

VIPERS
z~0.5-1.0



Scientific Results Highlights



“The Subaru FMOS Galaxy Redshift Survey (FastSound) - The mass-metallicity relation and 
the fundamental metallicity relation at z~1.4” 

  Yabe et al. 2015 PASJ in press (arXiv: 1508.01512)

Stacked spectrum 
of all ~4000 sample
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• Quality of individual spectrum is not so good, 
and thus, a spectral stacking analysis is applied 
in this study

• Stacking analysis dividing sample 
into stellar mass and SFR bin (5 
masses x 5 SFRs). The number of 
galaxies in each bin is ~160

Stacked spectra around Hα line (6563Å)



“The Subaru FMOS Galaxy Redshift Survey (FastSound) - The mass-metallicity relation and 
the fundamental metallicity relation at z~1.4” 

  Yabe et al. 2015 PASJ in press (arXiv: 1508.01512)
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Metallicity is derived from [NII]λ6584/Hα (N2 method; Pettini & Pagel 04) of the stacked 
spectra (5 mass x 5 SFR bins) and the mass-metallicity relation (left) and the fundamental 
metallicity relation (right) at z~1.4 are  constructed by using ~4,000 sample (the largest 
sample in this redshift range ever)
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“The Subaru FMOS Galaxy Redshift Survey (FastSound) - The mass-metallicity relation and 
the fundamental metallicity relation at z~1.4” 

  Yabe et al. 2015 PASJ in press (arXiv: 1508.01512)
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• [SII]λλ6717, 6731 detected significantly in the 
stacked spectra. 
• [SII]λ6717/[SII]λ6731 line ratio (top left) a good 
tracer of electron density) is comparable to that of 
SDSS galaxies at z~0.1 (ne ~ 10 - 500 cm-3 )
• N/O abundance ratio (bottom left) is measured 
from [NII]λ6584/[SII]λλ6717,6731 (N2S2 index), 
showing higher value at z~1.4 than local values

x axis: projection 
parameter

metallicity with 
N/O correction
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RSD & Cosmology

• Paper IV (Okumura+’15)
• paper submitted on 2015 Nov. 25 --- the 100th anniversary of general relativity!
• we got a positive referee report on 2015 Dec. 25, i.e., the birthday of ...

• wait for Okumura-san’s talk later!



Summary
• FastSound: a galaxy redshift survey in near-infrared, targeting Hα 
emitters at z = 1.2-1.5

• to deliver RSD measurement at ~4 sigma using ~4000 Hα emitters in 
20 deg2 fields

• Survey observations already finished. The emission line catalog open to 
public.

• galaxy clustering and RSD clearly detected.  
• The main series four papers already on arXiv.

• Paper I, III already published in PASJ
• Paper II, IV will appear soon in PASJ


