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エネルギーの内訳
• 星と銀河はたったの ~0.5%

• ニュートリノ ~0.1–1.5%

• 普通の物質（原子）4.5%

• 暗黒物質 22%

• 暗黒エネルギー 74%

• 反物質 0%
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Astro 2010

• Science Objectives
• Cosmic Dawn
• New Worlds
• Physics of the Universe
• Dark Energy
• Dark Matter
• Inflation
• Test GR



New Worlds, New Horizons in Astronomy and Astrophysics 20

Large Scale Space Program - Prioritized

1. Wide Field InfraRed Survey Telescope (WFIRST)

2. Explorer Program Augmentation

3. Laser Interferometer Space Antenna (LISA)

4. International X-ray Observatory (IXO)

Roger Blandford ASTRO 2010 roll-out
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Physics of the Universe

• The properties of dark energy would be inferred from 
the measurement of both its effects on the expansion 
rate and its effects on the growth of structure (the 
pattern of galaxies and galaxy clusters in the universe). In 
doing so it should be possible to measure deviations 
from a cosmological constant larger than about a 
percent. Massively multiplexed spectrographs in 
intermediate-class and large-aperture ground-based 
telescopes would also play an important role.
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Cassegrain 
Focus 

Prime 
Focus 

Nasmyth 
Focus 

Nasmyth 
Focus 

FOCAS 
Optical imager and 
spectrograph 

COMICS 
IR imager and spectrograph 

MOIRCS 
NIR imager (7!"4!) and multi-
object (50) spectrograph 

Suprime-Cam 
Optical imager (34!"27!) 

HDS 
Optical spectrograph 
(#/$#=100,000) AO188 

188-element 
curvature 
sensing 
adaptive optics 
system with a 
laser guide star 
capability 

Illustration by Takaetsu Endo, 
taken from Nikkei Science 1996 

IRCS (AO188) 
Infrared imager and 
spectrograph (#/$#=20,000) 

HiCIAO (AO188) 
Coronagraphic imager with 
differential imaging 
techniques 

8-10m classで
すばるだけ



Hyper-SC 

SC 

Other 8m Tels 

~100Mpc(~300M light year)@z~0.5~5deg

大規模構造を見るには
広視野が必要

宇宙の歴史を見るには
深く見られる大口径が必要
宇宙の暗黒面を探るのに

最適な望遠鏡
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• 膨張と距離を組合わせると宇
宙膨張の歴史が測れる

• 暗黒エネルギーの正体を暴く
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• 宇宙に終わりがあるか？

約5億光年
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Figure 8. Points with errors show our measurement of P̂halo(k). We show
√

Cii as error bars; recall that the points are positively correlated. We plot
the best-fitting WMAP5+LRG ΛCDM model (Ωm,Ωb, ΩΛ, ns, σ8, h) = (0.291, 0.0474, 0.709, 0.960, 0.820, 0.690) with best-fitting nuisance parameters
a1 = 0.172 and a2 = −0.198 (solid curve), for which χ2 = 40.0; the dashed line shows the same model but with a1 = a2 = 0, for which χ2 = 43.3.
The BAO inset shows the same data and model divided by a spline fit to the smooth component, Psmooth, as in Fig. 4 of P09. In Section 5.1 we find the
significance of the BAO detection in the P̂halo(k) measurement is∆χ2 = 8.9.

WMAP5 are used, our constraint on the BAO scale provides a much
more precise determination of DV at the effective redshift of the
survey than the shape information alone.

In more extended models than we have thus far considered,
we may expect the additional shape information to allow tighter
constraints. The cosmological parameters most closely constrained
by the broad P (k) shape are those which affect the shape di-
rectly or which affect parameters degenerate with the shape: these
are expected to be the power spectrum spectral slope ns, its run-
ning dns/d ln k, neutrino mass mν , and the number of relativis-
tic species Neff . Thus far in our analysis, we have assumed
dns/d ln k = 0,mν = 0, and Neff = 3.04.

One intuitively expects the measurement of P̂halo(k) to im-
prove constraints on the primordial power spectrum. In a ΛCDM
model where both running of the spectral index and tensors are
allowed, WMAP5 still places relatively tight constraints on the pri-
mordial power spectrum: ns = 1.087+0.072

−0.073 and d ln ns/d ln k =
−0.05 ± 0.03. The measurement reported in this paper probes

at most ∆ ln k ∼ 2 and covers a range corresponding to ! ∼
300−3000; this range overlaps CMB measurements but extends to
smaller scales. Over this k-range and for this model, WMAP5 con-
strains the P (k) shape to vary by ∼ 8% from variations in the pri-
mordial power spectrum. Due to the uncertainties in the relation be-
tween the galaxy and underlying matter density fields, our nuisance
parameters alone allow Phalo(k,p) to vary by up to 10−14% over
this region. Therefore we do not expect significant gains on ns or
d ln ns/d ln k from our measurement.

The effect of massive neutrinos in the CMB power spec-
trum is to increase the height of the high ! acoustic peaks: free
streaming neutrinos smooth out perturbations, thus boosting acous-
tic oscillations. In the matter power spectrum instead, neutrino
free streaming gives a scale-dependent suppression of power on
the scales that large scale structure measurements currently probe
(Lesgourgues & Pastor 2006). This makes these two observables
highly complementary in constraining neutrino masses with cos-
mology.

c© 0000 RAS, MNRAS 000, 000–000

SDSS DR7
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Figure 2. Average likelihood contours recovered from the analysis of three
power spectra (top panel) and six power spectra (bottom panel) measured
from 1000 Log-Normal density fields. Contours are plotted for −2 lnL =
2.3, 6.0, 9.2, corresponding to two-parameter confidence of 68%, 95% and
99% for a Gaussian distribution. Contours were calculated after increas-
ing the errors on the power spectrum band-powers as described in the text.
Solid circles mark the locations of the likelihood maxima closest to the
true cosmology. We have plotted the likelihood surface as a function of
DV (z)/Mpc, for fixed rs(zd) = 154.7 Mpc, to show distance errors if
the comoving sound horizon is known perfectly. The values ofDV for our
input cosmology are shown by the vertical and horizontal solid lines.

6 RESULTS

Baryon Acoustic Oscillations are observed in the power spectra
recovered from all redshift slices of the SDSS+2dFGRS sample
described in Section 3, and are shown in Fig. 3, where we plot
the measured power spectra divided by the spline component of
the best-fit model. In our default analysis we fit power spectra
from six redshift slices as described in Section 3, using a spline
for DV (z) with two nodes at z = 0.2 and z = 0.35. We as-
sume a fixed BAO damping scale of Ddamp = 10 h−1 Mpc and
fit to all SDSS and non-overlapping 2dFGRS data. The effect of

Figure 3. BAO recovered from the data for each of the redshifts slices
(solid circles with 1-σ errors). These are compared with BAO in our de-
fault ΛCDM model (solid lines).

these assumptions is considered in Section 8. The resulting like-
lihood surface is shown in Fig. 4 as a function of DV (z)/Mpc,
for fixed rs(zd) = 154.7 Mpc, to show distance errors if the co-
moving sound horizon is known perfectly. The constraints should
be considered measurements of rs(zd)/DV (z) (see Section 4).
Fig. 4 reveals a dominant likelihood maximum close to the pa-
rameters of a ΛCDM cosmology with Ωm = 0.25, h = 0.72, &

c© 0000 RAS, MNRAS 000, 000–000

SDSS DR7



未来の研究者
• 遠くの銀河はどんどん
遠ざかって見えなく
なっていく

• いずれは銀河系だけ

• 観測で宇宙論を研究で
きるのはいまだけ！





遠くの銀河の観測ができるのは今だけ
早く予算を！
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4.3 Cosmology with SuMIRe HSC/PFS galaxy surveys

Figure 4.6: Fractional errors in measuring the angular diameter distance and the Hubble expansion rate for each
redshift slices for the different BAO surveys, SDSS, BOSS and PFS. For the PFS survey we assumed survey pa-
rameters given in Table 4.3. The solid curves in each panel shows the fractional difference of DA(z) or H(z) when
changing the dark energy equation of state w to w = −0.9 from w = −1 (ΛCDM model).
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Subaru Users
• Subaru is a user facility
• we have to apply for telescope night 

allocation
• expanded the science scope
• galaxy evolution
• galactic archeology
• added near IR arm to the spectrograph

• other impacts on high-energy physics
• map out 3D dark matter distribution
• neutrino mass σ(Σmν)=60meV
• test inflation σ(fNL)=5 (≈ Planck)
• test general relativity @ large distances



6.4 Science

Table 6.2: Targets for a PFS galaxy evolution survey

Redshift Magnitude Selection Sample size Targets

range limit size

0.1 < z < 2 zAB < 22.5 Random ∼ 1× 106 Galaxies

0.5 < z < 7.0 zAB < 23.5 Photometric ∼ 5000 QSOs (See Section X)

1.0 < z < 2.0 TBD Photometric ∼ 3− 5× 103 Cluster members

0.5 < z < 2.0 TBD Multi-wavelength TBD X-ray, SZ clusters

0.5 < z < 7.0 zAB < 23.5 Multi-wavelength TBD AGN (X-ray, radio)

Figure 6.4: Area coverage versus limiting magnitude for various large extragalactic surveys. The point size represent
the number of spectra; the SDSS symbol size corresponds to one million spectra. Clearly, a PFS survey occupies
a unique position in this parameter space. The BigBoss survey is arbitrarily placed at 23rd magnitude since the
continuum will not be detected in most galaxies.
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仕様
• BAOに特化したminimum仕様

• 600-1000nm, R≈3000
• 一つのアーム、 (4k x 4k)

• 世界最高の銀河サーベイ
• 380-1300nm, R≈2000-5000
• 青、赤、近赤の三つのアーム
• 連続的にz~10までカバー！

• 銀河考古学もかなりできる
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!  Initiated by IPMU (not by NAOJ) 
!  Takada+IPMU have led the feasibility 

studies since July, 2010 
!  PFS Science White Paper 

-  Cosmology 
-  Milky Way 
-  Galaxy/QSO astronomy … 

!  About 70 Japanese astronomers joined 
!  Realized the unique power of PFS for 

various science cases 
!  Endorsement from the community at 

Subaru Users’ Meeting, in Jan 2011  
!  NAOJ is now becoming an official 

partner of PFS project 
!  Japan, Princeton, Caltech, France, … 

http://member.ipmu.jp/masahiro.takada/pfs_whitepaper.pdf 
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Large format CCD（3cmx6cm）!
2048 pixels x  4096 pixels!

Wave length nano meter 
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Fully depleted back-illuminated CCD（Red sensitive）!
Hamamatsu Photonics!
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fiber positioner 
JPL Cobra design

精度~10μのpointingを約30秒で



Jim Gunn



ファイバー分光器
としては優秀な

throughput



blue arm

red arm

Eric Prieto 
(Marseille)



4.3 Cosmology with SuMIRe HSC/PFS galaxy surveys

Figure 4.8: A simulated spectrum of [OII] emission line with PFS red arm, assuming 15min exposure, the observed

line flux, fOII,obs = 10−16 erg/s/cm2, zOII = 1.6, and the velocity dispersion σvel = 50 km/s. The units in the y-axis
is in ADU/pixel, i.e. the expected counts on CCD chips, assuming the PFS specification given in Table 4.7. The
black curve shows the expected noise (1σ) assuming the sky spectrum in Figure 4.7 and the Poisson noise. For this
OII emission line, the total S/N , integrated over the CCD pixels, is S/N � 34.

background is very high and dominates spectral noise in each CCD pixel. A wide-area spectro-
scopic survey of this wavelength range using 8m-class telescope, using red-sensitive, fully-depleted
CCD chips, has not been fully explored. There is a proposed plan (private communication with L.
Guzzo) to carry out a large-scale redshift survey with VLT telescope, where the red-sensitive CCD
chips were recently installed. If this happens, it will advance our understanding of galaxy redshift
survey in the wavelengths.

Hence in the following we focus on the red-wavelength range 8500-10000Å to make the feasibility
study of galaxy target selection. Unfortunately, however, there is no sufficiently reliable, accurate
model of sky spectrum over this range of wavelengths. In this section, rather than using the model
sky spectrum, we use actual data of the sky spectrum, UVES sky emission spectrum, which is
taken with VLT in high resolution mode (R � 40000) and publicly available from the website3

(also see Hanuschik 2003).

Figure 4.7 shows the sky spectrum constructed based on the UVES spectrum, and we will use the
sky spectrum in the following analysis. The UVES sky spectrum includes only the OH emission
lines, where the continuum contribution is subtracted from the original data. There would be some
contribution, sub-dominant though, to the sky background arising from zodiacal light, however,
this amplitude is not fully understood. We simply added the continuum contribution by assuming
the flux fsky,continuum = 0.07×10−16 erg/s/Å/arcsec2 as suggested in Hanuschik (2003). However, a
more careful analysis for refining the sky model is needed, and this is in working progress (Gunn et
al. in preparation). To compute the sky model, we included the pixel scale and spectral resolution

3http://www.eso.org/observing/dfo/quality/UVES/pipeline/sky spectrum.html

59



36

!"#

$%%&'()*(+

,-&(.*+/("01""

2
!"#$!%&'()*$+,)($

2
,-/3*.+2#$($'*)*(+2

-.%&/0.$12%&'.$$34!567$$$$$$$-2'.8($#9:2.$34!567$
2
2
2
2
2

;2&<9=.$>289%2$34!567$
$

?&9.)0.$+0<282$3@AB">C$$D#4DD7$
$

D=.*&/0.$6(E2$3;D+F$5.*2=27$
2
2

04%+*)25('&(**-&('2
G%A$H$3*&$I($0.%(E$I<$4!567$

G%A$?$3@AJ">C$$D#4DD72
2
2

;2%90./2$>2=2*&$3;D+F$#9I2%97

6$7+*.89:,! ;-$<&7 =>?

@-&'&($72A*-%&/(2/B2"%%&'()*(+%2CDEFF2:G(2EHI

;&K$I(.L:$%(M./(E



一緒にやりませんか？


