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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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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



暗黒エネルギーの
発見
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よりも明るくなる

• 本当の明るさを知っている
• どれだけ明るく見えるか          

⇒ 距離（時間）

• どれだけ赤く見えるか                           

⇒ 宇宙の膨張

• 宇宙の膨張し方はどんどん
速くなっている！

Ia型超新星



加速宇宙
•アインシュタイン方程式：　　　
宇宙の広がり方の速さはどれだけ
エネルギーがあるかで決まる

•宇宙が広がってエネルギーが薄ま
ると、遅くなるはず

•でも速くなっている？？？
•宇宙が広がっても薄まらない不思
議なもので満ちている

•何だかわからない
•「暗黒エネルギー」0.0 0.5 1.0
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学校で習った宇宙膨張

• 三つの運命

• 全て減速膨張
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宇宙膨張

基礎科学でもっとも根源的な謎だ
（ウィルチェック、ノーベル賞）

解きたい問題のナンバー・ワンだ
（ウィッテン、フィールズ賞）





Friedmann方程式

• 宇宙の中のエネルギー
が増え続けることで膨
張を加速
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ä ∝ −(1 + 3w) > 0→ w < −1
3



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！
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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！

早く予算を付けましょう！
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Big Rip



インフレーション其の二？

• スカラー場がゆっくり
坂を降りている

• “quintessence”

• m≈H0≈(TeV8/MPl
6)  

≈10–84GeV

• hierarchy problem????

• w>–1

粒子坂

時間
宇
宙
の
大
き
さ



landscape
• 宇宙のほとんどは ρΛ≈MPl

4≈10120ρΛobs　
• 宇宙は生まれてすぐ引き裂かれて構造
ができず、人間が生まれない。

• 知的生命体が宇宙論を出来るのは
ρΛ<20ρΛobsの宇宙のみ

• 宇宙が10500個あればそういう宇宙も充
分あっていい



Cosmic Coincidence 
Problem

• ρΛ≈(2meV)4≈(TeV2/MPl)4

• DMがTeV-scale WIMP　
ρm≈(TeV2/MPl)T3

• だとすると、             

T≈(TeV2/MPl)≈10Kで一致
• 今三つの別の成分がほ
ぼ同じであることは
「自然」？？
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モデル
• 何にも分かっていない
• しかし、データをフィットするにはモ
デルが必要

• 一般に w=–p/ρ=w(a) は未知の関数

• Dark Energy Task Force (NASA+DOE+NSF 
panel) のparameterization

w(a) = w0 + wa(1− a)
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暗黒エネルギーの
測り方



暗黒エネルギー
• 宇宙の膨張の歴史がわかればよい
• 膨張＝redshift 分光で測れる

• a/a0 = 1/(1+z)

• 時間または距離をどう測る？
• standard candle: SNe

• standard ruler: BAO



宇宙の距離

• comoving (proper) distance

• luminosity distance

• angular diameter distance

ds2 = dt2 − a(t)2
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宇宙の構造
• growth factor g(z)

• 宇宙膨張 H は「摩擦」

• 膨張がなければexponentialに成長

• 基本的にmatter dominantでしか成長し
ない

• 膨張の歴史が構造の成長を決める

g̈ + 2Hġ = 4πGNρmg =
3ΩmH

2
0

2a3
g



4つの方法

• SN (Type-Ia supernovae)

• CL (cluster survey)

• WL (weak lensing)

• BAO (baryon acoustic oscillation)



4つの方法

• SN (Type-Ia supernovae)

• CL (cluster survey)

• WL (weak lensing)

• BAO (baryon acoustic oscillation)

一番systematicsが
問題 (DETF)



Weak Lensing



Abell 銀河団



重力レンズ
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Fig. 7. Left panel: The mean distortion profile with 1σ statistical uncertainties as a function of the projected radius, which is
obtained by stacking the distortion signals for 10 clusters that are selected with the virial masses Mvir ≤ 6× 1014h−1M" from
19 clusters in Figure 5. Note that the distortion profile is plotted in the unit of the projected mass density, and the projected
radius is computed from the weighted mean redshift of clusters. The dashed and solid curves are the best-fit SIS and NFW models,
respectively. Right panel: The similar plot, but for 9 halos with Mvir > 6× 1014h−1M". For both the results, the SIS model is
strongly disfavored: ∆χ2 ≡χ2

SIS,min
−χ2

NFW,min
%39 and 129 for the low- and high-mass cluster samples, respectively. The combined

results also show a 2σ-level evidence that the NFW concentration is greater for more massive halos, which is exactly consistent with
the result in Figure 5.

file as a function of the projected radius in the physi-
cal length scale. Note that the effect of different cluster
redshifts was taken into account by using the weighting
method in terms of the lensing efficiency functions of av-
eraging clusters (Mandelbaum et al. 2006; also see Sheldon
et al. 2007), and the projected radius is computed from the
weighted mean redshift of the sampled clusters. However,
we checked that, even if we use the single lensing efficiency
for the mean cluster redshift, the results are almost un-
changed due to the narrow redshift coverage of our cluster
samples.

First, unsurprisingly, the stacked profiles yield very sig-
nificant detections: the total signal-to-noise ratios are
S/N = 24 and 30 for the low- and high-mass samples
respectively. Second, the lensing distortion signals are
recovered over a wide range of radii, from 70h−1kpc to
3h−1Mpc scales, spanning two orders of magnitude in ra-
dius. Note that the outer radial boundary corresponds to
the size of the Suprime-Cam’s FoV for clusters at z ! 0.2,
and is a factor ∼ 1.5− 2 beyond the cluster virial radii
determined from the individual NFW model fits. Visual
inspection of the stacked profiles also reveals that they are
clearly not well described by a single power law model, dis-
playing very obvious curvature, reminiscent of the NFW
prediction. We therefore fitted SIS and NFW models to
the stacked profiles, and show as solid and dashed curves
are the best-fit NFW and SIS models respectively. The
non-linear corrections in the measured reduced shear are

taken into account in these fits following the method in
Mandelbaum et al. (2006)5. Now very clearly the SIS
model is strongly disfavored at 6σ and 11σ significances6

for the low- and high-mass samples, respectively. The
NFW model gives an acceptable fit to the data (the CIS
model is also acceptable). Finally, the measured profile
at small radii is consistent with the inner slope of NFW
model, ρNFW ∝ r−1.

The best-fit NFW parameters are cvir = 4.48+0.54
−0.50,

Mvir = 4.21+0.38
−0.36 × 1014h−1M" for the low-mass sample,

and cvir =3.48+0.34
−0.31, Mvir =9.24+0.76

−0.70×1014h−1M" for the
high-mass sample, i.e. relative accuracies of about 10% for
both cvir and Mvir, an improvement by factor of 2-5 com-
pared to the individual cluster constraints in Figure 4.
Comparing the two mass bins reveals that the concen-
tration parameter appears to be greater for the low-mass
sample than for the high-mass one at 2σ significance. It is
re-assuring that this difference is exactly consistent with
the relation found from the individual cluster analysis of
19 clusters in Figure 5, even though the individual-cluster
and stacked analyses involve non-trivial differences in the
averaging procedures that are not necessarily equivalent

5 However we ignore uncertainties in the misalignment effect of
halo center for simplicity and will discuss the effect in detail in
§ 5.7.3.

6 These deviation levels are estimated from difference between the
χ2 values of the best-fit NFW and SIS models: ∆χ2≡χ2

SIS,min
−

χ2
NFW,min

% 39 and 129, respectively



Simulated lensing map
Intrinsic shape of a 
background galaxy (ε~0.3)

Galaxy shape actually seen 
after GL: εobs~ε+γGL

Gravitational lensing!

! The distortion signal of interest is tiny: γGL~0.01-0.1

! Indeed this coherent signal is statistically measurable  

need ~10 galaxies per point



Sarah Bridle



cosmic shear
• 2次元に投影したlensing power

• 距離と揺らぎ：膨張の歴史の依存性
• このpower spectrum, bispectrum etc

• いわば暗黒エネルギーの性質と、重力
による構造の成長の組み合わせ

γ(θ) ∝ Ωm0

� zS

0
dzL

dLS(zL, zS)dL(zL)
dS(zS)

δ(zL, θ)

歪みの大きさは~1%程度
108個の銀河が必要



state of the art
CFHT (4m)

ξγ(θ) = �γ(φ)γ∗(φ + θ)� F.T.−→Cγ(l)



photometric redshift

分光を
あきらめて
数を稼ぐ



Baryon Acoustic 
Oscillation
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BAO
• 銀河の集まり方には特徴的な
距離 (148±3 Mpc)

「バリオン振動」
• 分光器で宇宙膨張の速さ
• 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
• 膨張の将来を予測
• 宇宙に終わりがあるか？

約5億光年
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14 Beth A. Reid et al.

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



14 Beth A. Reid et al.

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

BAO in SDSS DR7 7

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
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Figure 7. WMAP5, Union supernova sample, and the LRG P̂halo(k)
A0.35 constraint on the geometry of the universe. Upper panel: curva-
ture varies and w = −1 is fixed. The dashed line shows a flat universe,
Ωm + ΩΛ = 1. Lower panel: w varies (assumed independent of redshift),
and a flat universe is assumed. The dashed line indicates a cosmological
constant, w = −1. WMAP5 and Union supernova contours are MCMC
results, while for P̂halo(k), we approximate ∆χ2 = 2.3 and ∆χ2 = 6
contours by showing A0.35±

√
2.3σA0.35

andA0.35±
√

6.0σA0.35
from

the constraints in the top row of Table 2.

have assumed w = −1 and allow curvature to vary. The three in-
dependent constraints intersect near Ωm = 0.3 and a flat universe
(dashed line). In the lower panel, we assume flatness but allow w
to vary; again the contours intersect near Ωm = 0.3 and w = −1,
a cosmological constant.

In this Section we combine these probes using the Markov
Chain Monte Carlo (MCMC) method to obtain constraints on four
cosmological models: a flat universe with a cosmological constant
(ΛCDM), a ΛCDM universe with curvature (oΛCDM), a flat uni-
verse with a dark energy component with constant equation of
state w (wCDM), and a wCDM universe with curvature (owCDM).
In each model we combine the constraints from P̂halo(k) with

the WMAP5 results (Dunkley et al. 2009). In the last model, we
also present constraints in combination with both WMAP5 and
the Union Supernova Sample (Kowalski et al. 2008). Marginalized
one-dimensional parameter constraints are presented in Table 3.

The best-fitting ΛCDM fit to the WMAP5+LRG likelihoods
is (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. This model has χ2

LRG = 40.0 when fitting to 45
bandpowers, and is shown with the data in Fig. 8. In this model
adding the information from P̂halo breaks the partial degeneracy
between Ωm and H0 in the WMAP5 data and reduces the uncer-
tainties in each by a factor of ∼ 1.6 compared to WMAP5 alone:
Ωm = 0.289 ± 0.019 and H0 = 69.4 ± 1.6 km s−1 Mpc−1

(Ωm = 0.258 ± 0.03 and H0 = 71.9+2.6
−2.7 km s−1 Mpc−1 for

WMAP5). The constraint on σ8 also tightens by 30% because of
the σ8 − Ωmh2 partial degeneracy in the WMAP5 data. Note that
since we marginalize over the galaxy bias, we have no constraint
on σ8 directly from the LRGs.

In Fig. 9 we show the effect of opening the cosmological pa-
rameter space to include curvature and a constant dark energy equa-
tion of state w. Solid contours show the ΛCDM constraint in each
panel for comparison. The dashes show WMAP5-only constraints.
Without the ΛCDM assumption, WMAP5 cannot constrain Ωm

and H0 separately from Ωmh2. In each of these models, the inclu-
sion of the P̂halo(k) information can break the degeneracy through
the BAO constraint on rs/DV . Table 3 shows that the cold dark
matter density, Ωch

2, constraint improves by ∼ 15% compared
to the WMAP5-only constraint (∼ ±0.0063) due to the power
spectrum shape information in the non-ΛCDM models. Moreover,
the rs/DV (0.35) constraint does not deviate substantially from the
P̂halo(k)+Ωmh2 prior constraint presented in Table 2. In the con-
text of power-law initial conditions, P̂halo(k) information does not
improve constraints on the spectral index ns.

Allowing curvature relaxes the constraints on Ωm and H0 to
the WMAP5-only ΛCDM errors on these parameters, while tightly
constraining Ωtot = 1 − Ωk to 1.0114+0.0077

−0.0076 (−0.027 < Ωk <
0.003 with 95% confidence). If instead we assume flatness but al-
low the dark energy equation of state as an additional parameter w
(assumed constant), w is constrained to −0.79 ± 0.15. Since the
effective LRG sample redshift is zeff = 0.313, allowing w to de-
viate from −1 significantly degrades the z = 0 constraints, Ωm

andH0.
When both Ωk and w vary, there remains a large degeneracy

between Ωm, H0, and w. Curvature is still tightly constrained and
consistent with flatness at the percent level: Ωtot = 1.009±0.012.
Figure 10 demonstrates that supernovae can break the degeneracy
in this model. The combination of all three data sets simultaneously
constrains Ωk within 0.009 and w to 11%, while still improving
constraints on Ωm and H0 compared with WMAP5 alone in the
ΛCDMmodel. AllowingΩk #= 0 and/orw #= −1 all act to increase
Ωm and decreaseH0 compared with the ΛCDMmodel. The upper
panel of Figure 10 shows that the ΛCDMmodel is only∼ 1σ away
from the best fit. The full set of constraints on all parameters is
reported in Table 3.

5.4 Additional constraints from the broad P̂halo(k) shape

For the models considered thus far, we have shown that gains in
cosmological parameter constraints from adding constraints on the
broad shape of P̂halo(k) to WMAP5 results are moderate: ∼ 15%
improvement in Ωch2 for all the models considered in Table 3.
On the other hand, when the constraints on Ωbh

2 and Ωch
2 from
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• 2000−3000天体を同時
分光

• HSCの観測で天体を選
んでおく

• fiber positionerで一分
以内に照準を定める
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予算
• 最先端研究開発支援プログラム⇒30人
• 申請額95億円
• 「採択」、額不定
• 再度「精査」
• 27億円
• 結局国際協力のパートナー探しに奔走



将来
• optical frequency combを使うと、redshift

から1cm/secまで速度を決められる

• 10年後に同じ銀河を見て、実際に宇宙
膨張が c t H0≈15 cm/secほど加速してい
るかどうかを直接測る

• TMTで可能？


