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自己紹介

• 東京大学 理学系物理にて博士号取得
   夏の学校はM1からD2まで参加 

• プリンストン、スタンフォード、国立天文台
   で長いポスドク

• 東京大学 (IPMU、その後物理) で助教

• 研究分野：宇宙論の理論とか観測とか



研究を始めたころ (~2000年) 
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ΩM=0.3, ΩΛ=0.7モデルが標準モデルへ



Planck Collaboration: Cosmological parameters

Fig. 25. Power spectra drawn from the Planck TT+lowP posterior for the correlated matter isocurvature model, colour-coded by the
value of the isocurvature amplitude parameter ↵, compared to the Planck data points. The left-hand figure shows how the negatively-
correlated modes lower the large-scale temperature spectrum, slightly improving the fit at low multipoles. Including polarization, the
negatively-correlated modes are ruled out, as illustrated at the first acoustic peak in EE on the right-hand plot. Data points at ` < 30
are not shown for polarization, as they are included with both the default temperature and polarization likelihood combinations.
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Fig. 26. Constraints in the ⌦m–⌦⇤ plane from the Planck
TT+lowP data (samples; colour-coded by the value of H0) and
Planck TT,TE,EE+lowP (solid contours). The geometric degen-
eracy between ⌦m and ⌦⇤ is partially broken because of the ef-
fect of lensing on the temperature and polarization power spec-
tra. These limits are improved significantly by the inclusion
of the Planck lensing reconstruction (blue contours) and BAO
(solid red contours). The red contours tightly constrain the ge-
ometry of our Universe to be nearly flat.

more speculatively, there has been interest recently in “multi-
verse” models, in which topologically-open “pocket universes”
form by bubble nucleation (e.g., Coleman & De Luccia 1980;
Gott 1982) between di↵erent vacua of a “string landscape” (e.g.,
Freivogel et al. 2006; Bousso et al. 2013). Clearly, the detection
of a significant deviation from ⌦K = 0 would have profound
consequences for inflation theory and fundamental physics.

The Planck power spectra give the constraint

⌦K = �0.052+0.049
�0.055 (95%,Planck TT+lowP). (47)

The “geometric degeneracy” (Bond et al. 1997;
Zaldarriaga et al. 1997) allows for the small-scale linear
CMB spectrum to remain almost unchanged if changes in ⌦K
are compensated by changes in H0 to obtain the same angular
diameter distance to last scattering. The Planck constraint is
therefore mainly determined by the (wide) priors on H0, and the
e↵ect of lensing smoothing on the power spectra. As discussed
in Sect. 5.1, the Planck temperature power spectra show a slight
preference for more lensing than expected in the base ⇤CDM
cosmology, and since positive curvature increases the amplitude
of the lensing signal, this preference also drives ⌦K towards
negative values.

Taken at face value, Eq. (47) represents a detection of posi-
tive curvature at just over 2�, largely via the impact of lensing
on the power spectra. One might wonder whether this is mainly
a parameter volume e↵ect, but that is not the case, since the best
fit closed model has ��2 ⇡ 6 relative to base ⇤CDM, and the
fit is improved over almost all the posterior volume, with the
mean chi-squared improving by h��2i ⇡ 5 (very similar to the
phenomenological case of ⇤CDM+AL). Addition of the Planck
polarization spectra shifts ⌦K towards zero by �⌦K ⇡ 0.015:

⌦K = �0.040+0.038
�0.041 (95%,Planck TT,TE,EE+lowP), (48)

but ⌦K remains negative at just over 2�.
However the lensing reconstruction from Planck measures

the lensing amplitude directly and, as discussed in Sect. 5.1, this
does not prefer more lensing than base ⇤CDM. The combined
constraint shows impressive consistency with a flat universe:

⌦K = �0.005+0.016
�0.017 (95%,Planck TT+lowP+lensing). (49)

The dramatic improvement in the error bar is another illustration
of the power of the lensing reconstruction from Planck.

The constraint can be sharpened further by adding external
data that break the main geometric degeneracy. Combining the
Planck data with BAO, we find

⌦K = 0.000 ± 0.005 (95%, Planck TT+lowP+lensing+BAO).
(50)

38

現在 (2015年) 

Planck Collaboration: Cosmological parameters
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is
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Planck Collaboration: The Planck mission
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Fig. 9. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94 % of the sky. The best-fit base⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties. From Planck Collaboration XIII (2015).
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Fig. 10. Frequency-averaged T E (left) and EE (right) spectra (without fitting for T–P leakage). The theoretical T E and EE spectra
plotted in the upper panel of each plot are computed from the best-fit model of Fig. 9. Residuals with respect to this theoretical model
are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the lower panels show the best-fit
temperature-to-polarization leakage model, fitted separately to the T E and EE spectra. From Planck Collaboration XIII (2015).

cosmological information if we assume that the anisotropies are
purely Gaussian (and hence ignore all non-Gaussian informa-
tion coming from lensing, the CIB, cross-correlations with other
probes, etc.). Carrying out this procedure for the Planck 2013
TT power spectrum data provided in Planck Collaboration XV
(2014) and Planck Collaboration XVI (2014), yields the number
826 000 (which includes the e↵ects of instrumental noise, cos-
mic variance and masking). The 2015 TT data have increased
this value to 1 114 000, with T E and EE adding a further 60 000

and 96 000 modes, respectively.4 From this perspective the 2015
Planck data constrain approximately 55 % more modes than in
the 2013 release. Of course this is not the whole story, since
some pieces of information are more valuable than others, and
in fact Planck is able to place considerably tighter constraints on
particular parameters (e.g., reionization optical depth or certain

4Here we have used the basic (and conservative) likelihood; more
modes are e↵ectively probed by Planck if one includes larger sky frac-
tions.
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Planck collaboration (2015)

観測の劇的な進展
精密宇宙論へ  



これからの宇宙論研究

•  ほとんどの宇宙論研究は以下に集約される
   ー ダークマターは何か

   ー 宇宙の加速膨張の起源は？

   ー 宇宙の初期条件は？ 
       (インフレーションはあったのか？)
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ダークマター
• たくさんの状況証拠
   (銀河の回転曲線、銀河団、宇宙の大規模構造、、、)

• 観測から「冷たい」ダークマター (CDM) が示唆

• 直接・間接検出実験はいまのところ成果無し
   (手詰まり感もなきにしもあらず、、、)

• ダークマターが本当に実在するか、CDMの描像
   が本当に正しいかさらに検証していくことは
   まだまだ重要である



ダークマターハロー

http://www.mpa-garching.mpg.de/galform/millennium/

• ダークマターが自己
   重力により集まって
   ビリアル平衡

• 銀河、銀河団に対応

• N体シミュレーション
  によってその構造が
  詳細に予言されている

http://www.mpa-garching.mpg.de/galform/millennium/
http://www.mpa-garching.mpg.de/galform/millennium/


ΛCDMのハローの性質？

http://www.mpa-garching.mpg.de/galform/millennium/

• cuspyな動径密度分布 
   いわゆるNFW分布
  　 ρ ∝ r−1(r+rs)−2 

• 大きな非球対称性
   銀河団 軸比 ~1:2

• サブストラクチャ

ダークマターの性質と密接な関係

http://www.mpa-garching.mpg.de/galform/millennium/
http://www.mpa-garching.mpg.de/galform/millennium/


ダークマター性質との関連
2

Fig. 1.— Projected mass distributions in a box 15h−1Mpc on
a side. The collision cross-sections per unit mass, core radii, axis
ratios for each model and small panels showing the central region
(2h−1Mpc on a side, enlarged) in a different color scale are given to
the right of the corresponding image.

2. THE SIMULATIONS

Our simulations use the parallel tree code GADGET
developed by Springel (1999, see also Springel, Yoshida &
White 2000). We study the same cluster as Yoshida et
al. (2000) who resimulated the second most massive ob-

ject in the ΛCDM simulation of Kauffmann et al. (1999).
In order to simulate elastic scattering of CDM particles
we adopt the Monte Carlo method introduced by Burkert
(2000). We implement this scheme in the following man-
ner. At each time step we evaluate the scattering proba-
bility for particle i,

P = ρiσ
∗Vrel∆t, (1)

where ρi is the local density at the particle’s position, σ∗ is
the scattering cross-section per unit mass, Vrel = |vi−vngb|
is the relative velocity between the particle and its near-
est neighbour, and ∆t is the time step. This prescrip-
tion is similar to Burkert’s, but uses the relative velocity
rather than the absolute velocity of particle i. Kocha-
neck & White (2000) use a similar scheme but estimate
the scattering rate more accurately by looping over a cer-
tain number of neighbours. However, the larger smoothing
involved in such a procedure can itself introduce difficul-
ties in regions with significant velocity gradients (Meiburg
1986), and so we prefer our simpler scheme which should
be unbiased even if somewhat noisier. We choose timesteps
small enough to ensure that a particle travels only a mi-
nor fraction of its mean free path within ∆t. We assume
each collision to be elastic, of hard-sphere type, and to
have a cross-section independent of velocity. Scattering is
assumed isotropic in the center-of-mass frame, so that rel-
ative velocities are randomly reoriented in each collision.
We carry out simulations for three values of σ∗ differing
by factors of ten.

Most of our simulations employ 0.5×106 particles in the
high resolution region, with a mass per particle mp =
0.68 × 1010h−1M#. The gravitational softening length is
set to 20h−1kpc, which is ∼1.4% of the virial radius of the
final cluster. We ran one simulation with 5 times better
mass resolution and 7 times better spatial resolution to
check for numerical convergence. All of our resimulations
start from the same initial conditions. The background
cosmology is flat with matter density Ωm = 0.3, cosmo-
logical constant ΩΛ = 0.7 and expansion rate H0 = 70
km−1Mpc−1. It has a CDM power spectrum normalised
so that σ8 = 0.9. The virial mass of the final cluster is
M200 = 7.4 × 1014h−1M#, determined as the mass within
the radius R200 = 1.46h−1Mpc where the enclosed mean
overdensity is 200 times the critical value.

3. RESULTS

The large-scale matter distribution in all our simulations
looks very similar. Because we start from identical initial
conditions, the particle distributions differ only in regions
where collisions are important. Figure 1 shows that the
final cluster is more nearly spherical and has a larger core
radius for larger collision cross-section. The quoted ax-
ial ratios are determined from the inertia tensors of the
matter at densities exceeding 100 times the critical value.
Miralda-Escude (2000) argues that the ellipticity of clus-
ter cores, as inferred from gravitational lensing observa-
tions, can be used to limit the interaction cross-section.
Among our final clusters, S1W-b and S1W-c are severely
constrained by the limits he quotes.

In Figure 2 we show density profiles for all of our sim-
ulations. Also plotted in the bottom panel is the mean
collision number per particle. (We counted collisions for
each particle throughout the simulation.) Figure 2 clearly

Yoshida et al. (2000)

collisional
collisionless

• self-interacting dark matter　 
   ΛCDMの小スケール問題
   を解決するために導入 
     (Spergel & Steinhardt 2000)

• CDM粒子の衝突はハロー
   の密度分布を大きく変更
    – 中心密度低下
    – より丸い形状    



重力レンズを用いた測定
Oguri, Bayliss, Dahle, et al. MNRAS 420(2012)3213

• 弱い重力レンズ効果
   によりダークマター
   分布を直接測定

• 多くの銀河団をstack
   してS/Nをかせげる

• 観測された動径分布
   はNFWと非常によく
   一致 

(see also Umetsu et al. 2014, 
Okabe et al. 2014, ...)



非球対称性の検証
Oguri, Takada, Okabe, Smith MNRAS 405(2010)2215

観測されたshear map
+再構築された密度分布 ベストフィット (楕円NFW)



銀河団ハローの平均ゆがみ
Oguri, Takada, Okabe, Smith MNRAS 405(2010)2215

(e=1−軸比)

18個
• 重力レンズ信号を
   楕円NFWでfit

• marginalizeした楕円率
   への制限を18個の
   銀河団で足し合わせ

• ⟨e⟩ = 0.46 ± 0.04　
   非球対称性を7σ検出  

ΛCDM prediction
(Jing & Suto 2002)

 ΛCDMモデルの予言とよく一致！
(see also Oguri et al. 2012)



ダークマター分布測定
• 重力レンズを使って銀河団内のダークマター分布
   を直接、精密に測定できるようになってきた

• 無衝突ΛCDMモデルで予言される動径密度分布、
   非球対称性が観測と非常に良く一致することが
   明らかになってきている

• この一致は決して自明ではなく、驚くべきことで
   ある



より小スケールへ
密度揺らぎ
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OK!
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CMB LSS 銀河団 LyA WDM?

OK!
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より小スケールへ

dn/dM

M1013M☉109M☉

銀河団銀河ミニハロー?

• 銀河団
   ΛCDMと非常に良く一致

• 銀河
   矮小銀河スケールでの
   矛盾の可能性
   バリオン物理の不定性？

• ミニハロー (≲109M⊙)
   バリオン物理効かない 
   観測難しいが重要



インフレーション

K. Sato

• 宇宙初期の急激な膨張
• さまざまな御利益：平坦性問題、地平性問題、
    ゆらぎの生成、、、



インフレーション理論の予言
• ほぼスケール不変なゆらぎ (ns ≃ 1)

• ほぼ平坦な宇宙の曲率 (ΩK ≃ 0)

• ほぼガウス的な原始ゆらぎ (fNL, gNL, .. ≃ 0)

• ほぼ断熱的なゆらぎ (α ≃ 0)

• ほぼスカラーゆらぎ (r ≃ 0)
 



インフレーション理論の予言
• ほぼスケール不変なゆらぎ (ns ≃ 1)

    →OK (ns=0.9667±0.0040)

• ほぼ平坦な宇宙の曲率 (ΩK ≃ 0)

    →OK (ΩK=0.0008±0.0040)

• ほぼガウス的な原始ゆらぎ (fNL, gNL, .. ≃ 0)

    →OK (fNLlocal=2.5±5.7)

• ほぼ断熱的なゆらぎ (α ≃ 0)

    →OK (α=0.0003±0.0014)

• ほぼスカラーゆらぎ (r ≃ 0)

    →OK (r<0.113)
Planck collaboration (2015)



インフレーション理論の予言
• わずかにスケール依存するゆらぎ (ns < 1)

• わずかに開いた宇宙の曲率 (ΩK > 0)

• わずかに非ガウス的な原始ゆらぎ (fNL>0)

• わずかに非断熱的なゆらぎ (α≠0)

• わずかにテンソルゆらぎの寄与 (r > 0)
 



spectral index ns = dlnP(k)/dlnk 
Planck Collaboration: Cosmological parameters
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Fig. 21. Left: Constraints on the tensor-to-scalar ratio r0.002 in the ⇤CDM model, using Planck TT+lowP and Planck
TT+lowP+lensing+BAO+JLA+H0 (red and blue, respectively) assuming negligible running and the inflationary consistency rela-
tion. The result is model-dependent; for example, the grey contours show how the results change if there were additional relativistic
degrees of freedom with �Ne↵ = 0.39 (disfavoured, but not excluded, by Planck). Dotted lines show loci of approximately con-
stant e-folding number N, assuming simple V / (�/mPl)p single-field inflation. Solid lines show the approximate ns–r relation for
quadratic and linear potentials to first order in slow roll; red lines show the approximate allowed range assuming 50 < N < 60 and
a power-law potential for the duration of inflation. The solid black line (corresponding to a linear potential) separates concave and
convex potentials. Right: Equivalent constraints in the ⇤CDM model when adding B-mode polarization results corresponding to the
default configuration of the BICEP2/Keck Array+Planck (BKP) likelihood. These exclude the quadratic potential at a higher level
of significance compared to the Planck-alone constraints.

limited by cosmic variance of the dominant scalar anisotropies,
and it is also model dependent. In polarization, in addition to B-
modes, the EE and T E spectra also contain a signal from tensor
modes coming from reionization and last scattering. However,
in this release the addition of Planck polarization constraints at
` � 30 do not significantly change the results from temperature
and low-` polarization (see Table 5).

Figure 21 shows the 2015 Planck constraint in the ns–r plane,
adding r as a one-parameter extension to base ⇤CDM. Note that
for base ⇤CDM (r = 0), the value of ns is

ns = 0.9655 ± 0.0062, Planck TT+lowP. (38)

We highlight this number here since ns, a key parameter for in-
flationary cosmology, shows one of the largest shifts of any pa-
rameter in base ⇤CDM between the Planck 2013 and Planck
2015 analyses (about 0.7�). As explained in Sect. 3.1, part of
this shift was caused by the ` ⇡ 1800 systematic in the nominal-
mission 217 ⇥ 217 spectrum used in PCP13.

The red contours in Fig. 21 show the constraints from Planck
TT+lowP. These are similar to the constraints shown in Fig. 23
of PCP13, but with ns shifted to slightly higher values. The ad-
dition of BAO or the Planck lensing data to Planck TT+lowP
lowers the value of ⌦ch2, which at fixed ✓⇤ increases the small-
scale CMB power. To maintain the fit to the Planck tempera-
ture power spectrum for models with r = 0, these parameter
shifts are compensated by a change in amplitude As and the tilt
ns (by about 0.4�). The increase in ns to match the observed
power on small scales leads to a decrease in the scalar power
on large scales, allowing room for a slightly larger contribution

from tensor modes. The constraints shown by the blue contours
in Fig. 21, which add Planck lensing, BAO, and other astrophys-
ical data, are therefore tighter in the ns direction and shifted to
slightly higher values, but marginally weaker in the r-direction.
The 95 % limits on r0.002 are

r0.002 < 0.10, Planck TT+lowP, (39a)
r0.002 < 0.11, Planck TT+lowP+lensing+ext, (39b)

consistent with the results reported in PCP13. Note that we as-
sume the second-order slow-roll consistency relation for the ten-
sor spectral index. The result in Eqs. (39a) and (39b) are mildly
scale dependent, with equivalent limits on r0.05 being weaker by
about 5 %.

PCP13 noted a mismatch between the best-fit base ⇤CDM
model and the temperature power spectrum at multipoles ` <⇠ 40,
partly driven by the dip in the multipole range 20 <⇠ ` <⇠ 30. If
this mismatch is simply a statistical fluctuation of the ⇤CDM
model (and there is no compelling evidence to think otherwise),
the strong Planck limit (compared to forecasts) is the result of
chance low levels of scalar mode confusion. On the other hand if
the dip represents a failure of the ⇤CDM model, the 95 % limits
of Eqs. (39a) and (39b) may be underestimates. These issues are
considered at greater length in Planck Collaboration XX (2015)
and will not be discussed further in this paper.

As mentioned above, the Planck temperature constraints on
r are model-dependent and extensions to ⇤CDM can give sig-
nificantly di↵erent results. For example, extra relativistic de-
grees of freedom increase the small-scale damping of the CMB
anisotropies at a fixed angular scale, which can be compensated

34

Planck collaboration (2015)

• nsの1からのずれは
  インフレーション中の
  スローロールと関連

• プランク衛星により
   >5σで検出！

• なぜか強調されないが
   インフレーションの
   観測的証明にむけた
   きわめて重要な一歩



次のステップ：偏光Bモード

E-mode B-mode

• CMBの偏光パターンはパリティでEとBモードに
　分解できる
• 密度 (スカラー) ゆらぎからはEモードのみ
   Bモードでテンソルゆらぎ＝重力波を直接検出！
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FIG. 7. The BICEP2 EE and BB auto spectra (as shown in
Fig. 2) compared to cross spectra between BICEP2 and the
100 and 150 GHz maps from BICEP1. The error bars are the
standard deviations of the lensed-⇤CDM+noise simulations
and hence contain no sample variance on tensors. (For clarity
the cross spectrum points are o↵set horizontally.)

tions and the BICEP2⇥BICEP1
100

values modest up-
ward fluctuations—but they are compatible.)

B. Spectral index constraint

We can use the BICEP2 auto and
BICEP2⇥BICEP1

100

spectra shown in Fig. 7 to
constrain the frequency dependence of the observed sig-
nal. If the signal at 150 GHz were due to synchrotron we
would expect the frequency cross spectrum to be much
larger in amplitude than the BICEP2 auto spectrum.
Conversely, if the 150 GHz power were due to polarized
dust emission we would not expect to see a significant
correlation with the 100 GHz sky pattern.

Pursuing this formally, we use simulations of both ex-
periments observing a common sky to construct a com-
bined likelihood function for band powers 1–5 of the BI-
CEP2 auto, BICEP1

100

auto, and their cross spectrum
using the Hamimeche-Lewis [99] approximation (HL); see
B14 for implementation details. As with all likelihood
analyses we report, this procedure fully accounts for sam-
ple variance. We use this likelihood function to fit a
six-parameter model parametrized by five 150 GHz band
power amplitudes and a single common spectral index, �.
We consider two cases, in which the model accounts for
(1) the total BB signal or (2) only the excess over lensed
⇤CDM, and we take the spectral index to be the power
law exponent of this signal’s antenna temperature as a

function of frequency. We marginalize this six-parameter
model over the band powers to obtain a one-parameter
likelihood function over the spectral index.

Figure 8 shows the resulting estimates of the spectral
index, with approximate 1� uncertainty ranges. We eval-
uate the consistency with specific values of � using a
likelihood ratio test. Both the total and the excess ob-
served BB signal are consistent with the spectrum of the
CMB (� = �0.7 for these bands and conventions). The
spectrum of the excess BB signal has a CMB-to-peak
likelihood ratio of L = 0.75. Following Wilks [100] we
take �2 ⇡ �2 logL and evaluate the probability to ex-
ceed this value of �2 (for a single degree of freedom). A
synchrotron spectrum with � = �3.0 is disfavored for
the excess BB (L = 0.26, PTE 0.10, 1.6�); although
the BICEP2⇥WMAPK spectrum o↵ers a much stronger
constraint. The preferred whole-sky dust spectrum from
Planck [94], which corresponds under these conventions
to � ⇡ +1.5, is also disfavored as an explanation for the
excess BB (L = 0.24, PTE 0.09, 1.7�). We have also con-
ducted a series of simulations applying this procedure to
simulated data sets with CMB and dust spectral indices.
These simulations indicate that the observed likelihood
ratios are typical of a CMB spectral index but atypi-
cal of dust [For the dust simulations we simulate power
spectra for our sky patch using the HL likelihood func-
tion, assuming the observed BICEP2 power spectrum at
150 GHz and extrapolating to 100 GHz using a spectral
index of +1.5 for the excess above lensing. For each sim-
ulation we compute this likelihood function and calculate
the likelihood ratio of L(1.5)/L(CMB). In 45 of 500 such
simulations we find a likelihood ratio smaller than that
in our actual data.]

In the analysis above, the 100 GHz auto spectrum con-
tributes little statistical weight, so what is being con-
strained is e↵ectively the spectral index of the compo-
nent of the 100 GHz sky pattern which correlates with
the 150 GHz pattern. A mixture of synchrotron and
dust, summing to the level of the observed BB ex-
cess, could in principle be constructed to achieve any
intermediate e↵ective spectral index. Spatial correla-
tion between the two patterns is an additional poten-
tial degree of freedom. Considering a scenario with no
such correlation and nominal dust and synchrotron spec-
tral indices (�sync = �3.0), reproducing the maximum
likelihood e↵ective � = �1.65 (see Fig. 8) would re-
quire a nearly equal mix of dust and synchrotron BB
power at 150 GHz. In this scenario, the synchrotron
contribution in the BICEP2 auto spectrum would be
rsync,150 ⇡ 0.10. However, the corresponding constraint
from the BICEP2⇥WMAPK cross spectrum (Sec. IXB,
rsync,150 = 0.0014 ± 0.0071) rules this scenario out at
13.5�. Calculating the BICEP1

100

⇥WMAPK cross spec-
trum yields a similar but slightly weaker constraint: for
�sync = �3.0, rsync,150 = �0.0005 ± 0.0076, disfavoring
this scenario at 12.6�.

In a scenario with 100% correlation between syn-
chrotron and dust, an e↵ective index � = �1.65 can

Ade et al. (2014) 

• 原始重力波発見！
   r=0.2 !!  

Elise Amendola/Associated Press
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FIG. 7. The BICEP2 EE and BB auto spectra (as shown in
Fig. 2) compared to cross spectra between BICEP2 and the
100 and 150 GHz maps from BICEP1. The error bars are the
standard deviations of the lensed-⇤CDM+noise simulations
and hence contain no sample variance on tensors. (For clarity
the cross spectrum points are o↵set horizontally.)

tions and the BICEP2⇥BICEP1
100

values modest up-
ward fluctuations—but they are compatible.)

B. Spectral index constraint

We can use the BICEP2 auto and
BICEP2⇥BICEP1

100

spectra shown in Fig. 7 to
constrain the frequency dependence of the observed sig-
nal. If the signal at 150 GHz were due to synchrotron we
would expect the frequency cross spectrum to be much
larger in amplitude than the BICEP2 auto spectrum.
Conversely, if the 150 GHz power were due to polarized
dust emission we would not expect to see a significant
correlation with the 100 GHz sky pattern.

Pursuing this formally, we use simulations of both ex-
periments observing a common sky to construct a com-
bined likelihood function for band powers 1–5 of the BI-
CEP2 auto, BICEP1

100

auto, and their cross spectrum
using the Hamimeche-Lewis [99] approximation (HL); see
B14 for implementation details. As with all likelihood
analyses we report, this procedure fully accounts for sam-
ple variance. We use this likelihood function to fit a
six-parameter model parametrized by five 150 GHz band
power amplitudes and a single common spectral index, �.
We consider two cases, in which the model accounts for
(1) the total BB signal or (2) only the excess over lensed
⇤CDM, and we take the spectral index to be the power
law exponent of this signal’s antenna temperature as a

function of frequency. We marginalize this six-parameter
model over the band powers to obtain a one-parameter
likelihood function over the spectral index.

Figure 8 shows the resulting estimates of the spectral
index, with approximate 1� uncertainty ranges. We eval-
uate the consistency with specific values of � using a
likelihood ratio test. Both the total and the excess ob-
served BB signal are consistent with the spectrum of the
CMB (� = �0.7 for these bands and conventions). The
spectrum of the excess BB signal has a CMB-to-peak
likelihood ratio of L = 0.75. Following Wilks [100] we
take �2 ⇡ �2 logL and evaluate the probability to ex-
ceed this value of �2 (for a single degree of freedom). A
synchrotron spectrum with � = �3.0 is disfavored for
the excess BB (L = 0.26, PTE 0.10, 1.6�); although
the BICEP2⇥WMAPK spectrum o↵ers a much stronger
constraint. The preferred whole-sky dust spectrum from
Planck [94], which corresponds under these conventions
to � ⇡ +1.5, is also disfavored as an explanation for the
excess BB (L = 0.24, PTE 0.09, 1.7�). We have also con-
ducted a series of simulations applying this procedure to
simulated data sets with CMB and dust spectral indices.
These simulations indicate that the observed likelihood
ratios are typical of a CMB spectral index but atypi-
cal of dust [For the dust simulations we simulate power
spectra for our sky patch using the HL likelihood func-
tion, assuming the observed BICEP2 power spectrum at
150 GHz and extrapolating to 100 GHz using a spectral
index of +1.5 for the excess above lensing. For each sim-
ulation we compute this likelihood function and calculate
the likelihood ratio of L(1.5)/L(CMB). In 45 of 500 such
simulations we find a likelihood ratio smaller than that
in our actual data.]

In the analysis above, the 100 GHz auto spectrum con-
tributes little statistical weight, so what is being con-
strained is e↵ectively the spectral index of the compo-
nent of the 100 GHz sky pattern which correlates with
the 150 GHz pattern. A mixture of synchrotron and
dust, summing to the level of the observed BB ex-
cess, could in principle be constructed to achieve any
intermediate e↵ective spectral index. Spatial correla-
tion between the two patterns is an additional poten-
tial degree of freedom. Considering a scenario with no
such correlation and nominal dust and synchrotron spec-
tral indices (�sync = �3.0), reproducing the maximum
likelihood e↵ective � = �1.65 (see Fig. 8) would re-
quire a nearly equal mix of dust and synchrotron BB
power at 150 GHz. In this scenario, the synchrotron
contribution in the BICEP2 auto spectrum would be
rsync,150 ⇡ 0.10. However, the corresponding constraint
from the BICEP2⇥WMAPK cross spectrum (Sec. IXB,
rsync,150 = 0.0014 ± 0.0071) rules this scenario out at
13.5�. Calculating the BICEP1

100

⇥WMAPK cross spec-
trum yields a similar but slightly weaker constraint: for
�sync = �3.0, rsync,150 = �0.0005 ± 0.0076, disfavoring
this scenario at 12.6�.

In a scenario with 100% correlation between syn-
chrotron and dust, an e↵ective index � = �1.65 can

Ade et al. (2014) 

• 原始重力波発見！
   r=0.2 !!  
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FIG. 12. Upper: BB spectrum of the BICEP2/Keck maps be-
fore and after subtraction of the dust contribution, estimated
from the cross-spectrum with Planck 353GHz. The error bars
are the standard deviations of simulations, which, in the lat-
ter case, have been scaled and combined in the same way. The
inner error bars are from lensed-⇤CDM+noise simulations as
in the previous plots, while the outer error bars are from
the lensed-⇤CDM+noise+dust simulations. The red curve
shows the lensed-⇤CDM expectation. Lower: constraint on r
derived from the cleaned spectrum compared to the fiducial
analysis shown in Fig. 6.

analysis with the full multi-spectra likelihood. It is clear
from the widths of the likelihood curves that compressing
the spectra to form the cleaned di↵erence results in very
little loss of information on r. The di↵erence in peak
values arises from the di↵erent data treatments and is
consistent with the scatter seen across simulations. Fi-
nally, we note that one could also form a combination
(BK⇥BK�2↵BK⇥P+↵2P⇥P)/(1�↵)2 in which dust
does not enter at all for ↵ = ↵fid. However, the variance
of this combination of spectra is large due to the Planck
noise levels, and likelihoods built from this combination
are considerably less constraining.

V. POSSIBLE CAUSES OF DECORRELATION

Any systematic error that suppresses the BK150⇥P353
cross-frequency spectrum with respect to the
BK150⇥BK150 and P353⇥P353 single-frequency
spectra would cause a systematic upward bias on the r
constraint. Here we investigate a couple of possibilities.

A. Spatially varying dust frequency spectrum

If the frequency dependence of polarized dust emission
varied from place to place on the sky, it would cause the
150GHz and 353GHz dust sky patterns to decorrelate
and suppress the BK150⇥P353 cross-frequency spectrum
relative to the single-frequency spectra. The assump-
tion made so far in this paper is that such decorrela-
tion is negligible. In fact PIP-XXX implicitly tests for
such variation in their Figure 6, where the Planck single-
and cross-frequency spectra are compared to the modi-
fied blackbody model (with the cross-frequency spectra
plotted at the geometric mean of their respective frequen-
cies). This plot is for an average over a large region of low
foreground sky (24%); however, note that if there were
spatial variation of the spectral behavior anywhere in this
region it would cause suppression of the cross-frequency
spectra with respect to the single-frequency spectra.
PIP-XXX also tests explicitly for evidence of decorre-

lation of the dust pattern across frequencies. Their fig-
ure E.1 shows the results for large and small sky patches.
The signal-to-noise ratio is low in clean regions, but no
evidence of decorrelation is found.
As a further check, we artificially suppress the ampli-

tude of the BK150⇥P353 spectra in the Gaussian dust-
only simulations (see Sec. IVA) by a conservative 10%
(PIP-XXX sets a 7% upper limit). We find that the
maximum likelihood value for r shifts up by an average
of 0.018, while Ad shifts down by an average of 0.43µK2,
with the size of the shift proportional to the magnitude of
the dust power in each given realization. This behavior
is readily understandable—since the BK150⇥BK150 and
BK150⇥P353 spectra dominate the statistical weight, a
decrease of the latter is interpreted as a reduction in dust
power, which is compensated by an increase in r. The
bias on r will be linearly related to the assumed decorre-
lation factor.

B. Calibration, analysis etc.

Figure 3 shows that the EE spectrum BK150⇥BK150
is extremely similar to that for BK150⇥P143. We
can compare such spectra to set limits on possible
decorrelation between the BICEP2/Keck and Planck
maps arising from any instrumental or analysis re-
lated e↵ect, including di↵erential pointing, polarization
angle mis-characterization, etc. Taking the ratio of
BK150⇥P143 to the geometric mean of BK150⇥BK150

銀河系内のダスト
でした、、、

(Planckとjoint解析)

Ade et al. (2015) 



Bモードの重要性
• スカラーゆらぎの大きさはポテンシャルとその
   微分で決まる (P ∝ V3/V,ɸ2)

• テンソルゆらぎの大きさはポテンシャルで
   決まる (P ∝ V ∝ H2)

• Bモード観測でインフレーションのエネルギー
   スケールが決まる!

   (r ~ 0.2 → H ~ 1014GeV)

• LiteBIRDに期待



宇宙の曲率
• インフレーション理論はほぼ平坦な宇宙を予言
• 自然なインフレーションのモデルは、わずかな
   負の曲率 (ΩK ~ 10−5) を予言する
   (e.g., Guth & Nomura 2012, Kleban & Schillo 2012)

• 超高精度の曲率測定はインフレーション理論の
   独立かつ強力な検証につながる！
   (ΩK < −10−4 なら全てのモデル棄却!?)



•  aa�

Kleban & Schillo 12"
Nomura & Guth 12�

Open inflation�

ΩK ~ 10−5



宇宙の曲率の測定

12 目 次

0.1.3 光赤外の宇宙論サーベイで探る初期宇宙の物理
構造形成の標準的シナリオは、宇宙の始まりに生成された量子ゆらぎが急激な加速膨張で古典原始ゆらぎと

なり、その原始ゆらぎが種となり、膨張宇宙のなかで主にダークマターの重力の不安定性により、様々なスケー
ルの構造を形成してきたというものである。原始ゆらぎの生成メカニズムを与える有力な候補がインフレーショ
ンである。標準的なインフレーションシナリオの予言は (1) 宇宙の曲率の平坦性 (ΩK ! 0)、(2) スケール不変
な原始パワースペクトル (ns ! 1,αs ! 0)、(3) 断熱ゆらぎの初期条件、(4) 原始ゆらぎのガウス性、(5) 原始
重力波、であろう。CMBを代表とする観測データは、これら全てを支持する結果を示している。しかし、量
子重力の究極理論の有力候補である超弦理論などでトップダウン的にインフレーション理論を計算するのは未
だ不可能であり、現時点では様々な現象論的モデルが提案され、百家争鳴の状況である。また、LHC、あるい
は現技術の地上加速実験では、インフレーションのエネルギースケールを再現するのは不可能であり、宇宙観
測のみが唯一の手段である。原始重力波の探査、特に CMBの Bモード偏光の検出はインフレーションの直接
的なテストになるが、光赤外の観測には関係しないので、以下では触れない。

図 6: 赤方偏移空間の銀河相関関数のバリオン音響振動スケール
の測定から得られる角径距離 DA(z)、ハッブル膨張則 H(z) から
得られる宇宙の曲率の制限の予測値。ここでは、赤方偏移 zmax ま
での「全天」銀河分光サーベイを仮定し、期待される最善の曲率の
制限の結果、つまり有限の銀河の個数密度の影響も無視した結果
を示している。実線は、動径距離と角径距離の関係 (式 1) 、すな
わち幾何学的な関係のみを用いた場合の結果、他の線は、アイン
シュタインの場の方程式を仮定し、ハッブル膨張則がダークマター、
バリオン、ダークエネルギーのエネルギー密度の関数 H(z)2 =
H2

0

[
Ωm0(1 + z)3 + ΩK(1 + z)2 + Ωde(z)

]
で与えられることを用

い、距離の制限から曲率を制限した場合、ダークエネルギーの不定
性があるが、宇宙項の場合、あるいはダークエネルギーの状態方程
式が wde(z) = w0 + wa(1 − a) の関数で与えられる場合の結果を
示す。文献 [59]から引用。

光赤外の観測で初期宇宙あるいはインフレー
ションの物理に迫るためには、以下の 2つの
アプローチがあるだろう。まず、得られる観
測データから可能な限りの精度で上述のイン
フレーション条件をテストする。第二に、様々
なインフレショーンモデルを区別するために、
上述の最も単純なインフレーションの予言か
らの「ずれ」を探求し、モデルのテスト、選定
を行うことである。近年の進展でエキサイティ
ングな結果として、Planck衛星の CMB温度
ゆらぎ、偏光のパワースペクトルの詳細な測
定により、原始パワースペクトルの冪乗パラ
メータ (ns: tilt) が ns = 0.9652 ± 0.0062の
ように制限され、つまり完全スローロール条
件 (slow-roll condition)の ns = 1 からのずれ
が 5σ以上の統計的有意性で検出されたことが
ある。これは、インフレーション自体がダイ
ナミカルな現象であり、現在の宇宙に進化す
るために、インフレーションが終了すること、
つまり ns = 1は厳密な意味では破れているこ
とが必然条件であり、これが確認されたこと
を意味する。実際に、Planckの結果により幾
つかのインフレーションモデルは棄却されて
いる。今後もこの方向性でインフレーション
研究が進むことは間違いなく、以下では光赤
外の観測が果たすことができる役割について
議論する。

宇宙の曲率

宇宙の曲率パラメータ (ΩK) は、アインシュタイン方程式の解である一様等方宇宙モデル Friedmann-

Robertson-Walker (FRW) の最も基本的なパラメータの一つである。インフレーションは、宇宙の「観測可
能な領域」においては、宇宙の曲率はほぼ平坦に見える、つまり ΩK ! 0であることを予言する。しかし、宇

• 遠方距離観測で曲率
   の効果が直接見える
   (三角形の角度の和≠180度)

• ΩKは小さいので展開
   すると

• z~3-4までBAOなどで
  距離を精密測定する
  ことが重要

Takada et al., in prep. 
0.1. 宇宙論・構造形成 13

宙全体の真の曲率の値については、何の予言も与えない。実際に CMB、超新星、バリオン振動の測定結果は、
観測精度の範囲内で曲率が平坦である結果をサポートしている。しかし、これら曲率の制限は、アインシュタ
インの相対性理論の予言 FRWモデル、あるいは構造形成のモデルを介在したものである。これに対して、以
下に述べるように、銀河サーベイはより仮定の少ない、直接的な曲率のテストを可能にする [59]。
宇宙の大域的な幾何のために、赤方偏移 zまでの動径距離DC(z)と角径距離DA(z)は必ずしも同等ではな

く、宇宙の曲率を通して、以下のように関係している。

DA(z) ! DC(z)

[
1 +

1

6
H2

0ΩKDC(z)
2

]
, (1)

ここで、ΩK ! 0を仮定し、関係をテイラー展開した。ΩK > 0は「開いた」宇宙、ΩK = 0は「平坦」な宇
宙、そして ΩK < 0のときに「閉じた」宇宙である 1。この関係は、膨張宇宙のなかで定義した三角形の内角
の和が 180度より小さい、180度、あるいは 180度より大きいという相対論的な幾何の性質だけに起因する。
また、上式の関係は、一様等方の計量にのみ依存し、アインシュタイン方程式を用いていないことに注意され
たい。また、動径距離はハッブルの膨張則H(z)を用い、DC(z) =

∫ z
0 dz′/H(z′) のように書ける。節 0.1.2あ

るいは図 1で述べたように、赤方偏移空間の銀河クラスタリング解析からバリオン振動スケールを測定するこ
とで、角径距離DA(z)、ハッブル膨張則H(z)を測定することができる。さらに測定したH(z)から、動径距
離DC(z)を復元することも可能だろう。このように光赤外の銀河分光サーベイから、上式 (1)を検証すること
で、宇宙の曲率を直接的に制限することができる。
図 6の実線は、銀河サーベイから得られる曲率の最善の制限の予想値を示す。赤方偏移 z ∼ 5までの「全天」

銀河分光サーベイが得られれば、理想的な場合には、σ(ΩK) ! 10−3 の精度で曲率を制限することが原理的に
は可能である。さらにアインシュタインの重力理論を仮定すれば、各赤方偏移の膨張則はダークマター、バリ
オン、ダークエネルギーのエネルギー密度の関数として与えられる。

H2(z) = H2
0

[
Ωm(1 + z)3 + ΩK(1 + z)2 + Ωde(z)

]
. (2)

この関係から、観測量である角径距離、ハッブル膨張則は宇宙論パラメータで決定され、曲率パラメータを制限
することができる。しかしながら、ダークエネルギーの正体は分かっていないので、曲率の制限の精度は、どのよ
うなダークエネルギーのモデルを仮定するかに大きく依存することになる。図 6では、宇宙項の場合、あるいは
ダークエネルギーの状態方程式パラメータについて、良く用いられている現象論モデルwde(z) = w0+wa(1−a)

(w0, wa はパラメータ) を仮定した場合の結果を示す。後者の場合には、ダークエネルギーのエネルギー密度の
赤方偏移進化は、ρde(z) ∝ a−3(1+w0+wa)e−3wa(1−a) で与えられる。この場合には、ダークエネルギーのモデル
の不定性に大きく左右されるが、σ(ΩK) ∼ 10−4 の精度が達成可能である。
文献 [16]で議論されているように、宇宙の曲率はインフレーションシナリオを検証する新たな切り口であ

る。例えば、銀河サーベイにより、正の曲率 (ΩK < 0) を発見した場合、多くのインフレーションモデルを棄
却、あるいは少なくとも宇宙の初期条件に厳しい制限を与えることができる。また、原始重力波が観測可能な
程度に大きい場合には、曲率は ΩK ∼ 10−4–10−2 の程度に大きい傾向が好まれ、有限の曲率を測定すること
は、そのようなインフレーションシナリオを独立に検証することになる。いずれにせよ、有限の曲率の検出は
新たなブレークスルーであり、あらゆる手段でその可能性を探求すべきである。この目的には、より広天域、
より高赤方偏移、また赤方偏移空間でギャップのない銀河分光サーベイを行う必要がある。また、統計精度に
リミットされた精度で銀河相関関数を測定するために、十分に高い個数密度を銀河を分光できる深い分光サー
ベイが望ましい。

スケール不変原始パワースペクトル

宇宙論データから原始パワースペクトルを制限することもインフレーションの重要なテストである。CMB

を代表するこれまでのデータは、最も単純な、単一の冪乗則に従うモデル、k3Pζ(k) ∝ kns−1、と矛盾しない。
1ここでは、例えば [42] などの通例に従い、ΩK ≡ −K/H2

0 の定義を用いた。つまり負の曲率 (K < 0) のとき ΩK > 0 である。



宇宙論とサーベイ
• 理論により予言されるものは基本的には
   さまざまな物理量のアンサンブル平均

• これを空間平均した観測量と比較し検証
• 高精度の検証のためには広い領域を一様
   に観測するサーベイ観測が必要不可欠



Sloan Digital Sky Survey (SDSS)

• 2000年開始、全天の1/4
   の撮像&分光サーベイ

• 2.5mの専用望遠鏡 
　(@New Mexico, USA)

• 天文学、宇宙論の様々
   な分野で大きな成果を
   あげた

Jim Gunn



SDSSと日本
• SDSSはアメリカ、日本、ドイツの共同研究と
   してはじまった

• 日本は福来さん (現Kavli IPMU) を中心に~10人
   くらいがメンバーとして参加した

• 私の指導教員の須藤さんもメンバーだったため
   SDSSデータを使うことができた



クエーサー重力レンズ

クエーサー
(本来
の位置)

クエーサー
(観測され
る位置)

観測者
クエーサー
(観測され
る位置)

• 遠方のクエーサーが手前の天体の重力場で
   複数に分裂して観測

• 1979に発見、SDSS以前は~60例 



クエーサー重力レンズ
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(本来
の位置)
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(観測され
る位置)

観測者
クエーサー
(観測され
る位置)

• 遠方のクエーサーが手前の天体の重力場で
   複数に分裂して観測

• 1979に発見、SDSS以前は~60例 



クエーサー重力レンズの分離角分布

θ

• 複数像間の分離角はレンズ
   天体の質量で主に決まる 

   (point massだと θ∝M1/2)

• 通常の銀河がレンズ天体で
   はθは高々6”程度

• CDM理論によるとcuspyな
   ハローにより10”を超える
   銀河団重力レンズも存在
   するはず (e.g., Oguri 2002)



分離角分布 (SDSS以前)

レンズ天体=銀河

レンズ天体=銀河団
(ダークハロー)

確率的に
SDSSで
みつかる
(はず)



2002年秋
稲田直久さん

(当時宇宙線研)
の協力を得て
探索を開始

(稲田D2, 大栗D1)

今以上に何も
ない柏に足繁く
通う修行の日々
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天文月報, 97, 415 (2004)より

• 2013年5月3日、SDSS J1004+4112 (θ~15”)を発見 !

• 分離角の記録を2倍以上更新
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Gravitational lensing is a powerful tool for the study of the
distribution of dark matter in the Universe. The cold-dark-
matter model of the formation of large-scale structures (that is,
clusters of galaxies and even larger assemblies) predicts1–6 the
existence of quasars gravitationally lensed by concentrations of
dark matter7 so massive that the quasar images would be split by
over 7 arcsec. Numerous searches8–11 for large-separation lensed
quasars have, however, been unsuccessful. All of the roughly 70
lensed quasars known12, including the first lensed quasar dis-
covered13, have smaller separations that can be explained in terms
of galaxy-scale concentrations of baryonic matter. Although
gravitationally lensed galaxies14 with large separations are
known, quasars are more useful cosmological probes because
of the simplicity of the resulting lens systems. Here we report the
discovery of a lensed quasar, SDSS J100414112, which has a
maximum separation between the components of 14.62 arcsec.
Such a large separation means that the lensing object must be
dominated by dark matter. Our results are fully consistent with
theoretical expectations3–5 based on the cold-dark-matter model.

For bright quasars (i-band magnitude i , 19), the probability of
gravitational lensing15 is only about 0.1%; the majority of these
lenses have small separations, due to a single massive galaxy. The
fraction of large-separation lensed quasars is predicted to be 0.01%
or less3–5; thus it is not surprising that none have been found to
date8–11. In order to find such objects, we need samples of tens of
thousands of quasars, such as those generated by the Sloan Digital
Sky Survey16,17 (SDSS). The SDSS is conducting both a photometric
survey18–22 using five broad optical bands22 (u, g, r, i and z) and a
spectroscopic survey23 of 10,000 square degrees of the sky centred
approximately on the North Galactic Pole, using a dedicated wide-
field 2.5-m telescope at the Apache Point Observatory.

We searched for large-separation lensed quasars in a sample of
,29,500 spectroscopically confirmed SDSS quasars24 at redshifts z
of 0.6–2.3, a sample roughly three times larger than those used in
previous searches. Evenwith this large sample, the expected number
of large-separation lensed quasars is of the order of unity. In the field
around each quasar in the sample, we searched for stellar objects
with colours differing by less than 0.1 from those of the quasar, with
separations between 7.0 00 and 60.0 00 and with flux greater than one-
tenth that of the quasar. SDSS J1004þ4112 was identified as a
‘quadruple’ large-separation lensed quasar candidate using these
criteria. Only one of the four components (component B, see below)
has an SDSS spectrum (the SDSS hardware23 does not allow pairs of
objects separated by less than 55 00 to be observed on a single plate),
and therefore, we obtained spectra of all four components using the

Figure 1 The Keck spectra of the four quasar components A–D, and the brightest galaxy
G in the lensing cluster. See Fig. 2 for these identifications (A–D, and G). The data were

taken using the Low-Resolution Imaging Spectrometer29 of the Keck I telescope. The

exposure times were 900 s for each component. The dispersion is 1.09 Å pixel21. The

data were reduced in a standard method using IRAF (IRAF is the image reduction and

analysis facility, distributed by the National Optical Astronomy Observatories). The black

solid line, the red solid line, the green solid line and the blue solid line represent the

spectra of components A, B, C and D, respectively. The vertical grey dashed lines with

labels at the top of the figure (3,323.6 Å, 3,818.7 Å, 4,235.1 Å, 5,218.5 Å and 7,651.8 Å)

represent the positions of emission lines of the respective ions redshifted to z ¼ 1.734 of

Lya (1,215.67 Å), Si IV (1,396.76 Å), C IV (1,549.06 Å), C III] (1,908.73 Å) and Mg II

(2,798.75 Å), respectively. All emission lines are clearly at the same redshift. The orange

solid line represents the Keck spectrum of component G at the same dispersion. The

exposure time was also 900 s for component G. The vertical thinner grey dashed lines with

labels at the lower right of the figure (6,608.2 Å, 6,666.7 Å, 7,231.0 Å, and 8,694.0 Å)

represent the positions of absorption lines of the respective ions redshifted to z ¼ 0.680

of Ca II H&K (3,933.7 Å and 3,968.5 Å), G-band (4,304.4 Å), and Mg I B-band (5,175.3 Å),

respectively. There are no data below ,4,900 Å in the spectrum of component G.
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• 銀河団で引き起こさ
  れた、新たな種族の 
  クエーサー重力レンズ
  をSDSSで初めて発見

• 約3万個のクエーサー
   の探索で発見
  → CDM理論の予言と
       よく一致

• 大学院生が立案した
   プロジェクトの成果

Inada, Oguri, et al. Nature 426(2003)810



Hubble Space Telescope (Sharon et al. 2005)



大分離角重力レンズの像の数
二
重
像

四
重
像

三
重
像

Oguri & Keeton  ApJ 610(2004)663

• 銀河スケールでは二重と四重像
   がほとんど

• 銀河団スケールでの期待される
   像の数を、ハローの非球対称性
   を考慮して予言

• 大分離角重力レンズでは三重像
   がかなりの割合 (~50%) 観測
   されるであろう



三重像重力レンズの発見

2 Oguri et al.

Fig. 1.— Follow-up color image of SDSS J1029+2623 produced from the Keck g- and R-band images. The positions, magnitudes, and
redshifts of the lensed images and cluster members are summarized in Table 1. Several lensed arcs are also seen. Note particularly two
large blue arcs on the east and west sides of galaxies G1/G2, a red arc on the south of object C, and a blue arc located near galaxy G2.

TABLE 1
SDSS J1029+2623: Astrometry and photometry

Name ∆x [′′] ∆y [′′] B(UH) V (UH) R(UH) I(UH) g(Keck) R(Keck) Redshift

A 0.00 0.00 19.20 18.72 18.55 18.01 18.72 18.46 2.197
B −3.87 22.19 19.03 18.67 18.51 17.95 18.81 18.58 2.197
C −4.53 20.55 20.89 20.63 20.28 19.51 20.87 20.38 2.197

G1a 7.89 14.90 >23.5 22.18 20.92 19.64 22.98 20.93 0.596
G1b 8.93 14.54 >23.5 22.34 21.12 19.73 23.01 21.02 0.601
G2 19.85 14.00 >23.5 22.00 20.62 19.26 22.69 20.60 0.584

Note. — The relative positions are from the UH88 I-band image. Note that the Equatorial
J2000.0 coordinates of object A are 10:29:13.94 +26:23:17.9. The UH88 images were taken on 2006
November (B) and 2007 May (V RI), whereas the Keck images were obtained on 2008 January 4.
The magnitudes are 3′′ diameter aperture magnitudes. Measurement errors on the positions and
magnitudes are typically ! 0.′′01 and ! 0.02 mag, respectively. All the redshifts are spectroscopic,
from Inada et al. (2006) (A and B), Keck (B and C) and Subaru (G1a, G1b, G2).

quasar, as variable blue sources at this magnitude level
are typically quasars (e.g., Sesar et al. 2007).

We obtained spectra of objects B and C with the
LRIS-ADC at the Keck I telescope on 2007 December
14, and spectra of galaxies G1a, G1b, and G2 with
the Faint Object Camera and Spectrograph (FOCAS;
Kashikawa et al. 2002) at the Subaru telescope on 2007
January 23. In the Keck LRIS-ADC observation, the
800 s exposure was taken with a long slit (1.′′0 width)
aligned with objects B and C. We used the D560 dichroic
with the 400/8500 grating and the 400/3500 grism to
achieve a spectral resolution of ∼ 5Å. The observa-
tions were obtained in non-photometric conditions with
poor ∼ 2.′′0 seeing. We used the deblending procedure
of (Pindor et al. 2006) in which we assumed Gaussian
profiles for spatial cross sections to extract independent

spectra of the two components. The standard star Feige
34 (Oke 1990) was used for flux calibration. The Subaru
FOCAS observation was conducted in 2× 2 on-chip bin-
ning mode with the 300B grism and the SY47 filter. The
900 s exposure was taken in ∼ 0.′′6 seeing, with a long
slit (1.′′0 width) aligned across the galaxies G1a, G1b, and
G2. The spectral resolution with this setup is R ∼ 400.

Figure 2 unambiguously shows that component C is
a quasar with the same redshift, zs = 2.197, as compo-
nent B. The shapes of the emission and absorption lines
are similar. Note in particular similar absorptions in the
wings of the Lyα, Si IV, and C IV lines. These absorption
features are probably intrinsic to the quasar and there-
fore serve as strong evidence that objects B and C are
lensed images of the same quasar. As we expect from the
different broad band colors, image C has a redder contin-
uum than image B. A possible explanation is differential

• さらに大きい分離角 (θ~22.5”) の重力レンズ
   クエーサーをSDSSから発見

• 片側に三重像
  → 理論の期待
      どおり

SDSS J1029+2623

Oguri et al.  ApJ 676(2008)L1



Hubble Space Telescope (Oguri et al. 2013)



教訓的な何か
• ちゃんと理論的に計算したものはわりと観測で
　もみつかるものである

• 自分を規定しすぎて可能性を狭めない
   (自分は理論/観測/可視/X線/... だから云々)

• とはいっても新しいことをやるうえでその道の
   専門家にアドバイスをもらう、ないし共同研究  
   することはたいへん重要

• 夏の学校は狭い自分の研究分野を超えた人脈を
   広げうるという点で有用かも



サーベイの進展

2010 2015 2020

CFHTLS

Pan-STARRS1

SDSS I&II SDSS III SDSS IV

DES

HSC

KiDS

LSST

Euclid



Hyper Suprime-Cam (HSC)

• すばる望遠鏡に取り付けられた広視野カメラ
• 5年で300晩の観測時間を使うサーベイ観測を
   開始 (2014-)

• 日本が主導する初の大規模 (宇宙論) サーベイ
   といってよい

• PI: 宮崎聡 (国立天文台)



サーベイ速度
• サーベイ速度
   =視野×口径
 
• HSCは現段階では
   圧倒的世界一位!



HSCサーベイは
世界最先端かつ
ユニーク

from HSC SSP proposal







優れた結像性能

Satoshi Miyazaki HSC/NAOJ

HSC Best Seeing Record

Nov. 2 2013 23:25
object081
EL=62
Texp  = 300 (no guide) 
<FWHM> ~ 0''.43
Y-band

Nov. 2 2013 22:49
object059
EL=70
Texp  = 30 
<FWHM> ~ 0''.42
Y-band

1.5 deg

18

• 視野全体に渡って
   ~0.4” FWHM の
   シーイング達成
 
• 弱い重力レンズで
   大きな成果が期待
   できる

(Nov. 2 2013, y-band,30 sec)
1.5 deg



Miyazaki, Oguri, et al. ApJ 807(2015)22



Miyazaki, Oguri, et al. ApJ 807(2015)22



HSCサーベイの共同研究形態
• 日本人なら誰でも参加してデータ使用可能
• ボトムアップ的なSDSS方式を採用：各自が自分
   の興味・アイデアで自由に研究プロジェクトを
   提案し研究を行うことができる

• 実際に手を動かした人がlead authorとして論文
   執筆

• 特に若い人には大きなチャンスとなりうる



まとめ
• 宇宙論はまだまだ重要問題があり面白い
• 大規模サーベイが重要な役割を果たしている
• 日本でも世界をリードする大規模サーベイ 
   HSCサーベイがはじまったところである
   (興味がある人は天文学会年会企画セッション
    収録も参照してください
    http://optik2.mtk.nao.ac.jp/~msyktnk/tmp/hsc/asj15a/ )

http://optik2.mtk.nao.ac.jp/~msyktnk/tmp/hsc/asj15a/
http://optik2.mtk.nao.ac.jp/~msyktnk/tmp/hsc/asj15a/

