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最近良く見かけると思いますが

なぜCMB観測からニュートリノ質量の情報が得られるのか

CMB偏光観測によって、精度がどれくらい上がるか

                                          お話しします。

M. Tristram CMB2013, Okinawa (Japan)first cosmological results from Planck

neutrinos masses

• Neutrinos in cosmology
- after decoupling and thermalisation ! non relativistic 
! contribute to matter density
- cosmology sensitive to the sum of the masses :
- oscillations: 
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data 95 % CL
Planck +WP <0.93
Planck +WP + highL <0.66
Planck +WP + highL + lensing <0.84
Planck +WP + highL + BAO <0.23
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M. Tristram CMB2013, Okinawa (Japan)first cosmological results from Planck

number of neutrinos

• CMB sensitive to the number of relativistic species at decoupling
- standards neutrinos : Neff = 3.04
- confuse situation since WMAP + SPT + ACT...

19

Fig. 11.— The one-dimensional marginalized constraint on the effective number of relativistic species Neff . The standard value of

Neff = 3.046 is shown by the vertical dotted line.

TABLE 6

Constraints on Cosmological Parameters using

SPT+WMAP+H0+BAO+Clusters

ΛCDM ΛCDM ΛCDM

+ dns/d ln k + Yp + Neff

Primary 100Ωbh
2 2.23± 0.040 2.26± 0.045 2.24± 0.041

Parameters Ωch
2 0.111± 0.0020 0.111± 0.0020 0.116± 0.0054

100θs 1.04± 0.0016 1.04± 0.0019 1.04± 0.0017

ns 0.9751± 0.0110 0.9787± 0.0123 0.9757± 0.0116

τ 0.0897± 0.015 0.0852± 0.014 0.0821± 0.014

109∆2
R 2.33± 0.092 2.35± 0.082 2.37± 0.081

Extension dns/d ln k −0.017± 0.012 — —

Parameters Yp (0.2478± 0.0002) 0.288± 0.029 (0.2526± 0.004)

Neff (3.046) (3.046) 3.42± 0.32

Derived σ8 (0.809± 0.014) (0.819± 0.016) (0.823± 0.019)

χ2
min 7509.3 7509.3 7510.3

The constraints on cosmological parameters using

SPT+WMAP7+H0+BAO+Clusters, where “Clusters” refers to the local

cluster abundance measurement of Vikhlinin et al. (2009). We report the mean

of the likelihood distribution and the symmetric 68% confidence interval about

the mean.
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宇宙マイクロ波背景放射 (CMB)

ビックバンの残光 (宇宙誕生38万年後の光)
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宇宙マイクロ波背景放射 (CMB)

ビックバンの残光 (宇宙誕生38万年後の光)

現在の温度=2.725±0.002K (COBE/FIRAS)
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宇宙マイクロ波背景放射 (CMB)

ビックバンの残光 (宇宙誕生38万年後の光)

現在の温度=2.725±0.002K (COBE/FIRAS)  

異方性: 10-5  (大規模構造=現在の宇宙　の種)

Planck衛星による温度揺らぎの全天マップ
Planck衛星 (2009 - )
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宇宙マイクロ波背景放射 (CMB)

ビックバンの残光 (宇宙誕生38万年後の光)

現在の温度=2.725±0.002K (COBE/FIRAS)  

異方性: 10-5  (大規模構造=現在の宇宙の種)

直線偏光 (Eモード、Bモード)

WMAP衛星による偏光の全天マップ

CMB研究の最前線
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偏光について少し詳しく
Eモード (検出済み)

初期密度揺らぎ起源

Bモード (未検出)

原始重力波起源 (大スケール)

重力レンズ起源 (小スケール)

! !

"#$%

&'()*+,-.!/0123

!"4&5!6)7789):8;<)=!>?@A?B

CDEFGHI#$

CD%&J#$

角度スケール 
ell = 180°/θ

大スケール 小スケール

＊赤外線観測との相互相関から重力
レンズBモードは検出されている。
(arXiv:1307.5830)

偏光Bモードの検出を目指し
て世界中で競争が起こってい
る。 (2008年からKEKも参入)
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(現行の)主な偏光実験

Bモードの検出が期待できる地上実験が多数競合 

HEP出身の日本人が多数活躍(QUIET, POLARBEAR, ABS)

角度スケール大角度 小角度

検
出
器
数
 (
~
実
験
感
度
)

100

1000

10000

QUIET 

BICEP

ABS
POLARBEAR SPTpol/ACTpol

Keck Array

原始重力波(インフレーション) 重力レンズ(ニュートリノ質量 etc..)

PLANCK (衛星)

注: WMAPの検出器(@90GHz)は４個!
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(現行の)主な偏光実験

Bモードの検出が期待できる地上実験が多数競合 

HEP出身の日本人が多数活躍 (QUIET, POLARBEAR, ABS)。

角度スケール大角度 小角度

検
出
器
数
 (
~
実
験
感
度
)

100

1000

10000

QUIET 

BICEP

ABS
POLARBEAR SPTpol/ACTpol

Keck Array

原始重力波(インフレーション) 重力レンズ(ニュートリノ質量 etc..)

PLANCK (衛星)

日下
(QUIET->
ABS/MuSE)

田島
(QUIET->GB)

羽澄
(QUIET->
POLARBEAR)

西野
POLARBEAR

Belle出身組

長谷川
(QUIET->
POLARBEAR)

Kaon出身

森井
POLARBEAR

ニュートリノ出身

他にも
小栗 (原子炉ν), 山口 (LHC ATLAS), 
唐津 (RHIC PHENIX), 堀 (LHC ALICE)

11



地上実験等からのインプット

! !
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ニュートリノ振動

Δm2atm ~ 10-3 eV

Δm2sun ~ 10-5 eV

--> Σmν>0.10(IH) or 0.05eV(NH)

宇宙のエネルギー密度

観測されている物質がすべてニュートリノだとする
と (Ων~０．３）　--> Σmν < 3.7 eV

0.05 eV < Σmν < 3.7 eV
興味のある探索領域

Ωνh2 =
mν

93eV
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宇宙背景ニュートリノ

宇宙誕生2秒後に脱結合 (113 /cc/family)

CMB観測ですでに効果は観測されている (                     )

現在の温度: 1.95K (~10-4eV) 

晴れ上がりの時の平均エネルギー: 0.56eV

過去 現在

晴れ上がり (38万年) 元素合成 インフレーション? 

ニュートリノ背景放射

宇宙マイクロ波背景放射

重ければ物質、軽ければ放射として振る舞う

Neff = 3.36+0.68
−0.64
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CMBでν質量が制限できる理由

有限の質量による２つの効果

(1) 宇宙膨張への影響 (膨張は宇宙の組成が支配)

「放射」-->「物質」による違いを見る。

(2) 宇宙大規模構造への影響

速度分散が大きい為、大規模構造がならされる。

これらの効果を通して、質量に制限がつけられる。

比較的重いニュートリノ(>O(1eV))に有効

軽いニュートリノ質量和まで探索可能
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(1) 宇宙膨張への影響

0質量ニュートリノ
有質量ニュートリノ
背景ニュートリノ無し

角度スケール (l/180°)大 小

ニュートリノが質量を持つと
(晴れ上がり時に物質だと)
                 ↓

物質優勢期の開始が遅くな
る (z~3000の時には相対
論的となって、放射として振
る舞う為)
                ↓

音響振動のピークが左上
に移動する(ISW効果)

CMB温度揺らぎの1st peakから制限が付けられる。
16



WMAP 9yr. (温度揺らぎ)

標準ΛCDMモデル(=0質

量ニュートリノ)で良くデー

タを再現できている。

--> 晴れ上がり時に非相

対論的なニュートリノ

(Σmν>~3x0.56eV)の兆

候は無し。

温度揺らぎ(1st peak)からの制限 :  Σmν < 1.3 eV  

仮定も少なくクリーンな制限 。
これだけでも0νββの上限値にひけを取っていない。17



“Distance Degeneracy”

ゆらぎの大きさは、晴れ上がりまでの距離(ハッブル定数、
ΩΛ、曲率)でも調整できる = ニュートリノ質量と強く縮退。

感度を上げるにはこの縮退を解かないといけない。(例 
Σmν < 0.30 eV (PLANCK + BAO) )

CMB単体でも重力レンズ効果だと縮退が解ける。

D*

s*�a = π
D∗
s∗

komatsu et. al.
2008

18



(2) 宇宙大規模構造への影響

ニュートリノは非常に大きな速度分散を持つ

あるスケール以下には留まれない (物質としてゆら
ぎに寄与できない)

小スケールで大規模構造がならされる。
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市来氏(名古屋)
2011年春物理学会ニュートリノシンポジウムスライド

大スケール 小スケール
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(2) 宇宙大規模構造への影響
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抑制ぐあいからニュートリノ質量の情報を得る20



CMB重力レンズ効果

重力レンズ効果でCMBの像(マップ)も歪む

小スケールの温度ゆらぎがならされる。

“重力レンズ 偏光Bモード” がうまれる。

d (曲がり角)

~数分

宇宙大規模構造(LSS)

最終散乱面

観測者

21



CMB重力レンズ効果

重力レンズ効果でCMBの像(MAP)も歪む

小スケールの温度ゆらぎがならされる。

“重力レンズ 偏光Bモード” がうまれる。

d (曲がり角)

宇宙大規模構造(LSS)

最終散乱面

観測者
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CMB重力レンズ効果

重力レンズ効果でCMBの像(MAP)も歪む
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CMB重力レンズ効果

重力レンズ効果でCMBの像(MAP)も歪む

小スケールの温度ゆらぎがならされる。

“重力レンズ 偏光Bモード” がうまれる。

d (曲がり角)

宇宙大規模構造(LSS)

最終散乱面

観測者
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CMB重力レンズ効果

重力レンズ効果でCMBの像(MAP)も歪む

小スケールの温度ゆらぎがならされる。

“重力レンズ 偏光Bモード” がうまれる。

d (曲がり角)

宇宙大規模構造(LSS)

最終散乱面

観測者

Σmν = 0

Σmν = 0.2eV

(予想される)重力レンズ偏光Bモードの
パワースペクトル
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CMB重力レンズ効果

重力レンズ効果でCMBの像(MAP)も歪む

小スケールの温度ゆらぎがならされる。

“重力レンズ 偏光Bモード” がうまれる。

d (曲がり角)

宇宙大規模構造(LSS)

最終散乱面

観測者

これらの効果から、ニュートリノ質量に制限がつけられる。

注: 実際は重力ポテン
シャルを再構成して議
論しますが(その方が精
度は格段に上がる)今
日は割愛します。
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最新の観測状況 (温度ゆらぎ)

温度揺らぎの抑制はSPT実験で良く観測されている。

CMB観測only (PLANCK+WP+SPT)で

Σmν < 0.66eV (95%CL)  <--> 1.08eV (重力レンズ無し)  

!"#$%&'()'*$+',$'&-./)'0$1+((

!"#$%&'()*+,'-./

レンジングの情報
を使わない場合

使った場合

点線は重力レンズ効果
込みの温度揺らぎの予想

重力レンズ効果を通してO(<eV)の探索精度が実現できている
28
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最新の観測状況 (Bモード偏光)

SPTpolが(CIBのデータを用いて)重力レンズBモードの検出
に成功。 

偏光Bモードを用いたν質量の制限はこれから

3

FIG. 1: (Left panel): Wiener-filtered E-mode polarization measured by SPTpol at 150GHz. (Center panel): Wiener-filtered

CMB lensing potential inferred from CIB fluctuations measured by Herschel at 500µm. (Right panel): Gravitational lensing

B-mode estimate synthesized using Eq. (1). The lower left corner of each panel indicates the blue(-)/red(+) color scale.

[23] onboard the Herschel space observatory [24] as a
tracer of the CMB lensing potential φ. The CIB has
been established as a well-matched tracer of the lens-
ing potential [22, 25, 26] and currently provides a higher
signal-to-noise estimate of φ than is available with CMB
lens reconstruction. Its use in cross-correlation with the
SPTpol data also makes our measurement less sensitive
to instrumental systematic effects [27]. We focus on the
Herschel 500µm map, which has the best overlap with
the CMB lensing kernel [22].

Post-Map Analysis: We obtain Fourier-domain
CMB temperature and polarization modes using a
Wiener filter (e.g. [28] and refs. therein), derived by
maximizing the likelihood of the observed I, Q, and
U maps as a function of the fields T (�l), E(�l), and
B(�l). The filter simultaneously deconvolves the two-
dimensional transfer function due to beam, TOD filter-
ing, and map pixelization while down-weighting modes
that are “noisy” due to either atmospheric fluctuations,
extragalactic foreground power, or instrumental noise.
We place a prior on the CMB auto-spectra, using the
best-fit cosmological model given by [29]. We use a sim-
ple model for the extragalactic foreground power in tem-
perature [19]. We use jackknife difference maps to deter-
mine a combined atmosphere+instrument noise model,
following [30]. We set the noise level to infinity for any
pixels within 5� of sources detected at > 5σ in [31]. We
extend this mask to 10� for all sources with flux greater
than 50mJy, as well as galaxy clusters detected using
the Sunyaev-Zel’dovich effect in [32]. These cuts remove
approximately 5 deg2 of the total 100 deg2 survey area.
We remove spatial modes close to the scan direction with
an �x < 400 cut, as well as all modes with l > 3000. For
these cuts, our estimated beam and filter map transfer
functions are within 20% of unity for every unmasked
mode (and accounted for in our analysis in any case).

The Wiener filter naturally separates E and B con-

tributions, although in principle this separation depends
on the priors placed on their power spectra. To check
that we have successfully separated E and B, we also
form a simpler estimate using the χB formalism advo-
cated in [33]. This uses numerical derivatives to estimate
a field χB(�x) which is proportional to B in harmonic
space. This approach cleanly separates E and B, al-
though it can be somewhat noisier due to mode-mixing
induced by point source masking. We therefore do not
mask point sources when applying the χB estimator.

We obtain Wiener-filtered estimates φ̂CIB of the lensing
potential from the Herschel 500µm maps by applying an
apodized mask, Fourier transforming, and then multiply-
ing by CCIB-φ

l (CCIB-CIB
l Cφφ

l )−1. We limit our analysis to
modes l ≥ 150 of the CIB maps. We model the power
spectrum of the CIB following [34], with CCIB-CIB

l =
3500(l/3000)−1.25Jy2/sr. We model the cross-spectrum
CCIB-φ

l between the CIB fluctuations and the lensing po-
tential using the SSED model of [35], which places the
peak of the CIB emissivity at redshift zc = 2 with a
broad redshift kernel of width σz = 2. We choose a linear
bias parameter for this model to agree with the results of
[22, 26]. More realistic multi-frequency CIB models are
available (for example, [36]); however, we only require a
reasonable template. The detection significance is inde-
pendent of errors in the amplitude of the assumed CIB-φ
correlation.

Results: In Fig. 1, we plot Wiener-filtered estimates
Ê150 and φ̂CIB using the CMB measured by SPTpol at
150GHz and the CIB fluctuations traced by Herschel. In
addition, we plot our estimate of the lensing B modes,
B̂lens, obtained by applying Eq. (1) to these measure-
ments. In Fig. 2 we show the cross-spectrum between
this lensing B-mode estimate and the B modes mea-
sured directly by SPTpol. The data points are a good fit
to the expected cross-correlation, with a χ2/dof of 3.5/4
and a corresponding probability-to-exceed (PTE) of 48%.
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最新の観測状況 (Bモード偏光)

SPTpolが(CIBのデータを用いて)重力レンズBモードの検出
に成功。 

偏光Bモードを用いたν質量の制限はこれから

3

FIG. 1: (Left panel): Wiener-filtered E-mode polarization measured by SPTpol at 150GHz. (Center panel): Wiener-filtered

CMB lensing potential inferred from CIB fluctuations measured by Herschel at 500µm. (Right panel): Gravitational lensing

B-mode estimate synthesized using Eq. (1). The lower left corner of each panel indicates the blue(-)/red(+) color scale.

[23] onboard the Herschel space observatory [24] as a
tracer of the CMB lensing potential φ. The CIB has
been established as a well-matched tracer of the lens-
ing potential [22, 25, 26] and currently provides a higher
signal-to-noise estimate of φ than is available with CMB
lens reconstruction. Its use in cross-correlation with the
SPTpol data also makes our measurement less sensitive
to instrumental systematic effects [27]. We focus on the
Herschel 500µm map, which has the best overlap with
the CMB lensing kernel [22].

Post-Map Analysis: We obtain Fourier-domain
CMB temperature and polarization modes using a
Wiener filter (e.g. [28] and refs. therein), derived by
maximizing the likelihood of the observed I, Q, and
U maps as a function of the fields T (�l), E(�l), and
B(�l). The filter simultaneously deconvolves the two-
dimensional transfer function due to beam, TOD filter-
ing, and map pixelization while down-weighting modes
that are “noisy” due to either atmospheric fluctuations,
extragalactic foreground power, or instrumental noise.
We place a prior on the CMB auto-spectra, using the
best-fit cosmological model given by [29]. We use a sim-
ple model for the extragalactic foreground power in tem-
perature [19]. We use jackknife difference maps to deter-
mine a combined atmosphere+instrument noise model,
following [30]. We set the noise level to infinity for any
pixels within 5� of sources detected at > 5σ in [31]. We
extend this mask to 10� for all sources with flux greater
than 50mJy, as well as galaxy clusters detected using
the Sunyaev-Zel’dovich effect in [32]. These cuts remove
approximately 5 deg2 of the total 100 deg2 survey area.
We remove spatial modes close to the scan direction with
an �x < 400 cut, as well as all modes with l > 3000. For
these cuts, our estimated beam and filter map transfer
functions are within 20% of unity for every unmasked
mode (and accounted for in our analysis in any case).

The Wiener filter naturally separates E and B con-

tributions, although in principle this separation depends
on the priors placed on their power spectra. To check
that we have successfully separated E and B, we also
form a simpler estimate using the χB formalism advo-
cated in [33]. This uses numerical derivatives to estimate
a field χB(�x) which is proportional to B in harmonic
space. This approach cleanly separates E and B, al-
though it can be somewhat noisier due to mode-mixing
induced by point source masking. We therefore do not
mask point sources when applying the χB estimator.

We obtain Wiener-filtered estimates φ̂CIB of the lensing
potential from the Herschel 500µm maps by applying an
apodized mask, Fourier transforming, and then multiply-
ing by CCIB-φ

l (CCIB-CIB
l Cφφ

l )−1. We limit our analysis to
modes l ≥ 150 of the CIB maps. We model the power
spectrum of the CIB following [34], with CCIB-CIB

l =
3500(l/3000)−1.25Jy2/sr. We model the cross-spectrum
CCIB-φ

l between the CIB fluctuations and the lensing po-
tential using the SSED model of [35], which places the
peak of the CIB emissivity at redshift zc = 2 with a
broad redshift kernel of width σz = 2. We choose a linear
bias parameter for this model to agree with the results of
[22, 26]. More realistic multi-frequency CIB models are
available (for example, [36]); however, we only require a
reasonable template. The detection significance is inde-
pendent of errors in the amplitude of the assumed CIB-φ
correlation.

Results: In Fig. 1, we plot Wiener-filtered estimates
Ê150 and φ̂CIB using the CMB measured by SPTpol at
150GHz and the CIB fluctuations traced by Herschel. In
addition, we plot our estimate of the lensing B modes,
B̂lens, obtained by applying Eq. (1) to these measure-
ments. In Fig. 2 we show the cross-spectrum between
this lensing B-mode estimate and the B modes mea-
sured directly by SPTpol. The data points are a good fit
to the expected cross-correlation, with a χ2/dof of 3.5/4
and a corresponding probability-to-exceed (PTE) of 48%.
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FIG. 2: (Black, center bars): Cross-correlation of the lens-
ing B modes measured by SPTpol at 150GHz with lensing B
modes inferred from CIB fluctuations measured by Herschel

and E modes measured by SPTpol at 150GHz; as shown in
Fig. 1. (Green, left-offset bars): Same as black, but using E
modes measured at 95GHz, testing both foreground contam-
ination and instrumental systematics. (Orange, right-offset
bars): Same as black, but with B modes obtained using the
χB procedure described in the text rather than our fiducial
Wiener filter. (Gray bars): Curl-mode null test as described
in the text. (Dashed black curve): Lensing B-mode power
spectrum in the fiducial cosmological model.

We determine the uncertainty and normalization of the
cross-spectrum estimate using an ensemble of simulated,
lensed CMB+noise maps and simulated Herschel maps.
We obtain comparable uncertainties if we replace any of
the three fields involved in this procedure with observed
data rather than a simulation, and the normalization we
determine for each bin is within 15% of an analytical
prediction based on approximating the Wiener filtering
procedure as diagonal in Fourier space.

In addition to the cross-correlation Eφ×B, it is also
interesting to take a “lensing perspective” and rear-
range the fields to measure the correlation EB×φ. In
this approach, we perform a quadratic “EB” lens re-
construction [13] to estimate the lensing potential φ̂EB ,
which we then cross-correlate with CIB fluctuations. The
observed cross-spectrum can be compared to previous
temperature-based lens reconstruction results [22, 26].
This cross-correlation is plotted in Fig. 3. Again, the
shape of the cross-correlation which we observe is in good
agreement with the fiducial model, with a χ2/dof of 2.2/4
and a PTE of 70%.

Both the Eφ×B and EB×φ cross-spectra discussed
above are probing the three-point correlation function
(or bispectrum) between E, B, and φ that is induced by
lensing. We assess the overall significance of the measure-
ment by constructing a minimum-variance estimator for
the amplitude Â of this bispectrum, normalized to have

FIG. 3: “Lensing view” of the EBφ correlation plotted in
Fig. 2, in which we cross-correlate an EB lens reconstruc-
tion from SPTpol data with CIB intensity fluctuations mea-
sured by Herschel. Left green, center black, and right or-
ange bars are as described in Fig. 2. Previous analyses using
temperature-based lens reconstruction from Planck [26] and
SPT-SZ [22] are shown with boxes. The results of [26] are at
a nominal wavelength of 550µm, which we scale to 500µm
with a factor of 1.22 [37]. The dashed black curve gives our
fiducial model for CCIB-φ

l as described in the text.

a value of unity for the fiducial cosmology+CIB model
(analogous to the analyses of [38, 39] for the TTφ bis-
pectrum). This estimator can be written as a weighted
sum over either of the two cross-spectra already dis-
cussed. Use of Â removes an arbitrary choice between
the “lensing” or “B-mode” perspectives, as both are sim-
ply collapsed faces of the EBφ bispectrum. Relative to
our fiducial model, we measure a bispectrum amplitude
Â = 1.092± 0.141, non-zero at approximately 7.7σ.
We have tested that this result is insensitive to analy-

sis choices. Replacement of the B modes obtained using
the baseline Wiener filter with those determined using
the χB estimator causes a shift of 0.2σ. Our standard
B-mode estimate incorporates a mask to exclude bright
point sources, while the χB estimate does not. The good
agreement between them indicates the insensitivity of po-
larization lensing measurements to point-source contam-
ination. If we change the scan direction cut from lx<400
to 200 or 600, the measured amplitude shifts are less
than 1.2σ, consistent with the root-mean-squared (RMS)
shifts seen in simulations. If we repeat the analysis with-
out correcting for I → Q,U leakage, the measured ampli-
tude shifts by less than 0.1σ. A similar shift is found if
we rotate the map polarization vectors by one degree to
mimic an error in the average PSB angle.

We have produced estimates of B̂lens using alterna-
tive estimators of E. When we replace the E modes
measured at 150GHz with those measured at 95GHz,
we measure an amplitude Â = 1.225± 0.164, indicating
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最新の観測状況 (Bモード偏光)

SPTpolが(CIBのデータを用いて)重力レンズBモードの検出
に成功。 

偏光Bモードを用いたν質量の制限はこれから。

POLARBEARはBB自己相関の初検出を目指して鋭意解
析中 

3

FIG. 1: (Left panel): Wiener-filtered E-mode polarization measured by SPTpol at 150GHz. (Center panel): Wiener-filtered

CMB lensing potential inferred from CIB fluctuations measured by Herschel at 500µm. (Right panel): Gravitational lensing

B-mode estimate synthesized using Eq. (1). The lower left corner of each panel indicates the blue(-)/red(+) color scale.

[23] onboard the Herschel space observatory [24] as a
tracer of the CMB lensing potential φ. The CIB has
been established as a well-matched tracer of the lens-
ing potential [22, 25, 26] and currently provides a higher
signal-to-noise estimate of φ than is available with CMB
lens reconstruction. Its use in cross-correlation with the
SPTpol data also makes our measurement less sensitive
to instrumental systematic effects [27]. We focus on the
Herschel 500µm map, which has the best overlap with
the CMB lensing kernel [22].

Post-Map Analysis: We obtain Fourier-domain
CMB temperature and polarization modes using a
Wiener filter (e.g. [28] and refs. therein), derived by
maximizing the likelihood of the observed I, Q, and
U maps as a function of the fields T (�l), E(�l), and
B(�l). The filter simultaneously deconvolves the two-
dimensional transfer function due to beam, TOD filter-
ing, and map pixelization while down-weighting modes
that are “noisy” due to either atmospheric fluctuations,
extragalactic foreground power, or instrumental noise.
We place a prior on the CMB auto-spectra, using the
best-fit cosmological model given by [29]. We use a sim-
ple model for the extragalactic foreground power in tem-
perature [19]. We use jackknife difference maps to deter-
mine a combined atmosphere+instrument noise model,
following [30]. We set the noise level to infinity for any
pixels within 5� of sources detected at > 5σ in [31]. We
extend this mask to 10� for all sources with flux greater
than 50mJy, as well as galaxy clusters detected using
the Sunyaev-Zel’dovich effect in [32]. These cuts remove
approximately 5 deg2 of the total 100 deg2 survey area.
We remove spatial modes close to the scan direction with
an �x < 400 cut, as well as all modes with l > 3000. For
these cuts, our estimated beam and filter map transfer
functions are within 20% of unity for every unmasked
mode (and accounted for in our analysis in any case).

The Wiener filter naturally separates E and B con-

tributions, although in principle this separation depends
on the priors placed on their power spectra. To check
that we have successfully separated E and B, we also
form a simpler estimate using the χB formalism advo-
cated in [33]. This uses numerical derivatives to estimate
a field χB(�x) which is proportional to B in harmonic
space. This approach cleanly separates E and B, al-
though it can be somewhat noisier due to mode-mixing
induced by point source masking. We therefore do not
mask point sources when applying the χB estimator.

We obtain Wiener-filtered estimates φ̂CIB of the lensing
potential from the Herschel 500µm maps by applying an
apodized mask, Fourier transforming, and then multiply-
ing by CCIB-φ

l (CCIB-CIB
l Cφφ

l )−1. We limit our analysis to
modes l ≥ 150 of the CIB maps. We model the power
spectrum of the CIB following [34], with CCIB-CIB

l =
3500(l/3000)−1.25Jy2/sr. We model the cross-spectrum
CCIB-φ

l between the CIB fluctuations and the lensing po-
tential using the SSED model of [35], which places the
peak of the CIB emissivity at redshift zc = 2 with a
broad redshift kernel of width σz = 2. We choose a linear
bias parameter for this model to agree with the results of
[22, 26]. More realistic multi-frequency CIB models are
available (for example, [36]); however, we only require a
reasonable template. The detection significance is inde-
pendent of errors in the amplitude of the assumed CIB-φ
correlation.

Results: In Fig. 1, we plot Wiener-filtered estimates
Ê150 and φ̂CIB using the CMB measured by SPTpol at
150GHz and the CIB fluctuations traced by Herschel. In
addition, we plot our estimate of the lensing B modes,
B̂lens, obtained by applying Eq. (1) to these measure-
ments. In Fig. 2 we show the cross-spectrum between
this lensing B-mode estimate and the B modes mea-
sured directly by SPTpol. The data points are a good fit
to the expected cross-correlation, with a χ2/dof of 3.5/4
and a corresponding probability-to-exceed (PTE) of 48%.
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POLARBEAR-1の現状

2012年4月から本観測開始。

重力レンズBモードに特化した観測 (3°x3°のパッチを深
くサーベイ)  :  すでに >3000時間のデータ取得。

鋭意解析中 (解析パイプラインの構築(茅根)、偏光特性の
較正(西野) で大活躍中)
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POLARBEAR-2の開発現状
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POLARBEAR-2 レシーバ

直径50cmの窓

CMB史上最大の焦点面サイズ
(7566個のTESボロメータアレイ)

Challenges

1. 50cmの窓を開けながら、焦点面
を0.25Kまで冷却 (低温、光学系)

2. 7588個のボロメータを238個の
SQUIDアレイで読み出し
多重読み出し: 32MUX <- 8MUX
(Readout)

3. 7588個の検出器のQC

来年度中のdeploymentを目指してR&Dが進んでいる所。

腕に覚えのある方、ご連絡お待ちしております。
36
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直径50cmの窓

CMB史上最大の焦点面サイズ
(7566個のTESボロメータアレイ)

Challenges

1. 50cmの窓を開けながら、焦点面
を0.25Kまで冷却 (低温、光学系)

2. 7588個のボロメータを238個の
SQUIDアレイで読み出し
多重読み出し: 32MUX <- 8MUX
(Readout)

3. 7588個の検出器のQC

来年度中のdeploymentを目指してR&Dが進んでいる所。

腕に覚えのある方、ご連絡お待ちしております。
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物質揺らぎのパワースペクトル

大規模構造をトレースできる測定は他にもたくさんある。

小スケールに行くほどニュートリノ質量の効果が顕著になるので、

CMB(大~中） + その他の測定(小スケール)で攻めるのが効果的。 
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Fig. 14. CMB temperature anisotropy spectrum CT
l and matter power spectrum

P (k) for three models: the neutrinoless ΛCDM model of section 4.4.6, a more re-
alistic ΛCDM model with three massless neutrinos (fν ! 0), and finally a ΛMDM
model with three massive degenerate neutrinos and a total density fraction fν = 0.1.
In all models, the values of (ωb, ωm, ΩΛ, As, n, τ) have been kept fixed.
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Fig. 15. CMB temperature anisotropy spectrum CT
l and matter power spectrum

P (k) for three models: the same ΛCDM model as in the previous figure, with three
massless neutrinos (fν ! 0); and two models with three massive degenerate neutri-
nos and a total density fraction fν = 0.1, sharing the same value of ωb and ωcdm as
the massless model, which implies a shift either in h (green dashed) or in ΩΛ (blue
dotted).

models, the values of (ωb, ωm, ΩΛ, As, n, τ) have been kept fixed, with the
increase in ων being compensated by a decrease in ωcdm. There is a clear
difference between the neutrinoless and massless neutrino cases, caused by a
large change in the time of equality and by the role of the neutrino energy-
momentum fluctuations in the perturbed Einstein equation [91]. However our
purpose is to focus on the impact of the mass, i.e. on the difference between
the solid (red) and thick dashed (green) curves in Fig. 14.

Impact on the CMB temperature spectrum. For fν ≤ 0.1, the three
neutrino species are still relativistic at the time of decoupling, and the di-
rect effect of free-streaming neutrinos on the evolution of the baryon-photon
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ν質量の効果



CMB + 銀河サーベイ

高感度(50万個のTES)、高角度分解能なCMB偏光観測と、
広領域の銀河サーベイ(分光)が実現すれば、階層構造を決
定できる精度が期待できる (σ(Σmν) = 16meV)。
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Figure 1-3. Forecasted 1σ and 2σ constraints in the Σmν − Ωmh2
plane showing the synergy of an

experiment like DESI and a Stage-IV CMB lensing experiment. For contrast, a combination of Planck
data with the lensing information removed and DESI are shown in the red contours. The blue contours

show the constraint generated by the CMB lensing experiment, corresponding to a 24 meV constraint on

massive neutrinos. The black contours show the result of adding only DESI BAO information, resulting in

a 16 meV constraint. This can be compared to the case where no Stage-IV CMB lensing information but all

galaxy clustering information is used, yielding a 24 meV constraint. The combination of a Stage-IV CMB

experiment and BAO information from DESI should allow a robust measurement of the sum of the neutrino

masses.

information in the galaxy survey and use only the BAO constraint on the acoustic scale at low redshift.
When CMB lensing information is omitted, we use both BAO and power spectrum shape information from
the galaxy surveys.

Figure 1-4 shows the results on the plane
�

mν −Neff . Note that we do not expect that there is a physical
motivation for these two parameters to be varied at the same time - we simply do this because neutrino mass
is an unknown quantity that needs to be marginalized over. The majority of information in this case comes
from precise measurements of the photon diffusion scale relative to the sound horizons scale as described
in the previous section. Here, the addition of high accuracy E-mode polarization measured to fine angular
scales allows these two quantities to be measured with sufficient precision to decrease the error bars several-
fold with respect to Planck data. The addition of broadband galaxy power spectra does not help in this
case.

This accuracy will not allow to distinguish between Neff = 3 and Neff = 3.046 at more than 2σ. However,
we note that even if the true value of Neff is not 3.046, it is highly unlikely to be the unphysical value of
a simplified model Neff = 3. We argue that the error on Neff is of the same order of magnitude as typical
corrections stemming from detailed modeling of the thermodynamical processes in the early universe and
therefore we are sensitive to the non-standard physics of those processes.

Community Planning Study: Snowmass 2013
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data with the lensing information removed and DESI are shown in the red contours. The blue contours

show the constraint generated by the CMB lensing experiment, corresponding to a 24 meV constraint on

massive neutrinos. The black contours show the result of adding only DESI BAO information, resulting in

a 16 meV constraint. This can be compared to the case where no Stage-IV CMB lensing information but all

galaxy clustering information is used, yielding a 24 meV constraint. The combination of a Stage-IV CMB

experiment and BAO information from DESI should allow a robust measurement of the sum of the neutrino

masses.
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When CMB lensing information is omitted, we use both BAO and power spectrum shape information from
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mν −Neff . Note that we do not expect that there is a physical
motivation for these two parameters to be varied at the same time - we simply do this because neutrino mass
is an unknown quantity that needs to be marginalized over. The majority of information in this case comes
from precise measurements of the photon diffusion scale relative to the sound horizons scale as described
in the previous section. Here, the addition of high accuracy E-mode polarization measured to fine angular
scales allows these two quantities to be measured with sufficient precision to decrease the error bars several-
fold with respect to Planck data. The addition of broadband galaxy power spectra does not help in this
case.

This accuracy will not allow to distinguish between Neff = 3 and Neff = 3.046 at more than 2σ. However,
we note that even if the true value of Neff is not 3.046, it is highly unlikely to be the unphysical value of
a simplified model Neff = 3. We argue that the error on Neff is of the same order of magnitude as typical
corrections stemming from detailed modeling of the thermodynamical processes in the early universe and
therefore we are sensitive to the non-standard physics of those processes.

Community Planning Study: Snowmass 2013

ちなみに、黒線 (重力レンズ効果をCMBで見る) vs 緑線 (重力
レンズ効果を銀河サーベイで見る)　からも、CMB観測が効果
的にニュートリノ質量の制限に効いているのがわかる。



CMB + 21cm 観測

ニュートリノ質量の制限についての議論も、開始されている。
42

21cm トモグラフィー (中性水素からの微弱な電波)

有利な点:

• 小スケールまでゆらぎが線形
• z > 6に感度 (DEは効かない)
• トモグラフィーができる。(階層性に
も言及可能)

  <-->  CMBと相補的

要検討な点:

• 再電離の仕方
• 前景放射
• 銀河バイアス

詳しくはAstrophys.J.653:810-830 (2006) 等



CMB + 21cm 観測からの制限

CMB (Planck+Simons Array) +21cmで、IHの場合有限質量
の効果を有意に観測できる見込み。　＊2016年頃~の実験

大山さん、郡さん(KEK宇宙理論) & 羽澄 in preparation (2013)
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他の宇宙観測によるν質量制限

天文月報(斎藤俊氏)
より転用

現状の予測 : 宇宙論パラメータの値や、系統誤差の議論など、
不確実な所も多いが、概ねどの観測でも明るい未来は描けて
いる。



まとめ
ニュートリノの有限質量は宇宙の進化に大きな影響を及ぼす

CMB観測からもニュートリノ質量に制限がつけられる。

膨張則への影響   <--  主に温度ゆらぎの情報が活躍

大規模構造への影響  <-- 偏光観測が(これから)活躍

高角度分解能のCMB偏光観測

POLARBEAR (KEKが参加している), SPTpol,  ACTpol

逆階層構造であれば、将来CMBのみで有限なν質
量の兆候を捉えられる可能性は大。

宇宙観測(CMB+他の観測)からの制限も検討が進んでいる

和が0.1eV以下である事が言えれば、IHは棄却できる。      
--> 将来実験で(σ~数十eV)階層構造に決着が付く。
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