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宇宙観測による素粒子物理
• 様々な空間スケールの密度ゆらぎから調べる
ダークマター

• 宇宙膨張と密度ゆらぎの時間進化で調べる
ダークエネルギー

• 密度ゆらぎで調べるニュートリノ質量
• 原始ゆらぎで調べるインフレーション物理
• 崩壊、対消滅等によるダークマター間接検出
• 物理基礎法則、物理定数の普遍性の検証

日下氏講演 (?)

今日の話



宇宙論の最近の注目の話題

• H0問題 (?)、σ8問題 (??)
    ダークエネルギーと関係するかも (?)

• いわゆる「小スケール問題」
    ダークマターの性質と関係



宇宙膨張とハッブル定数
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ハッブル定数

含ダークエネルギー

(宇宙のスケールファクターaの時間進化)

(現在の宇宙膨張速度)



線形密度ゆらぎ進化
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線形密度ゆらぎの時間発展

ダークエネルギーの効果



標準宇宙論の精密検証
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CMBからの「外挿」
(標準宇宙論を仮定した進化)

宇宙の膨張、
ゆらぎの直接観測

無矛盾?

時間
距離

CMB観測
→ 宇宙の
「初期条件」
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Figure 1: The Current Tension in the Determination of Ho   

 

 

Figure 1: Recent values of Ho as a function of publication date since the Hubble Key 

Project (adapted from Beaton et al. 2016). Symbols in blue represent values of Ho 

determined in the nearby universe with a calibration based on the Cepheid distance scale. 

Symbols in red represent derived values of Ho based on an adopted cosmological model 

and measurements of the CMB. The blue and red shaded regions show the evolution of 

the uncertainties in these values, which have been decreasing for both methods. The most 

recent measurements disagree at greater than 3-σ.  

H0問題 (?)

Freedman 2017

2020

SH0ES (2019)
H0=74.03±1.42

P18
H0=67.4±0.5

~5σ!

CMB

距離はしご



• 標準宇宙論の破綻
     CMBからのH0は標準宇宙論を仮定した間接的測定

• 距離はしごのH0測定の系統誤差
     複雑な測定のため系統誤差の見積りは難しい

• CMBのH0測定の系統誤差
     Planck衛星の測定は正しいか？

H0問題は何を意味しているか?



標準宇宙論の破綻?
Planck Collaboration: Cosmological parameters
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Fig. 16. Comoving Hubble parameter as a function of red-
shift. The grey bands show the 68 % and 95 % confidence
ranges allowed by Planck TT,TE,EE+lowE+lensing in the base-
⇤CDM model, clearly showing the onset of acceleration around
z = 0.6. Red triangles show the BAO measurements from
BOSS DR12 (Alam et al. 2017), the green circle is from BOSS
DR14 quasars (Zarrouk et al. 2018), the orange dashed point
is the constraint from the BOSS DR14 Ly↵ auto-correlation
at z = 2.34 (de Sainte Agathe et al. 2019), and the solid gold
point is the joint constraint from the Ly↵ auto-correlation and
cross-correlation with quasars from Blomqvist et al. (2019). All
BOSS measurements are used in combination with the Planck
base-model measurements of the sound horizon rdrag, and the
DR12 points are correlated. The blue point at redshift zero shows
the inferred forward-distance-ladder Hubble measurement from
Riess et al. (2019).

model is also consistent with the most recent Ly↵ BAO mea-
surements at z ⇡ 2.3.

PCP13 and PCP15 emphasized that this mismatch between
BAO measurements and forward distance-ladder measurements
of H0 is not sensitive to the Planck data at high multipoles. For
example, combining WMAP with BAO measurements leads to
H0 = (68.14 ± 0.73) km s�1Mpc�1 for the base-⇤CDM cosmol-
ogy, which is discrepant with the R18 value at the 2.9� level.

Heavens et al. (2014), Cuesta et al. (2015), and
Aubourg et al. (2015) showed that the combination of CMB,
BAO, and SNe data provides a powerful “inverse-distance-
ladder” approach to constructing a physically calibrated
distance-redshift relation down to very low redshift. For the
base-⇤CDM model, this inverse-distance-ladder approach
can be used to constrain H0 without using any CMB mea-
surements at all, or by only using constraints on the CMB
parameter ✓MC (see also Bernal et al. 2016; Addison et al.
2018; DES Collaboration 2018a; Lemos et al. 2019). This is
illustrated in Fig. 17, which shows how the constraints on
H0 and ⌦m converge to the Planck values as more data are
included. The green contours show the constraints from BAO
and the Pantheon SNe data, together with a BBN constraint
on the baryon density (⌦bh2 = 0.0222 ± 0.0005) based on the
primordial deuterium abundance measurements of Cooke et al.
(2018, see Sect. 7.6). The dashed contours in this figure
show how the green contours shift if the Pantheon SNe data
are replaced by the JLA SNe sample. Adding Planck CMB

Fig. 17. Inverse-distance-ladder constraints on the Hubble pa-
rameter and ⌦m in the base-⇤CDM model, compared to the
result from the full Planck CMB power-spectrum data. BAO
data constrain the ratio of the sound horizon at the epoch of
baryon drag and the distances; the sound horizon depends on
the baryon density, which is constrained by the conservative
prior of ⌦bh2 = 0.0222 ± 0.0005, based on the measurement of
D/H by Cooke et al. (2018) and standard BBN with modelling
uncertainties. Adding Planck CMB lensing constrains the mat-
ter density, or adding a conservative Planck CMB “BAO” mea-
surement (100✓MC = 1.0409 ± 0.0006) gives a tight constraint
on H0, comparable to that from the full CMB data set. Grey
bands show the local distance-ladder measurement of Riess et al.
(2019). Contours contain 68 % and 95 % of the probability.
Marginalizing over the neutrino masses or allowing dark en-
ergy equation of state parameters w0 > �1 would only lower the
inverse-distance-ladder constraints on H0. The dashed contours
show the constraints from the data combination BAO+JLA+D/H
BBN .

lensing (grey contours) constrains ⌦mh2 and shifts H0 further
away from the R18 measurement. Using a “conservative”
Planck prior of 100✓MC = 1.0409 ± 0.0006 (which is con-
sistent with all of the variants of ⇤CDM considered in this
paper to within 1�, see Table 5) gives the red contours, with
H0 = (67.9 ± 0.8) km s�1Mpc�1 and ⌦m = 0.305 ± 0.001,
very close to the result using the full Planck likelihood (blue
contours). Evidently, there is a significant problem in matching
the base-⇤CDM model to the R18 results and this tension is not
confined exclusively to the Planck results.

The question then arises of whether there is a plausible ex-
tension to the base-⇤CDM model that can resolve the discrep-
ancy. Table 5 summarizes the Planck constraints on H0 for vari-
ants of ⇤CDM considered in this paper. H0 remains discrepant
with R18 in all of these cases, with the exception of models in
which we allow the dark energy equation of state to vary. For
models with either a fixed dark energy equation-of-state param-
eter, w0, or time-varying equation of state parameterized by w0
and wa (see Sect. 7.4.1 for definitions and further details), Planck
data alone lead to poor constraints on H0. However, for most
physical dark energy models where pde � �⇢de (so w0 > �1),
and the density is only important after recombination, H0 can
only decrease with respect to ⇤CDM if the measured CMB
acoustic scale is maintained, making the discrepancy with R18

26

(Planck 2018 VI)

距離はしごH0

CMB (planck衛星) H(z)
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Fig. 16. Comoving Hubble parameter as a function of red-
shift. The grey bands show the 68 % and 95 % confidence
ranges allowed by Planck TT,TE,EE+lowE+lensing in the base-
⇤CDM model, clearly showing the onset of acceleration around
z = 0.6. Red triangles show the BAO measurements from
BOSS DR12 (Alam et al. 2017), the green circle is from BOSS
DR14 quasars (Zarrouk et al. 2018), the orange dashed point
is the constraint from the BOSS DR14 Ly↵ auto-correlation
at z = 2.34 (de Sainte Agathe et al. 2019), and the solid gold
point is the joint constraint from the Ly↵ auto-correlation and
cross-correlation with quasars from Blomqvist et al. (2019). All
BOSS measurements are used in combination with the Planck
base-model measurements of the sound horizon rdrag, and the
DR12 points are correlated. The blue point at redshift zero shows
the inferred forward-distance-ladder Hubble measurement from
Riess et al. (2019).

model is also consistent with the most recent Ly↵ BAO mea-
surements at z ⇡ 2.3.

PCP13 and PCP15 emphasized that this mismatch between
BAO measurements and forward distance-ladder measurements
of H0 is not sensitive to the Planck data at high multipoles. For
example, combining WMAP with BAO measurements leads to
H0 = (68.14 ± 0.73) km s�1Mpc�1 for the base-⇤CDM cosmol-
ogy, which is discrepant with the R18 value at the 2.9� level.

Heavens et al. (2014), Cuesta et al. (2015), and
Aubourg et al. (2015) showed that the combination of CMB,
BAO, and SNe data provides a powerful “inverse-distance-
ladder” approach to constructing a physically calibrated
distance-redshift relation down to very low redshift. For the
base-⇤CDM model, this inverse-distance-ladder approach
can be used to constrain H0 without using any CMB mea-
surements at all, or by only using constraints on the CMB
parameter ✓MC (see also Bernal et al. 2016; Addison et al.
2018; DES Collaboration 2018a; Lemos et al. 2019). This is
illustrated in Fig. 17, which shows how the constraints on
H0 and ⌦m converge to the Planck values as more data are
included. The green contours show the constraints from BAO
and the Pantheon SNe data, together with a BBN constraint
on the baryon density (⌦bh2 = 0.0222 ± 0.0005) based on the
primordial deuterium abundance measurements of Cooke et al.
(2018, see Sect. 7.6). The dashed contours in this figure
show how the green contours shift if the Pantheon SNe data
are replaced by the JLA SNe sample. Adding Planck CMB

Fig. 17. Inverse-distance-ladder constraints on the Hubble pa-
rameter and ⌦m in the base-⇤CDM model, compared to the
result from the full Planck CMB power-spectrum data. BAO
data constrain the ratio of the sound horizon at the epoch of
baryon drag and the distances; the sound horizon depends on
the baryon density, which is constrained by the conservative
prior of ⌦bh2 = 0.0222 ± 0.0005, based on the measurement of
D/H by Cooke et al. (2018) and standard BBN with modelling
uncertainties. Adding Planck CMB lensing constrains the mat-
ter density, or adding a conservative Planck CMB “BAO” mea-
surement (100✓MC = 1.0409 ± 0.0006) gives a tight constraint
on H0, comparable to that from the full CMB data set. Grey
bands show the local distance-ladder measurement of Riess et al.
(2019). Contours contain 68 % and 95 % of the probability.
Marginalizing over the neutrino masses or allowing dark en-
ergy equation of state parameters w0 > �1 would only lower the
inverse-distance-ladder constraints on H0. The dashed contours
show the constraints from the data combination BAO+JLA+D/H
BBN .

lensing (grey contours) constrains ⌦mh2 and shifts H0 further
away from the R18 measurement. Using a “conservative”
Planck prior of 100✓MC = 1.0409 ± 0.0006 (which is con-
sistent with all of the variants of ⇤CDM considered in this
paper to within 1�, see Table 5) gives the red contours, with
H0 = (67.9 ± 0.8) km s�1Mpc�1 and ⌦m = 0.305 ± 0.001,
very close to the result using the full Planck likelihood (blue
contours). Evidently, there is a significant problem in matching
the base-⇤CDM model to the R18 results and this tension is not
confined exclusively to the Planck results.

The question then arises of whether there is a plausible ex-
tension to the base-⇤CDM model that can resolve the discrep-
ancy. Table 5 summarizes the Planck constraints on H0 for vari-
ants of ⇤CDM considered in this paper. H0 remains discrepant
with R18 in all of these cases, with the exception of models in
which we allow the dark energy equation of state to vary. For
models with either a fixed dark energy equation-of-state param-
eter, w0, or time-varying equation of state parameterized by w0
and wa (see Sect. 7.4.1 for definitions and further details), Planck
data alone lead to poor constraints on H0. However, for most
physical dark energy models where pde � �⇢de (so w0 > �1),
and the density is only important after recombination, H0 can
only decrease with respect to ⇤CDM if the measured CMB
acoustic scale is maintained, making the discrepancy with R18
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パッとした理論モデルがあまり存在しない…



距離はしごの系統誤差?
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Fig. 10.— Complete distance ladder. The simultaneous agreement of pairs of geometric and

Cepheid-based distances (lower left), Cepheid and SN Ia-based distances (middle panel) and SN

and redshift-based distances provides the measurement of the Hubble constant. For each step,

geometric or calibrated distances on the x-axis serve to calibrate a relative distance indicator on

the y-axis through the determination of M or H0. Results shown are an approximation to the

global fit as discussed in the text.
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    年周視差
→セファイド変光星
→Ia型超新星

Adam Riess
(SH0ES PI)

経験則…
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Abstract

We present a new and independent determination of the local value of the Hubble constant based on a calibration
of the tip of the red giant branch (TRGB) applied to Type Ia supernovae (SNeIa). We find a value of
H0=69.8±0.8 (±1.1% stat)±1.7 (±2.4% sys) km s−1 Mpc−1. The TRGB method is both precise and accurate
and is parallel to but independent of the Cepheid distance scale. Our value sits midway in the range defined by the
current Hubble tension. It agrees at the 1.2σ level with that of the Planck Collaboration et al. estimate and at the
1.7σ level with the Hubble Space Telescope (HST) SHoESmeasurement of H0 based on the Cepheid distance scale.
The TRGB distances have been measured using deep HST Advanced Camera for Surveys imaging of galaxy halos.
The zero-point of the TRGB calibration is set with a distance modulus to the Large Magellanic Cloud of
18.477±0.004 (stat)±0.020 (sys)mag, based on measurement of 20 late-type detached eclipsing binary stars,
combined with an HST parallax calibration of a 3.6 μm Cepheid Leavitt law based on Spitzer observations. We
anchor the TRGB distances to galaxies that extend our measurement into the Hubble flow using the recently
completed Carnegie Supernova Project I ( CSP-I ) sample containing about 100 well-observed SNeIa . There are
several advantages of halo TRGB distance measurements relative to Cepheid variables; these include low halo
reddening, minimal effects of crowding or blending of the photometry, only a shallow (calibrated) sensitivity to
metallicity in the I band, and no need for multiple epochs of observations or concerns of different slopes with
period. In addition, the host masses of our TRGB host-galaxy sample are higher, on average, than those of the
Cepheid sample, better matching the range of host-galaxy masses in the CSP-I distant sample and reducing
potential systematic effects in the SNeIa measurements.

Key words: cosmological parameters – distance scale – galaxies: distances and redshifts – stars: low-mass – stars:
Population II

1. Introduction

The Hubble constant (H0), which parameterizes the current
expansion rate of the universe, plays a critical role in
cosmology by setting the absolute size scale for the universe.
In recent decades, remarkable progress has been made in
improving the accuracy (by identifying and decreasing the
systematic errors) in measurements of H0. From a factor of 2
uncertainty in measuring extragalactic distances only a few
decades ago, a value of H0 measured to 10% was made
possible with the availability of the Hubble Space Telescope
(HST; Freedman et al. 2001), and more recently, the

uncertainties have been reduced to less than 5% by a number
of investigations (e.g., Freedman & Madore 2010; Freedman
et al. 2012; Riess et al. 2016; Suyu et al. 2017).
Recently, a diverse set of increasingly precise measurements

have led to convergence on a standard cosmology: a model of
the universe whose energy + matter density is dominated by
dark energy (in the form of a cosmological constant, Λ) and
cold dark matter (CDM). This concordance ΛCDM model is
consistent with a wide array of independent observations
including, but not limited to, measurement of anisotropies in the
temperature and polarization of the cosmic microwave back-
ground (CMB; e.g., Bennett et al. 2013; Planck Collaboration
et al. 2018), fluctuations in the density of baryonic matter or
baryonic acoustic oscillations (BAOs; e.g., Cole et al. 2005;
Eisenstein et al. 2005; Aubourg et al. 2015; Alam et al. 2017),
and observations of the magnitude–redshift relation for high-
redshift Type Ia supernovae (SNeIa; e.g., Riess et al. 1998;
Perlmutter et al. 1999; Betoule et al. 2014; Scolnic et al. 2018).
The temperature and polarization anisotropy spectra for the

Planck Collaboration et al. (2018) data are extremely well fit by
a six-parameter-only ΛCDM model. While some parameters

The Astrophysical Journal, 882:34 (29pp), 2019 September 1 https://doi.org/10.3847/1538-4357/ab2f73
© 2019. The American Astronomical Society.

* Based on observations made with the NASA/ESA Hubble Space Telescope,
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Association of Universities for Research in Astronomy, Inc., under NASA
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13472 and 13691.
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A Lockdown Perspective on the

Hubble Tension

(with comments from the SH0ES team)

G. Efstathiou
Kavli Institute for Cosmology Cambridge and Institute of Astronomy
Madingley Road
Cambridge CB3 OHA
UK

E-mail: gpe@ast.cam.ac.uk

Abstract. This is a transcript of a talk that I gave in Cambridge on 17th July 2020 on the
‘Hubble tension’, i.e. the discrepancy between traditional distance ladder measurements of the
Hubble constant (which I will refer to as ‘late time measurements’) and the value inferred from
observations of the cosmic microwave background (CMB) and large-scale structure (‘early
time measurements’). I review the SH0ES1 analyses by Riess and collaborators and point out
some internal inconsistencies, including a discrepancy between the relative distances inferred
from Cepheids of two of the primary geometric distance anchors, the Large Magellanic Cloud
(LMC) and NGC 4258. I then ask ‘what would it take to make SH0ES compatible with early
time measurements?’. The answer is a systematic bias of ⇠ 0.1� 0.15 mag in the intercept of
the Cepheid period-luminosity relations of SH0ES galaxies. Such a bias resolves the Hubble
tension, the tension between the distance anchors, and the difference between SH0ES and
the tip of the red giant branch (TRGB) distance ladder, as measured and calibrated by
Freedman and collaborators. I show that the difference between the TRGB and SH0ES values
of H0 is caused mainly by a systematic calibration offset. In the short term, observational
efforts should be focussed on improving the calibrations of the distance anchors and nearby
galaxies, rather than trying to measure distance moduli to more supernovae host galaxies. I
argue that an independent distance estimate to NGC 4258 is particularly critical. With such
observations, it should be possible, on a relatively short timescale, to establish definitively
whether the Hubble tension really exists.

1
SNe, H0, for the Equation of State of dark energy
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SH0ESチームの結果への「批判」



独立したH0測定の重要性

• 重力レンズ時間の遅れ
• メーザー

• 重力波 (標準音源)

• …

H0LiCOW XIII: A 2.4% measurement of H0 1

H0LiCOW XIII. A 2.4% measurement of H0 from lensed
quasars: 5.3� tension between early and late-Universe
probes
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ABSTRACT
We present a measurement of the Hubble constant (H0) and other cosmological parameters from a

joint analysis of six gravitationally lensed quasars with measured time delays. All lenses except the

first are analyzed blindly with respect to the cosmological parameters. In a flat ⇤CDM cosmology,

we find H0 = 73.3
+1.7
�1.8 km s

�1
Mpc

�1
, a 2.4% precision measurement, in agreement with local

measurements of H0 from type Ia supernovae calibrated by the distance ladder, but in 3.1� tension

with Planck observations of the cosmic microwave background (CMB). This method is completely

independent of both the supernovae and CMB analyses. A combination of time-delay cosmography

and the distance ladder results is in 5.3� tension with Planck CMB determinations of H0 in flat

⇤CDM. We compute Bayes factors to verify that all lenses give statistically consistent results,

showing that we are not underestimating our uncertainties and are able to control our systematics.

We explore extensions to flat ⇤CDM using constraints from time-delay cosmography alone, as well

as combinations with other cosmological probes, including CMB observations from Planck, baryon
acoustic oscillations, and type Ia supernovae. Time-delay cosmography improves the precision of

the other probes, demonstrating the strong complementarity. Allowing for spatial curvature does

not resolve the tension with Planck. Using the distance constraints from time-delay cosmography

to anchor the type Ia supernova distance scale, we reduce the sensitivity of our H0 inference to

cosmological model assumptions. For six di↵erent cosmological models, our combined inference onH0

ranges from ⇠ 73–78 km s
�1

Mpc
�1

, which is consistent with the local distance ladder constraints.

Key words: cosmology: observations � cosmology: cosmological parameters � dis-

tance scale � gravitational lensing: strong

? E-mail: ken.wong@ipmu.jp
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SH0ESの結果とよく一致
(but see also Birrer+2020; Denzel+2020; …)
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Fig. 18.— The Hubble constant estimated from ACT and
ACT+WMAP (this work) is in excellent agreement with the mea-
surement from Planck (Planck Collaboration VI 2018). The con-
straints are compared to the WMAP-alone estimate (Hinshaw et al.
2013) and combination of WMAP with previous ACT temperature
data (Calabrese et al. 2017) to show the additional information
coming from ACT DR4. Within the ⇤CDM model these measure-
ments agree with local measures using distances calibrated with
TRGB stars (Freedman et al. 2019), but disagree with those cali-
brated using Cepheid variable stars (Riess et al. 2019).

Fig. 19.— Correlation between the Hubble constant and the
sound horizon at the baryon-drag epoch, H0 � rdrag, showing
the CMB-SH0ES discrepancy (as in Knox & Millea 2020). Col-
ored contours are the CMB 68 and 95% constraints from ACT,
ACT+WMAP and Planck; the horizontal band is the Cepheids-
based measurement from Riess et al. (2019). To reach the higher
H0 measured by SH0ES, the CMB needs a lower value of the matter
density, ⌦m, which increases the sound horizon, as demonstrated
for ACT-alone.

are not perfectly measured we see this interplay in the
parameter correlations, highlighted in Fig. 19: a lower
matter density would increase the distance to recombi-
nation, so can be compensated with a higher Hubble con-
stant to decrease the distance. An example is given in
the Appendix B to show how a ⇤CDM universe with
H0 = 74 km/s/Mpc gives a poor fit to the data: the
matter density is reduced to better fit the peak angles,
but the peak heights cannot be su�ciently adjusted by
varying the other parameters.

8. EXTENSIONS TO ⇤CDM

The new ACT data provide us with the opportunity
to explore a number of physically-motivated single pa-
rameter extensions beyond the basic ⇤CDM model. In
doing so we look in particular for models that might re-
duce the mild 2.3� o↵set between the ACT and WMAP
data, and the slightly stronger 2.7� di↵erence between
the ACT and Planck best-fitting models.
A summary of the constraints on all of the extended

model parameters is reported in Table 5 and shown in
Fig. 20. We do not find any significant deviations from
⇤CDM, and highlight our main findings below. Figure 20
also shows how the basic six parameters move during ex-
ploration of extended models due to parameter degenera-
cies. We note that the Hubble constant is never driven
to very high values.
Like for ⇤CDM, our nominal ACT constraints are esti-

mated using the CMB-only foreground-marginalized like-
lihood, described in C20. Recall that when extract-
ing this CMB-only power we make use of the earlier
ACT MBAC data which includes 220GHz observations
and thus helps anchor the foreground model and re-
duces the associated uncertainties at high multipoles.
Slightly di↵erent results would be obtained using the
multi-frequency likelihood which does not include that
MBAC data (an example of this is shown for the e↵ec-
tive number of relativistic species, Ne↵ , in Fig. 22).

8.1. Lensing-dependent parameters

The usual assumption in ⇤CDM is that the geome-
try of the universe is flat, with no curvature. With the
ACT data we find this to be a good assumption, with no
evidence for spatial curvature from CMB alone:

⌦k = �0.001+0.014
�0.010 ACT+WMAP (21)

as shown in Fig. 21. This constraint on the curvature
comes from the lensing information in the ACT power
spectra: without lensing the curvature and the distance
to the CMB, given by a combination of ⌦ch

2, ⌦bh
2, and

H0, are degenerate. The fact that ACT sees no evidence
for an excess, or lack of, lensing compared to the ⇤CDM
model, is reflected in the lack of preference for non-zero
curvature. The Planck power spectrum data alone pre-
fer a non-flat model at the 2–3� significance (Planck Col-
laboration VI 2018) (see also Handley 2019; Di Valentino
et al. 2019); this is connected to the deviation from unity
of the expected lensing signal (AL) and its significance
is reduced with di↵erent sky fractions and Planck like-
lihood choices (Efstathiou & Gratton 2020). Our new
measurement from ACT, coupled with the reconstructed
lensing signal from Planck, lends additional support to
the explanation that the preferred non-zero curvature in

Aiola+2020

Planck衛星の結果

ACT+WMAP衛星の結果

Planck衛星の結果は(結局)正しそう…



密度ゆらぎの規格化σ8

時間進化
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P(k, z) 
[Mpc3]

z~1100
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1/(8 Mpc)

伝達関数 
(標準宇宙論を仮定し 

線形ボルツマン方程式を解く)

σ8 ∼ T(k = 1/8 Mpc, z = 0)Ak

CMBで測定する原始ゆらぎ
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Stage-III 銀河サーベイ

KiDS (2012-2019)
1500 deg2, rlim~25

DES (2013-2019)
5000 deg2, rlim~25

HSC (2014-2021)
1400 deg2, rlim~26

[すばる望遠鏡]



σ8問題 (??)
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Fig. 5. Marginalized posterior contours in the !m–σ8 plane (left) and in the !m–S8(α = 0.45) plane (right), where S8(α) ≡ σ8(!m/0.3)α , in the fiducial
$CDM model. Both 68% and 95% credible levels are shown. For comparison, we plot cosmic shear results from KiDS-450 with correlation function
(CF) estimators (Hildebrandt et al. 2017) and with quadratic estimators (QE) (Köhlinger et al. 2017) and DES Y1 (Troxel et al. 2018a) with the same set
of cosmological parameters and priors as adopted in this paper, as well as WMAP9 (yellow; Hinshaw et al. 2013) and Planck 2015 CMB constraints
without CMB lensing (purple; Planck Collaboration 2016).

of parameters account for parameters that are dominated by
the parameters whose posteriors are driven by data rather
than the priors. We find that Neff is 3.1, which results in
DOF of 56.9. The difference between Neff and the total
number of parameters in our model reflects the fact that a
number of our model parameters are prior dominated.

We find that our model reproduces the observed power
spectra quite well. Our maximum-likelihood case in the
fiducial $CDM model has a minimum χ2 of 45.4 for 56.9
DOF (p-value is 0.86), which is a very acceptable fit.6 Using
the covariance assuming Planck cosmology, the total signal-
to-noise ratio, estimated as [

∑
bb′ Cobs

b [Cov]−1Cobs
b′ ]1/2, in the

four-bin tomographic lensing spectra is 15.6 in the fiducial
range of multipoles. The signal-to-noise ratios of the cosmic
shear auto spectra in individual redshift bins are 4.9, 9.2,
12.3, and 11.5 from the lowest- to the highest-redshift bins,
respectively. Although the number of source galaxies in the
higher-redshift bins is less than in the lower-redshift bins,
the signal-to-noise ratios of the measurements are higher
due to the higher amplitudes of the cosmic shear power
spectra.

We derive marginalized posterior contours in the !m–σ 8

plane from our tomographic cosmic shear power spectrum
analysis in the fiducial $CDM model. Constraints from
cosmic shear are known to be degenerate in the !m–σ 8

plane. Cosmic shear can tightly constrain a combination
of cosmological parameters S8(α) ≡ σ 8(!m/0.3)α, which

6 Our choice of using Neff to compute the degrees of freedom is different from
the choice of using the total number of parameters made by contemporary weak
lensing analyses (Troxel et al. 2018b). Regardless of which definition we use, it
does not change our conclusion about the goodness of fit. For instance, even if we
conservatively include all parameters without the Gaussian priors to Neff, we have
53 DOF and the resulting p-value is 0.76, which is also a very acceptable fit.

we adopt to quantify cosmological constraints from the
HSC first-year data. By carrying out a linear fit of the log-
arithm of the posterior samples of !m and σ 8, we find
that the tightest constraints for S8 are obtained with α =
0.45. However, the previous studies by DES (Troxel et al.
2018b) and KiDS (Hildebrandt et al. 2017; Köhlinger et al.
2017) have presented constraints on S8 with α = 0.5. To
present best constraints as well as constraints that can be
directly compared with these previous cosmic shear results,
in this paper we present our results of S8 both for α = 0.45
and α = 0.5.

In figure 5, we show our marginalized constraints in
the !m–σ 8 and !m–S8(α = 0.45) planes. As expected,
there is no strong correlation between !m and S8. We
find S8(α = 0.45) = 0.800+0.029

−0.028 and !m = 0.162+0.086
−0.044. Our

HSC first-year cosmic shear analysis places a 3.6% frac-
tional constraint on S8, which is comparable to the results
of DES (Troxel et al. 2018b) and KiDS (Hildebrandt et al.
2017). For comparison, we find a slightly degraded con-
straint on S8(α = 0.5) = 0.780+0.030

−0.033 for α = 0.5. We com-
pare our constraints in the !m–σ 8 and !m–S8(α = 0.5)
planes with cosmic shear results from DES Y1 (Troxel
et al. 2018a) and also from KiDS-450 with two different
methods, correlation functions (CF: Hildebrandt et al.
2017) and quadratic estimators (QE: Köhlinger et al. 2017).
Note that the plotted results from DES Y1 use the same set
of cosmological parameters and priors as adopted in this
paper, and are different from the fiducial constraints in
Troxel et al. (2018a). For the KiDS results, we show the
same constraints as shown in the literature but not cor-
rected for the noise covariance (Troxel et al. 2018a). We
also note that there are also some differences in the choice
of parameters and priors. KiDS adopt wider priors on !ch2
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ferred cosmological parameters when using different two-point
statistics which exhibit an excellent goodness-of-fit. As such, we
could be subject to an unlucky noise fluctuation that particularly
impacts the band power estimator in Eq. (1). Cautiously inspect-
ing Fig. 1, as ‘�-by-eye’ is particularly dangerous with correlated
data points, we nevertheless note a handful of outlying points,
for example the low `-scales in the fifth tomographic bin. We
also note that Giblin et al. (2020) document a significant but low-
level PSF residual systematic in the KiDS-1000 fourth and fifth
tomographic bins that was shown to reduce the overall goodness-
of-fit in a cosmic shear analysis, but not bias the recovered cos-
mological parameters (see the discussion in Amara & Réfrégier
2008). Future work to remove these low-level residual distor-
tions is therefore expected to further improve the goodness-of-
fit.

3.1. Comparison with weak lensing surveys

Our results are consistent with weak lensing constraints in the
literature. We limit our discussion in this section to published
3⇥2pt analyses, referring the reader to Asgari et al. (2020b) who
discuss how the KiDS-1000 cosmic shear results compare with
other weak lensing surveys. We note that direct comparisons of
cosmological parameters should be approached with some cau-
tion, as the priors adopted by different surveys and analyses
are often informative (see section 6.1 in Joachimi et al. 2020).
Homogenising priors for cosmic shear analyses, for example,
has been shown to lead to different conclusions when assessing
inter-survey consistency (Chang et al. 2019; Joudaki et al. 2020;
Asgari et al. 2020c).

Abbott et al. (2018) present the first year 3 ⇥ 2pt DES anal-
ysis (DES Y1), finding S 8 = 0.773+0.026

�0.020, where they report
the marginal posterior maximum and the tail credible intervals.
This is in excellent agreement with our equivalent result, dif-
fering by 0.3�, with the DES-Y1 error being 40% larger than
the KiDS-1000-BOSS 3 ⇥ 2pt results. The inclusion of BOSS
to our 3 ⇥ 2pt analysis results in tight constraints on ⌦m. This
leads to joint KiDS-1000-BOSS constraints on �8 = 0.760+0.021

�0.023
that are more than twice as constraining compared to the DES
Y1-alone 3 ⇥ 2pt analysis, which found �8 = 0.817+0.045

�0.056, as
shown in Fig. 8. This comparison serves to highlight the addi-
tional power that can be extracted through the combination of
spectroscopic and photometric surveys, and the promising fu-
ture for the planned overlap between the Dark Energy Spectro-
scopic Instrument survey (DESI Collaboration et al. 2016) and
the 4-metre Multi-Object Spectroscopic Telescope (4MOST,
Richard et al. 2019), with Euclid and the Vera C. Rubin Ob-
servatory Legacy Survey of Space and Time (Laureijs et al.
2011; LSST Science Collaboration et al. 2009), in addition to
the nearer-term ⇠ 1400 deg2 of overlap between BOSS and
the Hyper Suprime-Cam Strategic Program (HSC, Aihara et al.
2019).

van Uitert et al. (2018) and Joudaki et al. (2018) present
3 ⇥ 2pt analyses for the second KiDS weak lensing release
(KiDS-450), finding, respectively, S 8 = 0.800+0.029

�0.027 (KiDS with
GAMA) and S 8 = 0.742±0.035 (KiDS with BOSS and 2dFLenS
limited to the overlap region). Both results are consistent with
our KiDS-1000 results, noting that the increase in our S 8 con-
straining power, by a factor of ⇠ 2 in this analysis, is driven by
increases in both the KiDS survey area, and the analysed BOSS
survey area.

The impact of doubling the KiDS area can be seen by com-
paring to Tröster et al. (2020), in Fig. 8, who present a joint cos-
mic shear and galaxy clustering analysis of the KV450 KiDS
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BOSS+KV450 (Tröster et al. 2020)
DES Y1 3 ⇥ 2pt (DES Collaboration 2018)
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Fig. 8: Marginalised posterior distribution in the �8-⌦m
plane, comparing the 3 ⇥ 2pt analyses from KiDS-1000 and
DES Y1 (Abbott et al. 2018) with the CMB constraints from
Planck Collaboration et al. (2018). The KiDS-1000 3 ⇥ 2pt re-
sult can also be compared to our previous KV450-BOSS analy-
sis from Tröster et al. (2020).

release with the full BOSS area, finding S 8 = 0.728±0.026. The
⇠ 40% improvement in constraining power is consistent with
expectations from the increased survey area, but a straightfor-
ward area-scaling comparison is inappropriate given that KiDS-
1000 features improvements in the accuracy of the shear and
photometric redshift calibrations, albeit at the expense of a de-
crease in the effective number density (see Giblin et al. 2020;
Hildebrandt et al. 2020b, for details).

The offset in S 8 between the KiDS-1000-BOSS and KV450-
BOSS S 8 constraints reflects a number of differences between
the two analyses. First, as the S 8 constraints from the 3 ⇥ 2pt
analysis are primarily driven by KiDS (see Fig. 6), we expect
a reasonable statistical fluctuation in this parameter given the
sampling variance arising from the significant increase in the
KiDS survey area. Using a simple model analysis in Appendix E,
we conclude that we should expect differences, on average, of
|�S 8| = 0.016, and as such the increase that we find in S 8 be-
tween KV450 and KiDS-1000 is consistent with the expectation
from simple statistical fluctuations. BOSS primarily constrains
⌦m which is impacted by the choice of prior on ns. The wider ns
prior adopted in Tröster et al. (2020), favours a slightly higher
but less well-constrained value for ⌦m, leading to a slightly
lower but less well-constrained value for �8, when combined
with cosmic shear (see Appendix B). If we had also chosen an
uninformative prior on ns for our KiDS-1000-BOSS analysis, a
decision that we cannot revise post unblinding, this would have
likely served to exacerbate any tension with the Planck CMB
constraints.
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~2-3σ



• 単なる統計的ばらつき
     銀河サーベイの進展ではっきりするはず

• 重力レンズ解析の系統誤差
     測光的赤方偏移、銀河形状測定、バリオン効果、…

• 標準宇宙論の破綻
     ダークエネルギー?? 修正重力理論??

σ8問題は何を意味しているか?

あと数年でもうちょっと状況がはっきり見えてくるはず



撮像銀河サーベイの将来計画

2020 2025 2030

HSC

Euclid衛星

LSST (チリ) 参加模索中

日本の参加決定 (PI: 大栗)

DES

KiDS

stage-III stage-IV



H0問題とσ8問題: まとめ

• CMBの初期宇宙からの測定と近傍宇宙を観測
する後期宇宙からの測定との食い違い

• 額面でH0の違いは~5σ、σ8の違いは~2-3σ

• 本当なら標準宇宙論の修正が必要だがこれと
いった理論モデルは (今のところ) あまりない

• 様々な観測、解析の相互比較による系統誤差
の慎重な見積もりが重要



小スケール: 非線形密度ゆらぎ

密度場 
ρ(x)

時間進化

重力 重力

時間進化非線形
δρ/ρ ≫ 1



ダークマターハロー

非線形
δρ/ρ ≫ 1

数値シミュレーション
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• 密度ゆらぎが非線形成長
しビリアル平衡

• ゆらぎスケール ➞ 質量

• 数値シミュレーションに 

よる性質の詳細な予言

http://www.mpa-garching.mpg.de/galform/millennium/
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バリオン物理の影響が比較的小さい
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Fig. 1.—Density of dark matter within a cluster halo of mass 5#
(top) and a galaxy halo of mass (bottom). The edge of14 1210 M 2# 10 M, ,

the box is the virial radius, 300 kpc for the galaxy and 2000 kpc for the cluster
(with peak circular velocities of 200 and 1100 km s , respectively).!1

Fig. 2.—Abundance of cosmic substructure within the Milky Way, the Virgo
Cluster, and our models of comparable masses. We plot the cumulative numbers
of halos as a function of their circular velocity, , where is1/2v = (Gm /r ) mb b bc

the bound mass within the bound radius of the substructure, normalized torb
the circular velocity, Vglobal, of the parent halo that they inhabit. The dotted
curve shows the distribution of the satellites within the Milky Way’s halo
(Mateo 1998), and the open circles with Poisson errors are data for the Virgo
Cluster (Binggeli et al. 1985). We compare these data with our simulated
galactic mass halo (dashed curves) and cluster halo (solid curve). The second
dashed curve shows data for the galaxy at an earlier epoch, 4 billion years
ago—dynamical evolution has not significantly altered the properties of the
substructure over this timescale.

make a comparative study with observations and simulations
of larger mass halos.

2. SUBSTRUCTURE WITHIN GALAXIES AND CLUSTERS

We simulate the hierarchical formation of dark matter halos
in the correct cosmological context using the high-resolution
parallel treecode PKDGRAV. An object is chosen from a sim-
ulation of an appropriate cosmological volume. The small-scale
waves of the power spectrum are realized within the volume
that collapses into this object with progressively lower reso-
lution at increasing distances from the object. The simulation
is then rerun to the present epoch with the higher mass and
force resolution. We have applied this technique to several halos
identified from a 106 Mpc3 volume, including a cluster similar
to the nearby Virgo Cluster (Ghigna et al. 1998) and a galaxy
with a circular velocity and isolation similar to the Milky Way.
The cosmology that we investigate here is one in which the

universe is dominated by a critical density of cold dark matter,
normalized to reproduce the local abundance of galaxy clusters.

The important numerical parameters to remember are that each
halo contains more than one million particles within the final
virial radius rvir and that we use a force resolution that is ∼0.1%
of rvir. Further details of computational techniques and simu-
lation parameters can be found in Ghigna et al. (1998) and
Moore et al. (1999). Here we focus our attention directly on
a comparison with observations.
Figure 1 shows the mass distribution at a redshift of z = 0

within the virial radii of our simulated cluster and galaxy. It
is virtually impossible to distinguish the two dark matter halos,
even though the cluster halo is nearly a thousand times more
massive and forms 5 Gyr later than the galaxy halo. Both
objects contain many dark matter substructure halos. We apply
a group-finding algorithm to extract the subclumps from the
simulation data, and we use the bound particles to measure
their kinematical properties directly: mass, circular velocity,
radii, and orbital parameters (cf. Ghigna et al. 1998). Although
our simulations do not include a baryonic tracer component,
we can compare the properties of these systems with obser-
vations using the Tully-Fisher relation (Tully & Fisher 1977).
This provides a simple benchmark for future studies that in-
corporate additional physics such as cooling gas and star
formation.
Figure 2 shows the observed mass (circular velocity) func-

tion of substructure within the Virgo Cluster of galaxies com-
pared with our simulation results. The circular velocities of
substructure halos are measured directly from the simulation,
while for the Virgo Cluster, we invert the Binggeli et al. lu-

ダークマターの小スケール問題

Moore+1999
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観測

• missing satellite問題
      (e.g., Klypin+1999; Moore+1999)

• core/cups問題
      (e.g., Flores, Primack 1994)

• too-big-to-fail問題
      (e.g., Boylan-Kolchin+2011)

素粒子研究の動機としても
しばしば引用される

矮小銀河に関する様々な問題



ダークマター候補

1 eV 1 GeV10−9 eV10−18 eV 1017 g

Ultralight DM
(e.g., axion-like particle)

Light DM
(e.g., sterile ν)

WIMP PBH

mass

• 非常に多岐にわたる

• いくつかは「小スケール問題」を解決可能
であり注目されている



• 様々な面での進展がある
      − 矮小銀河観測の進展
      − 銀河形成理論の発展
      − 小スケール観測の他の手段の開発

• これらの進展を簡単にレビューする

小スケール問題の現状



• 理論予言に比べて天の川銀河周りの観測され
た矮小銀河の数が少なすぎる問題

• 問題が提唱された~2000年頃に比べて色々な
進展がある

     − SDSS、Pan-STARRS、DES、HSCなどなどの     

        サーベイ観測による新しい矮小銀河の発見
     − 観測された銀河の明るさとダークマター
        質量の対応の理解の進展

Missing satellite問題
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Fig. 11. The black solid line shows the cumulative luminosity distribu-
tion of all visible satellites obtained from the study of Newton et al.
(2018), namely 124+40

−27 for MV ≤ 0. The blue solid line accounts for the
correction related only to the sky coverage, f!, HSC, of the HSC-SSP
survey and the red solid line accounts for all the corrections associated
with the HSC-SSP survey. Dotted lines above and below each of the
black, blue, and red solid lines correspond to the 68% confidence range
associated with these estimates. The green solid line corresponds to
the observed cumulative luminosity distribution of satellites identified
within the HSC-SSP footprint of ∼ 676 deg2, which consists of Sextans,
Leo IV, Pegasus III, Cetus III, Virgo I, and Boötes IV. (Color online)

MV ≤ 0. We note that this number is very weakly depen-
dent on the values for (a∗, b∗) in equation (2); varying
these over a reasonable range changes this number by only
∼0.1. In addition, Newton et al. (2018) find that the total
number of satellites is insensitive to the assumed MW halo
mass; varying that mass from 0.5 to 2.0 × 1012 M& changes
the cumulative number, N, by no more than the 68%
uncertainty range indicated above.

The green solid line in figure 11 corresponds to the
cumulative luminosity distribution of the identified satel-
lites within the HSC-SSP footprint of ∼ 676 deg2. This
sample includes six satellites of Sextans (MV = −9.3: clas-
sical dwarf), Leo IV (MV = −5.8: SDSS DR9), Pegasus III
(MV = −3.4: SDSS DR9), Cetus III (MV = −2.4: HSC),
Virgo I (MV = −0.3: HSC) and Boötes IV. That is, we
find six dwarf galaxies, whereas the model predicted only
1.5+0.4

−0.3. Thus, we apparently have a problem of too many
satellites, instead of a missing satellites problem. We note
that the Newton et al. (2018) prediction is normalized
with the sample of visible satellites found in SDSS and
DES, so it is not as sensitive to the abundance of satel-
lites at much larger distances as those found by the cur-
rent deeper survey. Also, the larger number of observed
satellites may be due to the effect of a massive dwarf
galaxy, with 109 to 1010 M&, as one of main progenitors
for the formation of the stellar halo, which merged with
the MW around 6 to 10 Gyr ago, as suggested from the
kinematics analysis of nearby stars from Gaia (e.g., Fattahi
et al. 2019; Belokurov et al. 2018; Helmi et al. 2018). If
that is the case, then this progenitor would bring additional

subhalos and thus visible satellites with it, as suggested
from the discovery of UFDs associated with the Magel-
lanic Clouds in the DES survey (Jethwa et al. 2016; Dooley
et al. 2017), as first proposed by Lynden-Bell (1976). Also,
there may exist some diversity in the luminosity func-
tion of satellites in MW-sized host galaxies, as suggested
from the recent study of nearby galaxies outside the Local
Group (Tanaka et al. 2018), implying that the total pop-
ulation of subhalos is actually sensitive to the characteris-
tics of each MW-sized host halo, including their total mass
and merging history. Indeed, if we adopt the abundance
matching model of Dooley et al. (2017) as we did in our pre-
vious papers, the predicted number of satellites in the HSC-
SSP survey area is estimated to be N = 4+8

−2, i.e., in agree-
ment with the current discovery rate of satellites within a 1σ

uncertainty. This may suggest that the models need more
refinements for the assignment of dark subhalos to visible
satellites.

The answer to this issue is beyond the scope of this work,
but will become available as further UFDs are found in the
ongoing HSC-SSP and LSST (LSST Science Collaboration
2009) projects.

5 Conclusions
From the HSC-SSP data obtained through 2018 April, we
have found a highly compelling UFD candidate, Boötes IV,
and a globular cluster candidate, HSC 1. These objects were
identified as statistically high overdensities of 32.3σ and
31.8σ , respectively, in the relevant isochrone filter with an
age of 13 Gyr and a metallicity of [M/H] = −2.2. Based
on a maximum likelihood analysis, the half-light radius
of Boötes IV is obtained as rh = 462+98

−84 pc and its V-band
absolute magnitude is MV = −4.53+0.23

−0.21 mag. This follows
the size–brightness relation for other MW dwarf satellites,
suggesting that it is a dwarf galaxy. For HSC 1, we have
obtained rh = 5.9+1.5

−1.3 pc and MV = −0.20+0.59
−0.83 mag, thus

suggesting that it is a globular cluster because its size is com-
parable with MW globular clusters of the same luminosity,
although spectroscopic studies are needed to determine if
there is evidence for associated dark matter.

In the ∼ 676 deg2 covered to-date in gri in the HSC-
SSP footprint, we have identified three new UFDs from the
HSC data (Virgo I, Cetus III, and Boötes IV) and there
exist three previously known satellites. To investigate what
this number of satellites implies in view of #CDM models,
we adopt the recent theoretical estimate of satellite pop-
ulations in a MW-sized halo by Newton et al. (2018), in
which the sample of luminous satellites found in SDSS and
DES are considered and a prior for their radial distribution
is inferred from the AQUARIUS suite of high-resolution
dark-matter-only simulations, taking into account both the
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Material [31] for a detailed discussion of anisotropies). In
agreement with Refs. [8,16], we find that the correction is
insensitive to the MW halo mass.
Radial distributions corresponding to the hypothesis that

satellites survive extreme tidal stripping (NFWand SIS) are
more centrally concentrated, resulting in smaller corrected
counts. Accounting for the effects of tidal stripping, due to
the presence of a baryonic disk as predicted by Ref. [28],
produces the largest corrections.
These results are a lower limit to the number of luminous

satellites of the MW. We have not included the satellites of
the Large Magellanic Cloud, dwarfs with surface bright-
nesses μ ≤ 30 mag arcsec−2 (“stealth galaxies,” e.g.,
Refs. [91,92]), which are below the detection limit of
SDSS DR8, although they have been found by new surveys
[4,92], and dwarfs with luminosities below Segue I’s.

Segue I itself accounts for ∼40% of the correction;
accounting for even fainter galaxies will increase the total
number significantly. The inferred luminosity function of
satellites is shown in the Supplemental Material [31].
Constraints on galaxy evolution and dark matter

models.—The calculations above set only the total number
of luminous MW satellites that we can infer exists based
on the observed dwarfs. Do the corrected counts imply that
the MSP is solved? We present our fiducial calculation
here, and provide details on choices and variants in the
Supplemental Material [31].
The number of dark matter subhalos hosted by the MW

is derived by integrating the CDM mass function, which
follows the form

dN
dM

¼ K0

!
M
M⊙

"−α Mhost

M⊙
; ð7Þ

where M denotes the mass of a subhalo at infall. The mass
function based on present day (e.g., z ¼ 0) subhalo masses
is lower due to tidal stripping [Mðz ¼ 0Þ < M]. We adopt
K0 ¼ 1.88 × 10−3 M−1

⊙ and α ¼ 1.87 as in D17. The total
number of subhalos above a threshold Mmin is thus

Nsub ¼
Z

Mhost

Mmin

dN
dM

dM: ð8Þ

Not all subhalos are believed to host galaxies [93–96].
Given the fraction of subhalos of a given mass that host a
luminous galaxy, flumðMÞ, we can derive the total number
of luminous galaxies

FIG. 2. The number of completeness corrected luminous satellites (left) and the infall mass of the lowest mass subhalo hosting a
L > 340 L⊙ galaxy (right). Colors match those in Fig. 1; the dark red denotes results based on D17. The light colored bands denote the
uncertainty due to anisotropy (based on Ref. [15]). Left: The gray-shaded region shows the predicted number of luminous satellites
expected for the MW based on the calculation described below [Eqs. (7)–(9)]. If the completeness-corrected count falls within these
bounds, there is no MSP. Right: The width of the dark bands is set by the uncertainty on the MW mass, ð1–2Þ × 1012 M⊙. The light
bands denote uncertainties due to anisotropy. The bottom axis shows the subhalo mass at infall, and the top axis shows the average
corresponding subhalo mass today [90].

TABLE I. Completeness corrected satellite counts.

Distribution
Predictions

All sky DES LSST year 1

NFW 124 11 56
SIS 157 13 69
ELVIS, stripped 139 13 65
D17 235 18 102
DMOþ gal 250–503 20–28 109–198
DMOþ gal þ GK17 830–1740 49–69 335–614
Predictions for the Dark Energy Survey (DES), when complete
after year 5, and sensitive down to apparent magnitudes V ¼ 24.7;
and for Large Synoptic Survey Telescope (LSST) after year 1,
down to V ¼ 26.

PHYSICAL REVIEW LETTERS 121, 211302 (2018)

211302-3

最近の理論と観測の比較

Kim+2018 Homma+2019

incompleteness
補正の違い

観測

理論 (incompleteness考慮)

矮小銀河明るさ
矮
小
銀
河
数

矮小銀河数

理論と一致する数

• 観測された矮小銀河むしろ多すぎ (?)
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Fig. 8.— The inner slope of the dark matter density profile plot-
ted against the radius of the innermost point. The inner density
slope α is measured by a least squares fit to the inner data point as
described in the small figure. The inner-slopes of the mass density
profiles of the 7 THINGS dwarf galaxies are overplotted with earlier
papers and they are consistent with previous measurements of LSB
galaxies. The pseudo-isothermal model is preferred over the NFW
model to explain the observational data. Gray symbols: open cir-
cles (de Blok et al. 2001); triangles (de Blok & Bosma 2002); open
stars (Swaters et al. 2003). See Section 6.3 for more discussions.

Using Eq. 15, we directly convert the total rotation
curves into mass density profiles. Here, we use the mini-
mum disk hypothesis (i.e., ignores baryons). As already
discussed in Section 5.1, our galaxies are mostly dark
matter-dominated and this “minimum disk” assumption
is a good approximation in describing their dynamics.
Particularly useful is the fact that it gives a hard upper
limit to the dark matter density.
In this way, we derive the mass density profiles of the

7 THINGS dwarf galaxies and present them in the Ap-
pendix. We also derive the mass density profiles using
the scaled rotation curves derived assuming minimum
disk in Fig. 6, and plot them in Fig. 7. The best fits of
the NFW and pseudo-isothermal models are also over-
plotted. Despite the scatter, the derived mass density
profiles are more consistent with the pseudo-isothermal
models as shown in Fig. 7.
To quantify the degree of concentration of the dark

matter distribution towards the galaxy center, we mea-
sure the logarithmic inner slope of the density profile.
For this measurement, we first need to determine a
break-radius where the slope changes most rapidly. The
inner density slope is then measured by performing a
least squares fit to the data points within the break-
radius. For the uncertainty, we re-measure the slope
twice, including the first data point outside the break-
radius and excluding the data point at the break radius.
The mean difference between these two slopes is adopted
as the slope uncertainty ∆α. The measured slope α
and slope uncertainty ∆α of the galaxies are shown in
the Appendix. In addition, we overplot the mass den-
sity profiles of NFW and pseudo-isothermal halo mod-

els which are best fitted to the rotation curves of the
galaxies. From this, we find that the mean value of the
inner density slopes for the galaxies is α=−0.29 ± 0.07
(and −0.27 ± 0.07 without Ho I which has a low incli-
nation. See Section 3.4 for details). These rather flat
slopes are in very good agreement with the value of
α = −0.2±0.2 found in the earlier work of de Blok et al.
(2001; see also de Blok & Bosma 2002) for a larger num-
ber of LSB galaxies. They are, however, in contrast with
the steep slope of ∼−0.8 predicted by ΛCDM simulations
(e.g., Stadel et al. 2009; Navarro et al. 2010) as well as
those by the classical simulations (e.g., Navarro, Frenk &
White 1996, 1997). This implies that the sample galaxies
show slightly increasing or even constant density profiles
towards their centers.
We also examine how the mass model differs when it

is based on the hermite h3 rotation curve instead of the
bulk one. For this, we use IC 2574 which shows strong
non-circular motions close to the center. As shown in the
“Mass density profile” panel of Fig. A.3, the mass den-
sity profile derived using the hermite h3 rotation curve
is found to be slightly lower than that from the bulk ro-
tation curve at the central regions. This is mainly due
to the lower hermite h3 rotation velocity, resulting in
smaller velocity gradients ∂V /∂R in Eq. 15 and thus
smaller densities. The measured inner density slope is
α=0.00± 0.19 which is similar, within the error, to that
(α=0.13± 0.07) based on the bulk rotation curve. This
supports earlier studies that suggest that the effect of
systematic non-circular motions in dwarf galaxies is not
enough to hide the central cusps (e.g., Gentile et al. 2004;
Trachternach et al. 2008; van Eymeren et al. 2009).
In Fig. 8, we plot the logarithmic inner density slope

α against resolution of a rotation curve. At high resolu-
tions (Rin < 1 kpc) the slopes of the NFW and pseudo-
isothermal halo models can be clearly distinguished but
at low resolutions (Rin ∼1 kpc) the slopes of the two
models are approximately equal (de Blok et al. 2001).
Because of their proximity (∼4 Mpc) and their highly-
resolved rotation curves, the innermost radius of the ro-
tation curves that can be probed for our galaxies is about
0.1-0.2 kpc. We also overplot the theoretical α−Rin rela-
tions of NFW and pseudo-isothermal halo models as solid
and dotted lines, respectively. The highly-resolved rota-
tion curves of our galaxies (i.e., Rin ∼0.2 kpc) deviate
significantly from the prediction of NFW CDM models.
In particular, around Rin ∼0.1 kpc where the predictions
of the two halo models are clearly distinct, the α − Rin
trend of our galaxies is more consistent with those of
pseudo-isothermal halo models.

7. CONCLUSIONS

In this paper we have presented high-resolution mass
models of the 7 dwarf galaxies, IC 2574, NGC 2366,
Ho I, Ho II, DDO 53, DDO 154 and M81dwB from the
THINGS survey, and examined their dark matter distri-
bution by comparison with classical ΛCDM simulations.
The THINGS high-resolution data significantly reduce
observational systematic effects, such as beam smear-
ing, center offset and non-circular motions. When deriv-
ing the rotation curves, we used various types of veloc-
ity fields, such as intensity-weighted mean, peak, single
Gaussian, hermite h3 and bulk velocity fields, and com-
pared the results. In particular the bulk velocity field

Oh+2011
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• 数値シミュレーション
はNFW分布を予言

    (中心でρ(r) ∝ r−1)
  

• 観測の矮小銀河のダー
クマター分布はコア的
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バリオン物理の影響
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ダークマター分布の力学的反応
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• バリオン物理の影響により内側の質量が突然Mi
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ダークマター分布の力学的反応
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Simulationでのコア分布の再現

Figure 13

The impact of baryonic feedback on the inner profiles of dark matter halos. Plotted is the inner
dark matter density slope ↵ at r = 0.015Rvir as a function of M?/Mvir for simulated galaxies at z
= 0. Larger values of ↵ ⇡ 0 imply core profiles, while lower values of ↵ . 0.8 imply cusps. The
shaded gray band shows the expected range of dark matter profile slopes for NFW profiles as
derived from dark-matter-only simulations (including concentration scatter). The filled magenta
stars and shaded purple band (to guide the eye) show the predicted inner density slopes from the
NIHAO cosmological hydrodynamic simulations by Tollet et al. (2016). The cyan stars are a
similar prediction from an entirely di↵erent suite of simulations from the FIRE-2 simulations
(Fitts et al. 2016; Hopkins et al. 2017, Chan et al., in preparation). Note that at dark matter core
formation peaks in e�ciency at M?/Mvir ⇡ 0.005, in the regime of the brightest dwarfs. Both
simulations find that for M?/Mvir . 10�4, the impact of baryonic feedback is negligible. This
critical ratio below which core formation via stellar feedback is di�cult corresponds to the regime
of classical dwarfs and ultra-faint dwarfs.

the mass in stars formed (Governato et al. 2012; Di Cintio et al. 2014). If galaxies form

enough stars, there will be enough supernovae energy to redistribute dark matter and create

significant cores. If too many baryons end up in stars, however, the excess central mass

can compensate and drag dark matter back in. At the other extreme, if too few stars are

formed, there will not be enough energy in supernovae to alter halo density structure and

the resultant dark matter distribution will resemble dark-matter-only simulations. While

the possible importance of supernova-driven blowouts for the central dark matter structure

of dwarf galaxies was already appreciated by Navarro, Eke & Frenk (1996) and Gnedin &

Zhao (2002), an important recent development is the understanding that even low-level star

formation over an extended period can drive gravitational potential fluctuations that lead

to dark matter core formation.

This general behavior is illustrated in Figure 13, which shows the impact of baryonic

28 Bullock • Boylan-Kolchin
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矮小銀河とダークマター

• 現状では標準宇宙論モデル (無衝突冷たいダー
クマター) と明確に矛盾する観測結果はない
と言ってよい



より小スケールへ

太陽質量
109 1011

矮小銀河 銀河

1013 1015

銀河団

107

星なし
ダークマター
ハロー？

ダークマター卓越ダークマター卓越 星形成影響大



小質量ダークマターハロー

• ハローの質量が≲108-9太陽質量まで小さくな
ると内部で星がほとんどできなくなる

• そのような星なしダークマターハローの観測
は標準宇宙論モデルの非線形領域での究極の
テスト

• ダークマターモデルにも非常に強い制限
• 検出法はいくつかある



例: 強い重力レンズ

Hezaveh+2016 (see also Inoue+2016)

• 強い重力レンズ系
の摂動から小質量
ハローを検出可能

~109M☉



現在の制限
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Figure 9. Marginal and joint posterior distributions for the dark matter hyper-parameters �los, ↵, ⌃sub, and mhm, which represent the
overall scaling of the line of sight halo mass function, the logarithmic slope of the subhalo mass function, the global normalization of the
subhalo mass function that accounts for evolution with halo mass and redshfit (see Equation 7), and the half-mode mass mhm relevant
to WDM models. Contours show 68% and 95% confidence intervals, while the dot-dashed lines on the marginal distributions show the
95% confidence intervals.

with the aim of inferring ⌃sub. We marginalize over �los,
and over a theoretical-motivated prior on ↵ (between -1.95
and -1.85) based on predictions from N-body simulations
(Springel et al. 2008; Fiacconi et al. 2016).

The inference on ⌃sub is shown in Figure 10. We
infer ⌃sub = 0.055kpc�2, with a 1� confidence interval
0.029 < ⌃sub < 0.083 kpc�2. At the 2� level we obtain
⌃sub > 0.008kpc�2. We do not quote an upper 2� bound
on ⌃sub as it is prior dominated. To put these numbers in
physical units, the mean value of ⌃sub corresponds to a mean
projected mass in substructure for the lenses in our sample

between 106�109M� of 4.0⇥107M�kpc
�2, and the 1� confi-

dence interval corresponds to 2.0�6.1⇥107M�kpc
�2. At 2�,

the projected mass constraint is ⌃sub > 0.6⇥ 107M�kpc
�2.

To convert into the average projected mass, we have com-
puted the average of the projected masses for each of the
eight lenses in our sample, using the scaling of the halo mass
function with redshift in Equation 8 while assuming a halo
mass of 1013M�.

c� 0000 RAS, MNRAS 000, 1–??

Gilman+2020
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冷たいダークマター
とconsistent (mDM>5.2keV) • ~108太陽質量まで標準宇

宙論 (無衝突冷たいダーク
マター) と無矛盾

• 近い将来~106太陽質量く
らいまでいけるだろう



例: 天の川銀河の潮汐ストリーム
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dynamical evidence of a dark halo substructure 3

Figure 1. (Top) Likely members of the GD-1 stellar stream, cleanly selected using Gaia proper motions and PanSTARRS
photometry, reveal two significant gaps located at �1 ⇡ �20� and �1 ⇡ �40�, and dubbed G-20 and G-40, respectively. There
is a long, thin spur extending for ⇡ 10� from the G-40 gap. (Bottom) An idealized model of GD-1, whose progenitor disrupted
at �1 ⇡ �20� to produce the G-20 gap, and which has been perturbed by a compact, massive object to produce the G-40 gap.
The orbital structure of stars closest to the passing perturber is distorted into a loop of stars that after 0.5Gyr appears as an
underdensity coinciding with the observed gap, and extends out of the stream similar to the observed spur.

To highlight the complex structure of the GD-1
stream, we present the distribution of likely stream
members at the top of Figure 1. As a first step in find-
ing likely members, we followed Price-Whelan & Bonaca
(2018) in selecting stars consistent with an old and
metal-poor population at a distance of 8 kpc, and mov-
ing retrograde with respect to the Galactic disk, with
proper motions in the GD-1 reference frame (µ�1 , µ�2) ⇡
(�7, 0) mas yr�1. The spatial distribution of these stars
in the �2 direction (i.e. perpendicular to the stream) is
modeled as a combination of a constant background, a
stream component at the location of the main stream
track, and one additional Gaussian component on ei-
ther side of the main stream to capture stream features
beyond the main track. We solved for the normaliza-
tion, position and width of every component by explor-
ing the parameter space with an ensemble MCMC sam-
pler (Foreman-Mackey et al. 2013). We used 256 walkers
that ran for a total of 1280 steps, and kept the final 256
steps to generate posterior samples in these parameters.
The above procedure is a full-stream generalization of
the calculation in (Price-Whelan & Bonaca 2018) that
quantified the fraction of stars in the additional compo-
nents at the locations of the spur and the blob. Finally,
we define a stream membership probability, pmem, as
the joint probability of a star belonging either to the
main stream or the additional feature, evaluate these
probabilities using MCMC samples and apply them to
every star. The upper panel of Figure 1 shows stars with

pmem > 0.5, with larger and darker points representing
stars with a higher membership probability.
Most likely GD-1 members trace a thin stream, whose

width varies between � ⇡ 100 and 300. As noted by
Price-Whelan & Bonaca (2018), the stellar density along
the stream is not uniform, and there are two signifi-
cant underdensities, or gaps, located at �1 ⇡ �40� and
�1 ⇡ �20�, which we refer to as G-40 and G-20, respec-
tively. The main focus of this work are structures related
to the G-40 gap, so if not specified, the gap refers to G-
40. The additional, feature components are above the
background density in the spur region, �1 ⇡ �35�, and
the blob region, �1 ⇡ �15�, and consistent with zero
along the rest of the stream. In the following section we
present a model of GD-1 that simultaneously explains
the gap in the stream and the spur extending from the
stream.

3. MODELING THE PERTURBED GD-1 STREAM

3.1. Setup and the fiducial model

Unlike the observed GD-1, a globular cluster disrupt-
ing on the GD-1 orbit in a simple — analytic and smooth
— galaxy creates a stream that is also smooth (Price-
Whelan & Bonaca 2018). This model follows stars as
they leave the progenitor, and accounts for their epicylic
motion relative to the progenitor’s orbit (Küpper et al.
2008, 2010; Fardal et al. 2015). The resulting pattern
of over- and underdensities is much more uniform than
the observed stream, so the full extent of density varia-

• 球状星団が銀河の潮汐力で破壊
された星のストリームの観測

• 小質量ハローの重力的な摂動で
ストリームが非一様に

Bonaca+2019
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FIG. 10. Measuring the subhalo mass function using the com-
bined statistics of Pal 5 and GD-1 streams. The black solid
line indicate the subhalo mass function in the fiducial CDM
only model. The gray shaded region shows mass function
as a result subhalo disruptions by a factor of 2 to 10, due
to the disk and/or the Milky Way potential. The blue er-
rorbars represent our stream measurements and is consistent
with fiducial mass function taking into account subhalo dis-
ruption.

function were held fixed at their respective fiducial value.
This is because the amplitude is negatively correlated
with mWDM and therefore lower values of mWDM can fit
the data if the amplitude is high.

For Pal 5, the posterior of the relative amplitude
plateaus at a lower value and puts a constraint of < 6.3
at 95% confidence. Similar to GD-1, the posterior on the
slope is largely flat with preference towards lower values
and insensitive to the stream statistics. The posterior on
the dark matter particle mass prefers a low value which
is due to the same reason as explained in the previous
section.

Since the individual GD-1 and Pal 5 PDFs for mWDM

are quite di↵erent, obtaining a su�cient number of ac-
cepted samples using the combined data is di�cult. We
do not pursue the joint analysis for this more general
model because GD-1 gives a stronger constraint than the
combined analysis in the previous sub-section where we
only varied mWDM. However, in the next sub-section
we include both the GD-1 and Pal 5 stream constraints
into a more general WDM analysis that also includes the

classical Milky Way satellites.

C. Including classical Milky Way satellites.

We have so far performed a conservative analysis of the
constraints on the mass function of dark matter subhalos
arising from the study of density perturbations in Milky-
Way streams only. We explore now the consequences of
also taking into account the measurement of the high-
mass end of the mass function using observations of clas-
sical Milky Way satellites. For this, we use the compila-
tion of properties of the classical satellites (with stellar
mass M⇤ > 105 M�) within 300 kpc from Ref. [83] (these
are the LMC, SMC, Sagittarius, Fornax, Sculptor, Leo I
and II, Sextans, Ursa Minor, Carina, Draco, and Canes
Venatici I). We assign dark-halo masses for all of these
satellites using the stellar-mass vs. halo-mass relation
for satellites given in Ref. [84], obtained from abundance
matching,

log10

✓
Mh

1011 M�

◆
= 0.468 log10

✓
M⇤

3 ⇥ 108 M�

◆
. (5)

We then compute the classical-satellite mass function by
counting the number of satellites in log10 Mh/M� bins
of width 0.5 between the lower limit in stellar mass of
9.4 and 11.4; the uncertainty on these numbers is Pois-
son distributed. The dark-matter subhalos probed by
our stream measurements live within ⇡ 20 kpc from the
Galactic center. To be able to combine these stream mea-
surements with the mass function derived from the clas-
sical satellites, we extrapolate their abundance assum-
ing that the radial distribution of subhalos follows the
Einasto profile from Eqn. (1). We do this for the mea-
surements of the subhalo abundance in di↵erent mass
decades from section III B (for the lowest mass bin of
106 � 107M�, we show the 95% upper limit, because of
the lack of a peak in the PDF for that bin). The resulting
subhalo mass function is shown in Figure 10.

We compare the observed subhalo mass function in the
Milky Way in Figure 10 to the predictions from dark-
matter-only (DM-only) CDM simulations (black line),
the mass function part of Eqn. (1), multiplied by a factor
of 1.6 determined by fitting the observed mass function
(see below). While the classical satellites are typically
found at great distance from the Galactic disk and their
abundance is therefore not expected to be strongly af-
fected by subhalo disruption due to the disk, the subhalo
abundance probed by our stream measurements in the
inner Milky Way is likely reduced with respect to the
DM-only prediction. A range of plausible reduction fac-
tors between 10% and 50% is indicated by the gray band
in Figure 10. It is clear that our measurements of the
abundance of low-mass dark-matter subhalos is in good
agreement with the predictions from CDM, including the
e↵ect of baryonic disruption.

To obtain further constraints on the mass of WDM
from the combined set of measurements from classi-
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FIG. 8. Posterior PDF for the thermal WDM particle mass,
obtained by comparing the power spectrum in the observed
GD-1 (blue) and Pal 5 (red) linear density, with that arising
from mock streams in presence of a population of WDM sub-
structures. The black line shows the posterior PDF for the
combined analysis of GD-1 and Pal 5 data.

at 95% (fsub . 0.3%), which applies within a radius of
⇠20 kpc which encompasses both streams.

B. Constraining the abundance of subhalos in
di↵erent mass decades

Next, we explore how the observed GD-1 and Pal 5
stream densities constrain the mass function of low-mass
dark subhalos. We do this by independently varying the
abundance of subhalos in the mass decades 105�106 M�,
106�107 M�, 107�108 M�, and 108�109 M� relative to
their respective fiducial CDM values. For each decade, we
draw a random relative subhalo abundance from a log10
uniform prior on the rate relative to the CDM rate in
each bin in the range [0.03, 10] and compute the expected
number of impacts in each bin. The total number of
impacts is computed by Poisson drawing from the sum of
the expected number of subhalo impacts over all the mass
bins. These impacts are then distributed amongst the
mass bins proportional to the relative subhalo abundance
in them and the stream simulations are run. Figure 7
shows the resulting posterior PDFs for the GD-1 stream
in blue, Pal 5 in red, and combined GD-1 and Pal 5 in
black, for the di↵erent mass decades.

The GD-1 posterior (blue curve) is largely flat in
the mass bins 105 � 106 M� (not shown here) and
106 � 107 M�, implying that the level of signal in the
measured power spectrum is insensitive to the abun-
dance of subhalos in that mass bin. This is borne out

of the fact that encounters with lower mass subhalos im-
part small scale density power which is below the level
of noise in the current data. Future surveys like LSST
could lower the noise level by resolving many more mem-
ber stars thereby making our method sensitive to lower
mass subhalos. For the higher mass bins of 107�108 M�
and 108 � 109 M�, very high subhalo abundances are
less favored as indicated by the falling PDF as we ap-
proach higher abundances. Very low abundances . 0.2⇥
fiducial CDM are also disfavored as shown by the PDF
falling sharply there. The posteriors set upper bounds of
nsub/nsub,CDM < 4.7 and < 4.9 at 95%, respectively for
107 � 108 M� and 108 � 109 M� mass bins.

The Pal 5 PDF in the mass bin 105 � 106 M� stays
flat and low for & 0.1⇥ fiducial CDM indicating that it
is una↵ected by the abundance of subhalos in this mass
bin. The PDF rises sharply at . 0.1⇥ the fiducial CDM
abundance indicating its preference for very low abun-
dance in the lowest subhalo mass bin which is also seen
in all the other mass bins. This follows from the result
of Ref. [52] who showed that the perturbations due to
the baryonic structures namely, the bar, the spiral arms
and the GMCs, can account for Pal 5’s observed density
power. Therefore, a very low subhalo abundance which
results in no significant e↵ects on the stream is preferred.
For the bin 106 � 107 M�, the PDF falls to 0 sharply at
⇠ 10⇥ CDM abundance indicating abundances higher
than that are ruled out, while placing an upper bound of
< 3⇥ CDM at 95% level. For the upper two bins, abun-
dances & 3⇥ CDM are ruled out, while placing upper
bounds of < 1.6⇥ and < 1.3⇥ CDM at 95% confidence.

The combined PDF is flat over the range of the prior
in the lowest subhalo mass bin and hence does not con-
strain its abundance (for this reason we do not show it).
For the mass bin 106 � 107 M�, the combined PDF falls
sharply at & 3⇥ fiducial CDM abundance, placing an
upper bound of < 3.6⇥ fiducial CDM at 95% confidence.
For the mass bins 107 � 108 M� and 108 � 109 M�,
the posterior peaks at relative abundances of 0.2+0.7

�0.1 and

0.2+0.5
�0.1 at 68% respectively. At 95% confidence the upper

bounds are < 1.5 and < 1.4, respectively.

IV. CONSTRAINTS ON WDM

A. Mass of the dark matter particle

Next, we use the stream data to constrain the mass of
the dark matter particle mWDM, considering dark matter
is composed entirely of thermal relic dark matter (refer to
section II C 2 on methods of incorporating thermal relic
WDM subhalos in our stream simulations). Since mWDM

is a parameter with units whose magnitude is unknown,
we consider a uniform prior in log10(mWDM) in the range
[1-50] keV, which ensures that our prior is su�ciently
non-informative (we consider other priors in Sec. IV C
below). The upper bound of 50 keV corresponds to a
half-mode mass of ⇠ 4 ⇥ 104 M� which is well below the
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ダークマター質量

• 標準宇宙論 (無衝突冷たいダークマター) と無矛盾

潮汐ストリームによる制限



他の超小質量ハロー検出法

• パルサータイミングアレイによるハロー 

接近検出 (e.g., Kashiyama, MO 2018; Dror+2019)

• 近傍弱重力レンズ (e.g., Mondino+2020)

• 重力波の弱重力レンズ効果の周波数依存性 
(e.g., MO, Takahashi 2020)

• …



「小スケール問題」: まとめ

• 標準宇宙論モデル (無衝突冷たいダークマター) 

の枠内で色々な観測は問題なく説明でき、  

明確な「問題」は今のところない

• ダークマターモデルに強い制限

• 理論 (バリオン効果) の理解の進展も一つの鍵

• より小質量のダークマターハローの調査が   

重要なフロンティア、活発な研究が進行中


