
Atsushi Taruya 
 (Yukawa Institute for Theoretical Physics)

Introduction to cosmology

2-5 June 2025 

East Asian Meeting on Large Galaxy 
Surveys for Cosmology and Galaxy 
Formation

Y  TP
YUKAWA INSTITUTE FOR 
THEORETICAL PHYSICS



Contents

• Introduction

• Standard cosmological model ( CDM model)

• Unresolved issues & tensions

• Future prospects beyond  CDM model

• Summary

Λ

Λ

Overview of cosmology with large-scale structure observations



Cosmology
is a branch of physics dealing with the nature of the universe

wikipedia Death Valley

=Physical cosmology
Top-down approach 

Bottom-up approach

builds up a theoretically consistent model and/or scenario of the origin and early 
universe based on fundamental theory of physics

Constructs a theory that describes the evolution of the universe based on 
observations, and test the hypotheses and principles underlying the theory

https://en.wikipedia.org/wiki/Nature


Cosmological observations
Targets are astronomical objects (or phenomena) that can carry cosmological 
information Cosmic expansion & 

structure formation
The Astrophysical Journal, 784:90 (27pp), 2014 April 1 Okabe et al.

Figure 5. X-ray surface brightness distribution in the 0.1–2.4 keV band from
ROSAT X-ray satellite. The contours of the mass map are overlaid with
FWHM = 8.′3, taking into account the LSS lensing model. The contour level
starts at 1σ and increases in steps of 1σ .
(A color version of this figure is available in the online journal.)

the model does not perfectly describe the full LSS lensing
effect. Three other peaks associated with the known background
objects (Table 2) are detected with the above conditions. One is
the background object “I” and two peaks are around the object
“F” (see Figure 3). These objects are likely to be groups because
the lensing signals are stronger than what is expected from the
luminosity of a single galaxy. Furthermore, there is a possibility
that background groups are accidentally superimposed with
cluster subhalos, giving a systematic bias on mass estimates
of subhalos. This point is discussed in Section 3.4.1.

Next, we measure the model-independent projected masses
(Clowe et al. 2000, see also Appendix C) for shear-selected
subhalo candidates. This measurement has several important
advantages. First, a large number of background galaxies are
available, because a projected mass within a circular aperture
radius is computed by integrating source galaxies outside the
radius. The measured projected mass is a cumulative function
of radius. Thus, this approach suppresses the random noise
relevant to the intrinsic ellipticity, compared to a tangential
distortion profile, which averages the tangential component
of all background galaxies residing in radial bins. Second,
since the measurement subtracts the background mass density

surrounding subhalos, the contribution of the main cluster
mass distribution to subhalo masses is excluded. Third, the
mass density of subhalos is expected to be close to zero
outside of the tidal radius, and the measured aperture mass
corresponds to the subhalo mass itself. If the mass density
profile follows the universal NFW profile (Navarro et al. 1996,
1997) without any truncation radii, the aperture mass is higher
than the spherical one (Okabe et al. 2010b). As expected from
tidal destruction, the radial profile of the projected mass is
saturated outside the truncation radii, rt. We measure projected
masses for all the candidates. Since the smoothing kernel for
the mass reconstructions gives rise to centroid uncertainties of
the candidates, we determine the central position by choosing
maximal lensing signals within a 8.′ × 8.′ box where the center
is aligned with the map peak position. For accurate mass
measurements of subhalos with a variety of sizes, it is important
to explore truncation radii where the projected mass profile is
saturated. We systematically compute projected mass profiles
by changing the background annulus and then statistically
determining the truncation radii. Here, the inner radius changes
from 0.′7 to 14.′5 in steps of 0.′2 and the width is fixed at 3.′. The
projected mass M2D is computed from saturated values, taking
into account the error covariance matrix. The measurement
method is detailed in Appendix C. The same analysis was
repeated for different background widths which showed that the
result does not significantly change. Mass measurements used a
considerably large number of source galaxies (4×103–2×104).
The number is comparable or less than that for main clusters at
z ∼ 0.2 (e.g., Okabe et al. 2010b) for which the background
number densities are ng ∼ 5–20 (arcmin−2). Less massive
subhalos which are detected inside more massive ones should
be excluded in order to avoid double-counting these subhalos.
We count the ith subhalo using two conditions of the radius
rt,i > rt,j and the subhalo mass M2D,i > M2D,j (i ̸= j ). The
number of candidates is then reduced from 49 to 39 using this
procedure. As mentioned above, the LSS model fails to fully
explain the lensing signals of background systems, especially on
group scales. Furthermore, since there is a possibility to detect
mass structures behind the cluster, we conservatively select the
candidates hosting spectroscopically identified member galaxies
within their truncation radii as the cluster subhalos. Having
applied these limitations, 32 peaks are identified as dark matter
subhalos. Three candidates are associated with the background
systems (Table 2). Four candidates have no optical counter:
they are located around ∼70.′ in the south-east direction and the
north-west direction, respectively.

These 32 subhalos are labeled by integers, in the order of
right ascension. The resulting subhalo masses, M2D, range
from ∼2 × 1012 h−1 M⊙ to ∼5 × 1013 h−1 M⊙ (Table 3).
As shown in Figure 6, the radial profiles of the projected mass
clearly show saturation at some outer radii. The subhalos are
widely distributed from the northeast to the southwest in the sky
(Figure 3). Interestingly, the direction connecting between the
Coma cluster and A1367 which are parts of the Coma superclus-
ter (Gregory & Thompson 1978) agrees roughly with the sub-
halo distributions. Several massive subhalos are associated with
well-known, spectroscopically identified groups in the cluster
(e.g., Mellier et al. 1988; Adami et al. 2005). Galaxies or groups
associated with subhalos are summarized with references in
Table 3. The cD galaxies, NGC 4874 and NGC 4889, are as-
sociated with subhalos “21” and “24,” respectively. The mean
mass ratio reported in this paper compared to the previous pa-
per for overlapping subhalos is ⟨Mnew/Mold⟩ = 1.02 ± 0.54.
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ΛCDM — Standard cosmological model

•Explains the cosmic expansion ＆ the resulting matter distribution across the 
universe

•Describes the formation and evolution of the universe
established in the 2,000s through accumulated observational evidence
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ΛCDM — Standard cosmological model
A minimal model based on general relativity 

• A spatially flat universe with a cosmological constant (Λ)

• Homogeneous & isotropic background + perturbations

• Structure formation driven by the gravitational instability of cold dark matter

Providing a self-consistent explanation that agrees with current observations
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Planck 2018

Planck Collaboration: The cosmological legacy of Planck
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Fig. 6. The Planck CMB sky. The top panel shows the 2018, SMICA temperature map. The middle panel shows the polarization field
as rods of varying length, superimposed on the temperature map, when both are smoothed at the 5� scale. This smoothing is done
for visibility purposes, but the enlarged region presented in Fig. 7 shows that the Planck polarization map is dominated by signal at
much smaller scales. Both these CMB maps have been masked and inpainted in regions where residuals from foreground emission
are expected to be substantial. This mask, mostly around the Galactic plane, is delineated by a grey line in the full resolution
temperature map. The bottom panel shows the Planck lensing map (derived from r�, i.e., the E mode of the lensing deflection
angle), specifically a minimum variance, Wiener filtered, map obtained from both temperature and polarization information; the
unmasked area covers 80.7 % of the sky, which is larger than that used for cosmology.
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Fig. 9. Planck CMB power spectra. These are foreground-subtracted, frequency-averaged, cross-half-mission angular power spectra
for temperature (top), the temperature-polarization cross-spectrum (middle), the E mode of polarization (bottom left) and the lensing
potential (bottom right). Within ⇤CDM these spectra contain the majority of the cosmological information available from Planck,
and the blue lines show the best-fitting model. The uncertainties of the TT spectrum are dominated by sampling variance, rather than
by noise or foreground residuals, at all scales below about ` = 1800 – a scale at which the CMB information is essentially exhausted
within the framework of the ⇤CDM model. The T E spectrum is about as constraining as the TT one, while the EE spectrum still
has a sizeable contribution from noise. The lensing spectrum represents the highest signal-to-noise ratio detection of CMB lensing
to date, exceeding 40�. The anisotropy power spectra use a standard binning scheme (which changes abruptly at ` = 30), but are
plotted here with a multipole axis that goes smoothly from logarithmic at low ` to linear at high `.

15

Planck Collaboration: The cosmological legacy of Planck

Fig. 9. Planck CMB power spectra. These are foreground-subtracted, frequency-averaged, cross-half-mission angular power spectra
for temperature (top), the temperature-polarization cross-spectrum (middle), the E mode of polarization (bottom left) and the lensing
potential (bottom right). Within ⇤CDM these spectra contain the majority of the cosmological information available from Planck,
and the blue lines show the best-fitting model. The uncertainties of the TT spectrum are dominated by sampling variance, rather than
by noise or foreground residuals, at all scales below about ` = 1800 – a scale at which the CMB information is essentially exhausted
within the framework of the ⇤CDM model. The T E spectrum is about as constraining as the TT one, while the EE spectrum still
has a sizeable contribution from noise. The lensing spectrum represents the highest signal-to-noise ratio detection of CMB lensing
to date, exceeding 40�. The anisotropy power spectra use a standard binning scheme (which changes abruptly at ` = 30), but are
plotted here with a multipole axis that goes smoothly from logarithmic at low ` to linear at high `.

15

TE

EE

Planck Collaboration: The cosmological legacy of Planck

Fig. 9. Planck CMB power spectra. These are foreground-subtracted, frequency-averaged, cross-half-mission angular power spectra
for temperature (top), the temperature-polarization cross-spectrum (middle), the E mode of polarization (bottom left) and the lensing
potential (bottom right). Within ⇤CDM these spectra contain the majority of the cosmological information available from Planck,
and the blue lines show the best-fitting model. The uncertainties of the TT spectrum are dominated by sampling variance, rather than
by noise or foreground residuals, at all scales below about ` = 1800 – a scale at which the CMB information is essentially exhausted
within the framework of the ⇤CDM model. The T E spectrum is about as constraining as the TT one, while the EE spectrum still
has a sizeable contribution from noise. The lensing spectrum represents the highest signal-to-noise ratio detection of CMB lensing
to date, exceeding 40�. The anisotropy power spectra use a standard binning scheme (which changes abruptly at ` = 30), but are
plotted here with a multipole axis that goes smoothly from logarithmic at low ` to linear at high `.

15

Planck Collaboration: The cosmological legacy of Planck

Fig. 9. Planck CMB power spectra. These are foreground-subtracted, frequency-averaged, cross-half-mission angular power spectra
for temperature (top), the temperature-polarization cross-spectrum (middle), the E mode of polarization (bottom left) and the lensing
potential (bottom right). Within ⇤CDM these spectra contain the majority of the cosmological information available from Planck,
and the blue lines show the best-fitting model. The uncertainties of the TT spectrum are dominated by sampling variance, rather than
by noise or foreground residuals, at all scales below about ` = 1800 – a scale at which the CMB information is essentially exhausted
within the framework of the ⇤CDM model. The T E spectrum is about as constraining as the TT one, while the EE spectrum still
has a sizeable contribution from noise. The lensing spectrum represents the highest signal-to-noise ratio detection of CMB lensing
to date, exceeding 40�. The anisotropy power spectra use a standard binning scheme (which changes abruptly at ` = 30), but are
plotted here with a multipole axis that goes smoothly from logarithmic at low ` to linear at high `.

15

TT

ΦΦ



Planck 2018

Planck Collaboration: The cosmological legacy of Planck

-160 160 µK0.41 µK

Fig. 6. The Planck CMB sky. The top panel shows the 2018, SMICA temperature map. The middle panel shows the polarization field
as rods of varying length, superimposed on the temperature map, when both are smoothed at the 5� scale. This smoothing is done
for visibility purposes, but the enlarged region presented in Fig. 7 shows that the Planck polarization map is dominated by signal at
much smaller scales. Both these CMB maps have been masked and inpainted in regions where residuals from foreground emission
are expected to be substantial. This mask, mostly around the Galactic plane, is delineated by a grey line in the full resolution
temperature map. The bottom panel shows the Planck lensing map (derived from r�, i.e., the E mode of the lensing deflection
angle), specifically a minimum variance, Wiener filtered, map obtained from both temperature and polarization information; the
unmasked area covers 80.7 % of the sky, which is larger than that used for cosmology.

13

Planck Collaboration: The cosmological legacy of Planck

-160 160 µK0.41 µK

Fig. 6. The Planck CMB sky. The top panel shows the 2018, SMICA temperature map. The middle panel shows the polarization field
as rods of varying length, superimposed on the temperature map, when both are smoothed at the 5� scale. This smoothing is done
for visibility purposes, but the enlarged region presented in Fig. 7 shows that the Planck polarization map is dominated by signal at
much smaller scales. Both these CMB maps have been masked and inpainted in regions where residuals from foreground emission
are expected to be substantial. This mask, mostly around the Galactic plane, is delineated by a grey line in the full resolution
temperature map. The bottom panel shows the Planck lensing map (derived from r�, i.e., the E mode of the lensing deflection
angle), specifically a minimum variance, Wiener filtered, map obtained from both temperature and polarization information; the
unmasked area covers 80.7 % of the sky, which is larger than that used for cosmology.

13

Planck Collaboration: The cosmological legacy of Planck

-160 160 µK0.41 µK

Fig. 6. The Planck CMB sky. The top panel shows the 2018, SMICA temperature map. The middle panel shows the polarization field
as rods of varying length, superimposed on the temperature map, when both are smoothed at the 5� scale. This smoothing is done
for visibility purposes, but the enlarged region presented in Fig. 7 shows that the Planck polarization map is dominated by signal at
much smaller scales. Both these CMB maps have been masked and inpainted in regions where residuals from foreground emission
are expected to be substantial. This mask, mostly around the Galactic plane, is delineated by a grey line in the full resolution
temperature map. The bottom panel shows the Planck lensing map (derived from r�, i.e., the E mode of the lensing deflection
angle), specifically a minimum variance, Wiener filtered, map obtained from both temperature and polarization information; the
unmasked area covers 80.7 % of the sky, which is larger than that used for cosmology.

13

Gravitational lensingTemperature Polarization

Cosmic microwave background experiment led by ESA

Planck Collaboration: The cosmological legacy of Planck

Fig. 9. Planck CMB power spectra. These are foreground-subtracted, frequency-averaged, cross-half-mission angular power spectra
for temperature (top), the temperature-polarization cross-spectrum (middle), the E mode of polarization (bottom left) and the lensing
potential (bottom right). Within ⇤CDM these spectra contain the majority of the cosmological information available from Planck,
and the blue lines show the best-fitting model. The uncertainties of the TT spectrum are dominated by sampling variance, rather than
by noise or foreground residuals, at all scales below about ` = 1800 – a scale at which the CMB information is essentially exhausted
within the framework of the ⇤CDM model. The T E spectrum is about as constraining as the TT one, while the EE spectrum still
has a sizeable contribution from noise. The lensing spectrum represents the highest signal-to-noise ratio detection of CMB lensing
to date, exceeding 40�. The anisotropy power spectra use a standard binning scheme (which changes abruptly at ` = 30), but are
plotted here with a multipole axis that goes smoothly from logarithmic at low ` to linear at high `.

15

Planck Collaboration: The cosmological legacy of Planck

Fig. 9. Planck CMB power spectra. These are foreground-subtracted, frequency-averaged, cross-half-mission angular power spectra
for temperature (top), the temperature-polarization cross-spectrum (middle), the E mode of polarization (bottom left) and the lensing
potential (bottom right). Within ⇤CDM these spectra contain the majority of the cosmological information available from Planck,
and the blue lines show the best-fitting model. The uncertainties of the TT spectrum are dominated by sampling variance, rather than
by noise or foreground residuals, at all scales below about ` = 1800 – a scale at which the CMB information is essentially exhausted
within the framework of the ⇤CDM model. The T E spectrum is about as constraining as the TT one, while the EE spectrum still
has a sizeable contribution from noise. The lensing spectrum represents the highest signal-to-noise ratio detection of CMB lensing
to date, exceeding 40�. The anisotropy power spectra use a standard binning scheme (which changes abruptly at ` = 30), but are
plotted here with a multipole axis that goes smoothly from logarithmic at low ` to linear at high `.

15

TE

EE

Planck Collaboration: The cosmological legacy of Planck

Fig. 9. Planck CMB power spectra. These are foreground-subtracted, frequency-averaged, cross-half-mission angular power spectra
for temperature (top), the temperature-polarization cross-spectrum (middle), the E mode of polarization (bottom left) and the lensing
potential (bottom right). Within ⇤CDM these spectra contain the majority of the cosmological information available from Planck,
and the blue lines show the best-fitting model. The uncertainties of the TT spectrum are dominated by sampling variance, rather than
by noise or foreground residuals, at all scales below about ` = 1800 – a scale at which the CMB information is essentially exhausted
within the framework of the ⇤CDM model. The T E spectrum is about as constraining as the TT one, while the EE spectrum still
has a sizeable contribution from noise. The lensing spectrum represents the highest signal-to-noise ratio detection of CMB lensing
to date, exceeding 40�. The anisotropy power spectra use a standard binning scheme (which changes abruptly at ` = 30), but are
plotted here with a multipole axis that goes smoothly from logarithmic at low ` to linear at high `.

15

Planck Collaboration: The cosmological legacy of Planck

Fig. 9. Planck CMB power spectra. These are foreground-subtracted, frequency-averaged, cross-half-mission angular power spectra
for temperature (top), the temperature-polarization cross-spectrum (middle), the E mode of polarization (bottom left) and the lensing
potential (bottom right). Within ⇤CDM these spectra contain the majority of the cosmological information available from Planck,
and the blue lines show the best-fitting model. The uncertainties of the TT spectrum are dominated by sampling variance, rather than
by noise or foreground residuals, at all scales below about ` = 1800 – a scale at which the CMB information is essentially exhausted
within the framework of the ⇤CDM model. The T E spectrum is about as constraining as the TT one, while the EE spectrum still
has a sizeable contribution from noise. The lensing spectrum represents the highest signal-to-noise ratio detection of CMB lensing
to date, exceeding 40�. The anisotropy power spectra use a standard binning scheme (which changes abruptly at ` = 30), but are
plotted here with a multipole axis that goes smoothly from logarithmic at low ` to linear at high `.

15

TT

ΦΦ

Base ΛCDM 
parameters

derived 
parameters}

Planck Collaboration: The cosmological legacy of Planck

and joint temperature- and polarization-based convergence maps
plus the simulations, response functions, and masks necessary to
use them for cosmological science. We also release the joint CIB
map, the likelihood, and parameter chains.

3. The ⇤CDM model

Probably the most striking characteristic to emerge from the last
few decades of cosmological research is the almost unreason-
able e↵ectiveness of the minimal 6-parameter ⇤CDM model in
accounting for cosmological observations over many decades
in length scale and across more than 10 Gyr of cosmic time.
Though many of the ingredients of the model remain highly
mysterious from a fundamental physics point of view, ⇤CDM
is one of our most successful phenomenological models. As we
will discuss later, it provides a stunning fit to an ensemble of
cosmological observations on scales ranging from Mpc to the
Hubble scale, and from the present day to the epoch of last scat-
tering.

The ⇤CDM model rests upon a number of assumptions,
many of which can be directly tested with Planck data. With the
model tested and the basic framework established, Planck pro-
vides the strongest constraints on the six parameters that specify
the model (Tables 6 and 7). Indeed of these six parameters all
but one – the optical depth – is now known to sub-percent preci-
sion.15

Table 6. The 6-parameter ⇤CDM model that best fits the com-
bination of data from Planck CMB temperature and polarization
power spectra (including lensing reconstruction), with and with-
out BAO data (see text). A number of convenient derived param-
eters are also given in the lower part of the table. Note that these
best fits can di↵er by small amounts from the central values of
the confidence limits in Table 7.

Parameter Planck alone Planck + BAO

⌦bh
2 . . . . . . . . . . . . . 0.022383 0.022447

⌦ch
2 . . . . . . . . . . . . . 0.12011 0.11923

100✓MC . . . . . . . . . . . 1.040909 1.041010
⌧ . . . . . . . . . . . . . . . . 0.0543 0.0568
ln(1010

As) . . . . . . . . . 3.0448 3.0480
ns . . . . . . . . . . . . . . . 0.96605 0.96824

H0 [km s�1Mpc�1] . . . 67.32 67.70
⌦⇤ . . . . . . . . . . . . . . 0.6842 0.6894
⌦m . . . . . . . . . . . . . . 0.3158 0.3106
⌦mh

2 . . . . . . . . . . . . . 0.1431 0.1424
⌦mh

3 . . . . . . . . . . . . . 0.0964 0.0964
�8 . . . . . . . . . . . . . . . 0.8120 0.8110
�8(⌦m/0.3)0.5 . . . . . . 0.8331 0.8253
zre . . . . . . . . . . . . . . . 7.68 7.90
Age [Gyr] . . . . . . . . . 13.7971 13.7839

15For ns this claim depends upon the conventional choice that ns = 1
represents scale-invariance.

Table 7. Parameter confidence limits from Planck CMB tem-
perature, polarization and lensing power spectra, and with the
inclusion of BAO data. The first set of rows gives 68 % limits for
the base-⇤CDM model, while the second set gives 68 % con-
straints on a number of derived parameters (as obtained from the
constraints on the parameters used to specify the base-⇤CDM
model). The third set below the double line gives 95 % limits for
some 1-parameter extensions to the ⇤CDM model. More details
can be found in Planck Collaboration VI (2018).

Parameter Planck alone Planck + BAO

⌦bh
2 . . . . . . . . . . 0.02237 ± 0.00015 0.02242 ± 0.00014

⌦ch
2 . . . . . . . . . . 0.1200 ± 0.0012 0.11933 ± 0.00091

100✓MC . . . . . . . . 1.04092 ± 0.00031 1.04101 ± 0.00029
⌧ . . . . . . . . . . . . . 0.0544 ± 0.0073 0.0561 ± 0.0071
ln(1010

As) . . . . . . 3.044 ± 0.014 3.047 ± 0.014
ns . . . . . . . . . . . . 0.9649 ± 0.0042 0.9665 ± 0.0038

H0 . . . . . . . . . . . 67.36 ± 0.54 67.66 ± 0.42
⌦⇤ . . . . . . . . . . . 0.6847 ± 0.0073 0.6889 ± 0.0056
⌦m . . . . . . . . . . . 0.3153 ± 0.0073 0.3111 ± 0.0056
⌦mh

2 . . . . . . . . . . 0.1430 ± 0.0011 0.14240 ± 0.00087
⌦mh

3 . . . . . . . . . . 0.09633 ± 0.00030 0.09635 ± 0.00030
�8 . . . . . . . . . . . . 0.8111 ± 0.0060 0.8102 ± 0.0060
�8(⌦m/0.3)0.5 . . . 0.832 ± 0.013 0.825 ± 0.011
zre . . . . . . . . . . . . 7.67 ± 0.73 7.82 ± 0.71
Age[Gyr] . . . . . . 13.797 ± 0.023 13.787 ± 0.020
r⇤[Mpc] . . . . . . . . 144.43 ± 0.26 144.57 ± 0.22
100✓⇤ . . . . . . . . . 1.04110 ± 0.00031 1.04119 ± 0.00029
rdrag[Mpc] . . . . . . 147.09 ± 0.26 147.57 ± 0.22
zeq . . . . . . . . . . . . 3402 ± 26 3387 ± 21

keq[Mpc�1] . . . . . . 0.010384 ± 0.000081 0.010339 ± 0.000063

⌦K . . . . . . . . . . . �0.0096 ± 0.0061 0.0007 ± 0.0019
⌃m⌫ [eV] . . . . . . . < 0.241 < 0.120
Ne↵ . . . . . . . . . . . 2.89+0.36

�0.38 2.99+0.34
�0.33

r0.002 . . . . . . . . . . < 0.101 < 0.106

3.1. Assumptions underlying ⇤CDM

A complete list of the assumptions underlying the⇤CDM model
is not the goal of this section, but below we list several of the
major assumptions.

A1 Physics is the same throughout the observable Universe.
A2 General Relativity (GR) is an adequate description of grav-

ity.
A3 On large scales the Universe is statistically the same ev-

erywhere (initially an assumption, or “principle,” but now
strongly implied by the near isotropy of the CMB).

A4 The Universe was once much hotter and denser and has been
expanding since early times.

A5 There are five basic cosmological constituents:
(a) Dark energy that behaves just like the energy density of

the vacuum.
(b) Dark matter that is pressureless (for the purposes of

forming structure), stable and interacts with normal mat-
ter only gravitationally.
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• temperature
• polarization
• lensing



Mysteries/unresolved issues
Nature of dark energy: driver of the current accelerated cosmic expansion

key assumptions remain untested, such as:

Nature of dark matter :  backbone of structure formation in the universe.

Even its mass is unknown

Furthermore, 

• Or does it signal a breakdown of general relativity ?
• Is it Einstein’s cosmological constant ?
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Figure 3-1. Cosmic observations bound the available dark matter parameter space and
probe dark matter physics over the entire allowed mass range. Cosmic probes explore the
fundamental physics of dark matter both through gravity alone and through dark matter
interactions with the Standard Model. Cosmic probes of dark matter physics are highly
complementary to cosmological measurements of dark energy, inflation, and neutrinos.
Furthermore, cosmic probes provide essential information for designing and interpreting
terrestrial searches for dark matter. Figure inspired by similar figures in the literature [e.g.,
22–24].

of dark matter—e.g., particle mass, time evolution, self-interaction cross section, and cou-
pling to the Standard Model or other dark sector particles—can imprint themselves on the
macroscopic distribution of dark matter in a detectable manner.

In addition, astrophysical observations complement terrestrial dark matter searches by pro-
viding input to direct and indirect dark matter experiments, and by enabling alternative
tests of any non-gravitational coupling(s) between dark matter and the Standard Model. For
example, astrophysical observations are required to (i) measure the local density and velocity
distribution of dark matter, an important input for designing and interpreting direct dark
matter searches, (ii) identify and characterize regions of high dark matter density, an impor-
tant input for targeting and interpreting indirect searches, and (iii) set strong constraints on
the particle properties of dark matter, an important input for designing novel terrestrial dark
matter experiments with viable discovery potential. In the event of a terrestrial dark matter

Community Planning Exercise: Snowmass 2021

Inflation — a phase of rapid expansion in the early universe

→ A vast discovery space

Hypotheses: cosmological principle, Gaussianity of primordial fluctuations, …

Acceleration



Cosmological parameters derived from Planck CMB observations do not agree 
with those obtained from local (low-z) measurements

•   tension：H0
A discrepancy in the Hubble parameter today, between values inferred 
from distance ladder observations and those derived from CMB

“Predictions” of ΛCDM model 
derived from Planck CMB 
observations

Model-independent observations 
using Cepheids & Type Ia SNe as 
standard candles

H0 = 74.0 ± 1.4 km s−1 Mpc−1

(Riess et al. ’19) (Planck 2018 results IV)

H0 = 67.4 ± 0.5 km s−1 Mpc−1

— possibly hinting at flaws in  CDM modelΛ

Tensions across multiple observations



Timeline of H0 measurementsPlanck Collaboration: The cosmological legacy of Planck

Fig. 20. Constraints on the growth rate of fluctuations, f�8, as a
function of redshift, compared to the predictions of the ⇤CDM
model constrained by Planck (from Planck Collaboration VI
2018). The f�8 measurements are: dark cyan, 6dFGS and
velocities from SNe Ia (Huterer et al. 2017); green, 6dFGRS
(Beutler et al. 2012); purple square, SDSS MGS (Howlett et al.
2015); cyan cross, SDSS LRG (Oka et al. 2014); dark red,
GAMA (Blake et al. 2013); red, BOSS DR12 (Alam et al.
2017); blue, WiggleZ (Blake et al. 2012); olive, VIPERS
(Pezzotta et al. 2017); dark blue, FastSound (Okumura et al.
2016); and orange, BOSS DR14 quasars (Zarrouk et al. 2018).
The agreement between the low-z measures and the ⇤CDM pre-
diction is very good, indicating that the model (constrained by
observations in the high-z Universe) correctly predicts the rate of
growth of large-scale structure observed in the nearby Universe.

4.3. Discord

While there are many measurements that are consistent with the
predictions of the ⇤CDM model fitted to Planck, there are also
some areas of discordance.

Within the Planck data themselves we find a preference
for a larger smoothing of the power spectrum at small scales
than the ⇤CDM model predicts (Planck Collaboration XVI
2014; Planck Collaboration XIII 2016; Planck Collaboration VI
2018). While at face value it might seem like this smoothing
is the sign of an excess amplitude of gravitational lensing, it
is also possible to fit these features through non-lensing related
e↵ects (see Planck Collaboration Int. LI 2017, for discussion).
The preference for these features is driven almost entirely by
the CMB spectra and not by the lensing reconstruction, which
is consistent with theoretical expectations. The peak smoothing
features are not statistically very significant (2–3�) and could
just be statistical fluctuations in the data. Further, the level of
significance depends upon choices made about the calibration
of the polarization channels, the sky fraction, and other analysis
choices, as discussed further in Planck Collaboration VI (2018).
This discrepancy may indicate that the best-fit parameters from
the primary CMB have fluctuated from their true values by a few
�, in which case the combination a↵orded by multiple probes
may be a more faithful measure.

We will discuss distance measurements using BAO in
Sect. 6.3. There we will see (Fig. 27) that the inferred an-
gular diameter distance to z' 2 from the auto- and cross-

Fig. 21. A compilation of measurements of H0 since 2000,
based on the historical data assembled by J. Huchra for
the NASA/HST Key Project on the Extragalactic Distance
Scale. The additional points since 2010 are from Riess et al.
(2011), Freedman et al. (2012), Rathna Kumar et al. (2015),
Riess et al. (2016), Bonvin et al. (2017), Dhawan et al. (2018),
and Riess et al. (2018a,b). The blue circles show “traditional”
measures of H0, while the cyan and red squares show H0 in-
ferred from fits to CMB data from WMAP (Bennett et al. 2011;
Hinshaw et al. 2013) and Planck. The (magenta) diamond shows
the standard siren measurement from Abbott et al. (2017a).
Inferences from the inverse distance ladder are discussed in the
text and Fig. 22. Note the tremendous increase in precision with
time, driven by improvements in methods and in data, and the
narrowing of the di↵erence between “high” and ‘’low” values of
H0.

correlation of Ly↵ measurements by the Baryon Oscillation
Spectroscopic Survey (BOSS) is discrepant with the ⇤CDM
predictions fit to Planck at about 2.3� (Bautista et al. 2017;
du Mas des Bourboux et al. 2017). Within the ⇤CDM family,
parameter changes that would improve agreement with the Ly↵
distances are highly disfavoured by Planck and the more ac-
curate, lower-redshift BAO measurements. Even within an ex-
tended class of models, it is very di�cult to fit the combina-
tion of comoving angular diameter distance, DM, and Hubble
distance, DH, inferred from the Ly↵ data (Aubourg et al. 2015).
This mild tension could be the result of either a statistical fluctu-
ation or as yet unrealized systematics in the Ly↵ measurements.
However the size of the discrepancy highlights the importance
of future measurements at these redshifts.

At lower redshift, some measures of the amplitude of clus-
tering prefer lower values than ⇤CDM normalized to Planck.
In particular the Köhlinger et al. (2017) analysis of the KiDS
cosmic-shear-only results constrains S 8 ⌘ �8(⌦m/0.3)0.5 to be
0.651 ± 0.058 (which was shifted upwards to 0.772 ± 0.034 in
an alternative analysis by Troxel et al. 2018). When combined
with galaxy data the results are 0.742 ± 0.035 or 0.800 ± 0.028
(Joudaki et al. 2018; van Uitert et al. 2018). The preferred value
from Planck plus BAO is 0.8102 ± 0.0060, which is 2.7�
higher, 1.1� higher, 1.9� higher, or basically consistent with
these results. The recent DES results (DES Collaboration et al.
2017) are consistent with both Planck and the earlier lensing re-
sults: S 8 = 0.782 ± 0.024 when analysed with the same fixed
neutrino mass assumption as Planck (Planck Collaboration VI
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Riess et al. (’19)

H0 = 74.03 ± 1.42 km s−1 Mpc−1

標準音源
（GW170817）

Gravitational wave 
(GW1708117)

Planck 2018 results I, modified

Improving precision across 
methods, values are converging

CMB results are excluded
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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.  

Local measurements

CMB

Freedman (’17)

Planck

HST key project

Since 2010, local vs. CMB 
measurements has shown 
increasing tensions



Direct vs. Indirect Methods

21

Moresco et al. (2022), open wCDM with systematics: 67.8-7.2
+8.7

Moresco et al. (2022), flat ΛCDM with systematics: 66.5 ± 5.4

Hotokezaka et al. (2019): 70.3-5.0
+5.3

Mukherjee et al. (2019), GW170817+VLBI: 68.3-4.5
+4.6

Mukherjee et al. (2020), GW170817+ZTF: 67.6-4.2
+4.3

Gayathri et al. (2020), GW190521+GW170817: 73.4-10.7
+6.9

Palmese et al. (2021), GW170817: 72.77-7.55
+11

Abbott et al. (2021), GWTC–3: 68-8.0
+12.0

Mukherjee et al. (2022), GW170817+GWTC–3: 67-3.8
+6.3

Wong et al. (2019), H0LiCOW 2019: 73.3-1.8
+1.7

Shajib et al. (2019), STRIDES: 74.2-3.0
+2.7

Liao et al. (2019): 72.2 ± 2.1
Liao et al. (2020): 72.8-1.7

+1.6
Qi et al. (2020): 73.6-1.6

+1.8
Millon et al. (2020), TDCOSMO: 74.2 ± 1.6

Yang, Birrer, Hu (2020): 73.65-2.26
+1.95

Birrer et al. (2020), TDCOSMO+SLACS: 67.4-3.2
+4.1

Birrer et al. (2020), TDCOSMO: 74.5-6.1
+5.6

Denzel et al. (2021): 71.8-3.3
+3.9

Wang, Meng (2017): 76.12-3.44
+3.47

Fernandez Arenas et al. (2018): 71.0 ± 3.5

Schombert, McGaugh, Lelli (2020): 75.1 ± 2.8
Kourkchi et al. (2020): 76.0 ± 2.6

Pesce et al. (2020): 73.9 ± 3.0

de Jaeger et al. (2020): 75.8-4.9
+5.2

de Jaeger et al. (2022): 75.4-3.7
+3.8

Cantiello et al. (2018): 71.9 ± 7.1
Khetan et al. (2020) w/ LMC DEB: 71.1 ± 4.1

Blakeslee et al. (2021) IR-SBF w/ HST: 73.3 ± 2.5

Huang et al. (2019): 73.3 ± 4.0

Yuan et al. (2019): 72.4 ± 2.0
Reid, Pesce, Riess (2019), SH0ES: 71.1 ± 1.99

Freedman et al. (2020): 69.6 ± 1.9
Soltis, Casertano, Riess (2020): 72.1 ± 2.0
Kim, Kang, Lee, Jang (2021): 69.5 ± 4.2

Freedman (2021): 69.8 ± 1.7
Anand, Tully, Rizzi, Riess, Yuan (2021): 71.5 ± 1.8

Jones et al. (2022): 72.4 ± 3.3
Dhawan et al. (2022): 76.94 ± 6.4

Camarena, Marra (2019): 75.4 ± 1.7
Riess et al. (2019), R19: 74.03 ± 1.42

Breuval et al. (2020): 72.8 ± 2.7
Riess et al. (2020), R20: 73.2 ± 1.3

Camarena, Marra (2021): 74.30 ± 1.45
Riess et al. (2022), R22: 73.04 ± 1.04

Farren et al. (2021): 69.5-3.5
+3.0

Philcox et al. (2020), Pl (k)+CMB lensing: 70.6-5.0
+3.7

Baxter et al. (2020): 73.5 ± 5.3

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 ± 0.97
Ivanov et al. (2020), BOSS+BBN: 67.9 ± 1.1

Colas et al. (2020), BOSS DR12+BBN: 68.7 ± 1.5
D' Amico et al. (2020), BOSS DR12+BBN: 68.5 ± 2.2

Philcox et al. (2021), P+Bispectrum+BAO+BBN: 68.31-0.86
+0.83

Chen et al. (2021), P+BAO+BBN: 69.23±0.77
Zhang et al. (2021), BOSS correlation function+BAO+BBN: 68.19±0.99

Hinshaw et al. (2013), WMAP9: 70.0 ± 2.2
Henning et al. (2018), SPT: 71.3 ± 2.1

Zhang, Huang (2019), WMAP9+BAO: 68.36-0.52
+0.53

Aiola et al. (2020), WMAP9+ACT: 67.6 ± 1.1
Aiola et al. (2020), ACT: 67.9 ± 1.5
Dutcher et al. (2021), SPT: 68.8 ± 1.5

Ade et al. (2016), Planck 2015, H0 = 67.27 ± 0.66
Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 ± 0.54

Aghanim et al. (2020), Planck 2018: 67.27 ± 0.60
Pogosian et al. (2020), eBOSS+Planck mH2: 69.6 ± 1.8

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 ± 0.5
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FIG. 2. 68% CL constraint on H0 from di↵erent cosmological probes (based on Refs. [48, 49]).arXiv:2203.06142v1
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Cosmological parameters derived from Planck CMB observations do not agree 
with those obtained from local (low-z) measurements

•   tension：H0
A discrepancy in the Hubble parameter today, between values inferred 
from distance ladder observations and those derived from CMB

— possibly hinting at flaws in  CDM modelΛ

Tensions across multiple observations

•   tension：S8
A mismatch in the parameter  , which characterizes the growth of cosmic 
structure, between weak lensing and CMB observations

S8

  RMS amplitude of matter fluctuations at 8  σ8 : h−1 Mpc
  matter density parameterΩm :

S8 ≡ σ8 (Ωm/0.3)0.5



Gravitational lensing effect

Distant
Galaxy

Earth 
(observer)

Lensed galaxy images

http://www.roe.ac.uk/~heymans/website_images/Gravitational-lensing-galaxyApril12_2010-1024x768.jpg

Light bending by massive objects, as predicted by general relativity

Galaxy images appear distorted (weak lensing) or multiply imaged (strong lensing)

Galaxy cluster



Weak lensing observations

(クレジット：HSC Project/東京大学)

(z=0.25)

(z=0.625)

Subaru HSC data

Subaru telescope

Simulation

Ellipticity field data 
at different redshifts
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state and non-zero neutrino mass.

This paper is organized as follows. In Section 2, we briefly
describe the HSC first-year shear catalog that is used in our cos-
mic shear analysis. In Section 3, we describe and validate the
pseudo-C` method to estimate unbiased cosmic shear spectra
from finite-sky non-uniform data. In Section 4, we also show
our measurements of tomographic cosmic shear spectra using
the HSC first-year shear catalog. Section 5 summarizes model
ingredients for our cosmological analysis, including predictions
of cosmic shear signals and covariance and our methods to take
account of various systematics in cosmic shear analysis. Our
cosmological constraints and their robustness to different sys-
tematics are presented in Section 6. Finally we give our conclu-
sions in Section 7.

Since the cosmological likelihoods for the final Planck data
release (Planck Collaboration et al. 2018) are not yet available
at the time of writing this paper, throughout this paper we use
Planck 2015 CMB results (Planck Collaboration et al. 2016) for
the comparison and the joint analysis with our HSC first-year
cosmic shear measurement. We use the joint TT, EE, BB, and
TE likelihoods for ` between 2 and 29 and the TT likelihood
for ` between 30 and 2508, commonly referred to as Planck

TT + lowP (Planck Collaboration et al. 2016). We do not use
CMB lensing results, which contain information on the growth
of structure and the expansion history of the Universe at late
stages, except when we combine our joint analysis result with
distance measurements using baryonic acoustic oscillations and
Type Ia supernovae (Section 6.4).

Throughout this paper we quote 68% credible intervals for
parameter uncertainties unless otherwise stated.

2 HSC first-year shear catalog

Hyper Suprime-Cam (HSC) is a wide-field imaging camera
with 1.5 deg diameter field-of-view mounted on the prime focus
of the 8.2-meter Subaru telescope (Miyazaki et al. 2012, 2015,
2018). The HSC survey is using 300 nights of Subaru time over
6 years to conduct a multi-band wide-field imaging survey with
HSC. The HSC survey consists of three layers; Wide, Deep and
UltraDeep. The Wide layer, which is specifically designed for
weak lensing cosmology, aims at covering 1400 square degrees
of the sky with five broadbands, grizy, with a 5� point-source
depth of r ⇡ 26 (Aihara et al. 2018b). Since i-band images are
used for galaxy shape measurements for weak lensing analysis,
i-band images are preferentially taken when the seeing is better.
As a result, we achieve a median PSF FWHM of ⇠ 0.

00
58 for the

i-band images used to construct the HSC first-year shear cata-
log. The details of the software pipeline used to reduce the data
are given in Bosch et al. (2018), and particulars about the ac-
curacy of the photometry and the performance of the deblender
are characterized using a synthetic imaging pipeline in Huang

et al. (2018) and Murata et al. (in prep.), respectively. The
HSC Subaru Strategic Program (SSP) Data Release 1 (DR1),
based on data taken using 61.5 nights between March 2014 and
November 2015, has been made public (Aihara et al. 2018a).

The HSC first-year shear catalog (Mandelbaum et al. 2018)
is based on about 90 nights of HSC Wide data taken from
March 2014 to April 2016, which is larger than the public HSC
DR1 data. We apply a number of cuts to construct a shape
catalog for weak lensing analysis which satisfies the require-
ments for carrying out first year key science (see Mandelbaum
et al. 2018, for more details). For instance, we restrict our
analysis to the regions of sky with approximately full depth
in all 5 filters to ensure the homogeneity of the sample. We
also adopt a cmodel magnitude cut of i < 24.5 (see Bosch
et al. 2018 for definition of cmodel magnitude in the con-
text of HSC), which is conservative given that the magnitude
limit of the HSC is i ⇠ 26.4 (5� for point sources; Aihara
et al. 2018a). We remove galaxies with PSF modeling fail-
ures and those located in disconnected regions. Regions of
sky around bright stars (⇠ 16% of the total area) are masked
(Mandelbaum et al. 2018). As a result, the final weak lens-
ing shear catalog covers 136.9 deg2 that consists of 6 dis-
joint patches: XMM, GAMA09H, GAMA15H, HECTOMAP,
VVDS, and WIDE12H. Mandelbaum et al. (2018) and Oguri
et al. (2018) performed extensive null tests of the shear cata-
log to show that the shear catalog satisfies the requirements of
HSC first-year science for both cosmic shear and galaxy-galaxy
lensing.

The shapes of galaxies are estimated on the i-band coad-
ded images using the re-Gaussianization PSF correction method
(Hirata & Seljak 2003). An advantage of this method is that it
has been applied extensively to Sloan Digital Sky Survey data,
and thus the systematics of the method are well understood
(Mandelbaum et al. 2005, 2013). In this method, the shape of a
galaxy image is defined as

e= (e1, e2) =
1� (b/a)

2

1+ (b/a)2
(cos2�,sin2�), (1)

where b/a is the observed minor-to-major axis ratio and � is
the position angle of the major axis with respect to the equa-
torial coordinate system. The shear of each galaxy, �(obs), is
estimated from the measured ellipticity e as follows:

�(obs)
=

1

1+ hmi

⇣
e
2R � c

⌘
, (2)

where R represents the responsivity that describes the response
of our ellipticity definition to a small shear (Kaiser et al. 1995;
Bernstein & Jarvis 2002) and is given by

R= 1�he2rmsi . (3)

Here erms is the intrinsic root mean square (RMS) ellipticity per
component. The symbols h···i denote a weighted average where
each galaxy carries a weight w defined as the inverse variance

Ellipticity of distant galaxy image:

b

a ϕ

The effect of weak lensing 
is included in this ellipticity

(Hyper-Suprim Cam)



Weak lensing (angular) power spectrum

Cℓ = 1
2ℓ + 1

ℓ

∑
m=−ℓ

|eℓm |2 e( ⃗θ) = ∑
ℓ,m

eℓm Yℓm( ⃗θ)
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Fig. 4. Comparison of the measured tomographic shear power spectra with our theoretical model with best-fit values for the fiducial ⇤CDM model. Best-fit
IA power spectra of CGG (dotted), �CGI (short dashed), and CII (long dashed) as well as power spectra arising from PSF leakage and PSF model error
[equation (11)] (dash-dotted) are also plotted. The redshift range of zbest in each tomographic bin is =[0.3,0.6], [0.6,0.9], [0.9,1.2], and [1.2,1.5] from 1
to 4. The right-bottom panel shows the measured non-tomographic cosmic shear power spectrum and the model spectra with the best-fit values from the
tomographic analysis. The CII term is so small that it is absent from all panels except for 11.

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

We find that our model well reproduces the observed power
spectra quite well. Our maximum-likelihood case in the fiducial
⇤CDM model has a minimum �

2 of 45.4 for 56.9 DOF (p-value
is 0.86), which is a very acceptable fit5. Using the covariance

5 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 contem-
porary weak lensing analyses (Troxel et al. 2017). 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

assuming Planck cosmology, the total signal-to-noise ratio 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, respec-
tively. 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-�8

plane from our tomographic cosmic shear power spectrum anal-
ysis in the fiducial ⇤CDM model. Constraints from cosmic
shear are known to be degenerate in the ⌦m-�8 plane. Cosmic

the Gaussian priors to Neff , we have 53 DOF and the resulting p-value is
0.76, which is also a very acceptable fit.

Multipole (ℓ ∼ π/θ)

Best-fit

Weak lensing only
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Table 1. Summary of properties of individual tomographic bins.⇤

bin number z range zmed Ng ng [arcmin�2] ng,e↵ [arcmin�2] he2rmsi1/2

1 0.3 – 0.6 0.446 2842635 5.9 5.4 0.394
2 0.6 – 0.9 0.724 2848777 5.9 5.3 0.395
3 0.9 – 1.2 1.010 2103995 4.3 3.8 0.404
4 1.2 – 1.5 1.300 1185335 2.4 2.0 0.409

All 0.3 – 1.5 0.809 8980742 18.5 16.5 0.398

⇤We show redshift ranges (z range), median redshifts (zmed), total numbers of source galaxies (Ng), raw number densities (ng), effective number densities (Chang et al.
2013) (ng,eff ) and the mean intrinsic RMS ellipticity per component (he2rmsi

1/2), which is related to shear by equation (2), in our tomographic samples. Source galaxies
are assigned into four tomographic bins using photo-z best estimates, zbest, derived by the Ephor AB photo-z code (see text for details). Both zmed and he2rmsi are a
weighted average [equation (4)]

Table 2. Comparison of lensing catalog properties of KiDS-450 (Hildebrandt et al. 2017), DES Y1 (Troxel et al. 2017), and HSC Y1 (this
paper) used for cosmic shear analyses.⇤

survey catalog area [deg2] No. of galaxies ng,e↵ [arcmin�2] z range tomography
KiDS-450 450 14.6M 6.85 0.1 – 0.9 4 bins
DES Y1 1321 26M 5.14 0.2 – 1.3 4 bins
HSC Y1 137 9.0M 16.5 0.3 – 1.5 4 bins

⇤We compare the survey area, the number of galaxies after cuts for cosmic shear analysis, the effective number density, the redshift range, and the number of bins in
tomographic analysis.

from bright star masks, survey boundaries, non-uniform survey
depths, and non-uniform galaxy shape weights. The observed
shear field is given by the weighted sum of shear values over
galaxies in each sky pixel as

�(obs)
(✓) =W (✓)�(true)

(✓), (5)

where W (✓) represents the survey window defined as the sum
of shear weights in each pixel. When a sky position ✓ is outside
the survey area or masked due to a bright star, W (✓) is set to
zero. We define a rectangular-shape region enclosing each of
the six HSC patches and then perform the Fourier transforma-
tion of the observed shear field, �obs, with typical pixel scale
of about 0.88 arcmin, which is much smaller than the scales we
use in our cosmological analysis. The power spectrum obtained
simply from the amplitude of the Fourier-transformed shear
field is biased due to the convolution with the mask field W .
We apply the pseudo-C` method to obtain unbiased estimates
of the cosmic shear power spectrum by correcting for the con-
volution with the survey window (Hikage et al. 2011; Kitching
et al. 2012; Hikage & Oguri 2016; Asgari et al. 2018). This
method has also been commonly used in CMB analyses (Kogut
et al. 2003; Brown et al. 2005). The details of the method may
be found in Appendix 1. In short, the dimensionless binned
lensing power spectrum C(true)

b
corrected for the masking effect

is given by

C(true)
b

=M�1
bb0

|`|2`
0
bX

`

Pb0`(C
(obs)
` �hN`iMC), (6)

where Mbb0 is the mode coupling matrix of binned spectra,

which is related to the survey window W by equation (A7),
C(obs)

` is the pseudo-spectrum (masked spectrum) that we can
directly measure from the Fourier transform of �obs, and Pb` =

`
2
/2⇡ is a conversion factor to the dimensionless power spec-

trum. The sum is over all Fourier modes in the given ` bin (`0b).
In order to remove the shot noise, we randomly rotate orien-
tations of individual galaxies to estimate the shot noise power
spectrum N`, and subtract it from C(obs)

` . Specifically, we use
10000 Monte Carlo simulations with random galaxy orienta-
tions to estimate the convolved noise spectrum hN`iMC. We
use 15 logarithmically equal bins in the range 60  `  6500,
although we restrict ourselves to a narrower range for our cos-
mological inferences.

While the validity and accuracy of our pseudo-C` method
have been studied in depth in previous work (Hikage et al.
2011; Hikage & Oguri 2016), we explicitly check the accuracy
of the pseudo-C` method for the HSC first-year shear catalog
by applying the method to the HSC mock shear catalogs pre-
sented in Oguri et al. (2018). The mock shear catalogs have
the same survey geometry and spatial inhomogeneity as the real
HSC first-year data, and include random realizations of cos-
mic shear from the all-sky ray-tracing simulation presented in
Takahashi et al. (2017). These realistic mock catalogs allow
us to check the accuracy of the pseudo-C` method in correct-
ing for the masking effect, as well as the accuracy of our an-
alytic estimate of the covariance matrix as we will discuss be-
low. The results of the test with the HSC mock shear catalogs
are also presented in Appendix 1. We find that our pseudo-C`

method recovers the input cosmic shear power spectrum within
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Table 1. Summary of properties of individual tomographic bins.⇤

bin number z range zmed Ng ng [arcmin�2] ng,e↵ [arcmin�2] he2rmsi1/2

1 0.3 – 0.6 0.446 2842635 5.9 5.4 0.394
2 0.6 – 0.9 0.724 2848777 5.9 5.3 0.395
3 0.9 – 1.2 1.010 2103995 4.3 3.8 0.404
4 1.2 – 1.5 1.300 1185335 2.4 2.0 0.409

All 0.3 – 1.5 0.809 8980742 18.5 16.5 0.398

⇤We show redshift ranges (z range), median redshifts (zmed), total numbers of source galaxies (Ng), raw number densities (ng), effective number densities (Chang et al.
2013) (ng,eff ) and the mean intrinsic RMS ellipticity per component (he2rmsi

1/2), which is related to shear by equation (2), in our tomographic samples. Source galaxies
are assigned into four tomographic bins using photo-z best estimates, zbest, derived by the Ephor AB photo-z code (see text for details). Both zmed and he2rmsi are a
weighted average [equation (4)]

Table 2. Comparison of lensing catalog properties of KiDS-450 (Hildebrandt et al. 2017), DES Y1 (Troxel et al. 2017), and HSC Y1 (this
paper) used for cosmic shear analyses.⇤

survey catalog area [deg2] No. of galaxies ng,e↵ [arcmin�2] z range tomography
KiDS-450 450 14.6M 6.85 0.1 – 0.9 4 bins
DES Y1 1321 26M 5.14 0.2 – 1.3 4 bins
HSC Y1 137 9.0M 16.5 0.3 – 1.5 4 bins

⇤We compare the survey area, the number of galaxies after cuts for cosmic shear analysis, the effective number density, the redshift range, and the number of bins in
tomographic analysis.

from bright star masks, survey boundaries, non-uniform survey
depths, and non-uniform galaxy shape weights. The observed
shear field is given by the weighted sum of shear values over
galaxies in each sky pixel as
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(✓) =W (✓)�(true)

(✓), (5)

where W (✓) represents the survey window defined as the sum
of shear weights in each pixel. When a sky position ✓ is outside
the survey area or masked due to a bright star, W (✓) is set to
zero. We define a rectangular-shape region enclosing each of
the six HSC patches and then perform the Fourier transforma-
tion of the observed shear field, �obs, with typical pixel scale
of about 0.88 arcmin, which is much smaller than the scales we
use in our cosmological analysis. The power spectrum obtained
simply from the amplitude of the Fourier-transformed shear
field is biased due to the convolution with the mask field W .
We apply the pseudo-C` method to obtain unbiased estimates
of the cosmic shear power spectrum by correcting for the con-
volution with the survey window (Hikage et al. 2011; Kitching
et al. 2012; Hikage & Oguri 2016; Asgari et al. 2018). This
method has also been commonly used in CMB analyses (Kogut
et al. 2003; Brown et al. 2005). The details of the method may
be found in Appendix 1. In short, the dimensionless binned
lensing power spectrum C(true)
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is given by
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where Mbb0 is the mode coupling matrix of binned spectra,

which is related to the survey window W by equation (A7),
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` is the pseudo-spectrum (masked spectrum) that we can
directly measure from the Fourier transform of �obs, and Pb` =

`
2
/2⇡ is a conversion factor to the dimensionless power spec-

trum. The sum is over all Fourier modes in the given ` bin (`0b).
In order to remove the shot noise, we randomly rotate orien-
tations of individual galaxies to estimate the shot noise power
spectrum N`, and subtract it from C(obs)

` . Specifically, we use
10000 Monte Carlo simulations with random galaxy orienta-
tions to estimate the convolved noise spectrum hN`iMC. We
use 15 logarithmically equal bins in the range 60  `  6500,
although we restrict ourselves to a narrower range for our cos-
mological inferences.

While the validity and accuracy of our pseudo-C` method
have been studied in depth in previous work (Hikage et al.
2011; Hikage & Oguri 2016), we explicitly check the accuracy
of the pseudo-C` method for the HSC first-year shear catalog
by applying the method to the HSC mock shear catalogs pre-
sented in Oguri et al. (2018). The mock shear catalogs have
the same survey geometry and spatial inhomogeneity as the real
HSC first-year data, and include random realizations of cos-
mic shear from the all-sky ray-tracing simulation presented in
Takahashi et al. (2017). These realistic mock catalogs allow
us to check the accuracy of the pseudo-C` method in correct-
ing for the masking effect, as well as the accuracy of our an-
alytic estimate of the covariance matrix as we will discuss be-
low. The results of the test with the HSC mock shear catalogs
are also presented in Appendix 1. We find that our pseudo-C`

method recovers the input cosmic shear power spectrum within
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Subaru HSC 1yr result （137 deg2）
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different redshift bins

Lensing tomography: 



Weak lensing measurement of   S8
Subaru HSC 3 year result（416 deg^2）

Comparison between 
different probes

Comparison with other 
observations (3x2pt analysis)

(Miyatake et al. ’23) (Sugiyama et al. ’23)
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Overall,   
tension with Planck 
 CDM (as of 2023)

2 ∼ 3σ

Λ



Is   tension real ?S8
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Joudaki et al. (2017)
Hikage et al. (2019)
Hamana et al. (2020)
Troxel et al. (2018)
Amon et al. and Secco et al. (2021)
Hildebrandt et al. (2017)
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Late Universe
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FIG. 4. Constraints on S8 and its corresponding 68% error (updated from Ref. [49]). We show the nominal reported values
by each study, which may di↵er in their definition of the constraints. The definition S8 = �8(⌦m/0.3)↵ with ↵ = 1/2 has been
uniformly used for all points. In those cases where ↵ 6= 1/2 has been used in some references, the value of S8 with ↵ = 1/2
was recalculated (along with the uncertainties) using the constraints on �8 and ⌦m shown in those references, assuming their
errors are Gaussian. This concerns only 5 CC points where the published value of ↵ was di↵erent from 1/2 and the di↵erence
from the published S8 (with di↵erent ↵) is very small. The rest of the points are taken directly from the published values.

By contrast, in some analyses, the statistics relevant to the full posterior distribution have been adopted, such as
the maximum a posteriori point or the best fitting values and their associated errors. These choices can impact the
estimated values of the parameters, in particular when the posterior distributions are significantly non-Gaussian or
when the parameter estimates are prior dominated (see e.g. Ref. [264]). For simplicity, we will use the nominal values
reported in each analysis, but caution the reader that the methodology used may di↵er from case to case (see Sec. III
for a more detailed discussion).

arXiv:2203.06142v1

Compilation of various measurements

(Weak lensing, galaxy clustering, cluster 
counts, redshift-space distortions)



Tension has gone ?

Latest weak lensing analysis from KiDS-Legacy (1347 deg^2)The KiDS Collaboration: KiDS-Legacy cosmic shear
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Fig. 9. Fiducial Ωm, S 8 (left), and Ωm,ω8 (right) constraints for our fiducial two-point statistics (En and CE, orange and purple
respectively), compared to the CMB results from Planck-Legacy (red). The grey contours outline the marginal distribution of our
a priori volume, with (inner) 1ω and (outer) 2ω boundary levels.

Table 4. Constraints on S 8 (ε = 0.50) and Σ8 (ε free).

Setup statistic ε ϑ2 dof PTE N
PJ→HPD
samp Marginal Max. Apost. Marginal

Mode+HPDI +PJ-HPD Mean + CI

S 8 Fiducial En 0.50 127.8 120.5 0.307 18 0.815+0.016
→0.021 0.811+0.022

→0.015 0.813+0.018
→0.018

S 8 Fiducial CE 0.50 151.0 162.5 0.731 6 0.799+0.022
→0.025 0.804+0.016

→0.031 0.797+0.023
→0.024

Σ8 Fiducial En 0.58 127.8 120.5 0.307 23 0.821+0.014
→0.016 0.817+0.029

→0.006 0.820+0.015
→0.015

Σ8 Fiducial CE 0.60 151.0 162.5 0.731 19 0.813+0.018
→0.016 0.822+0.017

→0.020 0.813+0.017
→0.017

Notes. ε in this table refers to the exponent in the equation Σ8 = ω8 (Ωm/0.3)ε. When ε = 0.5 (upper section) reported constraints are
for S 8. Otherwise, constraints are for the optimal degeneracy direction for each statistic, thereby showing the maximal constraining
power. We report the ϑ2 of the best-fit (i.e. maximum a posteriori) model for each statistic, and the number of e!ective degrees
of freedom (dof, computed as Ndata → N

eff
param where N

eff
param is estimated as described in Appendix B of Stölzner et al. 2025). We

compute the best-fit probability-to-exceed (PTE), which indicates the fraction of possible data vectors, drawn from a generative
model described by our best fit, that would be at least as extreme as our observed data vector. We provide three constraints over
our primary cosmological parameters per setup: the marginal mode and marginal highest posterior density interval (HPDI), the
marginal mean and standard deviation, and the maximum a posteriori point and projected joint highest posterior density interval
(PJ-HPD). The latter statistic can be noisy in the limit of few samples N

PJ→HPD
samp residing within the PJ-HPD, and so we also provide

the number of samples in the PJ-HPD region as a guide.

nal with only the Gaussian component of the covariance
(Sect. 5.2.2), iterative computation of covariances (which
require a pre-defined cosmology; Sect. 5.2.3), the impact of
di!erent choices of intrinsic alignment models (Sect. 5.2.4),
the role of observational systematics (Sect. 5.2.5), the im-
pact of di!erent redshift calibrations (Sect. 5.2.6), the influ-
ence of di!erent scale cuts (Sect. 5.2.7), and the impact of
individual tomographic bins on our estimated cosmological
parameters (Sect. 5.2.8).

Figure 11 presents a whisker diagram of all the vari-
ous Σ8 (that is, for the optimal Ωm,ω8-degeneracy) results
presented in this work. The figure includes our fiducial re-
sults in each statistic, with constraints computed using the
three methods previously described in Table 4. All discus-
sions below refer to our fiducial metric, the marginal mode

and HPDI summary, unless stated otherwise. Additionally,
we have annotated the figure with a measure of the dif-
ference between our various results, computed using the
metric (Σfid

8 → Σvar
8 )/ωΣvar

8
. Di!erences are computed between

the Σ8 values of each setup and the fiducial. We also an-
notate the fiducial constraints with their Hellinger distance
(see, e.g., Appendix G.1 of Heymans et al. 2021) to the
constraints from the public, fiducial Planck-Legacy analy-
sis (Planck Collaboration et al. 2020). Finally, we present a
similar figure for S 8 in Appendix F, and tables of all con-
straints are presented in Appendix G.
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Planck

• Improved redshift distribution estimation 
out to higher-z (z~2)

• A larger area coverage

Now, consistent with Planck  CDMΛ

arXiv:2503.19441

… still premature to say tension has gone



What do the tensions imply ?
Systematic errors in local (low-z) measurements

Unaccounted systematics may bias local parameters, causing 
inconsistency with Planck results.

Breakdown of  CDM modelΛ
New physics beyond ΛCDM could cause apparent discrepancies 
between Planck and local measurements

To clarify the cause, more detailed observations are necessary:
• Investigate systematic errors & cross-check with independent probes

• Test ΛCDM with observations beyond   tensions (new physics search)H0 & S8



Beyond  CDM modelΛ
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Galaxy surveys
DES (2013~2019)

DESI  (2020~)eBOSS  (2014~2019)

HETDEX (2018~)

(2014~ & 2025~)

Subaru telescope

Euclid (2023~)

 SPHEREx (2025~) Hyper-Suprim Cam (HSC)

Vera C Rubin Observatory 
(LSST)

Roman Space Telecope 
(WFIRST)

Prime Focus Spectrograph 
(PFS)



• Weak lensing

• Baryon acoustic oscillations
• Redshift-space distortions

Imaging：galaxy shapes & angular positions

Spectroscopy：3D positions of galaxies (angular position + redshift)

• Angular galaxy clustering

3D galaxy clustering

※ Combining imaging & spectroscopic data yields even more information

(2D)

on the celestial sphere

Redshift

Observational information in galaxy surveys

(how and what can be extracted is nontrivial)

Decoding

3x2 pt analysis}Combining both



Baryon acoustic oscillations (BAO)
• Characteristic scale imprinted on galaxy distribution (~100 Mpc/h)

• Acoustic sound horizon of primeval baryon-photon fluid Cosmic 
standard ruler

J. Peebles

���� z Galaxies at z
10 S. Alam et al.

Figure 3. BAO signals in the measured post-reconstruction power spectrum (left panels) and correlation function (right panels) and predictions of the best-fit
BAO models (curves). To isolate the BAO in the monopole (top panels), predictions of a smooth model with the best-fit cosmological parameters but no BAO
feature have been subtracted, and the same smooth model has been divided out in the power spectrum panel. For clarity, vertical offsets of ±0.15 (power
spectrum) and ±0.004 (correlation function) have been added to the points and curves for the high- and low-redshift bins, while the intermediate redshift
bin is unshifted. For the quadrupole (middle panels), we subtract the quadrupole of the smooth model power spectrum, and for the correlation function we
subtract the quadrupole of a model that has the same parameters as the best-fit but with ✏ = 0. If reconstruction were perfect and the fiducial model were
exactly correct, the curves and points in these panels would be flat; oscillations in the model curves indicate best-fit ✏ 6= 0. The bottom panels show the
measurements for the 0.4 < z < 0.6 redshift bin decomposed into the component of the separations transverse to and along the line of sight, based on
x(p, µ) = x0(p) + L2(µ)x2(p), where x represents either s

2 multiplied by the correlation function or the BAO component power spectrum displayed in the
upper panels, p represents either the separation or the Fourier mode, L2 is the 2nd order Legendre polynomial, p|| = µp, and p? =

p
p2 � µ2p2.

c� 2016 RAS, MNRAS 000, 1–38

Galaxy power spectrum
（relative to smooth component）
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Using the Alcock-Paczyński effect, the Hubble parameter at z can also be measured
  Teppei Okumura’s  talk→



Redshift-space distortions
Peculiar velocities cause anisotropy in spectroscopically measured galaxy distributions

(Kaiser ’87)Cosmological Analysis of BOSS galaxies 13
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Figure 5. The measured pre-reconstruction correlation function (left) and power spectrum (middle) in the directions perpendicular and parallel to the line of
sight, shown for the NGC only in the redshift range 0.50 < z < 0.75. In each panel, the color scale shows the data and the contours show the prediction of the
best-fit model. The anisotropy of the contours seen in both plots reflects a combination of RSD and the AP effect, and holds most of the information used to
separately constrain DM (z)/rd, H(z)rd, and f�8. The BAO ring can be seen in two dimensions on the correlation function plot. To more clearly show the
anisotropic BAO ring in the power spectrum, the right panel plots the two-dimensional power-spectrum divided by the best-fit smooth component. The wiggles
seen in this panel are analogous to the oscillations seen in the top left panel of Fig 3.

Table 4. Summary table of pre-reconstruction full-shape constraints on the parameter combinations DM ⇥
�
rd,fid/rd

�
, H⇥

�
rd/rd,fid

�
, and f�8(z) derived

in the supporting papers for each of our three overlapping redshift bins

Measurement redshift Satpathy et al. Beutler et al. (b) Grieb et al. Sánchez et al.
⇠(s) multipoles P (k) multipoles P (k) wedges ⇠(s) wedges

DM ⇥
�
rd,fid/rd

�
[Mpc] z = 0.38 1476 ± 33 1549 ± 41 1525 ± 25 1501 ± 27

DM ⇥
�
rd,fid/rd

�
[Mpc] z = 0.51 1985 ± 41 2015 ± 53 1990 ± 32 2010 ± 30

DM ⇥
�
rd,fid/rd

�
[Mpc] z = 0.61 2287 ± 54 2270 ± 57 2281 ± 43 2286 ± 37

H ⇥
�
rd/rd,fid

�
[km s�1Mpc�1] z = 0.38 79.3 ± 3.3 82.5 ± 3.2 81.2 ± 2.3 82.5 ± 2.4

H ⇥
�
rd/rd,fid

�
[km s�1Mpc�1] z = 0.51 88.3 ± 4.1 88.4 ± 4.1 87.0 ± 2.4 90.2 ± 2.5

H ⇥
�
rd/rd,fid

�
[km s�1Mpc�1] z = 0.61 99.5 ± 4.4 97.0 ± 4.0 94.9 ± 2.5 97.3 ± 2.7

f�8 z = 0.38 0.430 ± 0.054 0.479 ± 0.054 0.498 ± 0.045 0.468 ± 0.053
f�8 z = 0.51 0.452 ± 0.058 0.454 ± 0.051 0.448 ± 0.038 0.470 ± 0.042
f�8 z = 0.61 0.456 ± 0.052 0.409 ± 0.044 0.409 ± 0.041 0.440 ± 0.039

ods is consistent with what we observe in mocks (see Section 7.2
and Fig. 10). In all cases the µ-wedges analyses give significantly
tighter constraints than the multipole analyses, in both configura-
tion space and Fourier space. The consensus constraints, described
in §8.2 below, are slightly tighter than those of the individual wedge
analyses. At all three redshifts and for all three quantities, mapping
distance, expansion rate, and the growth of structure, the 68% con-
fidence contour for the consensus results overlaps the 68% confi-
dence contour derived from Planck 2015 data assuming a ⇤CDM
cosmology. We illustrate the combination of these full shape results
with the post-reconstruction BAO results in Fig. 11 below.

c� 2016 RAS, MNRAS 000, 1–38
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600,000 gals

Line-of-sight
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Galaxy

Galaxy

ObserverLine of sight
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s∥ Test of gravity on 
cosmological scale

f σ8(z) ≃ Ωm(z)0.6σ8(z)

Galaxy two-point 
correlation function

(General relativity)

Nick Kaiser

The strength of the anisotropy ∝

  Teppei Okumura’s  talk→



Dynamical dark energy？ by DESI
BAO measurements from DESI Kitt Peak Obs.

Dark energy EOS parameter
w(a) = w0 + (1 − a)wa

Significant deviation from 
ΛCDM ( )w0 = − 1,wa = 0

  Francisco Prada’s  talk→

DR2 result



Cosmological observations & structure formation

provides tools for quantifying observables & interpreting them

(what physics can be extracted from, how to model ＆ interpret it quantitatively)

Theory of cosmic structure formation

Cosmological information from the CMB and galaxy surveys is connected
through structure formation   combining multiple observations is thus beneficial→

 (evolution of density fluctuations)

Primordial fluctuationsCosmic inflation
• Matter fluctuations

• Photon fluctuations(Still to be confirmed) With adiabatic initial condition

(dark matter, baryon & neutrinos)

(CMB anisotropies)

Generation of 



Cosmic structure formation: overview

Z=18.3
0.2 Gyr

z=5.7
1 Gyr

z=1.4
4.7 Gyr

z=0
13.8 Gyr

38,000 years after 
Bigbang

Dark matter halo
= Self-gravitating 
dark matter system

Time

When fluctuations reach unity ( ), 
nonlinear gravity forms self-gravitating halos

δ ∼ 1   Unique sites of→
 galaxy/star formation 

After radiation domination, dark matter perturbations quickly begin 
growing via gravitational instability, while baryons start to grow after 
decoupling  , soon catching up with those of dark matter.(z ∼ 1,100)
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growing via gravitational instability, while baryons start to grow after 
decoupling  , soon catching up with those of dark matter.(z ∼ 1,100)

Diemand, Kuhlen & Madau (’06)



Matter power spectrum

3448 L. Anderson et al.

Figure 7. Histogram of (α − ⟨α⟩)/σα measured from ξ (r) of the post-
reconstruction mocks, where ⟨α⟩ is the mean. This quantity is a proxy
for the signal-to-noise ratio of our BAO measurement. We see that this
distribution is close to Gaussian as indicated by the near-zero K-S Dn. The
corresponding p-value indicates that we are 90 per cent certain our values
are drawn from a Gaussian distribution, indicating that the values of σα we
measure from the χ2 distribution are reasonable descriptors of the error on
α measured by fitting ξ (r).

also makes our distance estimates more robust to parameter choices
in our fitting algorithms and reduces the scatter between the distance
estimates from the the correlation function and the power spectrum.
We quantify these improvements further in the following sections.

We next compare the observed scatter in the best-fitting α in
the mocks to the σα estimated in each fit from the χ2(α) curve.
In Fig. 7, we plot a histogram of (α − ⟨α⟩)/σα from the mocks
and compare the result to the unit normal distribution. We find
excellent agreement; a Kolmogorov–Smirnov (K-S) test finds a
high likelihood that the observed distribution is drawn from a unit
normal. Hence the Gaussian probability distribution obtained from
the χ2 statistic is an appropriate characterization of the error on α.

6 TH E P OW E R SP E C T RU M

6.1 Measuring the power spectrum

The power spectra recovered from the CMASS DR9 data are shown
in Fig. 8 before (left) and after (right) reconstruction. The inset
shows the oscillations in these data, calculated by dividing by a
smooth model (see Section 6.2 for details). The effect of the re-
construction algorithm is clear – the large-scale power is decreased
corresponding to the removal of RSD effects, with the small-scale
power being further reduced by the reduction in non-linear power.
These data represent the most accurate measurement of a redshift-
space galaxy power spectrum ever obtained.

Power spectra were calculated using the Fourier method first de-
veloped by Feldman et al. (1994), as described in Percival et al.
(2007b) and Reid et al. (2010). We work in redshift-space as if ob-
served recession velocities solely arise from the Hubble expansion.
As we focus on measuring angle-averaged baryon acoustic oscilla-
tions, we do not convert from a galaxy density field to a halo density
field as in Reid et al. (2010), or apply corrections for Finger-of-God
effects. Given a weight wi for galaxy i at location r i , the overdensity
field can be written

F (r) = 1
N

[
∑

i

wiδD(r i − r) − ⟨w(r)n(r)⟩
]

, (31)

where N is a normalization constant

N ≡
{∫

d3r⟨w(r)n(r)⟩2
}1/2

, (32)

and ⟨w(r)n(r)⟩ is the expected weighted distribution of galaxies at
location r in the absence of clustering, and n(r) is the galaxy density.
The quantity δD is the standard Dirac-δ function. We do not apply
luminosity-dependent weights (as applied by Percival et al. 2007b
and Reid et al. 2010), as we are only interested in the BAO, and not
the overall shape of the power spectrum.

We chose to model the expected distribution of galaxies using a
random catalogue with points selected at the mean galaxy density

Figure 8. The CMASS DR9 power spectra before (left) and after (right) reconstruction with the best-fitting models overplotted. The vertical dotted lines
show the range of scales fitted (0.02 < k < 0.3 h Mpc−1), and the inset shows the BAO within this k-range, determined by dividing both model and data by
the best-fitting model calculated (including window function convolution) with no BAO. Error bars indicate

√
Cii for the power spectrum and the rms error

calculated from fitting BAO to the 600 mocks in the inset (see Section 4.2 for details).

C⃝ 2012 The Authors, MNRAS 427, 3435–3467
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS

 at K
yoto U

niversity on M
arch 4, 2016

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

SDSS-III DR9 
(BOSS)

2.6� 105 galaxies

@ z~0.5

Anderson et al. (’12)

�(�x) � ��m(�x)
�m

=
1�
V

�

�k

�(�k) ei�k·�x P (k) =
1

Nk

�

|�k|=k

|�(�k)|2

kns

kns−4

Baryon acoustic 
oscillation

∝ Ωb/Ωm
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Dark matter halo: small-scale structure formationSatellite Galaxies in WDM 5

Figure 3. Images of the CDM (left) and WDM (right) level 2 haloes at z = 0. Intensity indicates the line-of-sight projected square
of the density, and hue the projected density-weighted velocity dispersion, ranging from blue (low velocity dispersion) to yellow (high
velocity dispersion). Each box is 1.5 Mpc on a side. Note the sharp caustics visible at large radii in the WDM image, several of which
are also present, although less well defined, in the CDM case.
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Figure 4. The correlation between subhalo maximum circular
velocity and the radius at which this maximum occurs. Sub-
haloes lying within 300kpc of the main halo centre are in-
cluded. The 12 CDM and WDM subhaloes with the most mas-
sive progenitors are shown as blue and red filled circles respec-
tively; the remaining subhaloes are shown as empty circles. The
shaded area represents the 2σ confidence region for possible hosts
of the 9 bright Milky Way dwarf spheroidals determined by
Boylan-Kolchin et al. (2011).

the same radii in the simulated subhaloes. To provide a fair
comparison we must choose the simulated subhaloes that
are most likely to correspond to those that host the 9 bright
dwarf spheroidals in the Milky Way. As stripping of sub-
haloes preferentially removes dark matter relative to the
more centrally concentrated stellar component, we choose to

associate final satellite luminosity with the maximum pro-
genitor mass for each surviving subhalo. This is essentially
the mass of the object as it falls into the main halo. The
smallest subhalo in each of our samples has an infall mass
of 3.2 × 109M! in the WDM case, and 6.0 × 109M! in the
CDM case.

The LMC, SMC and the Sagittarius dwarf are all
more luminous than the 9 dwarf spheroidals considered by
Boylan-Kolchin et al. (2011) and by us. As noted above, the
Milky Way is exceptional in hosting galaxies as bright as
the Magellanic Clouds, while Sagittarius is in the process of
being disrupted so its current mass is difficult to estimate.
Boylan-Kolchin et al. hypothesize that these three galaxies
all have values of Vmax > 60kms−1 at infall and exclude sim-
ulated subhaloes that have these values at infall as well as
Vmax > 40kms−1 at the present day from their analysis. In
what follows, we retain all subhaloes but, where appropri-
ate, we highlight those that might host large satellites akin
to the Magellanic Clouds and Sagittarius.

The circular velocity curves at z = 0 for the 12 sub-
haloes which had the most massive progenitors at infall are
shown in Fig. 5 for both WDM and CDM. The circular
velocities within the half-light radius of the 9 satellites mea-
sured by Wolf et al. (2010) are also plotted as symbols. Leo-
II has the smallest half-light radius, ∼ 200pc. To compare
the satellite data with the simulations we must first check
the convergence of the simulated subhalo masses within at
least this radius. We find that the median of the ratio of the
mass within 200pc in the Aq-W2 and Aq-W3 simulations is
W 2/W 3 ∼ 1.22, i.e., the mass within 200pc in the Aq-W2
simulation has converged to better than ∼ 22%.

As can be inferred from Fig. 5, the WDM subhaloes
have similar central masses to the observed satellite galax-

c© 2011 RAS, MNRAS 000, ??–8

Structure and assembly of SIDM cluster-size haloes 3

Figure 1. The most massive halo in our sample (M200 ⇠ 2 ⇥ 1015 M� h�1) in the CDM (left) and SIDM1 (right) cases. The circle
marks the virial radius of the halo (R200 ⇠ 2 Mpc h�1).

40963 particles in the highest resolution region, which is sur-
rounded by regions of intermediate resolution and finally a
low resolution volume with an e↵ective resolution of 2563

particles. To construct the initial conditions of the zoom
simulations we followed closely the methodology described
in e.g. Onorbe et al. (2014):

• Pick the sample of 28 most massive “relaxed” haloes in
the parent simulation, as described above.

• Select the Lagrangian region around each of these
haloes at z = 0 in the parent simulation. This is the tar-
get region for resimulation.

• Traceback the particles to the initial target redshift for
resimulation (z = 50) by matching the unique particle ID
numbers across redshifts.

• Compute the initial conditions for the zoom simulation
using the code MUSIC2 (Hahn & Abel 2011), specifying the
ellipsoidal (or cuboid) region containing the targeted parti-
cles at z = 50 as the high resolution region (see Appendix
A1 for more details and convergence tests).

For the high resolution region, the e↵ective Plummer
equivalent gravitational softening length is ✏ = 5.4 kpc h�1,
while the particle mass is mp = 1.271⇥ 109 M� h�1.

Our final simulation suite consists of 28 haloes sim-
ulated with the same initial conditions in CDM, SIDM1
and SIDM0.1, with a virial mass and radius range in be-
tween: R200 ⇡ 1300 � 2000 kpc h�1, and M200 ⇡ 0.5 �

1.9 ⇥ 1015 M� h�1. Except for the most massive clus-
ter, the sample has a narrow distribution centered around
M200 ⇠ 0.9 ⇥ 1015 M� h�1 and R200 ⇠ 1550 kpc h�1 (see
figure A1). A visual impression structural di↵erences be-
tween CDM and SIDM haloes is given in Figure 1, where
we show dark matter density projections for the most mas-
sive of our haloes for CDM and SIDM1 in the left and right
panels, respectively. For each simulation, we have created
halo catalogues, first by using the friends-of-friends (FOF)
algorithm and then using the SUBFIND algorithm (Springel

2 https://people.phys.ethz.ch/⇠hahn/MUSIC/

et al. 2001) to identify selfbound (sub)haloes. The particles
within the main halo of a given structure are the main focus
of our study.

We note that for the main halo properties analysed in
this work – density, halo shape, and velocity anisotropy ra-
dial profiles – we performed convergence tests to determine
the spatial resolutions we can trust. These are described in
Appendix A.

3 RESULTS

3.1 Relaxation

Having defined our halo relaxation criteria in section 2, we
now study how our ensemble of haloes di↵er between the
CDM and SIDM1 parent simulations in regards to their equi-
librium states (there is a negligible di↵erence between CDM
and SIDM0.1) by looking at all haloes with more than 500
particles. We find that the number of haloes satisfying our
relaxation criteria di↵er significantly between the two cos-
mologies, with almost 20% more relaxed haloes in SIDM1
at z = 0 (40% if we only examine the most massive haloes
with more than 1000 particles, see Table 1).

Examining each criteria separately, we find that the viri-
alization threshold, 2T/|U | < 1.35, is the most important
one in explaining this di↵erence (this holds up to z ⇠ 1;
the number of resolved haloes drops quickly above this
redshift). The median of the distribution of 2T/|U | values
is approximately 0.5�1% lower in SIDM1 than in CDM
(0 < z < 1). We interpret this result as a consequence of
the inside-out ‘heat’ transfer that occurs during dark mat-
ter self-interactions, which leads to the thermalization of the
central regions. Despite commonly assumed to impact only
the innermost regions of haloes, we find that self-interactions
with a cross section of 1 cm2 gr�1 are strong enough to a↵ect
the global virial ratio of the entire halo.

Kim et al. (2017) found that dark matter self-
interactions ultimately shorten the timescales of halo merg-
ers, despite competition between the enhanced momentum
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Figure 1. Volume rendering of the density field in one of our simulations of the formation of a virialized BECDM halo through multiple

mergers. We merge isolated soliton cores (t = 0) until a single bound halo forms, which is characterised by a stable soliton core at the

center of the halo and quantum fluctuations throughout the domain. The volume rendering shows isocontours of density di↵ering by

factors of 10. Insets show projected density in log-space. The bottom panel shows the time evolution of the total energy E, potential

energy W , classical kinetic energy Kv , and quantum gradient energy K⇢ in the simulation.

c� 2017 RAS, MNRAS 000, 1–14
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Density profile Subhalo abundance

offers insights into both cosmological 
parameters and nature of dark matter

Springel et al. (’05)

Halo 
abundance

Bullock & Boylan-Kolchin (2017) 

(mass function)

  Anatoly Klypin’s  talk→



Linking theory with observations
Linear theory of structure formation

(CMB Boltzmann code)
Matter fluctuations

Nonlinear gravity

Galaxy clustering
Weak lensing (cosmic shear)

Sunyaev-Zel’dovich/X-ray clusters 

 Takahiro Nishimichi→

Qiao Wang
Ken Osato

Peter Behroozi

Redshift-space distortions

Galaxy bias +  α

Statistical characterization

+
Hydrodynamics and/or baryon physics

Ray-tracing (for lensing)

 Teppei Okumura→

For survey specific talks
Francisco Prada

Xin Wang

More theory needs to be involved to 
confront with precision observations



Summary
Cosmology is a subect of physics tightly connected to observations

Theory of cosmic structure formation provides a basis to interpret 
observational data as well as a clue to clarify/address

(from stars, galaxies to CMB)

 CDM model, the standard cosmological model, needs to be scrutinized 
by new observational data — beyond  CDM & new physics search
Λ

Λ
• Nature of dark energy & dark matter, and untested hypothesis

• Tensions across multiple observations ( H0, S8)

(Stage IV class) galaxy surveys play a crucial role
(cosmological parameters, testing  CDM & gravity)Λ


