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Aim of this talk

A quick overview of modern cosmology

For further study,

• brief summary of cosmological physics
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宇宙論入門
松原隆彦・著

• concordant cosmological model: issues & prospects



Contents

Cosmology: fact sheets

Designing the observed Universe

Standard cosmological model

Dark energy

Future prospects: toward precision cosmology



Cosmology
Ultimate goal of cosmology

Understanding of the 
nature of the Universe

Birth and evolution of the Universe
Matter content of the Universe

Origin of structure of the Universe{
・
・
・

based on theory and cosmological observations

A consistent picture to explain the observed 
properties of the Universe

Starting 
point

minimal

{



E.Hubble

Fact sheets (1)
Universe is expanding

Universe started with hot plasma (Big-Bang):

• Nucleosynthesis → Light-element abundance

Hubble law v = Hd

→ Cosmic Microwave Background (CMB)
•  Photon decoupling from thermal bath

D, 3
He, 4

He, 7
Li G.Gamov

v: galaxy recession velocity
d: distance between galaxy and observer{



Fact sheets (2)
 Universe is basically homogeneous, 

but there exists (small) inhomogeneities 
CMB

T=2.73K ×104
contrast

30deg. slice 2 deg. slice

2dF GRSAPM survey
Galaxy distribution 



Fact sheets (3)
 Observed inhomogeneities are apparently 

random, but have statistically regular nature
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Designing the observed Universe

• Dynamics of cosmic expansion

• Structure formation

Basic ingredients

thermal history of the Universe (hot Big-Bang)

large-scale structure (LSS) in CMB & galaxy distribution

To understand these, we need both 
microphysics and macro-physics



Underlying physics (1)

Gravity

• Dynamics of cosmic expansion:

• Evolution of inhomogeneities:
general-relativistic perturbation theory

coupled with non-equilibrium transport processes

Key word

general relativity under the cosmological principle

Standard assumptions

(homogeneous & isotropic)

microphysics



Underlying physics (2)
Friedman equation

• basic eq. that describes cosmic expansion 
• scale factor ‘a’ is dynamical variable

Einstein eq. with Robertson-Walker metric
(～size of the Universe)

: Hubble parameter at present
※ a=1 implies present time

density parameter of mass

curvature parameter



Underlying physics (3)

Minimal set of eqs. that account for
 inhomogeneities (CMB & LSS):

• Cosmological perturbation 

• Relativistic Boltzmann eqs.+ Ionization rate eq.

(massless) Neutrinos Photons

BaryonsNon-baryonic matter
Gravity

(electron)

Thomson scatt.

(cold dark matter, CDM)

CMB

LSS

Main species

(general-relativistic linear perturbation)



Basic picture (1)

←beginning　　　　　      380,000　　　　  1billion　　　10 billion　        today   (year)

Nucleon

electron First objects galaxies

CMB photon
Thomson scattering

La
st sc

a
tte

ring
 surfa

c
e

Microphysics Electromagnetic interaction between 
the recombination and decoupling time



Basic picture (2)
Ph

ys
ic

a
l l

e
ng

th
 

inflation radiation era matter era

Last scattering surface

time

Quantum 
fluc.

Macro-physics Evolution of super-horizon scale 
fluctuations based on general relativity



Basic equations : summary
Friedman eq.

Cosmological perturbation coupled with Boltzmann eqs.

(photon) temperature fluc.

Θ(k, µ) :

Φ(k), Ψ(k) :
gravitational potential 

& curvature perturbation

δb(k), vb(k) :
baryon density & velocity fluc.

δ(k), v(k) :

CDM density & velocity fluc.

N (k, µ) :
neutrino fluc. (massless)

Assuming flat 
universe H

2 = H
2
0

�
(1 + z)3Ωm + (1 + z)4Ωr + (1 + z)3(1+w)ΩDE

�

( ΩK = 0 )



Relation with Observables

There are several publicly available code to solve these eqs.:

CMBfast,  CAMB,  CMBEASY, ...

Solutions of these eqs. can be translated to observables:

CMB
Angular power spectrum of 
temperature anisotropies

LSS
Matter power spectrum

P (k) = Pinit(k)
����

δm(k; η0)
δm(k; ηinit)

����
2

C� =
2
π

� ∞

0
dk k2 Pinit(k)

����
Θ�(k; η0)

δm(k; ηinit)

����
2

http://lambda.gsfc.nasa.gov/toolbox/

�
δm ≡

Ωc

Ωm
δc +

Ωb

Ωm
δb +

Ων

Ωm
δν

�
primordial matter 

spectrum



Model parameters

• Initial conditions (adiabatic)

• Cosmic expansions

There are a number of model parameters to be specified 

# of parameters further increases 
if we consider isocurvature fluc.

scalar spectral index
scalar running index

scalar amplitude

density parameters

curvature parameter

Hubble parameter

As

ns

αs

tensor-to-scalar ratio
nt tensor spectral index
r

�
=

At

As

�

Ωc, Ωb, Ων , ΩDE

ΩK

h = H0/(100km/Mpc)

• Others
τreionization optical depth

There exist other nuisance 
parameters such as galaxy bias

wdark energy 
E.O.S

Pinit(k)



Minimal model

scalar amplitudeAs

• Adiabatic power-law & no tensor contribution

• Flat cosmology, massless neutrinos, cosmological const.

Ωc

Ωb

h

ns

τ

αs = r = nt = 0

ΩK = Ων = 0, w = −1

scalar spectral index

density parameter of CDM

density parameter of baryon

Hubble parameter

reionization optical depth

In total, 
6 parameters

ΩDE = 1− Ωc − Ωb

Note-.



Parameter dependence: CMB

Ωbh2

Ωmh2

ns

As

smear overall shape

τ



Parameter dependence: LSS

As

keq ∝ Ωmh

kns

kns−4

Baryon acoustic oscillation

oscil. amplitude
∝ Ωb/Ωm



Latest results
14 Beth A. Reid et al.

Figure 8. Points with errors show our measurement of P̂halo(k). We show
√

Cii as error bars; recall that the points are positively correlated. We plot

the best-fitting WMAP5+LRG ΛCDM model (Ωm,Ωb, ΩΛ, ns, σ8, h) = (0.291, 0.0474, 0.709, 0.960, 0.820, 0.690) with best-fitting nuisance parameters
a1 = 0.172 and a2 = −0.198 (solid curve), for which χ2 = 40.0; the dashed line shows the same model but with a1 = a2 = 0, for which χ2 = 43.3.
The BAO inset shows the same data and model divided by a spline fit to the smooth component, Psmooth, as in Fig. 4 of P09. In Section 5.1 we find the

significance of the BAO detection in the P̂halo(k) measurement is∆χ2 = 8.9.

WMAP5 are used, our constraint on the BAO scale provides a much

more precise determination of DV at the effective redshift of the

survey than the shape information alone.

In more extended models than we have thus far considered,

we may expect the additional shape information to allow tighter

constraints. The cosmological parameters most closely constrained

by the broad P (k) shape are those which affect the shape di-
rectly or which affect parameters degenerate with the shape: these

are expected to be the power spectrum spectral slope ns, its run-

ning dns/d ln k, neutrino mass mν , and the number of relativis-

tic species Neff . Thus far in our analysis, we have assumed

dns/d ln k = 0,mν = 0, and Neff = 3.04.

One intuitively expects the measurement of P̂halo(k) to im-
prove constraints on the primordial power spectrum. In a ΛCDM
model where both running of the spectral index and tensors are

allowed, WMAP5 still places relatively tight constraints on the pri-

mordial power spectrum: ns = 1.087+0.072
−0.073 and d ln ns/d ln k =

−0.05 ± 0.03. The measurement reported in this paper probes

at most ∆ ln k ∼ 2 and covers a range corresponding to ! ∼
300−3000; this range overlaps CMB measurements but extends to
smaller scales. Over this k-range and for this model, WMAP5 con-
strains the P (k) shape to vary by ∼ 8% from variations in the pri-

mordial power spectrum. Due to the uncertainties in the relation be-

tween the galaxy and underlying matter density fields, our nuisance

parameters alone allow Phalo(k,p) to vary by up to 10−14% over

this region. Therefore we do not expect significant gains on ns or

d ln ns/d ln k from our measurement.

The effect of massive neutrinos in the CMB power spec-

trum is to increase the height of the high ! acoustic peaks: free
streaming neutrinos smooth out perturbations, thus boosting acous-

tic oscillations. In the matter power spectrum instead, neutrino

free streaming gives a scale-dependent suppression of power on

the scales that large scale structure measurements currently probe

(Lesgourgues & Pastor 2006). This makes these two observables

highly complementary in constraining neutrino masses with cos-

mology.

c© 0000 RAS, MNRAS 000, 000–000

7, 900deg2

Vsurvey = 0.26 (h−1Gpc)3

Luminous red 
galaxies Ngal � 110, 000

In addition, distance-redshift 
measurement from distant 

supernova observation is used

CMB

WMAP5

SDSS DR7

Large-scale structure

Komatsu et al. (2009)

Reid et al. (2009)



Results of parameters
WMAP5 + SDSS DR7

Cosmology from the SDSS DR7 LRG Clustering 15

Figure 9.WMAP5+LRG constraints on Ωmh2, Ωm, and H0 for ΛCDM (solid black contours), oΛCDM (shaded green contours), wCDM (shaded red con-

tours), and owCDM (shaded blue contours) models. The first three panels show WMAP5-only constraints (dashed contours) and WMAP5+LRG constraints
(colored contours) in the Ωmh2- Ωm plane as the model is varied. In the lower right we show all constraints from WMAP5+LRG for all four models in the
Ωm − h plane, which lie within the tight Ωmh2 ≈ 0.133WMAP5-only constraints.

parameter ΛCDM oΛCDM wCDM owCDM owCDM+SN

Ωm 0.289 ± 0.019 0.309± 0.025 0.328± 0.037 0.306± 0.050 0.312± 0.022

H0 69.4 ± 1.6 66.0 ± 2.7 64.3± 4.1 66.7+5.9
−5.6 65.6± 2.5

DV (0.35) 1349 ± 23 1415 ± 49 1398 ± 45 1424 ± 49 1418 ± 49

rs/DV (0.35) 0.1125 ± 0.0023 0.1084± 0.0034 0.1094± 0.0032 0.1078+0.0033
−0.0034 0.1081 ± 0.0034

Ωk - −0.0114+0.0076
−0.0077 - -0.009 ± 0.012 -0.0109± 0.0088

w - - -0.79 ± 0.15 -1.06± 0.38 -0.99± 0.11

ΩΛ 0.711 ± 0.019 0.703± 0.021 0.672± 0.037 0.703+0.057
−0.058 0.699 ± 0.020

Age (Gyr) 13.73± 0.13 14.25± 0.37 13.87± 0.17 14.27± 0.52 14.24± 0.40

Ωtot - 1.0114+0.0077
−0.0076 - 1.009 ± 0.012 1.0109± 0.0088

100Ωbh2 2.272 ± 0.058 2.274± 0.059 2.293+0.062
−0.063 2.279+0.066

−0.065 2.276+0.060
−0.059

Ωch2 0.1161+0.0039
−0.0038 0.1110 ± 0.0052 0.1112+0.0056

−0.0057 0.1103+0.0055
−0.0054 0.1110+0.0051

−0.0052
τ 0.084 ± 0.016 0.089± 0.017 0.088± 0.017 0.088± 0.017 0.088± 0.017

ns 0.961 ± 0.013 0.962± 0.014 0.969± 0.015 0.965± 0.016 0.964± 0.014

ln(1010A05) 3.080+0.036
−0.037 3.068 ± 0.040 3.071+0.040

−0.039 3.064 ± 0.041 3.068± 0.039

σ8 0.824 ± 0.025 0.796± 0.032 0.735± 0.073 0.79± 0.11 0.790+0.045
−0.046

Table 3.Marginalized one-dimensional constraints (68%) for WMAP5+LRG for flatΛCDM,ΛCDMwith curvature (oΛCDM), flat wCDM (wCDM), wCDM

with curvature (owCDM), and wCDM with curvature and including constraints from the Union Supernova sample. Here τ is the optical depth to reionization,
ns is the scalar spectral index, and A05 is the amplitude of curvature perturbations at k = 0.05/Mpc; these parameters are constrained directly by the CMB
only.

c© 0000 RAS, MNRAS 000, 000–000

Reid et al. (2009) arXiv:0907.1659
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Table 1
Summary of the Cosmological Parameters of ΛCDM Model and the Corresponding 68% Intervals

Class Parameter WMAP 5 Year MLa WMAP+BAO+SN ML WMAP 5 Year Meanb WMAP+BAO+SN Mean

Primary 100Ωbh
2 2.268 2.262 2.273 ± 0.062 2.267+0.058

−0.059
Ωch

2 0.1081 0.1138 0.1099 ± 0.0062 0.1131 ± 0.0034
ΩΛ 0.751 0.723 0.742 ± 0.030 0.726 ± 0.015
ns 0.961 0.962 0.963+0.014

−0.015 0.960 ± 0.013
τ 0.089 0.088 0.087 ± 0.017 0.084 ± 0.016

∆2
R(kc

0) 2.41 × 10−9 2.46 × 10−9 (2.41 ± 0.11) × 10−9 (2.445 ± 0.096) × 10−9

Derived σ8 0.787 0.817 0.796 ± 0.036 0.812 ± 0.026
H0 72.4 km s−1 Mpc−1 70.2 km s−1 Mpc−1 71.9+2.6

−2.7 km s−1 Mpc−1 70.5 ± 1.3 km s− Mpc−

Ωb 0.0432 0.0459 0.0441 ± 0.0030 0.0456 ± 0.0015
Ωc 0.206 0.231 0.214 ± 0.027 0.228 ± 0.013

Ωmh2 0.1308 0.1364 0.1326 ± 0.0063 0.1358+0.0037
−0.0036

zd
reion 11.2 11.3 11.0 ± 1.4 10.9 ± 1.4
te
0 13.69 Gyr 13.72 Gyr 13.69 ± 0.13 Gyr 13.72 ± 0.12 Gyr

Notes.
a Dunkley et al. (2009). “ML” refers to the Maximum Likelihood parameters.
b Dunkley et al. (2009). “Mean” refers to the mean of the posterior distribution of each parameter.
c k0 = 0.002 Mpc−1. ∆2

R(k) = k3PR(k)/(2π2) (Equation (15)).
d “Redshift of reionization,” if the universe was reionized instantaneously from the neutral state to the fully ionized state at zreion.
e The present-day age of the universe.

Table 2
Summary of the 95% Confidence Limits on Deviations from the Simple (Flat, Gaussian, Adiabatic, Power-Law) ΛCDM Model

Section Name Type WMAP 5 Year WMAP+BAO+SN

Section 3.2 Gravitational wavea No running index r < 0.43b r < 0.22
Section 3.1.3 Running index No grav. wave −0.090 < dns/d ln k < 0.019c −0.068 < dns/d ln k < 0.012
Section 3.4 Curvatured −0.063 < Ωk < 0.017e −0.0179 < Ωk < 0.0081f

Curvature radiusg Positive curv. Rcurv > 12 h−1 Gpc Rcurv > 22 h−1 Gpc
Negative curv. Rcurv > 23 h−1 Gpc Rcurv > 33 h−1 Gpc

Section 3.5 Gaussianity Local −9 < f local
NL < 111h N/A

Equilateral −151 < f
equil
NL < 253i N/A

Section 3.6 Adiabaticity Axion α0 < 0.16j α0 < 0.072k

Curvaton α−1 < 0.011l α−1 < 0.0041m

Section 4 Parity violation Chern–Simonsn −5.◦9 < ∆α < 2.◦4 N/A
Section 5 Dark energy Constant wo −1.37 < 1 + w < 0.32p −0.14 < 1 + w < 0.12

Evolving w(z)q N/A −0.33 < 1 + w0 < 0.21r

Section 6.1 Neutrino masss ∑
mν < 1.3 eVt ∑

mν < 0.67 eVu

Section 6.2 Neutrino species Neff > 2.3v Neff = 4.4 ± 1.5w (68%)

Notes.
a In the form of the tensor-to-scalar ratio, r, at k = 0.002 Mpc−1.
b Dunkley et al. (2009).
c Dunkley et al. (2009).
d (Constant) dark energy equation of state allowed to vary (w $= −1).
e With the HST prior, H0 = 72 ± 8 km s−1 Mpc−1. For w = −1, −0.052 < Ωk < 0.013 (95% CL).
f For w = −1, −0.0178 < Ωk < 0.0066 (95% CL).
g Rcurv = (c/H0)/

√
|Ωk | = 3/

√
|Ωk | h−1 Gpc.

h Cleaned V + W map with lmax = 500 and the KQ75 mask, after the point-source correction.
i Cleaned V + W map with lmax = 700 and the KQ75 mask, after the point-source correction.
j Dunkley et al. (2009).
k In terms of the adiabaticity deviation parameter, δ(c,γ )

adi =
√

α/3 (Equation (39)), the axion-like dark matter and photons are found to obey the adiabatic
relation (Equation (36)) to 8.9%.
l Dunkley et al. (2009).
m In terms of the adiabaticity deviation parameter, δ

(c,γ )
adi =

√
α/3 (Equation (39)), the curvaton-like dark matter and photons are found to obey the

adiabatic relation (Equation (36)) to 2.1%.
n For an interaction of the form given by [φ(t)/M]Fαβ F̃ αβ , the polarization rotation angle is ∆α = M−1 ∫

dt
a φ̇.

o For spatially curved universes (Ωk $= 0).
p With the HST prior, H0 = 72 ± 8 km s−1 Mpc−1.
q For a flat universe (Ωk = 0).
r w0 ≡ w(z = 0).
s ∑

mν = 94(Ωνh
2) eV.

t Dunkley et al. (2009).
u For w = −1. For w $= −1,

∑
mν < 0.80 eV (95% CL).

v Dunkley et al. (2009).
w With the HST prior, H0 = 72 ± 8 km s−1 Mpc−1. The 95% limit is 1.8 < Neff < 7.6.
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Komatsu et al. (2009)
ApJ.Suppl. 180, 330

c.f.  WMAP5 only

τ � 0.08

ns � 0.96

h � 0.69

As � 2.4× 10−9

Ωc � 0.24
Ωb � 0.047



Note
Extension of parameter set does not significantly 

change the results 

• spectral running
• curvature 
• neutrino masses
• tensor contribution
• ...

Minimal 6-parameter model is currently the best standard 
cosmological model that explains all the observations 



From WMAP papers,
Spergel et al. (2003)

Spergel et al. (2007)

angular scales is a statistical fluke or the signature of new
physics.

8. CONCLUSIONS

Cosmology now has a standard model: a flat universe
composed of matter, baryons, and vacuum energy with a
nearly scale-invariant spectrum of primordial fluctuations.
In this cosmological model, the properties of the universe
are characterized by the density of baryons, matter, and the
expansion rate: !b, !m; and h. For the analysis of CMB
results, all of the effects of star formation can be incorpo-
rated in a single number: the optical depth due to reioniza-
tion, ! . The primordial fluctuations in this model are
characterized by a spectral index. Despite its simplicity, it is
an adequate fit not only to the WMAP temperature and
polarization data but also to small-scale CMB data, large-
scale structure data, and supernova data. This model is con-
sistent with the baryon/photon ratio inferred from observa-
tions of D/H in distant quasars, the HST Key Project
measurement of the Hubble constant, stellar ages and the
amplitude of mass fluctuations inferred from clusters and
from gravitational lensing. When we include large-scale
structure or Ly" forest data in the analysis, the data suggest
that we may need to add an additional parameter:
dns=d ln k. Since the best-fit models predict that the slope of
the power spectrum is redder on small scales, this model pre-
dicts later formation times for dwarf galaxies. This modifi-
cation to the power-law "CDMmodel may resolve many of
its problems on the galaxy scale. Table 10 lists the best-fit
parameters for this model.

While there have been a host of papers on cosmological
parameters, WMAP has brought this program to a new
stage:WMAP’s more accurate determination of the angular
power spectrum has significantly reduced parameter uncer-
tainties, WMAP’s detection of TE fluctuations has con-
firmed the basic model and its detection of reionization
signature has reduced the ns-! degeneracy. Most impor-
tantly, the rigorous propagation of errors and uncertainties
in the WMAP data has strengthened the significance of the
inferred parameter values.

In this paper, we have also examined a number of more
complicated models: nonflat universes, quintessence
models, models with massive neutrinos, and models with
tensor gravitational wave modes. By combining theWMAP
data with finer scale CMB experiments and with other astro-
nomical data sets (2dFGRS galaxy power spectrum and
Type Ia supernova observations), we place significant new
limits on these parameters.

Cosmology is now in a similar stage in its intellectual
development to particle physics three decades ago when
particle physicists converged on the current standardmodel.
The standard model of particle physics fits a wide range of
data but does not answer many fundamental questions:
What is the origin of mass? Why is there more than one
family? etc. Similarly, the standard cosmological model has
many deep open questions: What is the dark energy? What
is the dark matter? What is the physical model behind
inflation (or something like inflation)? Over the past three
decades, precision tests have confirmed the standard model
of particle physics and searched for distinctive signatures of

TABLE 10

Basic and Derived Cosmological Parameters: Running Spectral Index Model

Parameters Mean and 68%Confidence Errors

Basic

Amplitude of fluctuations,A ........................................................ 0:83þ0:09
"0:08

Spectral index at k ¼ 0:05Mpc"1, ns ............................................ 0:93$ 0:03
Derivative of spectral index, dns=d ln k ......................................... "0:031þ0:016

"0:018

Hubble constant, h ....................................................................... 0:71þ0:04
"0:03

Baryon density,!bh2.................................................................... 0:0224$ 0:0009
Matter density,!mh2.................................................................... 0:135þ0:008

"0:009

Optical depth, ! ............................................................................ 0:17$ 0:06

Derived

Matter power spectrum normalization, #8.................................... 0:84$ 0:04
Characteristic amplitude of velocity fluctuations, #8!0:6

m .............. 0:38þ0:04
"0:05

Baryon density/critical density,!b .............................................. 0:044$ 0:004
Matter density/critical density,!m .............................................. 0:27$ 0:04
Age of the universe, t0 .................................................................. 13:7$ 0:2Gyr
Reionization redshift,a zr.............................................................. 17$ 4
Decoupling redshift, zdec .............................................................. 1089$ 1
Age of the universe at decoupling, tdec .......................................... 379þ8

"7 kyr
Thickness of surface of last scatter,Dzdec ...................................... 195$ 2
Thickness of surface of last scatter,Dtdec ...................................... 118þ3

"2 kyr
Redshift of matter/radiation equality, zeq .................................... 3233þ194

"210

Sound horizon at decoupling, rs ................................................... 147$ 2Mpc
Angular size distance to the decoupling surface, dA ...................... 14:0þ0:2

"0:3 Gpc
Acoustic angular scale,b ‘A ........................................................... 301$ 1
Current density of baryons, nb ...................................................... ð2:5$ 0:1Þ ' 10"7 cm"3

Baryon/photon ratio, $................................................................ ð6:1þ0:3
"0:2Þ ' 10"10

Note.—Fit to theWMAP, CBI, ACBAR, 2dFGRS, and Ly" forest data.
a Assumes ionization fraction, xe ¼ 1.
b lA ¼ %dC=rs.
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of one field modulates the amplitude of fluctuations in a second
field:

!(x) ¼ !(x)½1þ gNL (x)$; ð22Þ

where ! and  are Gaussian random fields and! is the Bardeen
curvature potential. The presence of such a termwould generate
variations in the amplitude of fluctuations across the sky.

Appendix B derives an estimator for the amplitude of the non-
Gaussian term, g 2

NLj j
2. This estimator is based on approximat-

ing the CMB fluctuations as arising from an infinitely thin surface
of last scatter. We measure the amplitude of the four-point func-
tion by computing

G ¼
X

i

(T f
i 9

2T
f
i ' N 2

i )
2; ð23Þ

where T f is a smoothed map (e.g., anNside ¼ 128 map), Ti is an
unsmoothed map, and Ni is the expected value of Tf92Ti for a
map without any signal.

Figure 25 shows measurements of G from the Q-, V-, and
W-band data. The V- and W-band data show any evidence for a
nontrivial four-point function, while Q-band data may show the
contamination from point sources. At the S/N level of the 3 year
data, there are no significant cosmological or systematic effects
modulating the amplitude of the fluctuations as a function of scale.

9. CONCLUSIONS

The standard model of cosmology has survived another rig-
orous set of tests. The errors on theWMAP data at large l are now
3 times smaller, and there have been significant improvements in
other cosmological measurements. Despite the overwhelming
force of the data, the model continues to thrive. This was the basic
result of Spergel et al. (2003) and was reinforced by subsequent
analyses of the first-year WMAP data with the SDSS (Tegmark
et al. 2004a) and analysis of first-year WMAP plus the final
2dFGRS survey (Sanchez et al. 2006). After the analyses in this
paper were completed, a larger SDSS LRG sample was released.
An analysis of the 3 year WMAP data combined with the new
larger sample reached the same basic conclusions as this paper:
the "CDM model is consistent with both CMB and large-scale
structure measurements and its basic parameters are now reason-
ably well constrained (Tegmark et al. 2006).

The data are so constraining that there is little room for signifi-
cant modifications of the basic "CDM model. The combination
of WMAP measurements and other astronomical measurements
place significant limits on the geometry of the universe, the na-
ture of dark energy, and even neutrino properties. While allow-
ing for a running spectral index slightly improves the fit to the
WMAP data, the improvement in the fit is not significant enough
to require a new parameter.

Cosmology requires new physics beyond the standard model
of particle physics: dark matter, dark energy, and amechanism to
generate primordial fluctuations. The WMAP data provide in-
sights into all three of these fundamental problems:

1. The clear detection of the predicted acoustic peak structure
implies that the dark matter is nonbaryonic.

2. The WMAP data are consistent with a nearly flat universe
in which the dark energy has an equation of state close to that of a
cosmological constant, w ¼ '1. The combination of WMAP
data with measurements of the Hubble constant, baryon oscilla-
tions, supernova data, and large-scale structure observations all
reinforces the evidence for dark energy.

3. The simplest model for structure formation, a scale-invariant
spectrum offluctuations, is not a good fit to theWMAP data. The
WMAP data require either tensor modes or a spectral index with
ns < 1 to fit the angular power spectrum. These observations
match the basic inflationary predictions and are well fitted by the
predictions of the simple m2!2 model.

Further WMAP observations and future analyses will test the
inflationary paradigm. While we do not find convincing evidence
for significant non-Gaussianities, an alternative model that better
fits the low-l data would be an exciting development. Within the
context of the inflationary models, measurements of the spectral
index as a function of scale and measurements of tensor modes
directly will provide a direct probe into the physics of the first mo-
ments of the big bang.

The WMAP mission is made possible by the support of the
Office of Space Sciences at NASA Headquarters and by the hard
and capable work of scores of scientists, engineers, technicians,
machinists, data analysts, budget analysts, managers, adminis-
trative staff, and reviewers. We thank the referee for helpful
comments, Henk Hoekstra, Yannick Mellier, and Ludovic Van
Waerbeke for providing the CFHTLS data and discussions of the
lensing data, John Sievers for discussions of small-scale CMB
experiments, AdamRiess and Kevin Kriscinius for discussion of

Fig. 26.—Effect of SZmarginalization on the likelihood function. The red curve
is the likelihood surface for the 3 year WMAP data for the power-law "CDM
model with ASZ ¼ 0. The black curve is the likelihood surface after marginal-
izing over the amplitude of the SZ contribution.
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standard relation between the photon temperature and neutrino
temperature, Tν = (4/11)1/3Tγ , derived from the entropy
conservation across the electron–positron annihilation (see, e.g.,
Weinberg 1972; Kolb & Turner 1990).

However, if we do not know Neff precisely, it is not possible to
use zeq to measure Ωmh2. In fact, we lose our ability to measure
Ωmh2 from CMB almost completely if we do not know Neff .
Likewise, if we do not know Ωmh2 precisely, it is not possible
to use zeq to measure Neff . As a result, Neff and Ωmh2 are linearly
correlated (degenerate), with the width of the degeneracy line
given by the uncertainty in our determination of zeq.

The distance information from BAO and SN provides us with
an independent constraint on Ωmh2, which helps to reduce the
degeneracy between zeq and Ωmh2.

The anisotropic stress of neutrinos also leaves distinct signa-
tures in the CMB power spectrum, which is not degenerate with
Ωmh2 (Hu et al. 1995; Bashinsky & Seljak 2004). Trotta & Mel-
chiorri (2005; also see Melchiorri & Serra 2006) have reported
on evidence for the neutrino anisotropic stress at slightly more
than 95% CL. They have parametrized the anisotropic stress by
the viscosity parameter, c2

vis (Hu 1998), and found c2
vis > 0.12

(95% CL). However, they had to combine the WMAP 1-year
data with the SDSS data to see the evidence for nonzero c2

vis.
In Dunkley et al. (2009), we reported on the lower limit to

Neff solely from the WMAP 5-year data. In this paper, we shall
combine the WMAP data with the distance information from
BAO and SN as well as Hubble’s constant from HST to find the
best-fitting value of Neff .

6.2.3. Results

Figure 18 shows our constraint on Neff . The contours in the
left panel lie on the expected linear correlation between Ωmh2

and Neff given by

Neff = 3.04 + 7.44
(

Ωmh2

0.1308
3139

1 + zeq
− 1

)
, (84)

which follows from Equation (83). Here, Ωmh2 = 0.1308
and zeq = 3138 are the maximum likelihood values from the
simplest ΛCDM model. The width of the degeneracy line is
given by the accuracy of our determination of zeq, which is
given by zeq = 3141+154

−157 (WMAP-only) for this model. Note
that the mean value of zeq for the simplest ΛCDM model with
Neff = 3.04 is zeq = 3176+151

−150, which is close. This confirms
that zeq is one of the fundamental observables, and Neff is
merely a secondary parameter that can be derived from zeq. The
middle panel of Figure 18 shows this clearly: zeq is determined
independently of Neff . For each value of Neff along a constant
zeq line, there is a corresponding Ωmh2 that gives the same value
of zeq along the line.

However, the contours do not extend all the way down to
Neff = 0, although Equation (84) predicts that Neff should go
to zero when Ωmh2 is sufficiently small. This indicates that
we see the effect of the neutrino anisotropic stress at a high
significance. While we need to repeat the analysis of Trotta &
Melchiorri (2005) in order to prove that our finding of Neff > 0
comes from the neutrino anisotropic stress, we believe that there
is a strong evidence that we see nonzero Neff via the effect of
neutrino anisotropic stress, rather than via zeq.

While the WMAP data alone can give a lower limit on Neff
(Dunkley et al. 2009), they cannot give an upper limit owing
to the strong degeneracy with Ωmh2. Therefore, we use the
BAO, SN, and HST data to break the degeneracy. We find

Neff = 4.4 ± 1.5 (68%) from WMAP+BAO+SN+HST, which
is fully consistent with the standard value, 3.04 (see the right
panel of Figure 18).

7. CONCLUSION

With 5-years of integration, the WMAP temperature and
polarization data have improved significantly. An improved
determination of the third acoustic peak has enabled us to
reduce the uncertainty in the amplitude of matter fluctuation,
parametrized by σ8, by a factor of 1.4 from the WMAP 3-year
result. The E-mode polarization is now detected at five standard
deviations (see 3.0 standard deviations for the 3-year data; Page
et al. 2007), which rules out an instantaneous reionization at
zreion = 6 at the 3.5σ level. Overall, the WMAP 5-year data
continue to support the simplest, six-parameter ΛCDM model
(Dunkley et al. 2009).

In this paper, we have explored our ability to limit deviations
from the simplest picture, namely non-Gaussianity, nonadia-
batic fluctuations, nonzero gravitational waves, nonpower-law
spectrum, nonzero curvature, dynamical dark energy, parity-
violating interactions, nonzero neutrino mass, and nonstandard
number of neutrino species. Detection of any of these items will
immediately lead us to the new era in cosmology and a better
understanding of the physics of our universe.

From these studies, we conclude that we have not detected any
convincing deviations from the simplest six-parameter ΛCDM
model at the level greater than 99% CL. By combining WMAP
data with the distance information from BAO and SN, we have
improved the accuracy of the derived cosmological parameters.
As the distance information provides strong constraints on the
matter density (both BAO and SN) and Hubble’s constant
(BAO), the uncertainties in Ωmh2 and H0 have been reduced
by factors of 1.7 and 2, respectively, from the WMAP-only
limits. The better determination of H0 reduces the uncertainty
in ΩΛ (as well as Ωb and Ωc) by a factor of 2, and the better
determination of Ωmh2 reduces the uncertainty in σ8 by a factor
of 1.4. These results are presented visually in Figure 19. Also
see Table 1 for the summary of the cosmological parameters
of the ΛCDM model. The addition of BAO and SN does not
improve the determinations of Ωbh

2 or τ as expected. Since ns
is mainly degenerate with Ωbh

2 and τ , with the former being
more degenerate, the addition of BAO and SN does not improve
our determination of ns, when we consider the simplest six-
parameter ΛCDM model.

To find the limits on various deviations from the simplest
model, we have explored the parameter space by combining
the WMAP 5-year data with the distance measurements from
the BAO and Type Ia SN observations. Here, we summarize
significant findings from our analysis (also see Table 2).

1. Gravitational waves and primordial power spectrum.
Improved simultaneous constraint on the amplitude of pri-
mordial gravitational waves and the shape of the primordial
power spectrum (from WMAP+BAO+SN). In terms of the
tensor-to-scalar ratio, r, we have found r < 0.22 (95% CL),
which is the tightest bound to date. A blue primordial spec-
trum index, ns > 1, now begins to be disfavored even in
the presence of gravitational waves. We find no evidence
for the running index, dns/d ln k. The parameter space al-
lowed for inflation models has shrunk significantly since the
3-year data release (Section 3.3), most notably for models
that produce significant gravitational waves, such as chaotic
or power-law inflation models, and models that produce
ns > 1, such as hybrid inflation models.
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standard relation between the photon temperature and neutrino
temperature, Tν = (4/11)1/3Tγ , derived from the entropy
conservation across the electron–positron annihilation (see, e.g.,
Weinberg 1972; Kolb & Turner 1990).

However, if we do not know Neff precisely, it is not possible to
use zeq to measure Ωmh2. In fact, we lose our ability to measure
Ωmh2 from CMB almost completely if we do not know Neff .
Likewise, if we do not know Ωmh2 precisely, it is not possible
to use zeq to measure Neff . As a result, Neff and Ωmh2 are linearly
correlated (degenerate), with the width of the degeneracy line
given by the uncertainty in our determination of zeq.

The distance information from BAO and SN provides us with
an independent constraint on Ωmh2, which helps to reduce the
degeneracy between zeq and Ωmh2.

The anisotropic stress of neutrinos also leaves distinct signa-
tures in the CMB power spectrum, which is not degenerate with
Ωmh2 (Hu et al. 1995; Bashinsky & Seljak 2004). Trotta & Mel-
chiorri (2005; also see Melchiorri & Serra 2006) have reported
on evidence for the neutrino anisotropic stress at slightly more
than 95% CL. They have parametrized the anisotropic stress by
the viscosity parameter, c2

vis (Hu 1998), and found c2
vis > 0.12

(95% CL). However, they had to combine the WMAP 1-year
data with the SDSS data to see the evidence for nonzero c2

vis.
In Dunkley et al. (2009), we reported on the lower limit to

Neff solely from the WMAP 5-year data. In this paper, we shall
combine the WMAP data with the distance information from
BAO and SN as well as Hubble’s constant from HST to find the
best-fitting value of Neff .

6.2.3. Results

Figure 18 shows our constraint on Neff . The contours in the
left panel lie on the expected linear correlation between Ωmh2

and Neff given by

Neff = 3.04 + 7.44
(

Ωmh2

0.1308
3139

1 + zeq
− 1

)
, (84)

which follows from Equation (83). Here, Ωmh2 = 0.1308
and zeq = 3138 are the maximum likelihood values from the
simplest ΛCDM model. The width of the degeneracy line is
given by the accuracy of our determination of zeq, which is
given by zeq = 3141+154

−157 (WMAP-only) for this model. Note
that the mean value of zeq for the simplest ΛCDM model with
Neff = 3.04 is zeq = 3176+151

−150, which is close. This confirms
that zeq is one of the fundamental observables, and Neff is
merely a secondary parameter that can be derived from zeq. The
middle panel of Figure 18 shows this clearly: zeq is determined
independently of Neff . For each value of Neff along a constant
zeq line, there is a corresponding Ωmh2 that gives the same value
of zeq along the line.

However, the contours do not extend all the way down to
Neff = 0, although Equation (84) predicts that Neff should go
to zero when Ωmh2 is sufficiently small. This indicates that
we see the effect of the neutrino anisotropic stress at a high
significance. While we need to repeat the analysis of Trotta &
Melchiorri (2005) in order to prove that our finding of Neff > 0
comes from the neutrino anisotropic stress, we believe that there
is a strong evidence that we see nonzero Neff via the effect of
neutrino anisotropic stress, rather than via zeq.

While the WMAP data alone can give a lower limit on Neff
(Dunkley et al. 2009), they cannot give an upper limit owing
to the strong degeneracy with Ωmh2. Therefore, we use the
BAO, SN, and HST data to break the degeneracy. We find

Neff = 4.4 ± 1.5 (68%) from WMAP+BAO+SN+HST, which
is fully consistent with the standard value, 3.04 (see the right
panel of Figure 18).

7. CONCLUSION

With 5-years of integration, the WMAP temperature and
polarization data have improved significantly. An improved
determination of the third acoustic peak has enabled us to
reduce the uncertainty in the amplitude of matter fluctuation,
parametrized by σ8, by a factor of 1.4 from the WMAP 3-year
result. The E-mode polarization is now detected at five standard
deviations (see 3.0 standard deviations for the 3-year data; Page
et al. 2007), which rules out an instantaneous reionization at
zreion = 6 at the 3.5σ level. Overall, the WMAP 5-year data
continue to support the simplest, six-parameter ΛCDM model
(Dunkley et al. 2009).

In this paper, we have explored our ability to limit deviations
from the simplest picture, namely non-Gaussianity, nonadia-
batic fluctuations, nonzero gravitational waves, nonpower-law
spectrum, nonzero curvature, dynamical dark energy, parity-
violating interactions, nonzero neutrino mass, and nonstandard
number of neutrino species. Detection of any of these items will
immediately lead us to the new era in cosmology and a better
understanding of the physics of our universe.

From these studies, we conclude that we have not detected any
convincing deviations from the simplest six-parameter ΛCDM
model at the level greater than 99% CL. By combining WMAP
data with the distance information from BAO and SN, we have
improved the accuracy of the derived cosmological parameters.
As the distance information provides strong constraints on the
matter density (both BAO and SN) and Hubble’s constant
(BAO), the uncertainties in Ωmh2 and H0 have been reduced
by factors of 1.7 and 2, respectively, from the WMAP-only
limits. The better determination of H0 reduces the uncertainty
in ΩΛ (as well as Ωb and Ωc) by a factor of 2, and the better
determination of Ωmh2 reduces the uncertainty in σ8 by a factor
of 1.4. These results are presented visually in Figure 19. Also
see Table 1 for the summary of the cosmological parameters
of the ΛCDM model. The addition of BAO and SN does not
improve the determinations of Ωbh

2 or τ as expected. Since ns
is mainly degenerate with Ωbh

2 and τ , with the former being
more degenerate, the addition of BAO and SN does not improve
our determination of ns, when we consider the simplest six-
parameter ΛCDM model.

To find the limits on various deviations from the simplest
model, we have explored the parameter space by combining
the WMAP 5-year data with the distance measurements from
the BAO and Type Ia SN observations. Here, we summarize
significant findings from our analysis (also see Table 2).

1. Gravitational waves and primordial power spectrum.
Improved simultaneous constraint on the amplitude of pri-
mordial gravitational waves and the shape of the primordial
power spectrum (from WMAP+BAO+SN). In terms of the
tensor-to-scalar ratio, r, we have found r < 0.22 (95% CL),
which is the tightest bound to date. A blue primordial spec-
trum index, ns > 1, now begins to be disfavored even in
the presence of gravitational waves. We find no evidence
for the running index, dns/d ln k. The parameter space al-
lowed for inflation models has shrunk significantly since the
3-year data release (Section 3.3), most notably for models
that produce significant gravitational waves, such as chaotic
or power-law inflation models, and models that produce
ns > 1, such as hybrid inflation models.

. . . . . .
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angular scales is a statistical fluke or the signature of new
physics.

8. CONCLUSIONS

Cosmology now has a standard model: a flat universe
composed of matter, baryons, and vacuum energy with a
nearly scale-invariant spectrum of primordial fluctuations.
In this cosmological model, the properties of the universe
are characterized by the density of baryons, matter, and the
expansion rate: !b, !m; and h. For the analysis of CMB
results, all of the effects of star formation can be incorpo-
rated in a single number: the optical depth due to reioniza-
tion, ! . The primordial fluctuations in this model are
characterized by a spectral index. Despite its simplicity, it is
an adequate fit not only to the WMAP temperature and
polarization data but also to small-scale CMB data, large-
scale structure data, and supernova data. This model is con-
sistent with the baryon/photon ratio inferred from observa-
tions of D/H in distant quasars, the HST Key Project
measurement of the Hubble constant, stellar ages and the
amplitude of mass fluctuations inferred from clusters and
from gravitational lensing. When we include large-scale
structure or Ly" forest data in the analysis, the data suggest
that we may need to add an additional parameter:
dns=d ln k. Since the best-fit models predict that the slope of
the power spectrum is redder on small scales, this model pre-
dicts later formation times for dwarf galaxies. This modifi-
cation to the power-law "CDMmodel may resolve many of
its problems on the galaxy scale. Table 10 lists the best-fit
parameters for this model.

While there have been a host of papers on cosmological
parameters, WMAP has brought this program to a new
stage:WMAP’s more accurate determination of the angular
power spectrum has significantly reduced parameter uncer-
tainties, WMAP’s detection of TE fluctuations has con-
firmed the basic model and its detection of reionization
signature has reduced the ns-! degeneracy. Most impor-
tantly, the rigorous propagation of errors and uncertainties
in the WMAP data has strengthened the significance of the
inferred parameter values.

In this paper, we have also examined a number of more
complicated models: nonflat universes, quintessence
models, models with massive neutrinos, and models with
tensor gravitational wave modes. By combining theWMAP
data with finer scale CMB experiments and with other astro-
nomical data sets (2dFGRS galaxy power spectrum and
Type Ia supernova observations), we place significant new
limits on these parameters.

Cosmology is now in a similar stage in its intellectual
development to particle physics three decades ago when
particle physicists converged on the current standardmodel.
The standard model of particle physics fits a wide range of
data but does not answer many fundamental questions:
What is the origin of mass? Why is there more than one
family? etc. Similarly, the standard cosmological model has
many deep open questions: What is the dark energy? What
is the dark matter? What is the physical model behind
inflation (or something like inflation)? Over the past three
decades, precision tests have confirmed the standard model
of particle physics and searched for distinctive signatures of

TABLE 10

Basic and Derived Cosmological Parameters: Running Spectral Index Model

Parameters Mean and 68%Confidence Errors

Basic

Amplitude of fluctuations,A ........................................................ 0:83þ0:09
"0:08

Spectral index at k ¼ 0:05Mpc"1, ns ............................................ 0:93$ 0:03
Derivative of spectral index, dns=d ln k ......................................... "0:031þ0:016

"0:018

Hubble constant, h ....................................................................... 0:71þ0:04
"0:03

Baryon density,!bh2.................................................................... 0:0224$ 0:0009
Matter density,!mh2.................................................................... 0:135þ0:008

"0:009

Optical depth, ! ............................................................................ 0:17$ 0:06

Derived

Matter power spectrum normalization, #8.................................... 0:84$ 0:04
Characteristic amplitude of velocity fluctuations, #8!0:6

m .............. 0:38þ0:04
"0:05

Baryon density/critical density,!b .............................................. 0:044$ 0:004
Matter density/critical density,!m .............................................. 0:27$ 0:04
Age of the universe, t0 .................................................................. 13:7$ 0:2Gyr
Reionization redshift,a zr.............................................................. 17$ 4
Decoupling redshift, zdec .............................................................. 1089$ 1
Age of the universe at decoupling, tdec .......................................... 379þ8

"7 kyr
Thickness of surface of last scatter,Dzdec ...................................... 195$ 2
Thickness of surface of last scatter,Dtdec ...................................... 118þ3

"2 kyr
Redshift of matter/radiation equality, zeq .................................... 3233þ194

"210

Sound horizon at decoupling, rs ................................................... 147$ 2Mpc
Angular size distance to the decoupling surface, dA ...................... 14:0þ0:2

"0:3 Gpc
Acoustic angular scale,b ‘A ........................................................... 301$ 1
Current density of baryons, nb ...................................................... ð2:5$ 0:1Þ ' 10"7 cm"3

Baryon/photon ratio, $................................................................ ð6:1þ0:3
"0:2Þ ' 10"10

Note.—Fit to theWMAP, CBI, ACBAR, 2dFGRS, and Ly" forest data.
a Assumes ionization fraction, xe ¼ 1.
b lA ¼ %dC=rs.

192 SPERGEL ET AL. Vol. 148

the natural extension of the standard model: supersym-
metry. Over the coming years, improving CMB, large-scale
structure, lensing, and supernova data will provide ever
more rigorous tests of the cosmological standard model and
search for new physics beyond the standard model.
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Beyond standard model

Test of hypothetical assumptions

Constraining particle physics

• Adiabaticity of initial condition

• Non-Gaussianity of primordial fluctuations

• General relativity on cosmological scales

• Detection of non-zero neutrino mass

To do
 list

Constraining early-universe physics

• Evidence of spectral running
• Detection of non-zero tensor mode

Clarifying the nature of dark energy



Cosmic acceleration
Sizable amount of dark energy implies that the 
Universe just started an accelerated expansion

!"#$%&'()
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Since
ρ = ρm + ρDE

ρm > ρDE P � PDE ≈ −ρDE

Acceleration !



Evidence of cosmic acceleration
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First confirmed by 
distant-supernova 

observations 
10 years ago

Obs. of  
distant type-Ia SNe 

We are living in the second phase of cosmic inflation ?!



Nature of dark energy (1)
Cosmological constant

• First invented by Einstein in 1917

• Vacuum energy equivalent to PDE = −ρDE = − Λ
8π G

Un-naturally 
small !!Λ ∼ 10−120M4

pl

Dynamical scalar field
• Lagrangian density L =

1
2
φ̇2 − V (φ)

effective eq. 
of state Pφ = w(t) ρφ

• Fine-tuning problem, ...

; w(t) =
φ̇/2− V (φ)
φ̇/2 + V (φ)

< −1
3



Alternative possibilities
As alternative explanation to cosmic acceleration,

we may abandon the standard model assumptions

Modification to general relativity
• Hidden gravity sector that modifies Friedman eq.

self-accelerating 
universe

Dvali-Gabadadze-Poratti model 

f(R) gravity 

e.g., 

Violation of cosmological principle
• We are accidentally living at 

the center of low-density void

• Late-time cosmic acceleration is
 ‘apparently’ observed Einstein-de Sitter 

Low-density 
void 



Current status
•  There are currently no natural & consistent explanations 

•  We cannot immediately reject/exclude these possibilities  
Nevertheless, 

at the level of current precision 

Primary 
goal 

w0 : ~few % 
wa : ~10 % 

•  Cosmological constant or not



Executive reports

Albrecht et al.  

Peacock et al.  

astro-ph/0609591 

astro-ph/0610906 

..., studies of dark energy and inflation are of the utmost 
interest to the science community well beyond astrophysics. 

We strongly recommend that there be an aggressive 
program to explore dark energy as fully as possible, … 



Future missions for dark energy

Stage 1 

Stage 2 

Stage 3 

Stage 4 

On-going project 

Near-term project 

Current status 

Long-term project 

WMAP, SCP, 2dF,  

(~2008) 

(~2014+) 

(~2020+) 

SDSS-II, CFHT-SNLS,  
CFHTLS, ... 

DES, Pan-STARRS4,  

SDSS-LRG, … 

LSST, JDEM, SKA 

Improvement factor 

~ 3 

~ 10 

1 

normalized 
by stage 2 

space 

DETF cat
egories

BOSSSuMIRe,

including CMB prior 



Observational techniques
Precision 

measurement of 
cosmic expansion history
growth of structure

Galaxy cluster 

Light curves of 
distant supernovae 

Distortions of each 
galaxy image 

Spatial patterns of 
galaxy distribution 

Evolution of number 
density of clusters 

Spec-z 

Observation 

Photo-z 

SZ / WL / X-ray 

Main probe Name 

Photo-z 

{

Combination of different techniques is quite essential



SuMIRe
Subaru Measurement of 

Imaging and Redshift

• Hyper Suprime-Cam (HSC)

• Prime Focus Spectrograph (PFS)
3,000 multi-fiber spectrograph

1.5 deg^2 FOV wide-field CCD camera

Imaging survey →  Weak lensing measurement

Spectroscopic survey → Baryon acoustic oscillations

New instruments mounted on Subaru 8.2m telescope:

The project has been approved by the Council for Science and Technology Policy
(P.I. H. Murayama, IPMU)

{



Toward precision cosmology
All the signals or features indicating beyond-

standard model are basically very weak

Precision measurements

Precision theoretical calculations

large samples & huge observational volume
reducing statistical errors and unknown systematics

 including various systematic effects ignored currently

Key ingredients:

{
Synergy of theory and observation is really demanding



Summary
Cosmology has a minimum standard model that 

accounts for the observed Universe
• Cosmic expansion

• Thermal history

• Structure formation
But still, our understanding of the Universe is lacking :

Nature of dark energy / cosmic acceleration
Origin of inhomogeneities{
Physical model of early universe (inflation)

Next-generation precision cosmology will find an 
important clue to resolve these issues



Appendix



Baryon acoustic oscillation (BAO)

• Acoustic signature of primeval baryon-photon fluid just 
before the time of photon decoupling

imprinted on galaxy power spectrum

• Characteristic scale of BAO, determined by sound horizon 
at decoupling time, provides a robust & unique measure.

rs � 110h−1Mpc

Cosmic standard ruler to measure 
the distance-redshift relation for high-z galaxies



Observation of BAO

Eisenstein et al. (2005) Percival et al. (2007)

SDSS LRG sample



BAO as standard ruler

Redshift z Angular diameter 
distance 

In addition, Hubble parameter of distant objects, H(z), can be 
measured through Alcock & Paczynski effect.  

cosmological distance of high-z objects can be measured 
Using BAO scale      as standard ruler,

z=1080

From R.C.Nichol



Constraints on dark energy
BAO in SDSS DR7 9

× [1 − 0.13Ωk − 0.12(1 + w)] . (17)

The additional uncertainty in Ωm, ±0.018 in Eq. (16) compared
with ±0.15 in Eq. (14), is produced by the dependence of the dis-
tance ratio on Ωm. In Eqns. (16) & (17), the uncertainty in the first

terms are correlated so as to leave Ωmh2 constant. One should ad-

ditionally include the errors fromΩmh2,Ωk , andw, although these
are consistent between the two results.

Looking at the fractional error in Ωm, the contribution from

the uncertainty in the SDSS acoustic scale is about 6%, that from

the uncertainty in Ωmh2 is about 2%, that from w is about 3% if

the error on w is 10%, and that from curvature is below 1% unless

the cosmology is rather non-standard. Hence our result is still lim-

ited by the SDSS-II BAO data volume and not by our knowledge

of the other cosmological parameters in Eq. (16). Of course, these

expressions only hold for mild perturbations from the concordance

cosmology; for other cases, one should return to the raw distance

constraints. We note that these expressions have not used the angu-

lar acoustic scale in the CMB, so they are independent of what is

happening with dark energy at z > 0.35.
Fig. 5 shows the BAO constraints from Eq. (13) on Ωm and

ΩΛ for ΛCDM cosmologies (upper panel), and on Ωm and w for

flat models where constant w #= −1 is allowed (lower panel).
We take a Gaussian prior of Ωmh2 = 0.1326 ± 0.0063 and as-
sume that the error on Ωbh

2 is negligible as the WMAP5 data al-

ready constrain it to 0.5% (Komatsu et al. 2009). These constraints

exclude the angular acoustic scale in the CMB, so they are in-

dependent of the dark energy behaviour at the redshifts beyond

our sample. For comparison we plot the full WMAP5 constraints

(Komatsu et al. 2009), which include the constraints on the distance

to last scattering, and constraints from the Union supernova sample

(Kowalski et al. 2008), which constrain angular diameter distance

ratios up to z ∼ 1. Results from full likelihood fits combining these
data are presented in Section 9.

8 TESTING THE ROBUSTNESS OF THE RESULTS

8.1 The effect of redshift-space distortions

We have fitted our spline × BAO model to the observed SDSS

LRG power spectrum, as calculated by Reid et al. (2009), where

the galaxy power spectrum and derived cosmological constraints

are presented. Using numerical simulations, a scheme is presented

in Reid et al. (2009) to recover the halo power spectrum from the

LRG distribution by only keeping a single LRG within each halo.

We have fitted both the galaxy and the halo power spectra with our

spline × BAO model. The log ratio between the BAO recovered

in the resulting fits is shown in Fig. 6. This shows that the cluster-

collapse correction for these galaxies results in a smooth change

in the power spectrum on the scales fitted, and does not alter the

position or amplitude of the BAO in a significant way.

Because of the different galaxy properties within the SDSS

main galaxy sample, and the 2dFGRS, we do not attempt to correct

for the more complicated distribution of galaxies within the haloes

of that sample, and recover the halo power spectrum. In contrast,

the halo occupation distribution of the SDSS LRGs is simple, in

that there is only a single population of galaxies that are predom-

inantly central rather than satellite galaxies in their hosting haloes

(Reid et al. 2009). But we have seen that for LRGs, the correction

is smooth, and we expect this to be true for the galaxies at z < 0.2
as well.

Figure 5. Cosmological constraints on ΛCDM cosmologies (upper

panel) and flat CDM models where we allow w to vary (lower

panel), from WMAP5 (blue), Union supernova (green) and our con-

straint on rs/DV (0.275) (solid contours). Contours are plotted for

−2 lnL/Ltrue < 2.3, 6.0, corresponding to 68% and 95% confidence

intervals. The dashed lines show flat models (upper panel) and Λ models

(lower panel).

8.2 Sample selection

We have run our full analysis pipeline using three subsamples of

galaxies. Results from fits to DV (z) with two nodes are shown in
Fig. 7, for different catalogues, given rs(zd) = 154.7 Mpc. The
best-fit constraints for these models on dz are given in Table 3. Our

default analysis is included in panel (a) for comparison. Here, we

analyse data from the SDSS and the 2dFGRS, including the early

SDSS data, where we cut the sample at the extinction-corrected

magnitude limit r < 17.5. We compare with results obtained (b)
excluding the early SDSS data and the 2dFGRS, (c) using just the

c© 0000 RAS, MNRAS 000, 000–000
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lar acoustic scale in the CMB, so they are independent of what is

happening with dark energy at z > 0.35.
Fig. 5 shows the BAO constraints from Eq. (13) on Ωm and

ΩΛ for ΛCDM cosmologies (upper panel), and on Ωm and w for

flat models where constant w #= −1 is allowed (lower panel).
We take a Gaussian prior of Ωmh2 = 0.1326 ± 0.0063 and as-
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are presented. Using numerical simulations, a scheme is presented

in Reid et al. (2009) to recover the halo power spectrum from the

LRG distribution by only keeping a single LRG within each halo.
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in the resulting fits is shown in Fig. 6. This shows that the cluster-

collapse correction for these galaxies results in a smooth change

in the power spectrum on the scales fitted, and does not alter the

position or amplitude of the BAO in a significant way.

Because of the different galaxy properties within the SDSS

main galaxy sample, and the 2dFGRS, we do not attempt to correct

for the more complicated distribution of galaxies within the haloes

of that sample, and recover the halo power spectrum. In contrast,

the halo occupation distribution of the SDSS LRGs is simple, in

that there is only a single population of galaxies that are predom-

inantly central rather than satellite galaxies in their hosting haloes

(Reid et al. 2009). But we have seen that for LRGs, the correction

is smooth, and we expect this to be true for the galaxies at z < 0.2
as well.
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8.2 Sample selection

We have run our full analysis pipeline using three subsamples of

galaxies. Results from fits to DV (z) with two nodes are shown in
Fig. 7, for different catalogues, given rs(zd) = 154.7 Mpc. The
best-fit constraints for these models on dz are given in Table 3. Our

default analysis is included in panel (a) for comparison. Here, we

analyse data from the SDSS and the 2dFGRS, including the early

SDSS data, where we cut the sample at the extinction-corrected

magnitude limit r < 17.5. We compare with results obtained (b)
excluding the early SDSS data and the 2dFGRS, (c) using just the
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BAO

BAO

w = P/ρ :  dark energy equation-of-state parameter
(w=−1:  cosmological const.)

Percival et al. (2009)



Fiducial model parameters: 

Hu & Dodelson (2002) 

Late-time 
ISW 

Early-time 
ISW 

Late-time 
ISW 

Baryon 
compression 

Angular 
projection 


