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Cosmology	[宇宙學]
• What	is	the	universe	made	of?																						
Ordinary	matter,	dark	matter	and	dark	energy

• How	did	it	begin?																																																							
Big	Bang? Inflation?	String	theory?

• How	does	it	evolve?																																												
Energy	contents	of	the	universe

• What	is	its	fate?																																																											
Big	crunch?	Big	freeze?	Big	rip?

• Why	do	we	exist?																																																			
Matter,	space	and	time

We	tackle	such	philosophical	
questions	with	scientific	approaches!



Cosmology	=	“Experimental”	Science
• Various	data	sets	are	now	available
• The	measurements	keep	being	improved
• Can	test	cosmological	models/scenarios	very	precisely:	the	expansion	
history	and	the	growth	of	structure	formation



Looking	at	Our	Universe

Planet	Earth

0.04	light	second
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Looking	at	Our	Universe

Solar	System

160	light	minutes
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Milky	Way	Galaxy

40,000	light	years

Looking	at	Our	Universe

100,000	light	years
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Local	Galactic	Group

1,300,000	light	years
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Local	Superclusters

500,000,000	light	years
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Our	Universe

Local	Superclusters

1,000,000,000	light	years

Looking	at	Our	Universe

9



Observable	Universe

40,000,000,000	light	years
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Cosmological	Principle
Universe	at	large	scales	is	homogeneous	and	Isotropic

Isotropy:	All	directions	look	the	same

Homogeneity:	All	locations	look	the	same 11

Looking	at	Our	Universe
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Brief	history	of	our	Universe
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Initial	conditions
• Cosmic	Microwave	Background	fluctuations	of	10-5
at	z	~	1100



Computer	simulations	for	
structure	formation

Visualization	Credits:	Andrey	Kravtsov and	Anatoly	Klypin



Einstein	equations

• L.h.s.:	Gravity/geometry
• R.h.s.:	Matter/energy
• Energy	contents	of	the	universe	determine	
the	gravity	field.



Cosmological	constant
• Field	equation	predicts	the	universe	is	dynamic.

• In	1916,	Einstein	believed	the	universe	was	static.
• realized	that	an	alternative	solution	was:

• Lambda	can	be	used	to	make	the	universe	static.
• although	Friedmann soon	pointed	out	the	solution	was	unstable.

• The	universe	was	found	to	be	expanding	in	1929.
• Einstein	called	Lambda	his	biggest	blunder.

𝑅)* −
1
2𝑔)*𝑅 = 8𝜋𝐺𝑇)*

𝑅)* −
1
2𝑔)*𝑅 + 𝑔)*Λ = 8𝜋𝐺𝑇)*



Our Universe is expanding
Discovered	by	Edwin	Hubble	in	1929
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Major Pieces of Evidence for Big Bang 
“That the universe is expanding and cooling is the essence of the big 

bang theory” by P.J.E. Peebles 
 
• Cosmic Expansion 

– Hubble’s law (E. Hubble 1929) 
• Distant galaxies are receding (redshifting): V =  H0 r  

– The universe is expanding (G. Lemaitre 1927)  
• Separation between 2 points: r(t) = a(t) x with no peculiar velocity, dx/dt=0 
• Then, V := dr/dt = (da/dt)/a r = Hr  with the expansion rate, H := (da/dt)/a 
• Hubble constant: H0 := H(t0) = 100 h km/s/Mpc with h=0.71±0.025 (WMAP7) 

• Abundances of Light Elements: Big Bang Nucleosynthesis (BBN) 
– About ¼ of the baryonic mass should be in the form of He4 (Y ~ 0.25) 

• Cosmic Microwave Background Radiation (CMBR) 
– The universe should be filled with a relic uniform blackbody radiation 

(with Tg ~ 2.7K in the present epoch) 

Redshift vs. Scale factor  

1+z := l(t0)/l = a(t0)/a = 1/a 



The expansion is accelerating!

Riess+ (1998), 
Perlmutter+ (1999)

deceleration

acceleration

Discovered	by Perlmutter, Riess, Schmidt in	1998-1999

= λobs/λ – 1	=	stretch	of	wavelength
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The expansion is accelerating!

Riess+ (1998), 
Perlmutter+ (1999)

deceleration

acceleration

Discovered	by Perlmutter, Riess, Schmidt in	1998-1999

= λobs/λ – 1	=	stretch	of	wavelength
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time

CMB ⇒initial conditions

Structure	grows	through	gravity	in	
the	expanding	universe

cosmic expansion (DE)

gravity (dark matter)

peculiar velocity



Friedmann Equations
• Einstein	equations	with	the	cosmological	principle	
(isotropy	and	homogeneity)
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Friedman Equations 
• Einstein equations with the Friedman-Robertson-Walker 

metric (isotropic, homogeneous universe)  

 

 

 

 

• Spatial curvature, K: Geometry of the universe 
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Friedman Equations 
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• Spatial curvature, K: Geometry of the universe 
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Friedman Equations 
• Einstein equations with the Friedman-Robertson-Walker 

metric (isotropic, homogeneous universe)  

 

 

 

 

• Spatial curvature, K: Geometry of the universe 
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Energy	conservation

𝑑
𝑑𝑡 𝜌𝑎C + 𝑝

𝑑
𝑑𝑡 𝑎

C = 0

Energy Work

𝑤 = 𝑝/𝜌
Equation	of	state

𝜌F(𝑡) ∝ J
𝑎KL
𝑎KC
𝑐𝑜𝑛𝑠𝑡.

:	radiation	(i =r	)	w	=	1/3
:	matter	(i =m)	w	=	0
:	cosmological	const.	(i =Λ)	w	=	-1
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History of Energy Budget 
w=1/3 w=0 w=-1 

dark	energy (i=DE)	wDE <	-1/3



Cosmological	parameters
• Spatially	flat	(K	=	0)	Friedmann equation

• Present-day	critical	density
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Cosmological	parameters
• Density	parameters

• Then	Friedmann equation	becomes

• Observational	constraints
• Matter:	Ωm0 ~	0.32
• Baryon:	Ωb0 ~	0.05
• Dark	matter:	Ωdm0 ~	0.27
• Radiation:	Ωr0 ~	10-3
• Curvature:	ΩK0 ~	0
• Dark	energy:	ΩΛ0 ~	0.68

ΩF 𝑡 =
𝜌F 𝑡
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Expansion	history	of	the	Universe
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380,000	years	after	big	bang
• Why	we	can	clearly	observe	the	universe	this	moment?



The	universe	was	smaller,	denser	
and	hotter

a

WMAP

Tuesday, July 10, 2012
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Large	scale																			 Small	scale

Planck	collaboration	(2015)

Power	spectrum	(=density	perturbation)

photon proton

electronCompton	
scattering Coulomb	

scattering

Baryon	acoustic	oscillations	(BAO)



Cosmological	parameters
• Density	parameters

• Then	Friedmann equation	becomes

• Observational	constraints
• Matter:	Ωm0 ~	0.32
• Baryon:	Ωb0 ~	0.05
• Dark	matter:	Ωdm0 ~	0.27
• Radiation:	Ωr0 ~	10-3
• Curvature:	ΩK0 ~	0
• Dark	energy:	ΩΛ0 ~	0.68
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time

CMB ⇒initial conditions

Structure	grows	through	gravity	in	
the	expanding	universe

cosmic expansion (DE)

gravity (dark matter)

peculiar velocity



Large-scale	structure	of	the	Universe	
can	be	traced	by	galaxy	redshift	surveys

We are here

Figure	taken	from	BOSS	team



CMB calibration

• Not coincidentally the sound horizon is

extremely well determined by the structure of

the acoustic peaks in the CMB.

Dominated by uncertainty in

!m from poor constraints near

3rd peak in CMB spectrum.

(Planck will nail this!)

WMAP 5th yr data

Tuesday, July 10, 2012

Courtesy	Tzu-ching Chang

CMB	calibration



Baryon Acoustic Oscillations - 
       standard rulers

Courtesy of K. Sigurdson
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Baryon	acoustic	oscillations	
as	a	standard	ruler



The acoustic wave
Start with a single perturbation.  The plasma is totally uniform except

for an excess of matter at the origin.

High pressure drives the gas+photon fluid outward at speeds

approaching the speed of light.

Baryons Photons

Eisenstein, Seo & White (2006)

Mass profile

Courtesy of Martin White

Tuesday, July 10, 2012



The acoustic wave
Initially both the photons and the baryons move outward together, the

radius of the shell moving at over half the speed of light.

Baryons Photons

Tuesday, July 10, 2012



The acoustic wave
This expansion continues for 105 years

Tuesday, July 10, 2012



The acoustic wave
After 105 years the universe has cooled enough the protons capture

the electrons to form neutral Hydrogen.  This decouples the photons

from the baryons.  The former quickly stream away, leaving the

baryon peak stalled.

Baryons

Photons

Tuesday, July 10, 2012



The acoustic wave
The photons continue to stream away while the baryons, having lost

their motive pressure, remain in place.

Tuesday, July 10, 2012



The acoustic wave

Tuesday, July 10, 2012



The acoustic wave
The photons have become almost completely uniform, but the baryons

remain overdense in a shell 100Mpc in radius.

In addition, the large gravitational potential well which we started with

starts to draw material back into it.

Tuesday, July 10, 2012



The acoustic wave
As the perturbation grows by ~103 the baryons and DM reach

equilibrium densities in the ratio !b/!m.

 The final configuration is our original peak at the center (which we

put in by hand) and an “echo”  in a shell roughly 100Mpc in radius.

Further (non-linear) processing of the density field acts to broaden and very

slightly shift the peak -- but galaxy formation is a local phenomenon with a

length scale ~10Mpc, so the action at r=0 and r~100Mpc are essentially

decoupled.  We will return to this …

Tuesday, July 10, 2012
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a very large number of these random realizations we deduced
the 3D window function grid used for power spectrum esti-
mation.

3 CORRELATION FUNCTION

3.1 Measurements

The 2-point correlation function is a common method for
quantifying the clustering of a population of galaxies, in
which the distribution of pair separations in the dataset
is compared to that within random, unclustered catalogues
possessing the same selection function (Peebles 1980). In
the context of measuring baryon acoustic oscillations, the
correlation function has the advantage that the expected
signal of a preferred clustering scale is confined to a single,
narrow range of separations around 105 h−1 Mpc. Further-
more, small-scale non-linear effects, such as the distribution
of galaxies within dark matter haloes, do not influence the
correlation function on these large scales. One disadvantage
of this statistic is that measurements of the large-scale cor-
relation function are prone to systematic error because they
are very sensitive to the unknown mean density of the galaxy
population. However, such “integral constraint” effects re-
sult in a roughly constant offset in the large-scale correla-
tion function, which does not introduce a preferred scale
that could mimic the BAO signature.

In order to estimate the correlation function of each
WiggleZ survey region we first placed the angle/redshift cat-
alogues for the data and random sets on a grid of co-moving
co-ordinates, assuming a flat ΛCDMmodel with matter den-
sity Ωm = 0.27. We then measured the redshift-space 2-point
correlation function ξ(s) for each region using the Landy-
Szalay (1993) estimator:

ξ(s) =
DD(s)−DR(s) +RR(s)

RR(s)
, (2)

where DD(s), DR(s) and RR(s) are the data-data, data-
random and random-random weighted pair counts in sep-
aration bin s, each random catalogue containing the same
number of galaxies as the real dataset. In the construction
of the pair counts each data or random galaxy i is assigned
a weight wi = 1/(1 + niP0), where ni is the survey num-
ber density [in h3 Mpc−3] at the location of the ith galaxy,
and P0 = 5000 h−3 Mpc3 is a characteristic power spectrum
amplitude at the scales of interest. The survey number den-
sity distribution is established by averaging over a large en-
semble of random catalogues. The DR and RR pair counts
are determined by averaging over 10 random catalogues. We
measured the correlation function in 20 separation bins of
width 10h−1 Mpc between 10 and 180 h−1 Mpc, and de-
termined the covariance matrix of this measurement using
lognormal survey realizations as described below. We com-
bined the correlation function measurements in each bin for
the different survey regions using inverse-variance weighting
of each measurement (we note that this procedure produces
an almost identical result to combining the individual pair
counts).

The combined correlation function is plotted in Figure
2 and shows clear evidence for the baryon acoustic peak at
separation ∼ 105 h−1 Mpc. The effective redshift zeff of the

Figure 2. The combined redshift-space correlation function ξ(s)
for WiggleZ survey regions, plotted in the combination s2 ξ(s)
where s is the co-moving redshift-space separation. The best-
fitting clustering model (varying Ωmh2, α and b2) is overplot-
ted as the solid line. We also show as the dashed line the corre-
sponding “no-wiggles” reference model, constructed from a power
spectrum with the same clustering amplitude but lacking baryon
acoustic oscillations.

correlation function measurement is the weighted mean red-
shift of the galaxy pairs entering the calculation, where the
redshift of a pair is simply the average (z1 + z2)/2, and the
weighting is w1w2 where wi is defined above. We determined
zeff for the bin 100 < s < 110 h−1 Mpc, although it does not
vary significantly with separation. For the combined Wig-
gleZ survey measurement, we found zeff = 0.60.

We note that the correlation function measurements are
corrected for the effect of redshift blunders in the WiggleZ
data catalogue. These are fully quantified in Section 3.2 of
Blake et al. (2010), and can be well-approximated by a scale-
independent boost to the correlation function amplitude of
(1− fb)

−2, where fb ∼ 0.05 is the redshift blunder fraction
(which is separately measured for each WiggleZ region).

3.2 Uncertainties : lognormal realizations and

covariance matrix

We determined the covariance matrix of the correlation func-
tion measurement in each survey region using a large set of
lognormal realizations. Jack-knife errors, implemented by di-
viding the survey volume into many sub-regions, are a poor
approximation for the error in the large-scale correlation
function because the pair separations of interest are usually
comparable to the size of the sub-regions, which are then
not strictly independent. Furthermore, because the WiggleZ
dataset is not volume-limited and the galaxy number den-
sity varies with position, it is impossible to define a set of
sub-regions which are strictly equivalent.

Lognormal realizations are relatively cheap to generate
and provide a reasonably accurate galaxy clustering model
for the linear and quasi-linear scales which are important for
the modelling of baryon oscillations (Coles & Jones 1991).
We generated a set of realizations for each survey region
using the method described in Blake & Glazebrook (2003)
and Glazebrook & Blake (2005). In brief, we started with

Tuesday, July 10, 2012

Courtesy	Tzu-ching Chang
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a very large number of these random realizations we deduced
the 3D window function grid used for power spectrum esti-
mation.

3 CORRELATION FUNCTION

3.1 Measurements

The 2-point correlation function is a common method for
quantifying the clustering of a population of galaxies, in
which the distribution of pair separations in the dataset
is compared to that within random, unclustered catalogues
possessing the same selection function (Peebles 1980). In
the context of measuring baryon acoustic oscillations, the
correlation function has the advantage that the expected
signal of a preferred clustering scale is confined to a single,
narrow range of separations around 105 h−1 Mpc. Further-
more, small-scale non-linear effects, such as the distribution
of galaxies within dark matter haloes, do not influence the
correlation function on these large scales. One disadvantage
of this statistic is that measurements of the large-scale cor-
relation function are prone to systematic error because they
are very sensitive to the unknown mean density of the galaxy
population. However, such “integral constraint” effects re-
sult in a roughly constant offset in the large-scale correla-
tion function, which does not introduce a preferred scale
that could mimic the BAO signature.
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WiggleZ survey region we first placed the angle/redshift cat-
alogues for the data and random sets on a grid of co-moving
co-ordinates, assuming a flat ΛCDMmodel with matter den-
sity Ωm = 0.27. We then measured the redshift-space 2-point
correlation function ξ(s) for each region using the Landy-
Szalay (1993) estimator:

ξ(s) =
DD(s)−DR(s) +RR(s)

RR(s)
, (2)

where DD(s), DR(s) and RR(s) are the data-data, data-
random and random-random weighted pair counts in sep-
aration bin s, each random catalogue containing the same
number of galaxies as the real dataset. In the construction
of the pair counts each data or random galaxy i is assigned
a weight wi = 1/(1 + niP0), where ni is the survey num-
ber density [in h3 Mpc−3] at the location of the ith galaxy,
and P0 = 5000 h−3 Mpc3 is a characteristic power spectrum
amplitude at the scales of interest. The survey number den-
sity distribution is established by averaging over a large en-
semble of random catalogues. The DR and RR pair counts
are determined by averaging over 10 random catalogues. We
measured the correlation function in 20 separation bins of
width 10h−1 Mpc between 10 and 180 h−1 Mpc, and de-
termined the covariance matrix of this measurement using
lognormal survey realizations as described below. We com-
bined the correlation function measurements in each bin for
the different survey regions using inverse-variance weighting
of each measurement (we note that this procedure produces
an almost identical result to combining the individual pair
counts).

The combined correlation function is plotted in Figure
2 and shows clear evidence for the baryon acoustic peak at
separation ∼ 105 h−1 Mpc. The effective redshift zeff of the

Figure 2. The combined redshift-space correlation function ξ(s)
for WiggleZ survey regions, plotted in the combination s2 ξ(s)
where s is the co-moving redshift-space separation. The best-
fitting clustering model (varying Ωmh2, α and b2) is overplot-
ted as the solid line. We also show as the dashed line the corre-
sponding “no-wiggles” reference model, constructed from a power
spectrum with the same clustering amplitude but lacking baryon
acoustic oscillations.

correlation function measurement is the weighted mean red-
shift of the galaxy pairs entering the calculation, where the
redshift of a pair is simply the average (z1 + z2)/2, and the
weighting is w1w2 where wi is defined above. We determined
zeff for the bin 100 < s < 110 h−1 Mpc, although it does not
vary significantly with separation. For the combined Wig-
gleZ survey measurement, we found zeff = 0.60.

We note that the correlation function measurements are
corrected for the effect of redshift blunders in the WiggleZ
data catalogue. These are fully quantified in Section 3.2 of
Blake et al. (2010), and can be well-approximated by a scale-
independent boost to the correlation function amplitude of
(1− fb)

−2, where fb ∼ 0.05 is the redshift blunder fraction
(which is separately measured for each WiggleZ region).

3.2 Uncertainties : lognormal realizations and

covariance matrix

We determined the covariance matrix of the correlation func-
tion measurement in each survey region using a large set of
lognormal realizations. Jack-knife errors, implemented by di-
viding the survey volume into many sub-regions, are a poor
approximation for the error in the large-scale correlation
function because the pair separations of interest are usually
comparable to the size of the sub-regions, which are then
not strictly independent. Furthermore, because the WiggleZ
dataset is not volume-limited and the galaxy number den-
sity varies with position, it is impossible to define a set of
sub-regions which are strictly equivalent.

Lognormal realizations are relatively cheap to generate
and provide a reasonably accurate galaxy clustering model
for the linear and quasi-linear scales which are important for
the modelling of baryon oscillations (Coles & Jones 1991).
We generated a set of realizations for each survey region
using the method described in Blake & Glazebrook (2003)
and Glazebrook & Blake (2005). In brief, we started with
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Eisenstein+(2005)

Constant acoustic scale

𝐻<(𝑎) = 𝐻^<
Ωh^
𝑎C + Ωrs^𝑎KC(tuv) −

Ωi^
𝑎<



BAO	– powerful	tool	for	
precision	cosmologyPlanck Collaboration: Cosmological parameters

�0.18

�0.12

�0.06

0.00

�
K

0.4

0.8

1.2

1.6

�
m

�
[e

V
]

2.4

3.0

3.6

4.2

N
e�

0.20

0.24

0.28

0.32

Y
P

�0.030

�0.015

0.000

0.015

dn
s/

d
ln

k

0.0216 0.0224 0.0232

�bh2

0.08

0.16

0.24

0.32

r 0
.0

02

0.112 0.120 0.128

�ch2
0.93 0.96 0.99 1.02

ns

40 50 60 70 80

H0

0.64 0.72 0.80 0.88

�8

Planck TT+lowP Planck TT,TE,EE+lowP Planck TT,TE,EE+lowP+BAO

Fig. 20. 68 % and 95 % confidence regions on 1-parameter extensions of the base ⇤CDM model for Planck TT+lowP (grey),
Planck TT,TE,EE+lowP (red), and Planck TT,TE,EE+lowP+BAO (blue). Horizontal dashed lines correspond to the parameter
values assumed in the base ⇤CDM cosmology, while vertical dashed lines show the mean posterior values in the base model for
Planck TT,TE,EE+lowP+BAO.

33

Planck Collaboration: Cosmological parameters

�0.18

�0.12

�0.06

0.00

�
K

0.4

0.8

1.2

1.6

�
m

�
[e

V
]

2.4

3.0

3.6

4.2

N
e�

0.20

0.24

0.28

0.32

Y
P

�0.030

�0.015

0.000

0.015

dn
s/

d
ln

k

0.0216 0.0224 0.0232

�bh2

0.08

0.16

0.24

0.32

r 0
.0

02

0.112 0.120 0.128

�ch2
0.93 0.96 0.99 1.02

ns

40 50 60 70 80

H0

0.64 0.72 0.80 0.88

�8

Planck TT+lowP Planck TT,TE,EE+lowP Planck TT,TE,EE+lowP+BAO

Fig. 20. 68 % and 95 % confidence regions on 1-parameter extensions of the base ⇤CDM model for Planck TT+lowP (grey),
Planck TT,TE,EE+lowP (red), and Planck TT,TE,EE+lowP+BAO (blue). Horizontal dashed lines correspond to the parameter
values assumed in the base ⇤CDM cosmology, while vertical dashed lines show the mean posterior values in the base model for
Planck TT,TE,EE+lowP+BAO.

33



BAO	– powerful	tool	for	
precision	cosmology



Contents
• 1.	Evolution	of	the	Universe	(Main)
• 2.	The	early	Universe:	Cosmic	microwave	background
• 3.	Cosmic	acceleration:	Dark	energy
• 4.	Alternative	to	dark	energy:	Modify	Einstein	equations?

WMAP
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Acceleration	of	the	cosmic	expansion

• DGP	[weaker	gravity]
• f(R)	gravity	[stronger	gravity]
• …

Modifying	gravity

𝐺w)* = 8𝜋𝐺𝑇)*

Probing	the	origin	of	the	
acceleration	is	Important	not	only	
for	cosmology	but	also	
fundamental	physics!	But	
astronomical	observation	is	only	
the	way	to	probe	it.

Dark	energy

𝐺)* = 8𝜋𝐺𝑇w)*

𝐺)* = 8𝜋𝐺𝑇)*



N-body	simulation	of	large-scale	structure	
under	general	relativity

Figures	taken	
from	G.B.	Zhao
et al



N-body	simulation	of	large-scale	structure	
under	f(R)	gravity

• Same	initial	condition	but	different	gravity

Figures	taken	
from	G.B.	Zhao
et al

One	can	distinguish	different	gravity	models	
by	probing	the	speed	of	the	structure	growth.



• Continuity	equation

• Velocity	tells	us	
evolution	of	density	
field

• Direct	probe	of	
gravity!

FOCUS

協力

奥村哲平 東京大学国際高等研究所カブリ数物
連携宇宙研究機構特任研究員

128

　物理学者アルバート・アインシュタ
イン（1879～ 1955）の「一

いっ
般
ぱん
相対性

理論」は，重力に関する物理学の理論だ。
一般相対性理論を使えば，星や銀河が
形成される過程や，宇宙空間の膨

ぼう
張
ちょう
な

ど，重力がかかわるさまざまな現象に
ついて説明することができる。つまり，
宇宙誕

たん
生
じょう
から現在まで，この宇宙が重

力によってどのように進化してきたの
かがわかるのだ。
　さまざまな検証から，一般相対性理
論は重力を説明する理論としてはおお
むね正確であると考えられている。そ
の一方で，一般相対性理論には誤りが
あると考える研究者もいる。
　実際，地球からおよそ 70億光年まで
の距
きょ
離
り
にある宇宙を観測するかぎりで

は，一般相対性理論は正しいことが検証
されているが，それより遠くの宇宙でも
なりたつかどうかは不明だった。そこで，
東京大学国際高等研究所カブリ数物連

れん

携
けい
宇宙研究機構の奥

おく
村
むら
哲
てっ
平
ぺい
特任研究員

らは，遠方の宇宙における一般相対性
理論の検証に取り組んだ。

宇宙の巨大な “泡” のでき方で検証
　宇宙では銀河が密に集まっている場
所とほとんど存在しない場所があり，巨

きょ

大
だい
な泡
あわ
が無数に集まったような構造を

つくっている。これを宇宙の「大規模
構造」とよぶ（くわしくは8～37ペー
ジの特集記事を参照）。
　一般相対性理論を使えば，大規模構
造が時間の経過とともにどのように形
成されてきたかを予想できる。宇宙では，
遠方を観測するほど，時間的に昔

むかし
の宇

宙を観測することになる。光が地球に
届くのには時間がかかるからだ。奥村
特任研究員らの研究グループは，遠方
（昔）の宇宙における大規模構造のでき
方を調べることで，一般相対性理論に
よる予想が正しいかどうかを検証しよ
うと試みた。

一般相対性理論による予想と一致した
　今回，研究グループは，87億～ 96
億光年先にある遠方の銀河の移動速度
を調べた。銀河の移動速度が時間の経
過とともにどう変化したかを調べるこ
とで，大規模構造がどのようにつくら
れていったかを見積もったのだ。
　宇宙は誕生以来，膨張をつづけている
と考えられている。遠方の銀河から出た
光の波長は，遠方であるほど宇宙空間
の膨張によって引きのばされて，長く（色
としては赤く）なって観測される。これ
を「赤

せき
方
ほう
偏
へん
移
い
」という。

　各銀河から発せられた光の赤方偏移
の度合いを測定すれば，銀河までの距離
を割り出すことができる。ただし，地
球で観測される赤方偏移には，銀河の
移動による波長の変化も含

ふく
まれている。

たとえば，銀河が地球に近づく方向へ移
動していれば，その分，宇宙の膨張によっ
て地球から遠ざかる効果が打ち消され
て，赤方偏移の度合いが小さくなるのだ。
　これまでの観測から，大きなスケー
ルでは宇宙の構造はどこも一様である
ことがわかっている。ところが赤方偏
移の度合いをもとに銀河の分布地図を
つくると，銀河の移動によって赤方偏
移が変化した分だけ，分布が一様では
なくなる。そこで本来の一様な分布か
らのずれを計算することで，銀河の移
動速度が求められるというわけだ。
　こうして求めた銀河の移動速度から
得られた結論は，「87億～ 96億光年先
の遠方の宇宙でも，大規模構造のでき
方は一般相対性理論による予想と一

いっ
致
ち

する」というものだった。奥村特任研
究員は「今後はさらに精度を高めて検
証したい」と語っている。 a

（執筆：荒舩良孝）

遠くの宇宙でも一般
相対論は正しかった

重力の理論であるアインシュタイン
の一般相対性理論は，宇宙がどのよ
うに進化してきたかを解き明かして
きた。しかし，遠方（昔）の宇宙で
は理論がなりたたない可能性が残っ
ていた。今回，遠方の宇宙における
一般相対性理論の検証がはじめて行
われた。検証結果は，日本天文学会
が発行する学術誌『Publications 
of the Astronomical Society of 
Japan』オンライン版に，2016年
4月 26日に掲載された。

宇宙の「大規模構造」のでき方
から理論の正しさを検証

遠方銀河の移動速度を求める

研究グループは，「F
フ ァ ス ト サ ウ ン ド

astSound」という，すばる望
遠鏡を使用した大規模な銀河の分布調査において，
地球から 87億～96億光年の範

はん

囲
い

にある銀河を
3000個ほど観測した。それらの銀河の移動速度から，
大規模構造がどのように形成されていったかを計算
し，一般相対性理論による予想とくらべた。

Physics

地球

銀河

移動
速度

地球からの
距離（光年）

87億

96億

Earth

Galaxy

Velocity

Distance	
(light	year)

× 108

× 108

∇・ v=		-aHfδ(x,t)





3D	galaxy	map	at	distant	universe
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Consistent	with	general	relativity!
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• Though	the	error	bars	are	large,	it	is	an	
important	step	to	larger	surveys!



SuMIRe =	Subaru Measurement of	
Images and	Redshifts

l PI:	Hitoshi	Murayama	(IPMU	director}

l Science	leader:	Masahiro	Takada	

l ASIAA	is	a	main	member	of	the	project

l Build	wide-field	camera	(Hyper	Suprime-Cam)
and	wide-field	multi-object	spectrograph	
(Prime	Focus	Spectrograph)	for	the	Subaru	
Telescope	(8.2m)

l Explore	the	fate	of	our	Universe:	dark	matter,	
dark	energy	

l Measure	distances	of	4M	galaxies	
HSC

PFS

Subaru (NAOJ)



PFS	dramatically	improves	the	precision!
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Forecasts from the PFS survey	
(assuming	GR	is	a	correct	theory)

Various	gravity	theory	models



Other	basics	of	cosmology														
1-hour	lecture	couldn’t	cover….

• Evidences	of	Big	bang
• Big	bang	nucleosynthesis	
• Inflation	(beginning	of	the	
Universe)

• Gravitational	wave
• Evidences	of	dark	matter
• Dark	matter	halos
• Gravitational	lensing
• Neutrinos
• Clusters	of	galaxies	
• …



Cosmology	textbooks
• S.	Weinberg,	“The	First	Three	Minutes”	(1977)

• No	equation.	Even	liberal	arts	students	can	read	it.	Very	pedagogical.

• B.	Ryden,	“Introduction	to	Cosmology” (2002)
• Comprehensive	introduction.
• No	knowledge	of	general	relativity	is	required.

• S.	Weinberg,	“Gravitation	and	Cosmology” (1972)
• Excellent	textbook	for	general	relativity	and	standard	cosmology.	

• S.	Dodelson,	“Modern	Cosmology” (2003)
• Standard	level	textbook.	You	can	derive	all	the	equations	by	yourself.	

• P.	J.	E.	Peebles,	“The	Large-Scale	Structure	of	the	Universe”(1980)
• If	you	are	interested	in	this	field,	you	must	have	this	one.	
• All	the	essential	statistical	tools	for	galaxy	survey	analysis	are	described.	

• They	are	my	recommendations	among	all	the	cosmology	textbooks	I	have	read.	

EASY

DIFFICULT



Summary
• Equations	for	expansion	(Hubble	parameter)	as	a	
function	of	time

• Energy	contents	of	the	Universe
• Cosmic	microwave	background	(CMB)	as	a	powerful	
tool	for	cosmology

• Evidence	for	dark	energy
• Many	ongoing	and	future	large	surveys	will	tell	us	
more	about	cosmology	and	the	large-scale	
structure	with	baryon	acoustic	oscillations	and	
galaxy	velocity	field

http://www.asiaa.sinica.edu.tw/~tokumura/
tokumura@asiaa.sinica.edu.twFor	further	questions	and	information:	


