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ABSTRACT
We present spectral and photometric observations of 10 Type Ia supernovae (SNe Ia) in the redshift

range 0.16 ¹ z ¹ 0.62. The luminosity distances of these objects are determined by methods that employ
relations between SN Ia luminosity and light curve shape. Combined with previous data from our
High-z Supernova Search Team and recent results by Riess et al., this expanded set of 16 high-redshift
supernovae and a set of 34 nearby supernovae are used to place constraints on the following cosmo-
logical parameters : the Hubble constant the mass density the cosmological constant (i.e., the(H0), ()

M
),

vacuum energy density, the deceleration parameter and the dynamical age of the universe)"), (q0), (t0).
The distances of the high-redshift SNe Ia are, on average, 10%È15% farther than expected in a low mass
density universe without a cosmological constant. Di†erent light curve Ðtting methods, SN Ia()

M
\ 0.2)

subsamples, and prior constraints unanimously favor eternally expanding models with positive cosmo-
logical constant (i.e., and a current acceleration of the expansion (i.e., With no prior)" [ 0) q0 \ 0).
constraint on mass density other than the spectroscopically conÐrmed SNe Ia are statistically)

M
º 0,

consistent with at the 2.8 p and 3.9 p conÐdence levels, and with at the 3.0 p and 4.0 pq0 \ 0 )" [ 0
conÐdence levels, for two di†erent Ðtting methods, respectively. Fixing a ““ minimal ÏÏ mass density, )

M
\

results in the weakest detection, at the 3.0 p conÐdence level from one of the two methods.0.2, )" [ 0
For a Ñat universe prior the spectroscopically conÐrmed SNe Ia require at 7 p()

M
] )" \ 1), )" [ 0

and 9 p formal statistical signiÐcance for the two di†erent Ðtting methods. A universe closed by ordinary
matter (i.e., is formally ruled out at the 7 p to 8 p conÐdence level for the two di†erent Ðtting)

M
\ 1)

methods. We estimate the dynamical age of the universe to be 14.2 ^ 1.7 Gyr including systematic uncer-
tainties in the current Cepheid distance scale. We estimate the likely e†ect of several sources of system-
atic error, including progenitor and metallicity evolution, extinction, sample selection bias, local
perturbations in the expansion rate, gravitational lensing, and sample contamination. Presently, none of
these e†ects appear to reconcile the data with and)" \ 0 q0 º 0.
Key words : cosmology : observations È supernovae : general
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1. INTRODUCTION

This paper reports observations of 10 new high-redshift
Type Ia supernovae (SNe Ia) and the values of the cosmo-
logical parameters derived from them. Together with the
four high-redshift supernovae previously reported by our
High-z Supernova Search Team et al.(Schmidt 1998 ;

et al. and two others et al.Garnavich 1998a) (Riess 1998b),
the sample of 16 is now large enough to yield interesting
cosmological results of high statistical signiÐcance. Con-
Ðdence in these results depends not on increasing the
sample size but on improving our understanding of system-
atic uncertainties.

The time evolution of the cosmic scale factor depends on
the composition of mass-energy in the universe. While the
universe is known to contain a signiÐcant amount of ordi-
nary matter, which decelerates the expansion, its)

M
,

dynamics may also be signiÐcantly a†ected by more exotic
forms of energy. Preeminent among these is a possible
energy of the vacuum EinsteinÏs ““ cosmological con-()"),
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ABSTRACT
We report measurements of the mass density, and cosmological-constant energy density, of)

M
, )",

the universe based on the analysis of 42 type Ia supernovae discovered by the Supernova Cosmology
Project. The magnitude-redshift data for these supernovae, at redshifts between 0.18 and 0.83, are Ðtted
jointly with a set of supernovae from the Supernova Survey, at redshifts below 0.1, to yieldCala" n/Tololo
values for the cosmological parameters. All supernova peak magnitudes are standardized using a SN Ia
light-curve width-luminosity relation. The measurement yields a joint probability distribution of the
cosmological parameters that is approximated by the relation in the region0.8)

M
[ 0.6)" B [0.2 ^ 0.1

of interest For a Ñat cosmology we Ðnd (1 p statistical)()
M

[ 1.5). ()
M

] )" \ 1) )
M
flat \ 0.28~0.08`0.09 ~0.04`0.05

(identiÐed systematics). The data are strongly inconsistent with a " \ 0 Ñat cosmology, the simplest
inÑationary universe model. An open, " \ 0 cosmology also does not Ðt the data well : the data indicate
that the cosmological constant is nonzero and positive, with a conÐdence of P(" [ 0) \ 99%, including
the identiÐed systematic uncertainties. The best-Ðt age of the universe relative to the Hubble time is

Gyr for a Ñat cosmology. The size of our sample allows us to perform a variety oft0flat \ 14.9~1.1`1.4(0.63/h)
statistical tests to check for possible systematic errors and biases. We Ðnd no signiÐcant di†erences in
either the host reddening distribution or Malmquist bias between the low-redshift sampleCala" n/Tololo
and our high-redshift sample. Excluding those few supernovae that are outliers in color excess or Ðt
residual does not signiÐcantly change the results. The conclusions are also robust whether or not a
width-luminosity relation is used to standardize the supernova peak magnitudes. We discuss and con-
strain, where possible, hypothetical alternatives to a cosmological constant.
Subject headings : cosmology : observations È distance scale È supernovae : general
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7 Institute of Astronomy, Cambridge, England, UK.
8 Space Sciences Laboratory, University of California, Berkeley, California.
9 Space Sciences Department, European Space Agency.

565

宇宙定数がないとだめ!



No. 2, 1999 ) AND " FROM 42 HIGH-REDSHIFT SUPERNOVAE 569

FIG. 2.È(a) Hubble diagram for 42 high-redshift type Ia supernovae from the Supernova Cosmology Project and 18 low-redshift type Ia supernovae from
the Supernova Survey, plotted on a linear redshift scale to display details at high redshift. The symbols and curves are as in Fig. 1.Cala! n/Tololo
(b) Magnitude residuals from the best-Ðt Ñat cosmology for the Ðt C supernova subset, 0.72). The dashed curves are for a range of Ñat()

M
, )") \ (0.28,

cosmological models : on top, (0.5, 0.5) third from bottom, (0.75, 0.25) second from bottom, and (1, 0) is the solid curve on bottom. The()
M

, )") \ (0, 1)
middle solid curve is for Note that this plot is practically identical to the magnitude residual plot for the best-Ðt unconstrained cosmology()

M
, )") \ (0, 0).

of Ðt C, with (c) Uncertainty-normalized residuals from the best-Ðt Ñat cosmology for the Ðt C supernova subset,()
M

, )") \ (0.73, 1.32). ()
M

, )") \
(0.28, 0.72).

supernovae ; cf. P97) and checked for consistency after the
Ðt.

We have compared the results of Bayesian and classical,
““ frequentist,ÏÏ Ðtting procedures. For the Bayesian Ðts, we
have assumed a ““ prior ÏÏ probability distribution that has
zero probability for but otherwise has uniform)

M
\ 0

probability in the four parameters a, and For)
M

, )", M
B
.

the frequentist Ðts, we have followed the classical statistical
procedures described by Feldman & Cousins (1998) to
guarantee frequentist coverage of our conÐdence regions in
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(見かけの) 加速膨張を
ダークエネルギー無しで
説明しようとする試み



ダークエネルギーが必要なのは
一様等方宇宙を仮定して得られた
m-z relation を使うから



現実の宇宙は非一様なんだから
非一様宇宙での光の伝播を

解かなきゃ...



でも
一般的な非一様宇宙って

難しいから
まずは簡単な toy model で...



非一様宇宙の可能性
• Tomita (2000a, 2000b, 2001, ...)
local void model

• Iguchi, Nakamura, Nakao (2002)
Lemaitre-Tolman-Bondi (LTB) model

• Alnes et al. (2006)
LTB modelでSNもCMBもOK!?
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Corresponding to the recent observational claims that we are in a local void (an underdense

region) on scales of 200–300Mpc, the magnitude–redshift relation in a cosmological model

with a local void is investigated. It is already evident that the accelerating behaviour of high-z

supernovae can be explained in this model, because the local void plays a role similar to the

positive cosmological constant. In this paper the dependence of the behaviour on the gaps of

cosmological parameters in the inner (low-density) region and the outer (high-density)

region, the radius of the local void, and the clumpiness parameter is studied and its

implications are discussed.
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1 INTRODUCTION

One of the most important cosmological observations at present is

the [m, z] relation for high-z supernovae (SNIa), which act as

standard candles at the stage reaching epochs z * 1. So far the

observed data of SNIa have been compared with the theoretical

relation in homogeneous and isotropic models, and many workers

have made efforts to determine their model parameters (Garnavich

et al. 1998; Schmidt et al. 1998; Perlmutter et al. 1999; Riess et al.

1998, 2000; Riess 2000).

There is, however, an essentially important problem to be taken

into consideration: the homogeneity of the Universe. According to

Giovanelli et al. (1998, 1999) and Dale et al. (1999), the Universe

is homogeneous in the region within 70 h 21Mpc (the Hubble

constant H0 is 100 h km s21Mpc21). On the other hand, recent

galactic redshift surveys (Marinoni et al. 1999; Marzke et al. 1998;

Folkes et al. 1999; Zucca et al. 1997) show that in the region

around 200–300 h21 Mpc from us, the distribution of galaxies may

be inhomogeneous. This is because the galactic number density in

the region of z , 0:1 or ,300 h 21Mpc from us was shown to be

smaller by a factor of .1.5 than that in the remote region of

z . 0:1. Recently a large-scale inhomogeneity suggesting a wall

around the void on scales of ,250 h 21Mpc has been found by

Blanton et al. (2001) in the SDSS commissioning data (cf. their figs

7 and 8). Similar walls on scales of ,250 h 21Mpc have already

been found in the Las Campanas and 2dF redshift surveys near the

northern and southern Galactic caps (Shectman et al. 1996; Folkes

et al. 1999; Cole et al. 2001). These results mean that there is a

local void with a radius of 200–300 h21 Mpc and we live in it.

Moreover, the measurements by Hudson et al. (1999) and

Willick (1999) for a systematic deviation of the motions of clusters

from the global Hubble flow may show some inhomogeneity on

scales larger than 100 h 21Mpc. Another suggestion for inhom-

ogeneity comes from the periodic wall structures on scales of

,130 h 21Mpc, as have been shown by Broadhurst et al. (1990),

Landy et al. (1996) and Einasto et al. (1997). This is connected

with the anomaly of the power spectrum around 100–200 h21 Mpc

(so-called ‘excess power’) which was discussed by Einasto et al.

(1999). This fact also may suggest some inhomogeneity in the

above nearby region.

If the local void really exists, the Hubble constant must also be

inhomogeneous, as must the density parameters, and the

theoretical relations between observed quantities are different

from those in homogeneous models. At present, however, the

large-scale inhomogeneity of the Hubble constant has not yet been

observationally established because of the large error bars in the

various measurements (cf. Tomita 2001).

In my previous papers (Tomita 2000a,b), cited as Paper I and

Paper II, I showed various models with a local void and discussed

the bulk flow, cosmic microwave background (CMB) dipole

anisotropy, distances and the [m, z] relation in them in the limited

parameter range. It was found that the accelerating behaviour of

supernovae can be explained in these models without a

cosmological constant. On the other hand, Kim et al. (1997)

showed that the difference between the local and global values of

the Hubble constant should be smaller than 10 per cent in

homogeneous cosmological models in order to be consistent with

the SNIa data. However, this does not impose any strong condition

on the difference in inhomogeneous models, because their analyses

were done using the luminosity distance in homogeneous models

and so they are incomplete. In fact my previous papers showed

concretely that, in inhomogeneous models, larger differences can

be consistent with the data. The possibility that the above

difference may explain the behaviour of SNIa was later discussed

also by Goodwin et al. (1999).

In this paper I describe first (in Section 2) a simplifiedPE-mail: tomita@yukawa.kyoto-u.ac.jp
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1 INTRODUCTION

One of the most important cosmological observations at present is

the [m, z] relation for high-z supernovae (SNIa), which act as

standard candles at the stage reaching epochs z * 1. So far the

observed data of SNIa have been compared with the theoretical

relation in homogeneous and isotropic models, and many workers

have made efforts to determine their model parameters (Garnavich

et al. 1998; Schmidt et al. 1998; Perlmutter et al. 1999; Riess et al.

1998, 2000; Riess 2000).

There is, however, an essentially important problem to be taken

into consideration: the homogeneity of the Universe. According to

Giovanelli et al. (1998, 1999) and Dale et al. (1999), the Universe

is homogeneous in the region within 70 h 21Mpc (the Hubble

constant H0 is 100 h km s21Mpc21). On the other hand, recent

galactic redshift surveys (Marinoni et al. 1999; Marzke et al. 1998;

Folkes et al. 1999; Zucca et al. 1997) show that in the region

around 200–300 h21 Mpc from us, the distribution of galaxies may

be inhomogeneous. This is because the galactic number density in

the region of z , 0:1 or ,300 h 21Mpc from us was shown to be

smaller by a factor of .1.5 than that in the remote region of

z . 0:1. Recently a large-scale inhomogeneity suggesting a wall

around the void on scales of ,250 h 21Mpc has been found by

Blanton et al. (2001) in the SDSS commissioning data (cf. their figs

7 and 8). Similar walls on scales of ,250 h 21Mpc have already

been found in the Las Campanas and 2dF redshift surveys near the

northern and southern Galactic caps (Shectman et al. 1996; Folkes

et al. 1999; Cole et al. 2001). These results mean that there is a

local void with a radius of 200–300 h21 Mpc and we live in it.

Moreover, the measurements by Hudson et al. (1999) and

Willick (1999) for a systematic deviation of the motions of clusters

from the global Hubble flow may show some inhomogeneity on

scales larger than 100 h 21Mpc. Another suggestion for inhom-

ogeneity comes from the periodic wall structures on scales of

,130 h 21Mpc, as have been shown by Broadhurst et al. (1990),

Landy et al. (1996) and Einasto et al. (1997). This is connected

with the anomaly of the power spectrum around 100–200 h21 Mpc

(so-called ‘excess power’) which was discussed by Einasto et al.

(1999). This fact also may suggest some inhomogeneity in the

above nearby region.

If the local void really exists, the Hubble constant must also be

inhomogeneous, as must the density parameters, and the

theoretical relations between observed quantities are different

from those in homogeneous models. At present, however, the

large-scale inhomogeneity of the Hubble constant has not yet been

observationally established because of the large error bars in the

various measurements (cf. Tomita 2001).

In my previous papers (Tomita 2000a,b), cited as Paper I and

Paper II, I showed various models with a local void and discussed

the bulk flow, cosmic microwave background (CMB) dipole

anisotropy, distances and the [m, z] relation in them in the limited

parameter range. It was found that the accelerating behaviour of

supernovae can be explained in these models without a

cosmological constant. On the other hand, Kim et al. (1997)

showed that the difference between the local and global values of

the Hubble constant should be smaller than 10 per cent in

homogeneous cosmological models in order to be consistent with

the SNIa data. However, this does not impose any strong condition

on the difference in inhomogeneous models, because their analyses

were done using the luminosity distance in homogeneous models

and so they are incomplete. In fact my previous papers showed

concretely that, in inhomogeneous models, larger differences can

be consistent with the data. The possibility that the above

difference may explain the behaviour of SNIa was later discussed

also by Goodwin et al. (1999).

In this paper I describe first (in Section 2) a simplifiedPE-mail: tomita@yukawa.kyoto-u.ac.jp
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cosmological model with a local void, and treat distances in light

paths with the non-zero clumpiness (smoothness) parameter a. In
the previous paper (Paper II), I considered only distances in full-

beam light paths ða ¼ 1Þ, but in realistic paths there are deviations

from a ¼ 1 as a result of lensing effects from inhomogeneous

matter distributions. In Section 3, I show the dependence of the

[m, z] relation on model parameters such as the radius of the local

void, the ratios of density parameters and Hubble constants in

the inner (low-density) and outer (high-density) regions, and the

clumpiness parameter. The constraints to the parameters are

derived in comparison between the above relations in the present

models and the relations in homogeneous models.

Finally, in Section 4, we discuss the remaining problems and

describe concluding remarks.

2 DISTANCES IN MODELS WITH A LOCAL

VOID

The inhomogeneous models we consider consist of an inner (low-

density) region VI and an outer (high-density) region VII, which are

separated by a single shell. It is treated as a spherical singular shell

and the mass in it compensates for the mass deficiency in VI. So VI

and the shell are regarded as a local void and the wall, respectively.

The line-elements in the two regions are

ds 2 ¼ gjmnðdx
jÞmðdx jÞn

¼ 2c 2ðdt jÞ2 1 ½a jðt jÞ%2{dðx jÞ2 1 ½f jðx jÞ%2 dV2}; ð1Þ

where j (¼I or II) represents the regions, f jðx jÞ ¼ sin x j, x j and

sinh x j for k j ¼ 1; 0;21, respectively, and dV2 ¼ du 2
1

sin2u dw 2
: In the following, the negative curvature is assumed in

all regions. The Hubble constants and density parameters are

expressed as ðHI
0;H

II
0 Þ and ðVI

0;V
II
0 Þ, where we assume that HI

0 .

HII
0 and VI

0 , VII
0 . The distances of the shell and the observer O

(in VI) from the centre C (in VI) are assumed to be 200 and 40 h21
I

as a standard case. This shell corresponds to the redshift !z1 ¼ 0:067

(see Fig. 1).

In Paper II we derived the full-beam distances (CS) between the

centre C and a source S, and the distances (OS) between an

observer O and S. The two distances are nearly equal in the case

when CS or OS is much larger than CO. Since this is the only case

we deal with in the following, we treat the light paths as being CS

for simplicity. Then the angular-diameter distance dA is

dA ¼ a Ið !hI
sÞ sinhð !x

I
sÞ; ð2Þ

if a source S is in VI, where ð !hI
s; !x

I
sÞ are the coordinates of S, and h

is the conformal time coordinate. Here bars are used for the

coordinates along the light paths to the virtual observer at C. If S is

in VII, we have

dA ¼ a Ið !hI
1Þ sinhð !x

I
1Þ1 ½a IIð !hII

s sinhð !x
II
s Þ2 a IIð !hII

1 Þ sinhð !x
II
1 Þ%;

ð3Þ

where ð !hI
1; !x

I
1Þ stand for the shell, and we have

a Ið !hI
1Þ sinhð !x

I
1Þ ¼ a IIð !hII

1 Þ sinhð !x
II
1 Þ ð4Þ

from the junction condition.

Here we treat the following equation for the angular-diameter

distance to take into consideration the clumpiness along the paths

(Dyer & Roeder 1973; Schneider, Ehler & Falco 1992; Kantowski

1998; Tomita 1999):

d2ðd
j
AÞ

dðz jÞ2
1

2

11 z j
1

1

2
ð11 z jÞ½Vj

0ð11 3z jÞ1 22 2lj0%F
21

! "

&
dðdjAÞ

dz j
1

3

2
Vj

0að11 z jÞF21d
j
A ¼ 0; ð5Þ

where j ¼ I and II, z j is the redshift in the region Vj, a is the

clumpiness parameter, and

F; ð11Vj
0z

jÞð11 z jÞ2 2 lj0z
jð21 z jÞ: ð6Þ

Here and in the following the bars are omitted for simplicity. The

two redshifts at the shell are equal, i.e.

zI1 ¼ zII1 ð; z1Þ ð7Þ

for the comoving shell (cf. Paper I).

The distances dIA in VI is obtained solving equation (5) under the

conditions at z I ¼ 0 :

ðdIAÞ0 ¼ 0; ðdIA/dz
IÞ0 ¼ c/HI

0; ð8Þ

and dIIA in VII is obtained similarly under the conditions at z II ¼ 0 :

ðdIIAÞ0 ¼ constant; ðdIIA/dz
IIÞ0 ¼ c/HII

0 ; ð9Þ

where constant is determined so that the junction condition

dIAðz1Þ ¼ dIIAðz1Þ may be satisfied at the shell. Then the distance

dA(zs) from C to the source S is

dAðzsÞ ¼ dIAðzsÞ for zs # z1; ð10Þ

and

dAðzsÞ ¼ dIAðz1Þ1 dIIAðzsÞ2 dIIAðz1Þ for zs . z1; ð11Þ

where zs ¼ zIs and zIIs for zs # z1 and zs . z1, respectively. The

luminosity distance dL is related to the angular-diameter distance

dA by dL ¼ ð11 zÞ2dA.

As for the clumpiness parameter a, we studied the distribution

function N(a) as a function of z in our previous papers (Tomita

1998, 1999). To obtain N(a), we first derived model universes

consisting of galaxies and haloes using an N-body simulation

technique; secondly, we calculated the angular-diameter distance

by solving null-geodesic equations along many light paths between

an observer and sources at epoch z, and finally we derived a
Figure 1. Model with a spherical single shell. Redshifts for observers at O

and C are z and z̄.
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statistical distribution of a determined in a comparison with the

Friedmann distance ða ¼ 1:0Þ and the Dyer–Roeder distance

ða ¼ 0:0Þ. As the result of these studies, it was found that the

average value ā of a is 1.0, which represents the Friedmann

distance, and the dispersion sa can be ,0.5 for z , 2:0. If the

detection of high-z supernovae is done in completely random

directions, the observed average value of a is equal to the above

theoretical average value ā. However, if the detections are biased

to the directions with a lower galactic number per steradian to

avoid the dust obscuration, we may have the value of a , !a2 sa.

Then the angular-diameter and luminosity distances are some-

what longer than the average Friedmann distances. In the next

section, we show the cases with a ¼ 1:0; 0:5, and 0.0 for

comparison. The lensing effect on the [m, z] relation of SNIa has

also been discussed by Holz (1998), Porciani & Madau (2000)

and Barber (2000).

3 PARAMETER DEPENDENCE OF THE

MAGNITUDE -REDSHIFT RELATION

As for homogeneous models, it is well-known from the comparison

with observational data that the flat case with non-zero

cosmological constant of ðV0; l0Þ ¼ ð0:3; 0:7Þ can represent the

accelerating behaviour of high-z SNIa, while an open model with

(0.3, 0) cannot explain their data for z < 1:0 (Garnavich et al. 1998;

Schmidt et al. 1998; Perlmutter et al. 1999; Riess et al. 1998, 2000;

Riess 2000). In the present inhomogeneous models, we have six

model parameters ðVI
0; l

I
0;H

I
0;H

II
0 /H

I
0;V

II
0 /V

I
0; z1Þ, and their direct

fitting with the observational data is very complicated in contrast to

the homogeneous case, which has three parameters. In this paper,

the parameter dependence of [m, z] relations is examined for the

preliminary study, and the relations in these two homogeneous

models are used as a measure for inferring how the relations in

inhomogeous models with various parameters can reproduce the

observational data. That is, we deduce that the model parameters

are consistent with the observational data, if at the interval 0:5 ,

z , 1:0 the curve in the [m, z] relation is similar to that in the

homogeneous model (0.3, 0.7) comparing with the difference

between the curves for (0.3, 0.7) and (0.3, 0).

For the [m, z] relation in an inhomogeneous model, we first treat

the case with the following standard parameters to reproduce the

accelerating behaviour in the above homogeneous model (0.3, 0.7)

Figure 2. The [m, z] relation in cosmological models with a local void. The solid line denotes the case with a standard parameter set given in equation (12). The

dotted and dashed lines stand for homogeneous models with ðV0; l0Þ ¼ ð0:3; 0:7Þ and (0.3, 0.0), respectively, for comparison.
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essential なところは
一連の冨田論文で尽きている



   しかし...



現実の我々の宇宙が
そんな toy model で
 本当に記述されるのか？
という心理的バリア



そこで



提案
特定の toy model に

依存せずに
非一様宇宙の効果を

記述する手法



超新星の
m-z relation

再吟味



対象とする  
   観測データは...
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観測データを
fitさせる

m-z relation



luminosity distance DL(z)は
3つの定数 H0, Ωm, ΩΛをパラメータに持つ

zの (複雑な)関数

だが...

対象とするSNデータが z < 1なので
Taylor展開した式で十分



DL(z) =
c

H0

`
z + d2 z2 + d3 z3´

m = M − 5 + 5 log10 DL(z)
= M + 5 log10

{
z + d2 z2 + d3 z3

}
M ≡ M − 5 + 5 log10

c

H0

M: “the magnitude zero-point” or

M: “H0-free absolute magnitude”
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ちょっと
遊んでみる
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low redshift
z < 0.2 のみを
Λ なしで fit
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当然，そこそこうまくfitできる．
low redshift では，Λの影響がないから



high redshift
z > 0.3 のみを
Λ なしで fit
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high redshift のみであれば，Λ=0 でも
そこそこうまくfitできる．



まとめて表示
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宇宙論パラメータ決定のあらまし

• おもに low redshift データから
M従ってH0 が決まる．

• その値を一定として high redshift データも
fitしようとすると，ΩΛ が必要になる．

• low-z と high-z で異なる値のMを許せば，
それぞれは Λ無しでも fitできる．



low-z, high-zで違うM．その解釈は?

M = M + 5 log10

c

H0
− 5

low-z 領域と high-z 領域では...

1. 絶対等級M が違う
2. 光速 cが違う
3. H0 が違う



超新星のm-z relation が意味するのは，
Λがあることではなく，

H0 や Ωmが一定ではないこと!?



Mの違いがH0の違いによる，とすると...

24.01 − 24.27 = 5 log10

H0(high-z)
H0(low-z)

⇓
H0(high-z)
H0(low-z)

= 0.89

high-z のH0 が 11%小さい，とすれば
Dark Energy なしで OK



非一様宇宙の
post-Friedmann的効果を
luminosity distance に
どのように取り込むか？



一様宇宙なら，

H0 ≡ 1

3
θ(t0, xi) ⇒ H(t0) (定数)

Ωm ≡
8πG ρ(t0, xi)

3 H0
2

⇒ Ωm(t0) (定数)

非一様宇宙では，

H(t0, x
i) = H

(
t0, x

i (z)
) ⇒ H0(z)

Ωm(t0, x
i) = Ωm

(
t0, x

i (z)
) ⇒ Ωm(z)



非一様宇宙では
expansion θや density ρの空間依存性に起因して
H0やΩmは，一般にredshift z依存性を持つだろう．

H0(z) = H̄0
(
1 + h1 z + h2 z

2 + · · · )
Ωm(z) = Ω̄m

(
1 + ω1 z + ω2 z

2 + · · · )
h1, h2,ω1,ω2, · · · がpost-Friedmannian corrections



時空の非一様性に起因するpost-Friedmann的補正を
考慮した luminosity distance

DL(z) =
c

H̄0

(
z + d̃2 z

2 + d̃3 z
3 + · · · )

d̃2 =
1

4

(
2 − Ω̄m + 2ΩΛ−4 h1

)

d̃3 =
1

8

(
Ω̄2
m
+ 4ΩΛ

2 − 4 Ω̄mΩΛ − 2 Ω̄m − 4ΩΛ
)

+(terms with h1, h2,ω1)



観測データとのfittingによって得られた d̃2，̃d3から
一様等方宇宙だと思い込んで
宇宙論パラメータを求めると
たとえ，ΩΛ = 0であっても

Ωeff
Λ
≡ d̃2

(
2 d̃2 − 1

) − d̃3
=
1

8

{
6h1Ω̄m +

4

3
ω1Ω̄m − 4h1 + 8 (h1)2 + 8h2

}

非一様宇宙の post-Friedmannian correctionが
ΩΛとしてふるまう!



それでも
一様等方宇宙に
  こだわる？



一様等方モデルにこわだる限り
「Dark Side」は必要...

正体不明の「Dark Side」の
導入は問題解決になる？



「Dark Side」
に

身をゆだねるな！



非一様宇宙論屋に
Forceの御加護が
   ありますように...




