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Italian, US cosmologists present alternate explanation
for accelerating expansion of the universe: Was
Einstein right when he said he was wrong?

Why is the universe expanding at an accelerating rate,
spreading its contents over ever greater dimensions of
space? An original solution to this puzzle, certainly the
most fascinating question in modern cosmology, was put
forward by four theoretical physicists, Edward W. Kolb of
the U.S. Department of Energy's Fermi National
Accelerator Laboratory, Chicago (USA): Sabino Matarrese
of the University of Padova; Alessio Notari from McGill
University (Canada); and Antonio Riotto of INFN (Istituto
Nazionale di Fisica Nucleare) of Padova (Italy). Their study
was submitted yesterday to the journal Physical Review
Letters.

Over the last hundred years, the expansion of the universe
has been a subject of passionate discussion, engaging the
most brilliant minds of the century. Like his
contemporaries, Albert Einstein initially thought that the
universe was static: that it neither expanded nor shrank.
When his own Theory of General Relativity clearly showed
that the universe should expand or contract, Einstein
chose to introduce a new ingredient into his theory. His
"cosmological constant" represented a mass density of
empty space that drove the universe to expand at an ever-
increasing rate.

When in 1929 Edwin Hubble proved that the universe is in
fact expanding, Einstein repudiated his cosmological
constant, calling it "the greatest blunder of my life." Then,
almost a century later, physicists resurrected the
cosmological constant in a variant called dark energy. In
1998, observations of very distant supernovae
demonstrated that the universe is expanding at an
accelerating rate. This accelerating expansion seemed to
be explicable only by the presence of a new component of
the universe, a "dark energy," representing some 70
percent of the total mass of the universe. Of the rest, about
25 percent appears to be in the form of another mysterious
component, dark matter; while only about 5 percent
comprises ordinary matter, those quarks, protons,
neutrons and electrons that we and the galaxies are made
of.

"The hypothesis of dark energy is extremely fascinating,"
explains Padova's Antonio Riotto, "but on the other hand it
represents a serious problem. No theoretical model, not
even the most modern, such as supersymmetry or string
theory, is able to explain the presence of this mysterious
dark energy in the amount that our observations require. If
dark energy were the size that theories predict, the
universe would have expanded with such a fantastic
velocity that it would have prevented the existence of
everything we know in our cosmos."

The requisite amount of dark energy is so difficult to
reconcile with the known laws of nature that physicists
have proposed all manner of exotic explanations, including
new forces, new dimensions of spacetime, and new
ultralight elementary particles. However, the new report
proposes no new ingredient for the universe, only a
realization that the present acceleration of the universe is a
consequence of the standard cosmological model for the
early universe: inflation.

"Our solution to the paradox posed by the accelerating
universe," Riotto says, "relies on the so-called inflationary
theory, born in 1981. According to this theory, within a tiny
fraction of a second after the Big Bang, the universe
experienced an incredibly rapid expansion. This explains
why our universe seems to be very homogeneous.
Recently, the Boomerang and WMAP experiments, which
measured the small fluctuations in the background
radiation originating with the Big Bang, confirmed
inflationary theory.

It is widely believed that during the inflationary expansion
early in the history of the universe, very tiny ripples in
spacetime were generated, as predicted by Einstein's
theory of General Relativity. These ripples were stretched
by the expansion of the universe and extend today far
beyond our cosmic horizon, that is over a region much
bigger than the observable universe, a distance of about
15 billion light years. In their current paper, the authors
propose that it is the evolution of these cosmic ripples that
increases the observed expansion of the universe and
accounts for its acceleration.

"We realized that you simply need to add this new key
ingredient, the ripples of spacetime generated during the
epoch of inflation, to Einstein's General Relativity to
explain why the universe is accelerating today," Riotto
says. "It seems that the solution to the puzzle of
acceleration involves the universe beyond our cosmic
horizon. No mysterious dark energy is required."

Fermilab's Kolb called the authors' proposal the most
conservative explanation for the accelerating universe. "It
requires only a proper accounting of the physical effects of
the ripples beyond our cosmic horizon," he said.

Data from upcoming experiments will allow cosmologists to
test the proposal.

"Whether Einstein was right when he first introduced the
cosmological constant, or whether he was right when he
later refuted the idea will soon be tested by a new round of
precision cosmological observations," Kolb said. "New
data will soon allow us to distinguish between our
explanation for the accelerated expansion of the universe
and the dark energy solution."

INFN (Istituto Nazionale di Fisica Nucleare), Italy's national
nuclear physics institute, supports, coordinates and carries
out scientific research in subnuclear, nuclear and
astroparticle physics and is involved in developing relevant
technologies.

Fermilab, in Batavia, Illinois, USA, is operated by
Universities Research Association, Inc. for the Department
of Energy's Office of Science, which funds advanced
research in particle physics and cosmology.
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Primordial inflation explains why the universe is accelerating today
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We propose an explanation for the present accelerated expansion of the universe that does not
invoke dark energy or a modification of gravity and is firmly rooted in inflationary cosmology.

PACS numbers: 98.80.Cq

In recent years the exploration of the universe at red-
shifts of order unity has provided information about the
time evolution of the expansion rate of the universe. Ob-
servations indicate that the universe is presently under-
going a phase of accelerated expansion [1]. The acceler-
ated expansion is usually interpreted as evidence either
for a “dark energy” (DE) component to the mass-energy
density of the universe or a modification of gravity at
large distance. The goal of this Letter is to provide an
alternative explanation for the ongoing phase of accel-
erated expansion that is, we believe, rather conservative
and firmly rooted in inflationary cosmology.

In the homogeneous, isotropic Friedmann-Robertson-
Walker (FRW) cosmology, the deceleration parameter q
describes the deceleration of the cosmic scale factor a.
It is uniquely determined by the relative densities and
the equations of state of the various fluids by (overdot
denotes a time derivative)

q ≡ −
äa

ȧ2
=

1

2
ΩTOT +

3

2

∑
i

wi Ωi, (1)

where ΩTOT is the total energy density parameter and
the factors Ωi are the relative contributions of the various
components of the energy density with equation of state
wi = pi/ρi (pi and ρi are the pressure and energy density
of fluid i). The expansion accelerates if q < 0. Observa-
tions seem to require DE with present values wDE ∼ −1
and ΩDE ∼ 0.7 [2]. The negative value of wDE is usually
interpreted as the effect of a mysterious fluid of unknown
nature with negative pressure or a cosmological constant
of surprisingly small magnitude.

Our proposal is as follows. Suppose cosmological per-
turbations with wavelengths larger than the present Hub-
ble radius, H−1

0 , exist. A local observer inside our Hubble

volume would not be able to observe such super-Hubble
modes as real perturbations. Rather, their effect would
be in the form of a classical (zero-momentum) back-
ground. Suppose further that our local universe is filled
with nonrelativistic matter and no DE. We show that
if the long-wavelength perturbations evolve with time, a
local observer would infer that our universe is not ex-
panding as a homogeneous and isotropic FRW matter-
dominated universe with Hubble rate H = 2

3 t−1, where
t is cosmic time. On the contrary, the universe would
appear to have an expansion history that depends on the
time evolution of the super-Hubble perturbations. Po-
tentially, this could lead to an accelerated expansion.

The origin of the long-wavelength cosmological pertur-
bations is inflation. Inflation is an elegant explanation
for the flatness, horizon, and monopole problems of the
standard big-bang cosmology [3]. But perhaps the most
compelling feature of inflation is a theory for the origin
of primordial density perturbations and anisotropies in
the cosmic microwave background (CMB). Density (and
gravitational-wave) perturbations are created during in-
flation from quantum fluctuations and redshifted to sizes
larger than the Hubble radius. They are then “frozen”
until after inflation when they re-enter the Hubble radius.

A consequence of inflation is scalar perturbations of
wavelength larger than the Hubble radius. During in-
flation a small region of size less than the Hubble ra-
dius grew to encompass easily the comoving volume of
the entire presently observable universe. This requires a
minimum number of e-foldings, N >

∼ 60, where N mea-
sures the logarithmic growth of the scale factor during
inflation. Most models of inflation predict a number of
e-foldings that is, by far, much larger than 60 [3]. This
amounts to saying that today there is a huge phase space
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the factors Ωi are the relative contributions of the various
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volume would not be able to observe such super-Hubble
modes as real perturbations. Rather, their effect would
be in the form of a classical (zero-momentum) back-
ground. Suppose further that our local universe is filled
with nonrelativistic matter and no DE. We show that
if the long-wavelength perturbations evolve with time, a
local observer would infer that our universe is not ex-
panding as a homogeneous and isotropic FRW matter-
dominated universe with Hubble rate H = 2

3 t−1, where
t is cosmic time. On the contrary, the universe would
appear to have an expansion history that depends on the
time evolution of the super-Hubble perturbations. Po-
tentially, this could lead to an accelerated expansion.

The origin of the long-wavelength cosmological pertur-
bations is inflation. Inflation is an elegant explanation
for the flatness, horizon, and monopole problems of the
standard big-bang cosmology [3]. But perhaps the most
compelling feature of inflation is a theory for the origin
of primordial density perturbations and anisotropies in
the cosmic microwave background (CMB). Density (and
gravitational-wave) perturbations are created during in-
flation from quantum fluctuations and redshifted to sizes
larger than the Hubble radius. They are then “frozen”
until after inflation when they re-enter the Hubble radius.

A consequence of inflation is scalar perturbations of
wavelength larger than the Hubble radius. During in-
flation a small region of size less than the Hubble ra-
dius grew to encompass easily the comoving volume of
the entire presently observable universe. This requires a
minimum number of e-foldings, N >

∼ 60, where N mea-
sures the logarithmic growth of the scale factor during
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Einstein eq.を
解かなくてもいいのなら

何でも言える...
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Can superhorizon cosmological perturbations explain the acceleration of the universe?

Christopher M. Hirata1, ∗ and Uroš Seljak1, 2

1Department of Physics, Jadwin Hall, Princeton University, Princeton, New Jersey 08544, USA
2International Center for Theoretical Physics, Strada Costiera 11, 34014 Trieste, Italy

(Dated: March 27, 2005)

We investigate the recent suggestions by Barausse et al. (astro-ph/0501152) and Kolb et al.
(hep-th/0503117) that the acceleration of the universe could be explained by large superhorizon
fluctuations generated by inflation. We show that no acceleration can be produced by this mech-
anism. We begin by showing how the application of Raychaudhuri equation to inhomogeneous
cosmologies results in several “no go” theorems for accelerated expansion. Next we derive an exact
solution for a specific case of initial perturbations, for which application of the Kolb et al. ex-
pressions leads to an acceleration, while the exact solution reveals that no acceleration is present.
We show that the discrepancy can be traced to higher order terms that were dropped in the Kolb
et al. analysis. We proceed with the analysis of initial value formulation of general relativity to
argue that causality severely limits what observable effects can be derived from superhorizon per-
turbations. By constructing a Riemann normal coordinate system on initial slice we show that no
infrared divergence terms arise in this coordinate system. Thus any divergences found previously
can be eliminated by a local rescaling of coordinates and are unobservable. We perform an explicit
analysis of the variance of the deceleration parameter for the case of single field inflation using usual
coordinates and show that the infrared divergent terms found by Barausse et al. and Kolb et al.
cancel against several additional terms not considered in their analysis. Finally, we argue that in-
troducing isocurvature perturbations does not alter our conclusion that the accelerating expansion
of the universe cannot be explained by superhorizon modes.

PACS numbers: 98.80.Jk, 98.80.Cq

I. INTRODUCTION

There are now several lines of evidence pointing toward
an acclerating expansion of the universe. These include
the luminosity distance-redshift relation measured from
Type Ia supernovae (SN Ia) [1, 2, 3, 4, 5, 6]; the com-
bination of the angular diameter distance to the surface
of last scattering and the physical matter density ΩmH2

0
measured from the cosmic microwave background (CMB)
with the low values of ΩmH0 favored by large-scale struc-
ture data [7, 8, 9, 10, 11]; and, most recently, the inte-
grated Sachs-Wolfe effect [12, 13, 14, 15, 16, 17, 18, 19].
It is well-known that such an accelerating expansion is
impossible if one makes the following three assumptions:

1 ) the strong energy condition (SEC) holds, i.e. the
density and isotropic part of the pressure seen by all
observers on timelike trajectories satisfy ρ+3p ≥ 0;

2 ) the universe is described by general relativity
(GR); and

3 ) the universe is homogeneous and isotropic, in par-
ticular the Friedmann-Robertson-Walker (FRW)
metric is applicable.

Any explanation for the acceleration of the universe must
drop at least one of these three assumptions. Usually ei-
ther assumption #1 or #2 is dropped. In such a case,

∗Electronic address: chirata@princeton.edu

we use the term “dark energy” to describe any SEC-
violating matter field, and “modified gravity” to denote
any departure from GR. These explanations for the ac-
celeration could be considered unsatisfying since there is
presently no other experimental motivation for modifica-
tions to GR, and the matter fields normally considered
in cosmology, including baryonic matter, photons, neu-
trinos, and cold dark matter (CDM) all obey the SEC.
In either case, new physics must be invoked. In contrast,
it is observed that assumption #3 is not exactly valid in
the real universe. Therefore several recent papers [20, 21]
have asked whether in fact the “backreaction” from these
perturbations to the universe can explain the accleration,
without dropping the SEC or GR.

The purpose of this paper is to examine the recent
suggestions by Barausse et al. [20] (hereafter BMR) and
Kolb et al. [21] (hereafter KMNR) that perturbations
on scales larger than the Hubble length can explain the
acceleration. In particular, these papers suggest that the
time evolution of these large-scale perturbations produce
a large variance of the deceleration parameter q. Since
potential perturbations at the horizon scale are of order
∼ 10−5, one would expect the fluctuations in q to be of
this order, however KMNR argues that corrections due
to very large-scale modes (hundreds of e-folds outside
the horizon) can cause the standard deviation of q to be
# 10−5. In particular, for spectral index ns ≤ 1 they
claim that the corrections from very large-scale modes
contain an infrared divergence. If the variance is very
large, this could mimick dark energy and cause an appar-
ent acceleration. Indeed, the existence of perturbations
on scales well beyond the horizon is likely in the context
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1Department of Physics, Jadwin Hall, Princeton University, Princeton, New Jersey 08544, USA
2International Center for Theoretical Physics, Strada Costiera 11, 34014 Trieste, Italy

(Dated: March 27, 2005)

We investigate the recent suggestions by Barausse et al. (astro-ph/0501152) and Kolb et al.
(hep-th/0503117) that the acceleration of the universe could be explained by large superhorizon
fluctuations generated by inflation. We show that no acceleration can be produced by this mech-
anism. We begin by showing how the application of Raychaudhuri equation to inhomogeneous
cosmologies results in several “no go” theorems for accelerated expansion. Next we derive an exact
solution for a specific case of initial perturbations, for which application of the Kolb et al. ex-
pressions leads to an acceleration, while the exact solution reveals that no acceleration is present.
We show that the discrepancy can be traced to higher order terms that were dropped in the Kolb
et al. analysis. We proceed with the analysis of initial value formulation of general relativity to
argue that causality severely limits what observable effects can be derived from superhorizon per-
turbations. By constructing a Riemann normal coordinate system on initial slice we show that no
infrared divergence terms arise in this coordinate system. Thus any divergences found previously
can be eliminated by a local rescaling of coordinates and are unobservable. We perform an explicit
analysis of the variance of the deceleration parameter for the case of single field inflation using usual
coordinates and show that the infrared divergent terms found by Barausse et al. and Kolb et al.
cancel against several additional terms not considered in their analysis. Finally, we argue that in-
troducing isocurvature perturbations does not alter our conclusion that the accelerating expansion
of the universe cannot be explained by superhorizon modes.

PACS numbers: 98.80.Jk, 98.80.Cq

I. INTRODUCTION

There are now several lines of evidence pointing toward
an acclerating expansion of the universe. These include
the luminosity distance-redshift relation measured from
Type Ia supernovae (SN Ia) [1, 2, 3, 4, 5, 6]; the com-
bination of the angular diameter distance to the surface
of last scattering and the physical matter density ΩmH2

0
measured from the cosmic microwave background (CMB)
with the low values of ΩmH0 favored by large-scale struc-
ture data [7, 8, 9, 10, 11]; and, most recently, the inte-
grated Sachs-Wolfe effect [12, 13, 14, 15, 16, 17, 18, 19].
It is well-known that such an accelerating expansion is
impossible if one makes the following three assumptions:

1 ) the strong energy condition (SEC) holds, i.e. the
density and isotropic part of the pressure seen by all
observers on timelike trajectories satisfy ρ+3p ≥ 0;

2 ) the universe is described by general relativity
(GR); and

3 ) the universe is homogeneous and isotropic, in par-
ticular the Friedmann-Robertson-Walker (FRW)
metric is applicable.

Any explanation for the acceleration of the universe must
drop at least one of these three assumptions. Usually ei-
ther assumption #1 or #2 is dropped. In such a case,

∗Electronic address: chirata@princeton.edu

we use the term “dark energy” to describe any SEC-
violating matter field, and “modified gravity” to denote
any departure from GR. These explanations for the ac-
celeration could be considered unsatisfying since there is
presently no other experimental motivation for modifica-
tions to GR, and the matter fields normally considered
in cosmology, including baryonic matter, photons, neu-
trinos, and cold dark matter (CDM) all obey the SEC.
In either case, new physics must be invoked. In contrast,
it is observed that assumption #3 is not exactly valid in
the real universe. Therefore several recent papers [20, 21]
have asked whether in fact the “backreaction” from these
perturbations to the universe can explain the accleration,
without dropping the SEC or GR.

The purpose of this paper is to examine the recent
suggestions by Barausse et al. [20] (hereafter BMR) and
Kolb et al. [21] (hereafter KMNR) that perturbations
on scales larger than the Hubble length can explain the
acceleration. In particular, these papers suggest that the
time evolution of these large-scale perturbations produce
a large variance of the deceleration parameter q. Since
potential perturbations at the horizon scale are of order
∼ 10−5, one would expect the fluctuations in q to be of
this order, however KMNR argues that corrections due
to very large-scale modes (hundreds of e-folds outside
the horizon) can cause the standard deviation of q to be
# 10−5. In particular, for spectral index ns ≤ 1 they
claim that the corrections from very large-scale modes
contain an infrared divergence. If the variance is very
large, this could mimick dark energy and cause an appar-
ent acceleration. Indeed, the existence of perturbations
on scales well beyond the horizon is likely in the context



Kolb et al.に対する
詳細な反論



• averaging
• nonlinear backreaction
• gauge issue

ツメが甘い点



averagingと
backreactionの
権威と言えば...



• T. Futamase, PRL (1988)

• T. Futamase, MNRAS (1989)

• T. Futamase, PTP (1993)

• T. Futamase, PR D (1996)

• ...



世の混乱を鎮めるため(?)
backreaction論文の

決定版を書こう!



(1)
backreaction

とは？



現実の宇宙は
いたるところ
非一様である



じゃ，なぜ
宇宙は一様等方
Friedmann
でいいのか？



根拠のない
暗黙の了解



局所的には物質分布は
非一様だが
平均的には

Friedmannでよいだろう



局所的には物質分布は
非一様だが
平均的には

Friedmannでよいだろう？



平均的
Friedmann宇宙

とは？



“平均密度”　“scale factor”平均密度と “scale factor”

ρb = 〈ρ〉 ȧ

a
≡ 1

3
〈θ〉

If the averaged quantities satisfy the following continuity

equation and the Friedmann equation

ρ̇b + 3
ȧ
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ρb = 0

(
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a

)2

=
8πG

3
ρb − k

a2
+

Λ
3

+ ∆X with ∆X = 0,



Einstein方程式の平均化
⇩

平均密度と “scale factor”
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back reaction

平均密度と “scale factor”
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宇宙はdustの平均密度だけで
膨張則が決まるFriedmann

平均密度と “scale factor”
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ȧ

a
ρb = 0(

ȧ
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∆X = 0 なら...
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しかし
Einstein方程式の非線形性

により，一般には...



effectiveにdust以外の
エネルギーが膨張則に寄与して

いるようにみえる
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If the averaged quantities satisfy the following continuity

equation and the Friedmann equation

ρ̇b + 3
ȧ

a
ρb = 0

(
ȧ

a

)2

=
8πG

3
ρb − k

a2
+

Λ
3

+ ∆X with ∆X = 0,

(
ȧ

a

)2

=
8πG

3
ρb + ∆X with ∆X = 0



これが
back reaction



(2)
本当に

加速させるのか？



comoving synchronous 
gauge では...
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Abstract: Nonlinear effect of the spacetime inhomogeneity and its gauge dependence are re-analyzed,
in connection with the recent arguments on the possibility of nonlinear backreaction as the dark energy.

The actual Universe

The actual Universe is neither homogeneous nor isotropic. It is simply believed
that the large-scale behavior of the universe is Friedmann on average. But...

What is Friedmann on average?

M. Kasai, Phys. Rev. D 47, 3214 (1993)
We define in the following way: First, define the average density ρb and the “scale

factor” function a(t) from the averaged expansion

ρb = 〈ρ〉, 3
ȧ

a
≡ 〈θ〉.

If the averaged quantities satisfy the following continuity equation and the Fried-
mann equation

ρ̇b + 3
ȧ

a
ρb = 0,

(
ȧ

a

)2

=
8πG

3
ρb − k

a2
+

Λ
3

+ ∆X with ∆X = 0,

then the universe is called Friedmann on average.

What is the “backreaction”?

Since the Einstein equations are quite nonlinear, the averaging procedure does not
in general give the Friedmann equation with ∆X = 0. We call the non-vanishing
quantity ∆X as the nonlinear “backreaction” of the spacetime inhomogeneity.

How to calculate the “backreaction”?

M. Kasai, Phys. Rev. D 47, 3214 (1993)
An exact scheme to construct inhomogeneous universes which are nevertheless

homogeneous and isotropic on average is presented in general relativity. Unfor-
tunately, such an exact treatment can be applied to quite limited cases. In the
following, approximation schemes are employed to calculate the nonlinear effects,
up to the second order of the deviations.

In comoving synchronous gauge

M. Kasai, Phys. Rev. D 52, 5605 (1995)
The metric:

ds2 = −dt2 + a2(t)
[(

1 +
20
9

Ψ(x)
)

δij + 2a(t)Ψ,ij

]
dxidxj

The averaging procedure:

ρb = 〈ρ〉 :=
1

VD

∫
D

ρ
√

(3)g d3x , VD :=
∫

D

√
(3)g d3x

The averaged Einstein eq.:(
ȧD

aD

)2

=
8πG

3
ρb − 1

3a2
D

〈
100
81

Ψ,iΨ,i

〉
<

8πG

3
ρb

äD

aD

= −4πG

3
ρb

In “Newtonian” gauge

T. Futamase, Phys. Rev. Lett. D 61, 2175 (1988)
T. Futamase, Phys. Rev. D 53, 681 (1996)

The metric:

ds2 = −(1 + 2φ(x))dt2 + a2(t)(1 − 2φ(x))δij dxidxj

The averaging procedure:

〈〈ρ〉〉 ≡ 1
V

∫
V

ρ d3x

The averaged Einstein eq.:(
ȧ

a

)2

=
8πG

3

(
〈〈ρ〉〉 + 〈ρa2v2〉

)
+

5
3a2

〈φ,iφ,i〉 >
8πG

3
〈〈ρ〉〉

Gauge dependence?

• “backreaction” in opposite sign?

– positive in one gauge, negative in other gauge

• gauge dependence of the “backreaction”?

The well-behaved “average density”

The apparent difference comes from the definition of the “average density”. In
the Newtonian-gauge treatment, it is 〈〈ρ〉〉. But it does not satisfies the continuity
equation for dust. By re-defining the well-behaved average density

ρ̄b ≡ 〈〈ρ〉〉 + 2〈ρa2v2〉 + 〈ρφ〉 +
3

4πGa2
〈φ,iφ,i〉

and assuming the “virial equilibrium”

〈ρa2v2〉 + 〈ρφ〉 = 2〈KE〉 + 〈PE〉 ⇒ 0,

the averaged Einstein eqs. are(
ȧ

a

)2

=
8πG

3
ρ̄b − 1

3a2
〈φ,iφ,i〉 <

8πG

3
ρ̄b,

ä

a
= −4πG

3
ρ̄b,

⇓
d

dt
ρ̄b + 3

ȧ

a
ρ̄b = 0

Conclusion

In both cases, the nonlinear backreaction

• behaves as the positive curvature term

• does not accelerate the cosmic expansion rate.

Apparent differences come from the ill-defined “av-
erage” (background) quantities.

Quantitative analysis?

H. Russ, et al., Phys. Rev. D 56, 2044 (1997)
Already shown to be sufficiently small.

M. Kasai, Phys. Rev. D 52, 5605 (1995)

The averaged Einstein eq.:(
ȧ

a

)2

=
8πG

3
ρb − 1

3a2

〈
100
81

Ψ,iΨ,i

〉
<

8πG

3
ρb
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T. Futamase, Phys. Rev. D 53, 681 (1996)

The metric:

ds2 = −(1 + 2φ(x))dt2 + a2(t)(1 − 2φ(x))δij dxidxj
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V

∫
D

ρ d3x
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ȧD

aD

)2

=
8πG

3
ρb − 1

3a2
D

〈
100
81

Ψ,iΨ,i

〉
<

8πG

3
ρb

äD
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Gauge dependence?

• “backreaction” in opposite sign?

– positive in one gauge, negative in other gauge

• gauge dependence of the “backreaction”?

The well-behaved “average density”

The apparent difference comes from the definition of the “average density”. In
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ä

a
= −4πG

3
ρ̄b,

⇓
d

dt
ρ̄b + 3

ȧ
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In both cases, the nonlinear backreaction

• behaves as the positive curvature term

• does not accelerate the cosmic expansion rate.

Apparent differences come from the ill-defined “av-
erage” (background) quantities.

Quantitative analysis?

H. Russ, et al., Phys. Rev. D 56, 2044 (1997)
Already shown to be sufficiently small.



back reactionで
膨張速度は小さくなる

The averaged Einstein eq.:(
ȧ

a

)2

=
8πG

3
ρb − 1

3a2

〈
100
81

Ψ,iΨ,i

〉
<

8πG

3
ρb



注意
減速させるわけではない

加速度を変化させるかどうか
は　　を調べるä

1



Newtonian gauge では...
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The averaged Einstein eq.:(
ȧ

a

)2

=
8πG

3
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3a2

〈
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Ψ,iΨ,i

〉
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8πG

3
ρb
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The averaging procedure:

〈〈ρ〉〉 ≡ 1
V

∫
D

ρ d3x

V :=
∫

D
d3x

The averaged Einstein eq.:(
ȧ

a

)2

=
8πG

3

(
〈〈ρ〉〉 + 〈〈ρa2v2〉〉

)
+

5
3a2

〈〈φ,iφ,i〉〉>
8πG

3
〈〈ρ〉〉



The averaging procedure:

〈〈ρ〉〉 ≡ 1
V

∫
D

ρ d3x

V :=
∫

D
d3x

The averaged Einstein eq.:(
ȧ

a

)2

=
8πG

3

(
〈〈ρ〉〉 + 〈〈ρa2v2〉〉

)
+

5
3a2

〈〈φ,iφ,i〉〉>
8πG

3
〈〈ρ〉〉

back reactionで
宇宙膨張はspeed up？



back reactionによって
一方で

膨張速度は小さくなると言い
他方では

宇宙膨張はspeed up？



いったい
どっち？



平均化の違い？
それとも

gaugeの違い？



(3)
きっちり

明らかにしよう



The metric with vanishing shift vector, N i = 0.

ds2 = −(Ndt)2 + γijdxidxj

The unit normal to a t =const. hypersurface

nµ = (1/N, 0, 0, 0)

The extrinsic curvature

Ki
j =

1

2N
γik γ̇kj



The Einstein equation

(3)R +
(
Ki

i

)2 − Ki
jK

j
i = 16πGE

Kj
j|i − Kj

i|j = 8πGJi

K̇i
i + NK i

jK
j
i − N |i

|i = −4πG(E + S)

E = Tµνnµnν , Ji = −Tµin
µ, S = Tijγ

ij



3-dim. volume V

V =
∫
D

√
γ d3x, γ = det(γij)

The scale factor a(t)

3
ȧ

a
≡ V̇

V



The averaging procedure

〈A〉 ≡ 1

V

∫
D

A
√

γ d3x

⇓

3
ȧ

a
= 〈NK i

i〉

The deviation from a uniform Hubble flow

V i
j ≡ Ki

j −
ȧ

a
δi

j



The averaged Einstein eq.(
ȧ

a

)2

=
8πG

3
〈T00〉

−1
6
〈N2 (3)R〉 − 1

6
〈(V i

i)
2 − V i

jV
j
i〉

ä

a
= −4πG

3
〈T00 + N2Tii〉

+
1
3
〈(V i

i)
2 − V i

jV
j
i〉 +

1
3
〈NN |i

|i + ṄKi
i〉



Linearized post-Newtonian metric

ds2 = − (1 + 2φ(x)) dt2+a2 (1 − 2φ(x)) δij dxidxj

⇓(
ȧ

a

)2

=
8πG

3
〈T00〉 +

1

a2
〈φ,iφ,i〉

ä

a
=

4πG

3
〈T00 + ρba

2v2〉 − 1

3a2
〈φ,iφ,i〉-



(
ȧ

a

)2

=
8πG

3
〈T00〉 +

1

a2
〈φ,iφ,i〉> 〈T00〉

backreactionは + (プラス)の寄与?



その前に...



dustの平均エネルギー密度 ρ̄

˙̄ρ + 3
ȧ

a
ρ̄ = 0

非線形項を考慮しても，きちんと
dustとしてふるまう平均密度が定
義されて初めて backreactionの議
論ができる．



そして，その平均密度とは...

ρ̄ ≡ 〈T00 + ρba
2v2〉+

1

4πGa2 〈φ,iφ,i〉

この形の ρ̄のみが以下をみたす：

˙̄ρ + 3
ȧ

a
ρ̄ = 0



nonlinear backreactionを考慮にいれた
“Friedmann方程式”

(
ȧ

a

)2
=

8πG

3
ρ̄ − 1

9a2 〈φ,iφ,i〉

ä

a
=

4πG

3
ρ̄-



結果のまとめ



(
ȧ

a

)2
=

8πG

3
ρ̄ − 1

9a2 〈φ,iφ,i〉

ä

a
=

4πG

3
ρ̄

• backreaction は宇宙膨張を加
速も減速もさせない．ä/aを決
めるのは ρ̄のみ．

-



(
ȧ

a

)2
=

8πG

3
ρ̄− 1

9a2 〈φ,iφ,i〉 <
8πG

3
ρ̄

ä

a
=

4πG

3
ρ̄

• backreactionは ȧ/aを小さく
する．

-



(
ȧ

a

)2
=

8πG

3
ρ̄ − 1

9a2 〈φ,iφ,i〉

• backreaction は正曲率項とし
てふるまう．

(
ȧ

a

)2
+

k

a2 =
8πG

3
ρb



さらに...
•別のgauge (comoving 
synchronous) での結論
とも一致
•平均の定義にもよらない



No-Go Theorem

非一様性の反作用によって
宇宙は加速膨張など

しないのだ！



終
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