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Abstract In this talk I divide dark energy models (precisely speaking, models to explain origin of current

cosmic acceleration) existing in literatures in to three classes. The first one is to ascribe the cosmic acceleration

to modifications of general relativity at cosmological scales. The second one is due to the backreaction of

perturbations, or say, the effect of inhomogeneity of the universe. The third one is some exotic component in

the universe, which appears in the right hand side of Einstein’s equations. For each class I demonstrate some

examples.

Key words cosmology, dark energy, accelerated expansion

1 Introduction

The dark energym has been one of the most ac-
tive fields in modern cosmology since the discovery
of the present accelerated expansion of the uni-
verse. The first evidence of the current accelerated
expansion comes from the measurement of distant

(2,

supernova %l The existence of dark energy has also

been crosschecked from the microwave background

4,5 6, 7
(4. 5] [ ], etc. In

radiation and large scale structure
certain sense, nowadays most people have widely ac-
cepted such a “standard model” of the universe: in-
flation & big bang & baryon matter & dark matter &
dark energy: In the early time (maybe Planck time)
the universe underwent a period of accelerated expan-
sion (inflation); the quantum fluctuations produced
during that period are the seed of the large scale
structure observed today. Following the inflation is
the standard hot big bang model of the universe; the
universe was reheated via the decay of the inflaton
to radiation and then matter dominated in the uni-
verse. During the radiation and matter epoches, the

universe underwent a decelerated expansion. When
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the universe was about half of the current age, it tran-
sited from the decelerated expansion to an accelerated
expansion due to the dark energy. A lot of astronomi-
cal observations indicate that the universe is flat, and
consists of 4% baryon matter, 23% dark matter, 72%
dark energy and negligible radiation matters. The
dark matters are clustered like the usual baryon mat-
ters. In contrary, the dark energy is supposed to be
distributed smoothly.

The dark energy is introduced to the universe in
order to explain the acceleration expansion of the uni-
verse. To do that, the dark energy has to have a large
negative pressure according to the Einstein equations.
If one uses the equation of state w, defined as w=p/p
with p and p being the pressure and energy density,
respectively, to describe the dark energy, the w has
to satisfy w < —1/3. It is interesting to note that
it is not an easy job to find a suitable candidate for
the dark energy since usual matters have not such a
negative pressure. For example, for radiation mat-
ter, w = 1/3, while w = 0 for dust matter. In some
sense, therefore the dark energy is best known as the

putative agent of the cosmic acceleration.
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There exist a lot of papers to understand the na-
ture of dark energy in the literatures. For reviews
see!!. The most simple candidate of dark energy is
just the cosmological constant introduced by Einstein
himself in 1917. However, the cosmological constant
acting as the dark energy suffers from a serious the-
oretical problem. According to the quantum field
theory, the cosmological constant is nothing, but the
vacuum expectation value of some quantum fields in
standard model of particle physics. By a naive esti-
mation, the cosmological constant should be in the or-
der of Planck scale (10'°GeV)?, while the dark energy
is of the order (107%e¢V)*. That is, it is quite difficult
to understand why the cosmological constant is about
123 orders of magnitude smaller than its naive expec-
tation. Even there exists a TeV SUSY, there is still
a difference of 60 orders of magnitude between them.
This is the so-called cosmological constant problem.
Another puzzle of dark energy is the cosmological co-
incidence problem. Namely, why does our universe
begin the accelerated expansion recently? Why are
we living in an epoch in which the dark energy den-
sity and dark matter density are comparable?

To distinguish different dark energy models, it is
quite important to stress the equation of state of dark
energy. If one has w= —1, it must be the cosmolog-
ical constant. If —1 < w < 0, it can be regarded
as quintessence-like model®™. If w < —1, it belongs
to phantom-like model™. And in particular, current
observation data even do not exclude the models with
the equation of state crossing the phantom divide
w=—1. Such a model is dubbed quintom model™".
Here we stress that from the viewpoint of quantum
field theory, if some fields have w < —1, they suffer
from the causality problem and instability problem.
However, models with w < —1 might be effective ones,
as we will see shortly. In that case, those problems
do not appear.

To find the nature of dark energy, let us look at the
necessity to introduce the dark energy. Starting from
the observation data, to explain those observation
data, one has to make some theoretical assumptions.
For cosmology, one has two main assumptions here:

one is that Einstein’s general relativity still holds for

the cosmological scales. The other is the cosmological
principle which says that our universe is homogeneous
and isotropic, which implies that our universe can be
described by the Freidmann-Robertson-Walk metric.
With these two assumptions, to explain the cosmic
acceleration, one has to introduce some exotic dark
energy component in the right hand side of the Ein-
stein equations. According to the above chain, based
on the our current experiments on the Newton law
and our observations on the universe, it is conceivable
to consider modifying gravity theory at the cosmolog-
ical scales and to suspect the cosmological principle so
that one still can explain the observational data with-
out introducing the exotic component (dark energy).
Namely the dark energy is some effective component
in Einstein’s general relativity.

Based on the above arguments, I classify the the-
oretical models of dark energy existing in the litera-
tures to three classes:

Model I — modify general relativity at cosmolog-
ical scales.

Model II — give up the cosmological principle.
Model III — different candidates appear on the right
hand side of gravitational field equations. In this talk,
based on this classification, I will show some exam-
ples belonging to these three models. These examples
show that we are now still very far to figure out the
nature of dark energy. Here I should apologize to
those authors whose interesting and important pa-

pers are not mentioned because of the limit of space.

2 Model 1

As is well-known, Einstein’s general relativity is
quite successful to explain various observations from
the motion of celestial bodies in the solar system to
the gravitational phenomena of macroscopic bodies.
Namely, the general relativity is checked to hold in
the range from large scales like the solar system to
small scales in the order of millimeter. In the UV
scale, it is widely accepted that quantum effect will
modify the behavior of Newton law. Therefore there
is not a priori reason to believe that the general rel-

ativity is not modifiable at cosmological scales (IR
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scales). Indeed, we have witnessed a lot of modi-
fications of general relativity from various perspec-
tives. One of the well-known examples is the Brans-
Dick scalar-tensor gravity theory, in which the grav-
itational constant is dynamical and its evolution is
governed by a scalar field.

Here we will show some interesting examples of
modifying general relativity, which have significant
consequence for the dark energy problem.

(1) The first example is the one with a con-
sistent infrared modification of gravity by ghost
condensation"". In that paper, the authors propose
a theoretically consistent modification of gravity in
the infrared, which is compatible with all current ex-
perimental observations. This is an analog of the
Higgs mechanism in general relativity, and can be
thought of as arising from ghost condensation, a back-
ground where a scalar field ¢ has a constant velocity,
(¢) = M?. The ghost condensation of a new kind of
fluid that can fill the universe, which has the same
equation of state, p= —p, as a cosmological constant,
can drive de Sitter expansion of the universe. Un-
like a cosmological constant, however, it is a physical
fluid with a physical scalar excitation, which can be
described by a systematic effective field theory at low
energies. The excitation has an unusual low energy
dispersion relation w? ~ k*/M?. The Newtonian po-
tential is modified with an oscillatory behavior start-
ing at the distance scale M,;/M? and the time scale
M2, /M?. For the details seel"! and papers citing that
paper.
modification of gravity at IR scale by a ghost con-

In words, this model provides a consistent

densation, and the ghost condensation can act as a
candidate of dark energy and drives the accelerated
expansion of the universe.

(2) The second example we will consider is the so-
called 1/R gravity[l2], here R is the curvature scalar
of goemtry. Usually it is expected that higher order
derivative terms of gravity appear at high energies
due to quantum gravity effect. Indeed there is a lot
of work to study the effect of these higher derivative
terms on the evolution of early universe, in partic-
ular, on the inflation. In the paper[lz], the authors

propose that the current accelerated expansion of the

universe may be due to a term proportional to 1/R.
As a result, the effective action of gravity is

S:MTSIJ'd‘Lx\/—_g (R—%), (1)

where p is a constant with energy dimension. To
fit the observation data, u is in the order of current
Hubble parameter. Clearly, when R > u*, namely,
in higher energies, this term has no significant effect
Thus

general relativity gets recovered. On the other hand,

and the Hilbert-Einstein term R dominates.

when these two terms in Eq. (1) are comparable, the
gravity receives significant modification at low ener-
gies. To see the properties of the gravity, let us make
a conformal transformation, which changes the grav-
ity to the form of Einstein’s general relativity with a
minimal coupling scalar field ¢ with potential

p—l ()

p2

V(¢) :NQM;

where p = exp(\/m¢/Mpl). Obviously, in this frame,
the solution of the theory could have three differ-
ent behaviors: (i) Eternal de Sitter solution, but it
is unstable because the potential Eq. (2) is concave
from up to down; (ii) the scalar field could produce a
power-law acceleration; and (iii) the solution will en-
counter a future singularity. These three different be-
haviors depend on the initial conditions of the scalar
field.

However, it was argued that the 1/R gravity is
not consistent with the solar system test. This con-
clusion was drawn based on the post-Newtonian ex-
pansion of Eq. (1) in its vacuum solution, de Sitter

solution. In the paper[lgl

, we propose that the the-
ory Eq. (1) is just an effective one in low energies.
For the solar system, the term 1/R is negligible, one
should regard this term as a correction and make the
post-Newtonian expansion in the Minkowskian back-
ground. In this way the conflict between 1/R gravity
and solar system test can be avoided.

The 1/R gravity Eq. (1) can be generalized in
several ways. For example, replacing 1/R by 1/R™
with n > 0. In particular, in the second reference

in Ref. [12], the authors study a more general case
4n+2
7

(aR?+bP+cQ)"’

with term f(R,P,Q)=—

where a,
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b and c are three constants, while P=R, R*” and
Q=Rs R,

(3) Gravity in the brane world scenario. Over the
past years there has been a lot of interest on the so-
called brane world scenarios, in which our universe
is supposed to be a brane embedded in a higher di-
mensional spacetime, the matter fields of standard
model of particle physics are confined on the brane,
while gravity can proporgate in the whole spacetime.
There are two popular pictures in the brane world sce-
nario. One is the so-called RSII modelm], in which
a 3-brane is embedded in a 5-dimensional AdS space.
The other is called the DGP model[w], there a brane is
embedded in 5-dimensional Minkowskian spacetime.
The latter could have a close relation to the current
cosmic acceleration. Therefore we here stressed the

DGP model, whose action is
5= M3Jd5x\/—G ) B2 Jdm/——g(mgm) e

Note that here an intrinsic curvature scalar R ap-
pears on the brane, while this term is absent in the
RSII model. In the DGP model, the corresponding

Friedmann equation is

ma ol

ro 6m?

(p+4), (4)

where r. =m?/M?3, A is the cosmological constant on
the brane, and p is the matter density. Here the con-
stant 7. is the scale labeling the competition between
5-dimensional gravity in the bulk and 4-dimensional
gravity on the brane. To fit the observation data, it is
in the order of current Hubble horizon. We see from
the above equation that there are two branches. For
the “4” branch, when A =0, the evolution of the uni-
verse is the decelerated expansion like the usual one.
However, as A > 0, one can rewrite Eq. (3) to get
an effective dark energy density pogr = A —6m>H/r..
This quantity is increased with the evolution of the
universe. Therefore the effective dark energy has the
behavior of the phantom dark energy. For the “—”
branch, we notice that even as A =0, the expansion of
the universe is accelerated and approaches to a de Sit-
ter universe with H.=1/r.. Therefore, this branch is
of great interest and can drive the late-time acceler-
ated expansion of the universe even without any dark

energy component.

Combining the RSII model with DGP model leads
the authors of Ref. [16] to consider the accelerated
expansion without dark energy in a more general set-
ting. In this model one can view the dark energy as

a geometric effect. The action in Ref. [16] is

S=eM? (stx\/—G((s)R—QAb)—
2 Jd4$\/ —gK) + J'd4x\/ —g(m*R—20+.%,) .

The generalized Friedmann equation is

2
a? '

3m?

Like the DGP model, there are two branches again.
One is of the phantom behavior and the other
quintessence behavior. For details, see Ref. [16].
However, we notice that it is impossible to cross
the phantom divide for both branches in this model.

In the paper[m

, we find that adding a Gauss-Bonnet
term to the bulk action, one can realize crossing the
phantom divide. Further, we find that even in the
RSIT model, one can have the super-acceleration and
crossing the phantom divide without phantom energy,
by considering the energy exchange between brane
and bulk"".

There are a lot of possibilities to modify general
relativity and to drive the cosmic acceleration with-
out dark energy in the literatures. In this section we
have just demonstrated a few examples to realize the

possibility.
3 Model II

As is well-known, the cosmological principle is one
of the foundation stones of modern cosmology. In-
deed it is consistent with the cosmic observation at
On the other hand, it is

also a fact that the universe is not quite homoge-

the cosmological scales.

nous and isotropic at small scales. In addition, infla-
tion predicts that there exist super-horizon fluctua-
tions. This is an interesting issue to see whether these
super-Hubble-radius perturbations have a physically
influence on local observations (e.g., the local expan-

sion rate). In the first version of the preprint astro-
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phy/0410541, the authors claim that these perturba-
tions have a physical influences on the local observ-
able if the universe is filled with more than one fluid
or if isocurvature perturbations are present[lgl. The
backreaction of those perturbation will drive the cos-
mic accelerated expansion[zo]. However, in the revised
version of that preprint, the authors change their con-
clusion, and claim that the perturbations have no
physical influence on the local observables if the cos-
mological perturbations are of the adiabatic type. In
the paperm], the authors further elaborate the effect
of backreaction of perturbations on the local evolu-
tion of the universe. They argue that the observed
acceleration of the Universe is the result of the back-
reaction of cosmological perturbations, rather than
the effect of a negative-pressure dark-energy fluid or
a modification of general relativity. Through the ef-
fective Friedmann equations describing an inhomo-
geneous Universe after smoothing, they demonstrate
that acceleration in our local Hubble patch is pos-
sible even if fluid elements do not individually un-
dergo accelerated expansion. This invalidates the no-
go theorem that there can be no acceleration in our
local Hubble patch if the Universe only contains ir-
rotational dust. They then study perturbatively the
time behavior of general-relativistic cosmological per-
turbations, applying, where possible, the renormal-
ization group to regularize the dynamics. They show
that an instability occurs in the perturbative expan-
Whether this is

an indication that acceleration in our Hubble patch

sion involving sub-Hubble modes.

originates from the backreaction of cosmological per-
turbations on observable scales requires a fully non-
perturbative approach.

Although there exist some contentions in the liter-
atures on whether the backreaction of perturbations
can drive the accelerated expansion of the universe, it
opens a new window to understand the origin of the
cosmic accelerated expansion.

Another interesting model with inhomogeneous
model universe without dark energy from primordial
inflation is given in Ref. [22]. In that manuscript, the
author proposes a new model of the observed uni-

verse, using solutions to the full Einstein equations,

which is developed from the hypothesis that our ob-
servable universe is an underdense bubble, with an
internally inhomogeneous fractal bubble distribution
of bound matter systems, in a spatially flat bulk uni-
verse. It is argued on the basis of primordial inflation
and resulting structure formation, that the clocks of
the isotropic observers in average galaxies coincide
with clocks defined by the true surfaces of matter
homogeneity of the bulk universe, rather than the co-
moving clocks at average spatial positions in the un-
derdense bubble geometry, which are in voids. This
understanding requires a systematic reanalysis of all
observed quantities in cosmology. The author begins
such a reanalysis by giving a model of the average
geometry of the universe, which depends on two mea-
sured parameters: the present matter density param-
eter, {2,,, and the Hubble constant, H,. The observ-
able universe is not accelerating. Nonetheless, the
inferred luminosity distances are larger than naively
expected, in accordance with the evidence of distant
type la supernovae. The predicted age of the universe
is 15.34+0.7Gyr. The expansion age is larger than in
competing models, and may account for the observed
structure formation at large redshifts.

At the end of this section, let us mention another
model, inhomogeneous spacetimes as dark energy (231,
In that work, Tolman-Bondi inhomogeneous space-
times are used as a cosmological model for type Ia
supernova data. It is found that with certain param-
eter choices the model fits the data as well as the

standard ACDM cosmology does.

4 Model III

In this class model of dark energy, the dark energy
appears as a source in the right hand side of Einstein

equations

G, =8nGT,, (A7), (7)

where we have put the cosmological constant A in the
right hand side of the equations, the gravity is still
the general relativity. A lot of candidates of dark en-
ergy in this class have been proposed so far. In this
section we will mention some of them.

(1) The cosmological constant™. The cosmologi-
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cal constant is the most simple candidate of dark en-
ergy, which has the equation of state, w = —1. The
cosmological constant as dark energy fits the obser-
vation data very well. But as mentioned above, act-
ing as dark energy, the cosmological constant suffers
from serious theoretical difficulties: fine tuning prob-
lem and coincidence problemm. One possible variant
is that the cosmological constant is not a constant,
but time-dependent, even with some coupling with
other components in the universe.

(2) Holographic dark energy”. Inspired by black
hole physics, energy density of quantum fluctuations
cannot be arbitrarily large, but is bounded by infrared
cutoff LY. The total energy inside a scale L cannot
be beyond the mass of black hole with the same scale
as its horizon. As a result, the energy density has a

relation to its infrared scale as
pa=3cMAL™? (8)

where ¢ is a constant with order O(1). Now the prob-
lem is how to take a suitable scale as the infrared
cutoff. If one takes the current Hubble radius as
the infrared scale L, the holographic energy density
Eq. (8) indeed gives us the observed dark energy den-
sity. However, as noticed in Ref. [24] by Hsu, such a
holographic energy has the evolution behavior of dust
matter, and hence cannot drive the accelerated ex-
pansion of the universe. Taking the particle horizon
of the universe as the infrared cutoff, the situation
is similar. On the other hand, once the event hori-
zon is taken as the cutoff, the holographic energy not
only gives the current observed dark energy density,
but also can drive the accelerated expansion of the
universe, which is observed first by Li*". While this
model also suffers from some theoretical issues (for ex-
ample, the event horizon exists only for the universe
with accelerated expansion), it has some significant
consequences for modern cosmology.

(3) Quintessence'® . Recalling the role of the infla-
ton in inflation model, it is quite natural to consider
a slowly varying scalar field as the candidate of dark
energy. In particular, there exist the so-called tracker
solutions with special potentials, in which the evolu-

tion of the scalar field will forget its initial condition,

in this way, the coincidence problem can be resolved.
Two examples which are of the tracker behavior are:
(i) V ~ g (i) V ~ exp(M/6—1).

(4) K-essence”™. Like the K-inflation, where in-
flation is driven by kinetic terms of some scalar field,
essentially the K-essence is just some non-canonical
scalar field, where higher order kinetic terms appear.
These kinetic terms drive the accelerated expansion
of the universe. Born-Infeld scalar field (like tachyon)
belongs to this class of scalar field. With suitable
choice of the pressure of the K-essence, the coinci-
dence problem also can be resolved in this model.

(5) Chaplygin gas””. The chaplygin gas has the
equation of state, p = —A/p, where A is a constant.

Integrating the continuity equation, one has
p=(A+B/a")", (9)

where B is another constant and a is the scale fac-
tor. We can see from the energy density that in early
times, the Chapygin gas behaves like a dust matter,
while a cosmological constant at late times. Therefore
the model was proposed initially as a unified model
of dark matter and dark energy. Later, this model
has been generalized in various ways, for example,
p=—A/p* with 0< @< 1, and even to the case that
A depends on the scale factor.

(6) Phantom'. The unique feature of phantom
is w < —1. In that case, the energy density will in-
crease with the evolution of the universe. The uni-
verse will therefore end its life with a big rip. Because
of w < —1, the phantom matter suffers from the in-
stability and causality problems. To realize such a
phantom model, an easy way is to change the sign of
kinetic term for a scalar field, namely, a scalar field
with a “wrong” sign kinetic term.

(7) Quintom™”.  As noticed above, the quintes-
sence has always the equation of state, —1 < w < 1,
while w < —1 for phantom. Combining a quintessence
with a phantom, one can realize a dark energy model
with crossing the phantom divide w = —1. Consid-
ering some symmetry between the quintessence and
phantom, one can build the so-called hessence model,
in which the fate of big rip can be avoided™. Also

using the idea of hybrid inflation, one can construct
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hybrid dark energy model[zgl7 in which one can con-
trol the moment that the equation of state crosses the
phantom divide.

(8) Chameleon™®”.

gravitational interaction suffers from serious con-

Scalar field mediating the

straints from the fifth force and equivalence principle.
However, it is possible to build a model, in which the
scalar field acts as dark energy, while the constraints
from the fifth force and equivalent principle can be
satisfied, by properly considering the scalar field cou-
pling with baryon matter and/or dark matter. Such a
scalar field is named chameleon since its effective mass
depends on its surroundings. Generalizing this idea to
K-essence, one has the K-chameleon model®™. The
K-chameleon model can provide a natural solution to
the cosmological coincidence problem.

(9) Vector fields. Usually one does not consider
the role of vector field in the evolution of the universe,
since vector field is not consistent with the isotropy
of the universe. However, in the paper[?’z], the author
investigates the possibility that a vector field can be
the origin of the present stage of cosmic acceleration.
In order to avoid violations of isotropy, the vector
has to be part of a “cosmic triad”, that is, a set of
three identical vectors pointing in mutually orthogo-
nal spatial directions. A triad is indeed able to drive

a stage of late accelerated expansion in the universe,

and there exist tracking attractors that render cosmic
evolution insensitive to initial conditions. However,
as in most other models, the onset of cosmic accel-
eration is determined by a parameter that has to be
tuned to reproduce current observations. The triad
equation of state can be sufficiently close to minus one
today, and for tachyonic models it might be even less
than that. In the paper[gg], the authors further study
the vector-field dark energy model by considering the
interaction between the vector fields and dark mat-
ter. In that model, crossing the phantom divide can
be realized without the phantom field, and the first
and second cosmological coincidence problems can be
alleviated at the same time.

In summary, we have divided the dark energy
models (or precisely specking, models to explain the
origin of the current cosmic acceleration) into three
classes. The first one is to ascribe the cosmic accelera-
tion to modifications of general relativity at cosmolog-
ical scales. The second one is due to the backreaction
of perturbations, or say, the effect of inhomogeneity
of the universe. The third one is some exotic compo-
nent in the universe, which appears in the right hand
side of Einstein’s equations. For each class we have
demonstrated some examples. We can conclude from
those examples that we still have a long way to go

before finding out the nature of dark energy.
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