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The problem of dark energy is briefly reviewed in both theoretical and observational aspects. In the
theoretical aspect, dark energy scenarios are classified into symmetry, anthropic principle, tuning
mechanism, modified gravity, quantum cosmology, holographic principle, back-reaction and phe-
nomenological types. In the observational aspect, we introduce cosmic probes, dark energy related
projects, observational constraints on theoretical models and model independent reconstructions.
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1 Introduction

The Universe probed by gravitational methods looks
very different from that appears optically. Thanks to a
large number of observational windows on the gravita-
tional side, the difference can be classified and explained
by two additional components in our Universe: a compo-
nent behaves as cold particles dubbed cold dark matter,
and a component without significant dynamics dubbed
dark energy. Both components bring great challenges to
our current understanding of physics.

Here we focus on dark energy [1-8]. Whereas observa-
tional evidence of dark energy emerges within the past 15
years, theoretical considerations of dark energy began al-
most a century ago. Those theoretical considerations are
known as the “cosmological constant problem”.

In 1917, the early days of general relativity, Einstein
[9] added a cosmological constant to his field equations
to obtain a static Universe!. Soon in the 1920s, Pauli
realized that the quantum zero point energy of a radia-
tion field is too large to gravitate. Pauli’s statement is
already surprisingly close to the modern understanding
of the cosmological constant problem, considering the
fact that now we understand fundamental physics much
better than a century ago.

After that, the cosmological constant problem was
largely ignored (or it was too hard to push forward) for
a long time until the 1960s. In 1967, Zeldovich consid-
ered the cosmological constant problem as a fine tuning
problem [10, 11]. This is known as the old cosmologi-
cal constant problem. Since then, a lot of early efforts
have been made to eliminate the too large cosmological
constant, as reviewed in Ref. [12].

In 1998, supernova observations eventually shed light
on this hard problem [14], and in an unexpected way.
Data suggests that dark energy, an energy component
probably coming from the cosmological constant, domi-
nates the current Universe. The percentage of dark en-
ergy density is around 70% — not small nor too large.
The Universe is now accelerating due to the presence of
dark energy.

In this essay we review the problem of dark energy,
a.k.a. the cosmological constant problem. We first re-
view the problem in the viewpoint of theoretical physics
in logic order, from the aspects of symmetry, anthropic
principle, tuning mechanisms, modified gravity, quan-
tum cosmology, holographic principle, back-reaction and
phenomenological models. Then we review the observa-
tional topics, including cosmic probes, dark energy re-
lated projects, observational constraints on theoretical

models and model independent reconstructions.

2 Theoretical aspects

The theoretical challenge for dark energy can be observed
from the Einstein equations:

1
R, — §g,u,R + Agu, = 87GT ), (1)

where A is the bare cosmological constant, as an input
parameter from the theory.

On the right hand side, the energy-momentum tensor
T, is to be determined by a given matter configuration.
Note that a perturbative matter state is built up from the
vacuum state. Also our Universe looks not very far from
the vacuum state. Thus to see the problem, it suffices to
consider a vacuum stress tensor.

For the vacuum, Lorentz invariance forces the stress
tensor to take the form:

T = (Pvac +pvaC)uuUV + Pvac9uv = —PvacGuv (2)

where pyac = —pyac- Thus pyac behaves as a renormaliza-
tion of A. The quantum correction to the vacuum energy
density can be calculated as (taking a bosonic field as an
example)

1 E2dk 1 A4
vac — S1~- P = k2 %)z =
Pvac = 517 Z:w / ez B m)E=ges ()

where V' is the volume of space and in the last step we
have used a UV cutoff A to evaluate the divergent inte-
gral. If an effective field theory were applicable up to the
energy scale \, and natural, we could expect the follow-
ing facts:

(i) The energy density pyac gravitates. This is hard to
avoid in a local field theory because the current test of
equivalence principle has been far more precise than the
quantum contribution to the mass of matter. And a local
graviton cannot observe a difference between a vacuum
loop and a loop diagram with external legs.

(ii) The effective field theory contribution to energy
density pyac is not canceled by the high energy modes
above the cutoff. This is again hard to avoid unless there
are some nontrivial (and yet unknown) UV-IR correla-
tions.

(iii) The energy density pyac is not canceled by con-
tribution from other fields. If there was supersymmetry
(SUSY), the bosonic vacuum energy is actually canceled
by its fermionic counterpart. However SUSY, if exists, is
broken on energy scales below 100 GeV. Thus below 100
GeV there is no known cancellation between fields.

1) He removed this term from his equations later in 1931, due to the discovery of cosmic expansion.
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(iv) The energy density pyac, together with contribu-
tions from other fields, are not canceled by the bare en-
ergy cosmological constant A. Those two do not seem to
be able to cancel each other unless gravity is modified to
fit matter in a more dynamical way.

Given the above “facts”, our observed vacuum energy
density should be of order pyac, which is 107'GeV* if
A = M,, or 10GeV* if X = 100 GeV. However, the dy-
namics of our Universe suggests a vacuum energy den-
sity p4 cannot be much greater than the critical energy
10~46GeV*. This is either 117 or 52 orders of magnitude
smaller than the theoretically natural one. This is the
old cosmological constant problem:

(a) Why the cosmological constant is small?

Moreover, recent observations show there indeed exists
a component of dark energy, with energy density indeed
of order 10~46GeV*. The observation made the old cos-
mological constant problem harder to solve. Because a
small yet non-zero number is even more difficult to ex-
plain than an unexpected zero. Also, as dark energy has
different dynamics (dilution rate from cosmic expansion)
from matter or radiation, another problem emerges:

(b) Why dark energy density is the same order as mat-
ter density today?

The cosmological constant problems (a) (b) are so hard
that some people gave up a fundamental explanation of
the cosmological constant and treat it as an environmen-
tal variable; On the other hand, the problem is also so
inspiring that numerous models have been built seeking
for an explanation. In the remainder of this section, we
shall overview eight classes of those attempts.

2.1 Symmetry

Symmetry has been promoted to a first principle in mod-
ern physics. It could not be better if the cosmological
constant problem could be solved by a symmetry princi-
ple directly. SUSY [15] gets near in this aspect [16]. But
unfortunately SUSY has to be broken on large distance
scales.

Nevertheless, there are a few proposals to apply sym-
metry principles to the cosmological constant problem.
For example, 't Hooft and Nobbenhuis [17] (see also
Ref. [18]) proposed that one could consider the following
transformation for coordinate and momentum:

ot =iyt ph— —ipy (4)
A massless scalar field or an Abelian gauge field has this
symmetry. On the other hand a cosmological constant is
forbidden. However, the mass of a scalar is not allowed
either (a positive mass squire transforms into a tachyon).

830

Also a non-Abliean gauge theory does not have such a
symmetry. There could be issues about boundary condi-
tions in quantum mechanics after the above transforma-
tion as well.

Instead of transforming coordinate, one could as well
change the sign of the metric. In a theory with g,, —
—g, symmetry [19], the cosmological constant is absent.
Unfortunately it is hard to realize this symmetry in four
dimension spacetime. As another attempt [20, 21], one
could as well scale the metric instead of changing its sign.
But there is an instability in such a theory.

As another class of approaches, Kaplan and Sundrum
[22] considered a counter term for the cosmological con-
stant as

2

M
L= \/__g<7pR — /1) + Ematter(vau)

_Ematter(qﬁa D;L) (5)

where the Lagrangian for matter field ¢ and ¢ have the
same function form. Again there is an issue of ghost in-
stability considering the ¥ and ¥ fields are coupled by
gravity.

2.2 Anthropic principle

It is hopeless, if not impossible, to explain every param-
eter in nature from the first principles. For example, one
cannot hope to calculate the temperature on the earth
from any theory of everything. There are a vast number
of other planets in our Universe, whose surface temper-
atures are hugely different from that of the earth. And
from the viewpoint of a theory of everything, the earth is
not too special from any other planets to have a special
temperature.

However, a natural explanation of the earth tempera-
ture emerges, from the fact that there are intelligence liv-
ings on the earth, who could ask any question. This fact
makes the earth special. Thus the temperature should fit
for intelligent beings. This explanation is known as the
anthropic principle [23] (of the weak sense [24] due to
Weinberg’s classification [12]). Such an anthropic expla-
nation of a parameter in nature makes sense if:

(i) The parameter could vary in different parts of the
Universe. On the one hand, this makes room for an an-
thropic explanation. On the other hand, this implies that
the value of the parameter cannot be calculated from the
first principles (although its distribution may be calcu-
lated).

(ii) The existence of intelligence is sensitive to this
parameter, and the observed value (at the time of obser-
vation) prefers such an existence.

Miao Li, et al., Front. Phys., 2013, 8(6)
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(iii) Additionally, to relate an intelligent observer to us
humans, one has to assume we are typical observers, and
propose a measure to define the typicality in a probably
infinite Universe.

The above are the general considerations of the an-
thropic principle. Those considerations may be applied
to the cosmological constant problem. This is because:

(i) There might be different cosmological constants in
different parts of the Universe, in space scopes beyond
our observable Universe. This statement is (so far) not
testable by the (current) definition of observable Uni-
verse. However, fundamental theories suggest such a pos-
sibility. Especially, in string theory, in the past decade
a landscape of (semi-classical) meta-stable vacua solu-
tions are discovered [25, 28]. The number of such vacua
in string theory may be of order 10°%° [29], considering
one could use different Calabi-Yau manifolds to com-
pactify the extra dimensions, and add different branes
and fluxes [30]. Moreover, the theory of eternal inflation
[31, 32], as well as the quantum mechanical many world
conjecture, open up possibilities to populate the string
landscape. If the above picture holds, the cosmological
constant indeed ends up as an environmental variable.

(ii) The existence of intelligence is indeed sensitive to
the cosmological constant. This is because a large and
positive cosmological constant will dilute the structure
of the Universe before useful structures (like galaxies)
are formed [33, 34]. Whereas a large (in absolute value)
and negative cosmological constant will drive an early
collapse of the Universe. However, it is still too early
to conclude that our observed value at the time of ob-
servation is most suitable for intelligence. For example,
there is a Boltzmann brain problem [35], indicating that
a (nearly) pure de Sitter Universe may be more suitable
for intelligence, of a thermal fluctuation type.

(iii) Finally, it is in debate if we can typically consider
ourselves as typical observers, and consider the observed
Universe as a typical one in the multiverse. Moreover, the
measure problem [36-39] is still severe. Currently several
measures coincide with each other and a few other mea-
sures are ruled out. Thus it seems that different efforts
converge in the right direction. However, no guiding prin-
ciple is available so far for the measure construction thus
the problem should not be marked as solved.

2.3 Tuning mechanisms

Another direction for dark energy is to introduce a field,
which could dynamically cancel the cosmological con-
stant, no matter how large it was originally. Such kind
of a scenario is called tuning mechanism. For example,
for the old cosmological constant problem, one may have

Miao Li, et al., Front. Phys., 2013, 8(6)

expected to have a scalar field ¢, which is related to the
stress tensor as [40]

Vi TV xR (6)

If T} also depends on ¢ and drives ¢ to some stable value
¢o, the equilibrium state at ¢ = ¢y will have a vanishing
Ricci scalar thus a vanishing cosmological constant.

Unfortunately, Weinberg [12] showed that it is difficult
to realize such a mechanism. The above conditions are
proven to be equivalent to the statement that the matter
Lagrangian takes the form

L=e'/=gLo (7)

Thus unless one fine tunes Ly, there will not be a sta-
tionary point for ¢. Also, if ¢¢ asymptotically rolls to
—o00, the effective Newton’s constant G vanishes, be-
cause ¢ can be viewed as a redefinition of Gjy. Neither
of the above possibilities is satisfactory.

There are some recent attempts trying to get around
the above problem. For example, one can consider a non-
trivial extra dimension and then Weinberg’s proof no
longer applies [41-44]. However, attempts in this direc-
tion also encounter problems such as a singularity in the
bulk, or violation of the Lorentz symmetry.

2.4 Modified gravity

Dark energy (as well as dark matter) is identified via
gravitational probes. Thus once one meets difficulties in
the explanation of dark energy, it is a natural idea to step
back and question if the current gravity theory can be
applied to cosmological scales (or even galactic scales).

There have been a large number of theories of modified
gravity, and a large proportion of which has been used
as models of dark energy. An incomplete list of which in-
clude f(R) gravity [45-48], MOND [49] and TeVes [50],
DGP [51], scalar-tensor theories [52, 53], Gauss-Bonnet
[54, 55] and Lovelock [56] gravities, Horava—Lifshitz grav-
ity [67], f(T) gravity [58, 59], conformal gravity [60], fat
graviton and so on. Those scenarios open up a huge va-
riety of possibilities for dark energy.

The attempts of modifying gravity starts as early as
the early 1960s, known as the Brans—Dicke gravity [52].
In Brans—Dicke gravity, a scalar field is added into the
gravitational action

5= [t Bw% - 2%@@2] ®)

Instead of inserting a scalar field, one could also modify
the Einstein—Hilbert action by using an alternative cur-
vature invariant. As an example, f(R) gravity modifies
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the Einstein—Hilbert action as

M? M?
S [awymgr 52 [aevgim o
To make specific predictions one has to specify f. For
instance, one could choose f(R) = R — u*/R, where p is
a constant [46].

Along this direction, one could also construct more
general curvature invariants. For example, the Gauss-
Bonnet term

Ris = R**"" R,p0 — ARM™ R, + R? (10)

In 4 spacetime dimensions RZp is a total derivative thus
does not modify the local dynamics of gravity. However,
one could couple Ry to a scalar field as f(¢)REp as a
model of dark energy [55].

The DGP scenario is another popular possibility of
modifying gravity [51]. In the DGP scenario, two gravity
theories are considered at the same time: one located
on a 3+1 dimensional brane, and another on a 4+1 di-
mensional brane, with their own Einstein—Hilbert actions
(while the two gravity theories share the same metric:
the 3+1 metric is the 441 metric restricted on the 3-
brane). The existence of the 441 brane leads to large
scale modifications of gravity.

2.5  Quantum cosmology

The cosmological constant problem is a problem from the
energy of quantum fluctuations, which gravitate. Thus
it is not surprising if the solution could have something
to do with quantum gravity, even though the problem
mainly affects extremely large scales.

For example, Hawking [61, 62] provided a mechanism
to show that the cosmological constant is probably zero.
He constructed a 4-form field strength, which could vary
and change the cosmological constant. Then the wave
function of the Universe indicates a probability distri-
bution of the effective cosmological constant A (before
normalization of the probability distribution) to be

P(A) =e&i (11)

Thus A — 0 from above is the most probable value of the
cosmological constant when the Universe is created via
the Hartle-Hawking wave function. Unfortunately, this
scenario produces an empty Universe, with only a vanish-
ing cosmological constant. On the one hand, there is no
radiation or matter in this approach, and on the other
hand, our present accelerating Universe (if not coming
from another source) falsifies the mechanism.

Later, the probability is corrected by considering the
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decoherence effects [63, 64]. In this case the Universe
could be born at the string scale. However, in this case
this mechanism is no longer very related to the cosmo-
logical constant problem. Instead, the mechanism is used
as a program to select the original Universe.

As another quantum approach to dark energy, Tye [65,
66] considered a possibility that the vacuum of our Uni-
verse may experience fast tunnelings through the string
landscape, until settling down at a place with a small
cosmological constant. The idea is supported by the res-
onant tunneling effect in quantum mechanics. Resonant
tunneling is a well established effect in quantum mechan-
ics. Recent development also shows evidence that reso-
nant tunneling can exist in quantum field theory [67-70].

One could also relate quantum features of cosmology
to dark energy from a cosmological seesaw mechanism
[71, 72]. It is interesting to notice that if SUSY is broken
at the TeV scale, there is a hierarchy of scales

My ~ Mgygy /M, (12)

And the SUSY scale could also be replaced by any scale
that stabilizes Higgs mass. It is argued that the hierarchy
could be resolved by a seesaw mechanism relating two in-
teracting Universes. The coupling is introduced through
the wave function of the Universe [73]. It is so far not
clear yet how to introduce such a coupling at a more
fundamental level.

2.6 Holographic principle

Effective field theory is one of the most important con-
cepts in high energy physics. The cosmological constant
problem, as a problem of renormalizing the cosmologi-
cal constant, can also be thought of as a problem in the
sense of effective field theory. However, the application
regime for effective field theory seems not as well under-
stood as people thought years ago: Not only an increase
of energy scale, but also an increase of the number of rel-
evant degrees of freedom, seems to lead to a break down
of effective field theory.

There are quite a few examples for the above obser-
vation. Here we only consider the most relevant one for
our purpose: Consider the vacuum energy within a vol-
ume with radius L [74]. The volume under consideration
should not form a black hole thus the effective field the-
ory should have a cutoff Ayy satisfying

L3 Ay ~ E < LM} (13)

where the very right hand side is the energy of a black
hole of the same size. This inequality can be recast in
terms of energy density as

Miao Li, et al., Front. Phys., 2013, 8(6)
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p=3c"M;L? (14)

where ¢ is a parameter introduced in Ref. [75], which is
naturally a constant of order one.

As pointed out in Ref. [75], when L is chosen the event
horizon of our Universe, p behaves as a component of
dark energy, dubbed the holographic dark energy (HDE).
The equation of state for this component is

R - 2 1
Wha 3 " (15)

where ypg is the relative energy density of HDE. Thus
when HDE subdominates, it behaves as curvature; and
when it dominates the Universe, the Universe behaves as
quasi-de Sitter for reasonable c.

Eq. (14) can also be understood in several other ways.
For example, as shown in Refs. [76, 77|, the Casimir en-
ergy in de Sitter space has a quadratic divergence. Thus
the Casimir energy takes the form (14) and de Sitter
expansion may be self-driven. Alternatively, if one con-
siders the event horizon of our Universe as a holographic
screen, the acceleration of Universe behaves as an en-
tropic force [78], or a consequence of quantum informa-
tion [79]. Also, if non-perturbative gravitational excita-
tions behaves as a gas component with holographic dis-
persion relation, one could also arrive at Eq. (14) [80].

The event horizon is a natural choice, but not the
unique logical possibility. It is also proposed that the
Ricci scalar [81, 82], or the time of the Universe [83, 84],
could be used as the IR cutoff as well. Also the parameter
¢ could be a function of time or redshift [85].

2.7 Back-reaction

The Einstein equations are non-linear. The non-linearity
brings a great amount of difficulties as well as challenges
to applications of the theory of gravity.

One of the distinguishing features of a non-linear the-
ory is that the time evolution and the operation of av-
eraging may not commute. In the conventional approach
of cosmology, we first approximate our Universe to be
homogeneous and isotropic. This may be true only on
large scales. We are averaging over smaller structures be-
fore considering time evolution of the scale factor. Thus
there will be a correction from the non-commutivity of
averaging and time evolution. The correction is dubbed
back-reaction [86], and the question is if the correction
could become large and accelerate our Universe.

The back-reaction term appears in the cosmological
equations as [87]

3% — _4rGlp)+ Q (16)
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B = 87G(p) — 5(Rs) — 50 (17)
dp) +3H(p) =0 (18)

where Rj is the spatial curvature, and Q is defined as
a combination of the variances of the expansion scalar 6
and the shear o as

=2 (%) - 10) 200 (19)

It is still an open question if Q could be large enough to
drive the cosmic expansion. Also, in this approach, one
still has to solve the old cosmological constant problem,
to have a not-too-large original cosmological constant.

One could also consider whether super-Hubble inho-
mogeneities could back-react the evolution of our Uni-
verse. This is a more ambitious approach. Because if
there is a screening effect of cosmological constant form
the back-reaction, one can solve the old cosmological con-
stant problem together. One can prove [88, 89] that if
there is only curvature fluctuation, the super-Hubble in-
homogeneities cannot back-react onto our Hubble scale
dynamics. When there is isocurvature fluctuation, the ef-
fect of super-Hubble back-reaction is still in debate [90—
93].

Another interesting approach to study the effect of
inhomogeneous universe on the cosmic acceleration is
the so-called LTB models, which can also explain the
cosmic acceleration without introducing dark energy.
The key idea is based on the assumption that the
universe should be described by the spherically sym-
metric, inhomogeneous Lemaitre-Tolman—Bondi (LTB)
metric [94-96], rather than the homogeneous, isotropic
Friedmann-Lemaitre-Robertson-Walker (FLRW) met-
ric. In the simplest class of such models, we live close
to the center of a spherically symmetric Gpc scale void,
and our local region has a larger Hubble parameter than
the outer region due to the spatial gradients of the met-
ric.

2.8 Phenomenological models

As another huge class of attempts, dark energy could as
well be a simple fluid component, for example, a scalar
field. The simplest example of this class is a quintessence
field with a conventional scalar [97, 98]:

S = / d*zy/=g {‘%g’”@m@w —Vi(p) (20)

At the homogeneous and isotropic background level, the
energy density and the pressure takes the form:

1 4

p= %st +V(p), p=59"— V() (21)
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When the potential V is flatter than

\/§s0>

M,

V =Vyexp (— (22)
an accelerating solution for our Universe is admitted. In
the limit when the potential V' is completely flat, the sce-
nario returns to a massless scalar field, plus a decoupled
non-dynamical cosmological constant. A quintessence
field always has equation of state w > —1.

The quintessence scenario could be modified in var-
ious ways. For example, one could consider a scenario
of phantom, which introduces a quintessence field with
a wrong-sign kinetic term [99]. In this case, one gets a
field with w < —1 as dark energy. The phantom field is
unstable when coupled to matter (even gravitationally).
Even worse, in a Lorentz invariant theory, the decay rate
of phantom is divergent [100]. Recently, it is argued that
a dynamical breaking of Lorentz invariance due to the
decay of phantom itself may avoid this problem [101].
The combination of quintessence and phantom fields also
makes a scenario of quintom [102, 103].

As another direction, one could generalize the stan-
dard kinetic term as [104-106]

1 1
—59" 0updup — P (—y””awauw, w) (23)

where P is a general function of its two arguments. This
generalization is known as k-essence. The scenario can
be further generalized to ghost condensation [107, 108]
and kinetic gravity braiding [109-112].

The field theoretic approach of dark energy can also be
generalized to spinor fields [113-116], vector fields [117,
118], and p-form fields [119, 120]. Also, dark energy could
be particles with exotic properties [80, 121, 122].

As another class of phenomenological models, dark en-
ergy may as well be a fluid with a modified equation of
state. For example, Chaplygin gas [123, 124] is a model
in this direction. Chaplygin gas, originally introduced to
model the air flow around the wing of an aircraft, is a
fluid with equation of state

p=-4/p (24)
Later, the scenario is generalized to [125, 126]
p=—A/p* (25)

to better fit the data and to unify dark matter and dark
energy.

As another example of fluid dark energy, dark energy
might be a fluid with viscosity [127, 128]

Ty = puyty, + (p — 3HC)(guw + upuy) (26)

There are two generic features for most phenomenolog-
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ical models of dark energy. Theoretically, one still need to
worry about the cosmological constant problem because
the large vacuum zero point energy is not canceled in
a natural way. Phenomenologically, one should consider
dark energy perturbations as well in those models, be-
cause dark energy has local degrees of freedoms in those
cases. The latter could be a window to distinguish field,
fluid, particle scenarios of dark energy between a simple
cosmological constant.

3 Observational aspects

3.1 Cosmic probes of dark energy

The most common approach to probe dark energy is
through its effect on the expansion history of the Uni-
verse. This effect can be detected via the luminosity dis-
tance dr,(z) and the angular diameter distance D4(z).
In addition, the growth of large-scale structure can also
provide useful constraints on dark energy. In this section,
we briefly review some mainstream cosmological probes
of dark energy. For a more detailed review on current
mainstream observational probes, see Ref. [129].

3.1.1  Type la supernoave

A white dwarf star can accrete mass from its compan-
ion star; as it approaches the Chandrasekhar mass, the
thermonuclear explosion will occur, representing itself
as a type Ia supernoave (SNIa). This mechanism im-
plies that SNIa can be used as standard candles to mea-
sure the luminosity distance dy,(z), which takes the form

dr(z) = OZ Hd(—zz/,). Clearly, dr,(z) contains the informa-
tion of the cosmic expansion history H(z) through an
integration.

In 1998, using the SNIa data from the Hubble space
telescope (HST) observations, Riess et al. [13] first dis-
covered that the expansion rate of our Universe is accel-
erating. Soon after, the result was confirmed by Perlmut-
ter et al. [14] based on the analysis of 42 SNIa. The dis-
covery of the Universe accelerating expansion was named
“Breakthrough of the Year” by Science Magazine in 1998.
After that, the surveys of SNIa has drawn lots of at-
tention. Famous teams focusing on this field include the
High-z team [130], the Supernova Legacy Survey (SNLS)
[131], the ESSENCE [132], the Sloan Digital Sky Survey
(SDSS) Supernova (SN) Survey [133], and so on. Re-
cent SNIa dataset includes the three-year SNLS dataset
[134] consisting of 472 SN and the Supernovae Cosmol-
ogy Project (SCP)’s Union 2.1 dataset [135, 136] consist-
ing of 580 SN. When combined with other cosmological
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probes, these data could reduce the (10) error of the dark
energy EoS to less than 0.1.

For a SNIa, once its redshift z;, absolute magnitude
M; and apparent magnitude m; are determined, one can
construct the theoretical (assuming specific dark energy)
and observational distance modulus,

fobs,i = m; — My, peni = dlogigdr(z;) +25  (27)

and the x? for the SNIa data can be constructed as
Xin =D, Wl;% In this procedure, people often
analytically maréinalize the nuisance Hubble constant
Hj [137]. For more complete and detailed analysis, see
Refs. [138, 139].

Due to the absence of the knowledge of their detailed
explosion mechanism, SNlas are not intrinsically stan-
dard candles. Other systematic errors of the SNIa come
from the photometry, the identification of SNIa, the host-
galaxy extinction, the gravitational lensing, and so on.
These systematic errors are now the major factors that
confine the precision of SNIa data. To enhance the pre-
cision, improvements on the photometric technique, as
well as better understandings of the dust absorption and
the SN explosions, are needed.

3.1.2  Cosmic microwave background

As the legacy of the cosmic recombination epoch, the
cosmic microwave background (CMB) contains abun-
dant information of the early Universe. Current CMB ex-
periments include the well-known Wilkinson Microwave
Anisotropy Probe (WMAP) [140, 141], the Planck satel-
lite [142], and so on.

From the CMB observations, some distance priors can
be extracted to constrain dark energy. For example, the
“shift parameter” [143] defined at the decoupling epoch
z« takes the form R(z.) = 2, Ho(1 + z.)Da(zs), where
the angular diameter distance D4 (2) = dz(2)/(1 + 2)2.
This parameter nicely describes the full CMB leverage
on the cosmic expansion history, and is a good approxi-
mation for models not deviating too much from ACDM.
Another distance ratio is the “acoustic scale” [ 4, defined
as (1+2x) ”f)’z‘z(z)*) (s is the sound horizon). This quantity
represents the CMB multipole of the acoustic peak loca-
tion. As high redshift distance indicators, R and l4 are
especially useful in breaking the degeneracies between
cosmological parameters when combined with other cos-

mological probes.
The first acoustic peak of the CMB spectrum is a
good indication of the existence of dark energy. In ad-

2)

dition, the CMB data could also be used to probe dark
energy through the Integrated Sachs Wolfe (ISW) effect
[144, 145]. This large scale anisotropy effect is caused
by the variation of the gravitational potential during the
epoch of the cosmic acceleration, and has been detected
through the cross relation between CMB and the large
scale structure (LSS) at about 4o [146].

3.1.3 Baryon acoustic oscillations

Baryon acoustic oscillations (BAO) refers to overdensi-
ties or clusterings of baryonic matter at certain length
scales (~150 Mpc in today’s Universe) due to acoustic
waves which propagated in the early Universe [147, 148].
It provides a “standard ruler” for cosmological obser-
vations, and can be measured at low redshifts z < 1
through galaxy surveys. Famous BAO measurements
include the Two-degree-Field Galaxy Redshift Survey
(2dFGRS) [149], the SDSS [150], the WiggleZ dark en-
ergy survey [151], and so on. When combined with the
SNIa and CMB data, the latest BAO data from the Wig-
gleZ survey yields a result w = —1.03 + 0.08 [152].
From galaxy observations, the BAO scales in both
transverse and line-of-sight directions are obtained,
corresponding to the quantities r(z)/rs(zq) (r(z) is
the comoving distance; z4 is the “drag epoch”) and
rs(zq)/H(z). Widely used BAO distance measurements
include the A parameter, the distance Dy (z), the dis-
tance ratio 74(z4)/Dy(2), and so on. Current measure-
ments are distributed in the redshift region z ~ 0.1-0.75.
Since the BAO measurement only requires the deter-
mination of the three dimensional positions of galaxies,
they are less affected by astronomical uncertainties.

3.1.4  Weak lensing

Weak lensing (WL) is the slight distortions of distant ob-
jects’ images, due to the gravitational bending of light by
structures in the Universe. The mass and positions of the
lens depend on the matter distribution on the light cone,
while the distances to the objects and lens are deter-
mined by the geometry of the spacetime. So WL probes
dark energy through its effects on both the cosmic ex-
pansion and growth history of the strucuture. Current
WL projects include the Canada—France-Hawaii legacy
survey (CFHTLS) [153], and so on.

The effect of WL on the distance objects represent on
the distortions of the shapes of the galaxies [154]%, with
typical scale ~0.01. This signal is much smaller than the

It should be noted that the lensing of CMB can also be used to probe dark energy. In 2011, using the Atacama Cosmology Telescope

lensing measurements, Sherwin et al. [155] reported that the CMB measurement alone favors cosmologies with w = —1 dark energy

over models without dark energy at a 3.20 level.
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typical scale of the intrinsic deviation in the galaxy shape
(about 0.3-0.4), and can be detected only from a large
number of galaxies. The most commonly used method is
the cosmic shear statistics. In 2005, based on the cosmic
shear data of CFHTLS, Hoekstra et al. [156] reported a
constraint of w < —0.8 at the 68% CL.

Although current WL data are not powerful enough
compared with SNIa and BAO, WL is a very promising
probe to detect dark energy. The underlying WL data are
rich, while the observational and statistical techniques of
the WL probe are under continually improvement.

3.1.5 Other dark energy probes

Galazy clusters: Their distribution marks the LSS. Since
the comoving volume of the Universe is affected by the
geometry, the cluster abundance also encodes the infor-
mation of the expansion history [157-159].

Gamma-ray bursts: As the most luminous electromag-
netic events in the Universe, gamma-ray bursts (GRBs)
may help us to extend the Hubble diagram to z ~ 8
[160, 161]. However, due to the large errors and calibra-
tion problem, current GRB data are not able to provide
extensive and reliable probe to dark energy.

X-ray observations: Like the SNIa and BAO data,
the X-ray fgos (defined as Myqs/Mior) measurements
can also probe the redshift-distance relation, with the
dependence fyqs o dr(z)D4(2)%5. In 2008, based on
the Chandra X-ray data, Allen et al. [162] reported
24 =0.86+0.21.

Hubble parameter measurements: Precision measure-
ments of Hy can help to break the degeneracies, and
are thus widely used in dark energy constraints. In Ref.
[163], Riess et al. reported Hy = 73.8+£2.4 km/(s - Mpc).
Besides, the direct measurement of H(z) from the differ-
ential ages of passively evolving galaxies can also provide
valuable constraints [170].

Cosmic age test: Cosmic age problem is a “smoking-
gun” of evidence for the existence of dark energy® . How-
ever, the existence of some extremely old globular clus-
ters and quasars shows that the cosmic age problem
has not been completely removed by the introduction
of dark energy [164-169]. In addition, the “look back
time-redshift” [170] data obtained from the age of old
passive galaxies can be included into the x? analysis and
constrain dark energy.

Growth factor data: The growth factor defined by
f =dInéd/dIna can be measured from the redshift dis-
tortions and Lyman-a Forest data. Current growth fac-
tor data [171-173] have large errors and are still less pow-

erful.

3.2 Dark energy projects

According to the DETF report [174], the dark energy
projects can be classified into four stages: completed
projects are Stage I; on-going projects, either taking data
or soon to be taking data, are Stage II; intermediate-
scale, near-future projects belong to Stage III; larger-
scale, longer-term future projects belong to Stage IV.
In this paper, we will introduce some mainstream Stage
IV projects. For a comprehensive list of the dark energy
experiments, see Refs. [175, 176].

3.2.1 Large synoptic survey telescope

A most ambitious ground-based dark energy survey
project is the Large Synoptic Survey Telescope LSST
[176], which is an USA NSF/DOE collaboration pro-
gram. Its design is an 8.4-meter ground-based optical
telescope to be sited in Cerro Pachon of Chile. Over a
10-year lifetime, LSST will obtain a database including
10 billion galaxies and a similar number of stars, study-
ing dark energy through a combination of the BAO,
SN and WL techniques. Because of its compelling sci-
entific capacity and relatively low technical risk, LSST
was selected as the top priority large-scale ground-based
project for the next decade of astronomy in the As-
tro2010 report [178]. The project is scheduled to have
first light in 2016 and the beginning of survey operations
in 2018.

3.2.2  Square kilometer array

Another ambitious large-scale ground-based telescope is
the Square Kilometer Array (SKA) [179], an interna-
tional collaboration program. SKA has a collecting area
of order one square kilometer and is capable to operate
at a wide frequency range (60 MHz — 35 GHz). It will be
built in the southern hemisphere (either in Australia or
in South Africa), and the specific site will be determined
in 2012. SKA will probe dark energy by BAO and WL
techniques via the measurements of the Hydrogen line
(HI) 21-cm emission in normal galaxies at high redshift.
Its construction is scheduled to begin in 2016 for initial
observations by 2020 and full operation by 2024.

3.2.83  Wide field infrared survey telescope
A most exciting space-based dark energy project is the

2

3) In the matter-dominated SCDM model, the present age of the Universe is only tg = =2— = 9 Gyr, and contradicts with the detections

of many older than 10 Gyr objects in astronomical observations.
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Wide Field Infrared Survey Telescope (WFIRST) [180],
which is an USA NASA/DOE collaboration program.
WFIRST is a 1.5-meter wide-field near-infrared space
telescope, orders of magnitude more sensitive than any
previous project. It will determine the nature of dark en-
ergy by measuring the expansion history and the growth
rate of large scale structure. A combination of the BAO,
SN and WL techniques will be used. Because of its com-
pelling scientific capacity and relatively low technical
risk, WFIRST was selected as the top priority large-scale
ground-based project for the next decade of astronomy
in the Astro2010 report [178]. The project is scheduled
to launch in 2020 and has a 10-years lifetime.

3.2.4 Buclid

Another exciting space-based dark energy project is the
Euclid [181], which is an ESA project. Euclid is 1.2 m
Korsch telescope, with optical and near-infrared (NIR)
observational branch. It will also make use of several sec-
ondary cosmological probes such as the ISW, CL and
redshift space distortions to provide additional measure-
ments of the cosmic geometry and structure growth. Af-
ter 5 years’ survey, Euclid will measure the DE EoS pa-
rameters wg and w, to a precision of 2% and 10%, re-
spectively, and will measure the growth factor exponent
~ with a precision of 2%.

3.2.5 International X-ray observatory

The last Stage IV project is the International X-ray
Observatory (IXO) [182], which is a partnership among
the NASA, ESA, and the Japan Aerospace Exploration
Agency (JAXA). It is a powerful X-ray space tele-
scope that features a single large X-ray mirror assembly
and an extendable optical bench with a focal length of
~ 20 m. With more than an order of magnitude improve-
ment in capabilities, IXO will study dark energy through
the WL technique. It was selected as the fourth-priority
large-scale ground-based project in the Astro2010 report
[178], and is scheduled to launch in 2021.

3.3 Observational constraints on theoretical models

In this section we briefly review some research work con-
cerning the cosmological constraints on various theoret-
ical models.

3.8.1 Scalar field models

As the most popular phenomenological dark energy mod-

els, scalar field models can mimic a dark energy compo-
nent with arbitrary properties (e.g., arbitrary w). So the
issue of the observational constraints on the scalar field
models is somewhat similar to the observational probe
of the dynamical behavior of dark energy.

Different classes of scalar field dark energy models
have different properties. For quintessence or phantom,
w > —1 or w < —1, while for quintom w can cross —1%.
Current observations still can not determine whether
dark energy is quintessence, phantom or quintom. For ex-
ample, the Seven-year WMAP measurements [184] gave
w = —1.10 £ 0.14, with all the possibilities existing.

Another popular issue often discussed in the literature
of the scalar field models is possible interactions between
dark energy and dark matter [185, 186]. Phenomenolog-
ically, interaction can be introduced in the form

pm + 3Hpm = Q, pde + SH(pde +pde) = _Q (28)

where @ is the interaction term. Current data have
put tight constraints on interactions between the dark
sectors. In Ref. [187], based on the analysis of the
SNIa+BAO+ CMB data, Het et al. considered the form
@ = 3CHp, and obtained ¢ < 0.01 for the cases of p = py,
and p = py, + pde- Similar results were obtained in e.g.
Refs. [188-191].
3.3.2  Chaplygin gas models
The standard Chaplygin gas model with p = A/p has
been ruled out by the SNIa, BAO and CMB observa-
tions at more than 99% confidence level (CL) [192-195].
The generalized Chaplygin gas model with p = A/p®
is once believed as a promising candidate to unify dark
matter and dark energy (hereafter noted as “UDM?”).
The evolution of its energy density takes the form:

p(t) = pol(1 — 2.) + Rea= 30+ Tz (29)

where (2, is the effective matter ratio determined by A
and and integration constant. The model can nicely fit
the observations of the cosmic expansion history when
a ~ 0. Especially, the case of the ACDM model corre-
sponds to a = 0.

However, it is later proved that [196] this UDM sce-
nario could produce oscillations or exponential blowup of
the matter power spectrum, which is inconsistent with
observations. In this way, the parameter space is confined
to |a| < 1075 [197], extremely close to the ACDM case.
So the generalized Chaplygin gas model as a UDM has
been effectively ruled out.

4) The value of dark energy EoS w is crucial to the future fate of our Universe. The Universe will end up with a “big rip” if w < —1

[183].
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3.83.8  Holographic dark energy models

In Ref. [75], Li proposed the HDE model with the fu-
ture event horizon as the IR cutoff. Thereafter, a lot of
studies have been performed testing this model using the
observational data of SNIa, BAO, CMB, WL, and so on.
These research all show that the HDE model can provide
a good fit to the data. For example, in Ref. [198], by us-
ing the Consitution+BAO-+CMB data, Li et al. found
that x%cpy = 467.775 and x3pp = 465.912, implying
that HDE is a competitive dark energy candidate [199].

Numerical studies of the HDE model show that the
data favor ¢ < 1 [200-206]. Recent studies have obtained
the constraints ¢ < 0.9 at the 95% CL. The data also put
tight constraints on possible interactions between HDE
and dark matter. Generally speaking, for an interaction
term with the form @ = 3(Hp (where p can be py,, pde,
Pm + pde, and so on), a constraint of |¢| < 0.01 can be
obtained based on the analysis of the SNIa+BAO-+CMB
data [207-210].

As mentioned above, the Ricci scalar [81, 82] and the
time of the Universe [83, 84] have also been proposed as
the IR cutoff. However, later research showed that these
two models are not favored by the data. Compared with
the original HDE model, the x2,;,, of these models can
be 15-30 larger [198, 204, 206] based on the analysis of
the SNIa+BAO+CMB data.

3.3.4 DGP model

Although it is a simple mechanism for the cosmic accel-
eration without introducing the dark energy component,
the DGP model [211] cannot provide a satisfactory fit
to the data. First of all, the expansion history predicted
by the DGP model leads to apparent inconsistency be-
tween the SNIa, BAO and CMB data [195], implying
that this model is not acceptable. In Ref. [212], by using
the Union+BAO+CMB data Rubin et al. showed that
the DGP model leads to a Ax2,;, = 15 compared with
the ACDM model. Secondly, the history of the structure
formation in the DGP model is also disfavored by ob-
servations [213, 214]. In Ref. [215], Fang et al. showd
that this model over predicts the low-l anisotropies of
the CMB temperature power spectrum. Compared with
the ACDM, DGP is excluded at 4.90 (with curvature)
and 5.80 (without curvature) levels. Thus, the situation
of the DGP model is far from optimistic when confronted
with cosmological observations [216-220].

3.8.5  Other modified gravity models

The f(R) models can mimic expansion histories which

f,rRrR HdR/dIlna

®) The definition is B = =t Zpfr s

838

are indistinguishable from those of ACDM model, so to
test them we need to get help from the cosmic growth
history observations [221-223]. In Refs. [224, 225], Song
et al. parametrized the f(R) model by the “Compton
wavelength parameter” B °), and found that the model
predicts a lower large-scale CMB anisotropies by reduc-
ing the ISW effect. So far, tightest constraints on the
f(R) models come from the observations of the galaxy
clusters. In Ref. [226], Lombriser et al. revisited the
model studied in and reported By < 1.1 x 1072 at the 20
CL, mainly due to the inclusion of the cluster abundance
data.

Gauss—Bonnet gravity predicts strong growth of per-
turbations on smaller scales, incompatible with the ob-
served galaxy spectrum, unless the deviation from the
Einstein gravity is very small [227, 228]. Thus this model
has been effectively ruled out.

Based on the constraints on the PPN parameter
from the solar system and binary pulsar observations
[229-231], the Brans—Dicke theory has been tightly con-
strained to the level that its cosmological effects are in-
significant.

3.3.6 LTB models

LTB models are the most commonly considered inho-
mogeneous scenarios to explain the cosmic acceleration
without introducing dark energy. These models can suc-
cessfully explain the dimming of the distant supernovae,
providing a nice fit to the SNIa data [232, 233], compa-
rable with the ACDM model.

In Ref. [234], Alnes et al. pointed out that, if it
happened that we do not live precisely near (less than
~20 Mpc [235]) the center of the void, the observed CMB
dipole would become much larger than that allowed by
observations. So there is a fine-tuning problem in the
void models. What is worse is that, even if we happen
to live very close to the void center, the existence of
the off-center galaxy clusters will lead to an observation-
ally kinetic Sunyaev—Zeldovich effect due to their relative
motion between the CMB frame. In Ref. [236], Bellido et
al. demonstrated that the limited observations of only 9
clusters with large error bars already rule out LTB mod-
els with void sizes greater than 1.5 Gpc and a significant
underdensity.

There have been many other interesting methods pro-
posed to test the LTB models, including the Hubble con-
stant measurement [163], the redshift drift [237, 238], the
ionized Universe mirror [239], the cosmic age test [240],
the constant curvature condition [241], and so on. The

. B > 0 is the stable branch.

Miao Li, et al., Front. Phys., 2013, 8(6)
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test of the LTB models is related to the test of the Coper-
nican principle, and this issue has drawn a lot of interest
in recent years.

3.8.7 Comparison of dark energy models

The x? analysis alone cannot provide an effective way to
make a comparison among dark energy models. To en-
force a comparison, a general way is to employ the infor-
mation criteria (IC) [242-244]. The most frequently used
IC are the Bayesian information criterion (BIC) [245] and
the Akaike information criterion (AIC) [246], defined as

BIC = —2InLyee +kIn N, AIC = —2In L0, + 2k
(30)

where L4, is the maximum likelihood (satisfying
—2InLyaz = X2, under the Gaussian assumption), k
is the number of the parameters of the considered model,
and N is the number of data points used in the fit.
Clearly, these statistics favor models that give a good
fit with fewer parameters. Generally speaking, a ABIC
of more than 2 (or 6) could be considered as positive (or
strong) evidence against a model.

In Ref. [195], based on the joint analysis of the
SNIa+BAO+CMB data, Davis et al. systematically
studied a number of dark energy models and made a
comparison among them. Utilizing their AIC and BIC
values, the “rank” of these models are determined. The
ACDM model achieves the best of all the models due to
its nice fit to the data and the economy of parameters.
A series of models, including the constant w model, the
CPL parametrization and the Cardessian expansion, can
also provide comparably good fits but have more free pa-
rameters, thus are less favored by the ICs. Moreover, the
dynamical behavior of these models all tend to collapse
to the ACDM. The DGP and the standard Chaplygin
gas models are clearly disfavored. More studies on the
comparison among dark energy models have been per-
formed with similar results obtained [204, 206, 212, 233,
247-251].

In all, although some dark energy models have been
ruled out (or shown to be less optimistic) based on the
current cosmological observations, we still need more ob-
servational data with higher precision to distinguish the
various dark energy models.

3.4 Model-independent dark energy reconstructions

In addition to the cosmological constraints on specific
dark energy models, another route of numerical studies,
i.e., the model-independent dark energy reconstructions,
has also drawn more and more attentions.

Miao Li, et al., Front. Phys., 2013, 8(6)

The dark energy reconstruction is a classic statistical
inverse problem for the Hubble parameter

H(z) = Hor/Qmo(1 +2)3 + (1 — 210) f(2) (31)

where f(z) = ppr(z)/ppr(0) is the dark energy den-
sity function. Different reconstruction method will give
different f(z). The main target of a dark energy recon-
struction is to detect the dynamical property of dark en-
ergy. It is widely believed that the EOS of dark energy
wpr = ppr/ppr holds essential clues for the nature of
DE, because it is related with f(z) through an integra-
tion

f(z) =exp (3 /OZ dz'LDE(Z/)> (32)

142

The model-independent dark energy reconstructions
can be divided into four classes: (i) Specific Ansatz:
assuming a specific parameterized form for wpg(z)
and estimating the associated parameters. (ii) Binned
Parametrization: dividing the redshift range into differ-
ent bins and using a simple local basis representation for
wpg(z) or ppg(z). (iii) Polynomial Fitting: treating the
dark energy density function f(z) = ppgr(2)/ppr(0) as
a free function of redshift and representing it by using
the polynomial. (iv) Gaussian Process modeling: using
a distribution over functions that can represent wpg(z)
and estimating the statistical properties thereof. These
four classes of reconstruction methods and the related
research work will be introduced in the following.

3.4.1 Specific ansatz

The “specific ansatz” is the most popular approach cur-
rently. The key idea is assuming a specific parameterized
form for wpg(z) and estimating the associated param-
eters. A simple and widely used ansatz is the XCDM
ansatz, in which the EOS of dark energy is a constant,
i.e., wpg = const. This yields a simple form of f(z)

f(2) = (14 )P twes) (33)

In Ref. [252], by combining the WMAPS5 observations
with BAO and SN data, Komatsu et al. obtained wpg =
—0.99270-58 at the 1o CL, while in Ref. [184], a com-
bination analysis of WMAP7+BAO+SN gave wpg =
—0.98070:023. A more recent constraint on wpg by the
SCP team [135, 136] also presented the consistent result.
So the current observations still favor wpg = —1 (i.e.,
cosmological constant).

Besides, one can also assume that the EOS of dark
energy is not a constant. The most popular parametriza-
tion with dynamical wpg is the Chevallier—Polarski—
Linder (CPL) parameterization [253, 254], which as-
sumes wpg(z) = wo + wez/(1 + z). The corresponding
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f(2) is given by [252, 254]

f(2) = (1 4 z)30+wotwe) oy ( - 3waz)

1+2
Here wy denotes the value of the present EOS, while
w, denotes the variation of the EOS. The current ob-
servational data, such as the Union2 SNIa dataset [135,
136] and the WMAP7T data [184], still favor the result
of wg = —1 and w, = 0, which is consistent with the
cosmological constant.

In addition, some other ansatzs have also been pro-
posed, such as wpg(z) = wo + w1z [256], wpg(z) =
wo + wez/(1 4+ 2)P [257], wpr(z) = wo + wyIn(1 + 2)
[257], and wpg(2) = wo +w; ["52E2 —In 2] [259-261]. For
more research works of various parametrization forms,
see Refs. [262-272] and references therein.

(34)

3.4.2  Binned parametrization

In addition to the specific ansatz, another popular
approach is the binned parametrization. The binned
parametrization was first proposed by Huterer and
Starkman [273] based on the principal component analy-
sis (PCA) [273, 274]. The key idea is dividing the redshift
range into different bins and picking a simple local basis
representation for wpg(z). The simplest way is setting
wpg(z) as piecewise constant in redshift, thus f(z) can
be written as [275, 276]

fzno1 <2< 2)
n—1
=(1+ 2)3(1+w") H (1+ zi)s(“’i_“’i“) (35)
i=0

where w; is the EOS parameter in the i-th redshift bin
defined by an upper boundary at z;.

The optimal choice of redshift bins is still in debate.
In Ref. [277], Riess et al. proposed a uniform, unbi-
ased binning method, in which the number of SNIa in
each bin times the width of each bin is a constant (i.e.,
nAz = const). In Ref. [278], Wang argued that one
should choose a constant Az for redshift slices, to ensure
the variation of H and 1/D 4 in each redshift slice remain
roughly constant with z. In Ref. [279], we presented a
new binned parametrization method, which treats z; as
models parameters and let them run freely in the redshift
region of SNIa samples. This binning method can obtain
smaller x2 . and tighter error bars [280, 281]. It should
be mentioned that, since the current observational data
at high redshifts (i.e., z > 1) are very rare, for the binned
parametrization, only two parameters of EOS wpg can
be constrained well [282].

In addition to the piecewise constant parametrization,
some other local basis representations for wpg(z) are also
proposed, such as wavelet [283] and numerical derivatives
[284, 285].

3.4.8  Polynomial fitting

The third approach is the polynomial fitting method.
The key idea is treating the dark energy density func-
tion f(z) as a free function of redshift and representing
it by using the polynomial. Compared with the binned
parametrization, the advantage of the polynomial fitting
parametrization is that the dark energy density function
f(2) can be reconstructed as a continuous function in the
redshift range covered by the observational data.

A simple polynomial fit to f(z) was proposed by Alam
et al. [286], which is a truncated Taylor expansion

f(z) =Ag+ A1(1 4 2) + Ay(1 + 2)? (36)

This ansatz has only three free parameters (2,0, A1, A2)
since Ag + A1 + Ay = 1 — (2,0 for a flat Universe.
Using this ansatz, Alam et al. [287] argued that the
Tonry/Barris SNIa sample [288, 289] appears to favor
dark energy which evolves in time® . Another interest-
ing polynomial fit is the polynomial interpolation, which
was proposed by Wang [292]. It chooses different redshift
points z; = i - zmax/n(i = 1,2,---,n), and interpolates
f(2) by using its own values at these redshift points. This
yields

o n ‘ (Z_Zl)"'(Z_Zifl)(z_zz#l)"-(Z—zn)
f& = fi =0

: (Zi_Zi—l)(Zi_Zi+1) e (Zz—Zn)

(37)

i=1

Here f; = f(z;) and 2z, = zmax- Based on the relation
f(0) = 1, one parameter can be fixed directly, and only
n — 1 model parameters need to be determined by the

data. For more research work of this polynomial interpo-
lation method, see Refs. [293-297].

3.4.4  Gaussian process modeling

The fourth approach is the Gaussian Process (GP) mod-
eling, which is proposed by Holsclaw et al. [298, 299].
GP is a stochastic process indexed by z. The defining
property of a GP is that the vector that corresponds
to the process at any finite collection of points follows a
multivariate Gaussian distribution [300, 301]. GPs are el-
ements of an infinite dimensional space, and can be used
as the basis for a nonparametric reconstruction method.

6) Tt should be mentioned that there was a debate about the reliability of this ansatz [290, 291].
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They are characterized by a mean and a covariance func-
tion, defined by a small number of hyperparameters [300—
302].

Based on the definition of a GP, one can assume that,
for any collection z1,- -+, zn, wpg(z1),- -+, wpg(z,) fol-
lows a multivariate Gaussian distribution with a constant
negative mean and exponential covariance function writ-
ten as

K(z,2) = k2al=#1° (38)

The hyperparameters x € (0,1) and &, and the parame-
ters defining the likelihood, are determined by the data.
The value of o € (0,2] influences the smoothness of the
GP realizations: for a = 2, the realizations are smooth
with infinitely many derivatives, while @ = 1 leads to
rougher realizations suited to modeling continuous non-
(mean-squared)-differentiable functions. Moreover, one
can set up the following GP for wpg

wpg(u) ~ GP(—1, K(u, u/)) (39)

Making use of the Eq. (39), one can take advantage of the
particular integral structure of luminosity distance dy,(2)
expressed by wpg(z) (see Refs. [298, 299] for details).

4 Concluding remarks

We have reviewed theoretical models as well as observa-
tional and numerical studies of dark energy. Numerous
work and papers have been done and written since the
discovery of the accelerating expansion of the Universe,
and it is impossible to cover even a small part of the
heroic endeavors of our community in any review article.

However, the problem of understanding the nature of
dark energy is as daunting as ever, or perhaps some al-
ready hold the key to this understanding without being
commonly accepted yet. Clearly, there is a long long way
to go for both theorists and experimentalists.

It is without any doubt that the process of detecting
the nature of dark energy and understanding its origin
will prove to be one of the most exciting stories in mod-
ern science.

Acknowledgements This research was supported by the
National Natural Science Foundation of China (Grant Nos.
10535060/ A050207, 10975172, and 10821504) and Ministry of Sci-
ence and Technology 973 Program under grant No. 2007CB815401.
Yi Wang acknowledges support from grants from Kavli IPMU,
McGill University, the Institute of Particle Physics (Canada) and
the Foundational Questions Institute.

References and notes
1. S. M. Carroll, Living Rev. Rel., 2001, 4: 1

Miao Li, et al., Front. Phys., 2013, 8(6)

N

®© N o o

10.
11.

12.
13.

14.

15.

16.
17.

18.
19.
20.
21.
22.

23.
24.
25.

26.

27.
28.

29.
30.

31.

32.
33.

T. Padmanabhan, Phys. Rep., 2003, 380(5-6): 235

P. J. E. Peebles and B. Ratra, Rev. Mod. Phys., 2003, 75(2):
559

E. J. Copeland, M. Sami, and S. Tsujikawa, Int. J. Mod.
Phys. D, 2006, 15(11): 1753

E. V. Linder, Rep. Prog. Phys., 2008, 71(5): 056901
S. Tsujikawa, arXiv: 1004.1493, 2010
Y. Wang, Dark Energy, Germany: Wiley-VCH, 2010

M. Li, X. D. Li, S. Wang, and Y. Wang, Commun. Theor.
Phys., 2011, 56(3): 525

A. Einstein, Sitz. Preuss. Akad. Wiss. Phys-Math, 1917, 142:
87

Y. B. Zeldovich, JETP Lett., 1967, 6: 316

V. Sahni, A. Krasinski, and Y. B. Zeldovich, Sov. Phys. Usp.,
1968, 11: 381

S. Weinberg, Rev. Mod. Phys., 1989, 61(1): 1

A. G. Riess, A. V. Filippenko, P. Challis, A. Clocchiatti, et
al., The Astronomical Journal, 1998, 116(3): 1009

S. Perlmutter, G. Aldering, G. Goldhaber, R. A. Knop, et
al., Astrophys. J., 1999, 517(2): 565

J. Wess and J. Bagger, Supersymmetry and Supergravity,

Princeton: Princeton University Press, 1982
B. Zumino, Nucl. Phys. B, 1975, 89(3): 535

G. ’t Hooft and S. Nobbenhuis, Class. Quant. Grav., 2006,
23: 3819

R. Erdem, Phys. Lett. B, 2005, 621(1-2): 11

R. Erdem, Phys. Lett. B, 2006, 639: 348

C. Wetterich, Phys. Rev. Lett., 2009, 102(14): 141303
C. Wetterich, Phys. Rev. D, 2010, 81(10): 103507

D. E. Kaplan and R. Sundrum, J. High Energy Phys., 2006,
0607: 042

B. Carter, AU Symp., 1974, 63: 291
R. H. Dicke, Phys. Rev., 1962, 125: 2163

L. Susskind, in: Universe or Multiverse, edited by B. Carr,
Cambridge: Cambridge University Press, 2007: 247

R. Bousso and J. Polchinski, J. High Energy Phys., 2000,
0006: 006

J. M. Cline, arXiv: hep-th/0612129, 2006

S. Kachru, R. Kallosh, A. Linde, and S. Trivedi, Phys. Rev.
D, 2003, 68(4): 046005

M. R. Douglas, J. High Energy Phys., 2003, 0305: 046

S. B. Giddings, S. Kachru, and J. Polchinski, Phys. Rev. D,
2002, 66(10): 106006

P. J. Steinhardt, in: The Very Early Universe, Proceed-
ings of the 1982 Nuffield Workshop at Cambridge, edited by
G. Gibbons, S. W. Hawking, and S. T. Tiklos, Cambridge:
Cambridge University Press, 1982

A. Vilenkin, Phys. Rev. D, 1983, 27(12): 2848
S. Weinberg, Phys. Rev. Lett., 1987, 59(22): 2607

841

wn
Q
or=
wn
)
-~
=W
S
(=)
wn
[
Q
o
~>
(=
=]
L=
=




wn
Q
1
wn
)
=
=W
S
(=)
wn
[
Q
ot
+
=]
=)
S
=

REVIEW ARTICLE

34.

35.
36.

37.
38.

39.

40.

41.

42.
43.
44.

45.
46.

47.

48.

49.
50.
51.

52.
53.
54.
55.

56.
57.
58.

59.
60.
61.

62.
63.

64.
65.
66.

842

S. Weinberg, in: Universe or Multiverse, edited by Bernard
Carr, Cambridge, UK: Cambridge University Press, 2007:
29

L. Boltzmann, Nature, 1985, 51(1322): 413

J. Garriga, et al., J. Cosmol. Astropart. Phys., 2006, 0601:
017

R. Bousso, Phys. Rev. Lett., 2006, 97(19): 191302

G. W. Gibbons, S. W. Hawking, and J. M. Stewart, Nucl.
Phys. B, 1987, 281(3-4): 736

M. Li and Y. Wang, J. Cosmol. Astropart. Phys., 2007, 0708:
007

A. D. Dolgov, in: The Very Early Universe, Proceedings of
the 1982 Nuffield Workshop at Cambridge, edited by G. Gib-
bons, S. W. Hawking, and S. T. Tiklos, Cambridge: Cam-
bridge University Press, 1982: 449

S. Kachru, M. B. Schulz, and E. Silverstein, Phys. Rev. D,
2000, 62(4): 045021

J. M. Cline, et al., J. High Energy Phys., 2003, 0306: 048
J. Vinet and J. M. Cline, Phys. Rev. D, 2004, 70(8): 083514
C. Csaki, J. Erlich, and C. Grojean, Nucl. Phys. B, 2001,
604(1-2): 312

H. A. Buchdahl, Mon. Not. R. Astron. Soc., 1970, 150: 1

S. M. Carroll, V. Duvvuri, M. Trodden, and M. S. Turner,
Phys. Rev. D, 2004, 70(4): 043528

T. P. Sotiriou and V. Faraoni, Rev. Mod. Phys., 2010, 82(1):
451

A. D. Felice and S. Tsujikawa, Living. Rev. Rel., 2010, 13:
3

M. Milgrom, Astrophys. J., 1983, 270: 365

J. D. Bekenstein, Phys. Rev. D, 2004, 70(8): 083509

G. R. Dvali, G. Gabadadze, and M. Porrati, Phys. Lett. B,
2000, 485(1-3): 208

C. Brans and R. H. Dicke, Phys. Rev., 1961, 124(3): 925
L. Amendola, Phys. Rev. D, 1999, 60(4): 043501

B. Zwiebach, Phys. Lett. B, 1985, 156(5-6): 315

S. Nojiri, S. D. Odintsov, and M. Sasaki, Phys. Rev. D, 2005,
71(12): 123509

D. Lovelock, J. Math. Phys., 1971, 12(3): 498
P. Horava, Phys. Rev. D, 2009, 79(8): 084008

G. R. Bengochea and R. Ferraro, Phys. Rev. D, 2009, 79(12):
124019

E. V. Linder, Phys. Rev. D, 2010, 81(12): 127301
P. D. Mannheim, Prog. Part. Nucl. Phys., 2006, 56(2): 340

J. B. Hartle and S. W. Hawking, Phys. Rev. D, 1983, 28(12):
1960

S. W. Hawking, Phys. Lett. B, 1984, 134(6): 403

H. Firouzjahi, S. Sarangi, and S. H. H. Tye, J. High Energy
Phys., 2004, 0409: 060

S. Sarangi and S. H. H. Tye, arXiv: hep-th/0505104, 2005
S. H. H. Tye, arXiv: hep-th/0611148, 2006
S. H. H. Tye, arXiv: 0708.4374, 2007

67.

68.

69.
70.

71.

72.

73.
74.

75.
76.

7.

78.
79.

80.
81.

82.

83.
84.
85.

86.
87.
88.
89.

90.

91.

92.

93.
94.
95.
96.
97.
98.

99.
100.

E. J. Copeland, A. Padilla, and P. M. Saffin, J. High Energy
Phys., 2008, 0801: 066

P. M. Saffin, A. Padilla, and E. J. Copeland, J. High Energy
Phys., 2008, 0809: 055

S. H. H. Tye and D. Wohns, arXiv: 0910.1088, 2009

S. H. H. Tye and D. Wohns, Phys. Rev. B, 2011, 84(18):
184518
http://motls.blogspot.com/2005/12/cosmological-constant-

seesaw.html
http://blogs.discovermagazine.com/cosmicvariance/2005/
12/05/duff-on-susskind/

M. McGuigan, arXiv: hep-th/0602112, 2006

A. G. Cohen, D. B. Kaplan, and A. E. Nelson, Phys. Rev.
Lett., 1999, 82(25): 4971

M. Li, Phys. Lett. B, 2004, 603(1-2): 1

M. Li, R. X. Miao, and Y. Pang, Phys. Lett. B, 2010, 689(2—
3): 55

M. Li, R. X. Miao, and Y. Pang, Opt Express, 2010, 18(9):
9026

M. Li and Y. Wang, Phys. Lett. B, 2010, 687(2-3): 243

J. W. Lee, J. Lee, and H. C. Kim, J. Cosmol. Astropart.
Phys., 2007, 0708: 005

M. Li, et al., Commun. Theor. Phys., 2009, 51: 181

C. J. Gao, F. Wu, X. Chen, and Y. G. Shen, Phys. Rev. D,
2009, 79(4): 043511

S. Nojiri and S. D. Odintsov, Gen. Relativ. Gravit., 2006,
38(8): 1285

R. G. Cai, Phys. Lett. B, 2007, 657(4-5): 228

H. Wei and R. G. Cai, Phys. Lett. B, 2008, 660(3): 113

Z. H. Zhang, M. Li, X. D. Li, S. Wang, and W. S. Zhang,
arXiv: 1202.5163, 2012

S. Rasanen, arXiv: 1102.0408, 2011

A. Raychaudhuri, Phys. Rev., 1955, 98(4): 1123

W. Unruh, arXiv: astro-ph/9802323, 1998

G. Geshnizjani and R. Brandenberger, Phys. Rev. D, 2002,
66(12): 123507

G. Geshnizjani and R. Brandenberger, J. Cosmol. Astropart.
Phys., 2005, 0504: 006

L. R. Abramo and R. P. Woodard, Phys. Rev. D, 2002, 65(4):
043507

L. R. Abramo and R. P. Woodard, Phys. Rev. D, 2002, 65(6):
063516

D. Krotov and A. M. Polyakov, arXiv: 1012.2107, 2010

G. Lemaitre, Ann. Soc. Sci. Bruxelles A, 1933, 53: 51

R. C. Tolman, Proc. Natl. Acad. Sci. USA, 1934, 20(3): 169
H. Bondi, Mon. Not. R. Astron. Soc., 1947, 107: 410

C. Wetterich, Nucl. Phys. B, 1988, 302(4): 668

I. Zlatev, L. M. Wang, and P. J. Steinhardt, Phys. Rev.
Lett., 1999, 82(5): 896

R. R. Caldwell, Phys. Lett. B, 2002, 545(1-2): 23

J. M. Cline, S. Jeon, and G. D. Moore, Phys. Rev. D, 2004,
70(4): 043543

Miao Li, et al., Front. Phys., 2013, 8(6)



REVIEW ARTICLE

101.
102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.
116.
117.

118.

119.

120.
121.
122.
123.

124.

125.

126.

127.
128.

129.

J. Garriga and A. Vilenkin, arXiv: 1202.1239, 2012

B. Feng, X. L. Wang, and X. M. Zhang, Phys. Lett. B, 2005,
607(1-2): 35

Y. F. Cai, E. N. Saridakis, M. R. Setare, and J. Q. Xia,
Phys. Rep., 2010, 493(1): 1

T. Chiba, T. Okabe, and M. Yamaguchi, Phys. Rev. D, 2000,
62(2): 023511

C. Armendariz-Picon, V. F. Mukhanov, and P. J. Steinhardt,
Phys. Rev. Lett., 2000, 85(21): 4438

C. Armendariz-Picon, V. F. Mukhanov, and P. J. Steinhardt,
Phys. Rev. D, 2001, 63(10): 103510

N. Arkani-Hamed, et al., J. High Energy Phys., 2004, 0405:
074

F. Piazza, S. Tsujikawa, J. Cosmol. Astropart. Phys., 2004,
0407: 004

C. Deffayet, et al., J. Cosmol. Astropart. Phys., 2010, 1010:
026

O. Pujolas, I. Sawicki, and A. Vikman, arXiv: 1103.5360,
2011

A. Nicolis, R. Rattazzi, and E. Trincherini, Phys. Rev. D,
2009, 79(6): 064036

T. Kobayashi, M. Yamaguchi, and J. Yokoyama, Phys. Rev.
Lett., 2010, 105(23): 231302

M. O. Ribas, F. P. Devecchi, and G. M. Kremer, Phys. Rev.
D, 2005, 72(12): 123502

Y. F. Cai and J. Wang, Class. Quant. Grav., 2008, 25(16):
165014

U. A. Yajnik, arXiv: 1102.2562, 2011
P. Tsyba, et al., arXiv: 1103.5918, 2011

C. Armendariz-Picon, J. Cosmol. Astropart. Phys., 2004,
0407: 007

W. Zhao and Y. Zhang, Class. Quant. Grav., 2006, 23(10):
3405

T. S. Koivisto and N. J. Nunes, Phys. Rev. D, 2009, 80(10):
103509

P. Das Gupta, arXiv: 0905.1621, 2009
S. DeDeo, Phys. Rev. D, 2006, 73(4): 043520
C. G. Boehmer and T. Harko, Found. Phys., 2008, 38: 216

L. R. Abramo and R. P. Woodard, Phys. Rev. D, 2002, 65(4):
043507

A. Y. Kamenshchik, U. Moschella, and V. Pasquier, Phys.
Lett. B, 2001, 511(2-4): 265

N. Bilic, G. B. Tupper, and R. D. Viollier, Phys. Lett. B,
2002, 535(1-4): 17

M. C. Bento, O. Bertolami, and A. A. Sen, Phys. Rev. D,
2002, 66(4): 043507

I. H. Brevik, Phys. Rev. D, 2002, 65(12): 127302

I. H. Brevik and O. Gorbunova, Gen. Relativ. Gravit., 2005,
37(12): 2039

D. H. Weinberg, et al., arXiv: 1201.2434, 2012

Miao Li, et al., Front. Phys., 2013, 8(6)

130.

131.

132.

133.

134.

135.

136.
137.

138.

139.

140.

141.

142.
143.

144.
145.

146.

147.
148.
149.
150.

151.
152.
153.
154.
155.
156.

A. G. Riess, L.G. Strolger, J. Tonry, S. Casertano, H. C. Fer-
guson, B. Mobasher, P. Challis, A. V. Filippenko, S. Jha, W.
Li, R. Chornock, R. P. Kirshner, B. Leibundgut, M. Dickin-
son, M. Livio, M. Giavalisco, C. C. Steidel, T. Benitez, and
Z. Tsvetanov, Astrophys. J., 2004, 607(2): 665

P. Astier, J. Guy, N. Regnault, R. Pain, et al., Astron. As-
trophys., 2006, 447(1): 31

G. Miknaitis, G. Pignata, A. Rest, W. M. Wood-Vasey, et
al., Astrophys. J., 2007, 666(2): 674

J. A. Holtzman, et al., The Astronomical Journal, 2008, 136:
2306

A. Conley, J. Guy, M. Sullivan, N. Regnault, et al., Astro-
phys. J. Suppl., 2011, 192(1): 1

R. Amanullah, C. Lidman, D. Rubin, G. Aldering, et al.,
Astrophys. J., 2010, 716(1): 712

N. Suzuki, et al., arXiv: 1105.3470, 2011

S. Nesseris and L. Perivolaropoulos, Phys. Rev. D, 2005,
72(12): 123519

J. Marriner, J. P. Bernstein, R. Kessler, H. Lampeitl, R.
Miquel, J. Mosher, R. C. Nichol, M. Sako, D. P. Schneider,
and M. Smith, Astrophys. J., 2011, 740(2): 72

M. Sullivan, J. Guy, A. Conley, N. Regnault, et al., Astro-
phys. J., 2011, 737(2): 102

C. L. Bennett, M. Halpern, G. Hinshaw, N. Jarosik, et al.,
Astrophys. J. Suppl., 2003, 148(1): 1

D. N. Spergel, L. Verde, H. V. Peiris, E. Komatsu, M. R.
Nolta, C. L. Bennett, M. Halpern, G. Hinshaw, N. Jarosik,
A. Kogut, M. Limon, S. S. Meyer, L. Page, G. S. Tucker,
J. L. Weiland, E. Wollack, and E. L. Wright, Astrophys. J.
Suppl., 2003, 148(1): 175
http://www.rssd.esa.int/index.php?project=PLANCK

G. Efstathiou and J. R. Bond, Mon. Not. R. Astron. Soc.,
1999, 304(1): 75

R. K. Sachs and A. M. Wolfe, Astrophys. J., 1967, 147: 73
W. Hu, U. Seljak, M. White, and M. Zaldarriaga, Phys. Rev.
D, 1998, 57(6): 3290

S. Ho, C. Hirata, N. Padmanabhan, U. Seljak, and N. Bah-
call, Phys. Rev. D, 2008, 78(4): 043519

J. Silk, Astrophys. J., 1968, 151: 459

P. J. E. Peebles and J. T. Yu, Astrophys. J., 1970, 162: 815
M. Colless, et al., arXiv: astro-ph/0306581, 2003

D. G. York, et al., The Astronomical Journal, 2000, 120:
1579

M. J. Drinkwater, et al, arXiv: 0911.4246, 2009

C. Blake, arXiv: 1108.2635, 2011
http://www.cfht.hawaii.edu/Science/CFHLS/

A. Heavens, Nucl. Phys. Proc. Suppl., 2009, 194: 76
B. D. Sherwin, et al., arXiv: 1105.0419, 2011

H. Hoekstra, Y. Mellier, L. van Waerbeke, E. Semboloni, L.
Fu, M. J. Hudson, L. C. Parker, I. Tereno, and K. Benabed,
Astrophys. J., 2006, 647(1): 116

843

wn
Q
or=
wn
)
-~
=W
S
(=)
wn
[
Q
o
~>
(=
=]
L=
=




wn
Q
o
wn
)
=
=W
S
(=)
wn
[
Q
orel
+
=]
=)
S
=

REVIEW ARTICLE

157.

158.

159.

160.
161.

162.

163.

164.

165.
166.

167.
168.
169.

170.

171.

172.

173.

174.
175.

176.

177.
178.
179.
180.
181.
182.
183.

184.
185.
186.
187.

844

L. M. Wang and P. J. Steinhardt, Astrophys. J., 1998,
508(2): 483

Z. Haiman, J. J. Mohr, and G. P. Holder, Astrophys. J.,
2001, 553(2): 545

S. Wang, J. Khoury, Z. Haiman, and M. May, Phys. Rev. D,
2004, 70(12): 123008

B. E. Schaefer, Astrophys. J., 2007, 660(1): 16

G. Ghirlanda, G. Ghisellini, and C. Firmani, New J. Phys.,
2006, 8(7): 123

S. Allen, D. A. Rapetti, R. W. Schmidt, H. Ebeling, R. G.
Morris, and A. C. Fabian, Mon. Not. R. Astron. Soc., 2008,
383(3): 879

A. G. Riess, L. Macri, S. Casertano, H. Lampeitl, H. C. Fer-
guson, A. V. Filippenko, S. W. Jha, W. Li, and R. Chornock,
Astrophys. J., 2011, 730(2): 119

A. Friaca, J. S. Alcaniz, and J. A. S. Lima, Mon. Not. R.
Astron. Soc., 2005, 362(4): 1295

D. Jain and A. Dev, Phys. Lett. B, 2006, 633(4-5): 436

N. Pires, Z. H. Zhu, and J. S. Alcaniz, Phys. Rev. D, 2006,
73(12): 123530

H. Wei and S. N. Zhang, Phys. Rev. D, 2007, 76(6): 063003
S. Wang and Y. Zhang, Phys. Lett. B, 2008, 669(3-4): 201

S. Wang, X. D. Li, and M. Li, Phys. Rev. D, 2010, 82(10):
103006

J. Simon, L. Verde, and R. Jimenez, Phys. Rev. D, 2005,
71(12): 123001

C. Di Porto and L. Amendola, Phys. Rev. D, 2008, 77(8):
083508

S. Nesseris and L. Perivolaropoulos, Phys. Rev. D, 2008,
77(2): 023504

L. Guzzo, M. Pierleoni, B. Meneux, E. Branchini, et al.,
Nature, 2008, 451(7178): 541

A. Albrecht, et al., arXiv: astro-ph/0609591, 2006

J. Frieman, M. Turner, and D. Huterer, Annu. Rev. Astron.
Astrophys., 2008, 46(1): 385

M. Li, X. D. Li, S. Wang, and Y. Wang, Commun. Theor.
Phys., 2011, 56(3): 525

http://www.lsst.org/lsst
http://sites.nationalacademies.org/bpa/BPA 049810
http://www.skatelescope.org/

http://wiirst.gsfc.nasa.gov/

http://sci.esa.int/science-e/www /area/index.cfm?fareaid=102

http://ixo.gsfc.nasa.gov/

R. R. Cadwell, M. Kamionkowski, and N. N. Weinberg,
Phys. Rev. Lett., 2003, 91: 071301

E. Komatsu, et al., Astrophys. J. Lett., 2011, 192: 18
C. Wetterich, Astron. Astrophys., 1995, 301: 321
L. Amendola, Phys. Rev. D, 2000, 62(4): 043511

J. H. He, B. Wang, and E. Abdalla, Phys. Rev. D, 2011,
83(6): 063515

188.

189.

190.

191.

192.

193.
194.

195.

196.

197.

198.
199.
200.

201.
202.

203.
204.

205.

206.
207.

208.

209.
210.

211.

212.

213.

214.
215.

216.

A. V. Maccio, C. Quercellini, R. Mainini, L. Amendola, and
S. A. Bonometto, Phys. Rev. D, 2004, 69(12): 123516

R. G. Cai and A. Z. Wang, J. Cosmol. Astropart. Phys.,
2005, 0503: 002

Z. K. Guo, N. Ohta, and S. Tsujikawa, Phys. Rev. D, 2007,
76(2): 023508

R. Bean, E. Flanagan, I. Laszlo, and M. Trodden, Phys. Rev.
D, 2008, 78(12): 123514

P. T. Silva and O. Bertolami, Astrophys. J., 2003, 599(2):
829

Z. H. Zhu, Astron. Astrophys., 2004, 423(2): 421

P. X. Wu and H. W. Yu, J. Cosmol. Astropart. Phys., 2007,
0703: 015

T. M. Davis, E. Mortsell, J. Sollerman, A. C. Becker, et al.,
Astrophys. J., 2007, 666(2): 716

H. Sandvik, M. Tegmark, M. Zaldarriaga, and I. Waga, Phys.
Rev. D, 2004, 69(12): 123524

C. G. Park, J. Hwang, J. Park, and H. Noh, Phys. Rev. D,
2010, 81(6): 063532

M. Li, et al., J. Cosmol. Astropart. Phys., 2009, 06: 036
M. Li, et al., J. Cosmol. Astropart. Phys., 2009, 12: 014

Q. G. Huang and Y. G. Gong, J. Cosmol. Astropart. Phys.,
2004, 0408: 006

X. Zhang and F. Q. Wu, Phys. Rev. D, 2005, 72(4): 043524

Z.L.Yiand T. J. Zhang, Mod. Phys. Lett. A, 2007, 22(01):
41

X. Zhang, Phys. Lett. B, 2010, 683(2-3): 81

M. Li, X. D. Li, and X. Zhang, Sci. China: Phys. Mech.
Astron., 2010, 53(9): 1631

Y. Z. Ma, Y. Gong, and X. L. Chen, Eur. Phys. J. C, 2009,
60(2): 303

H. Wei, J. Cosmol. Astropart. Phys., 2010, 1008: 020

B. Wang, Y. G. Gong, and E. Abdalla, Phys. Lett. B, 2005,
624(3-4): 141

B. Wang, C. Y. Lin, and E. Abdalla, Phys. Lett. B, 2006,
637(6): 357

C. Feng, et al., J. Cosmol. Astropart. Phys., 2007, 0709: 005

H. M. Sadjadi and M. Honardoost, Phys. Lett. B, 2007, 647:
231

G. R. Dvali, G. Gabadadze, and M. Porrati, Phys. Lett. B,
2000, 485(1-3): 208

D. Rubin, E. V. Linder, M. Kowalski, G. Aldering, et al.,
Astrophys. J., 2009, 695(1): 391

Y. S. Song, I. Sawicki, and W. Hu, Phys. Rev. D, 2007,
75(6): 064003
F. Schmidt, Phys. Rev. D, 2009, 80(4): 043001

W. J. Fang, S. Wang, W. Hu, Z. Haiman, L. Hui, and M.
May, Phys. Rev. D, 2008, 78(10): 103509

Z. K. Guo, Z.H. Zhu, J. S. Alcaniz, and Y.Z. Zhang, Astro-
phys. J., 2006, 646(1): 1

Miao Li, et al., Front. Phys., 2013, 8(6)



REVIEW ARTICLE

217.

218.

219.
220.
221.
222.

223.

224.

225.

226.
227.

228.

229.

230.
231.
232.

233.

234.

235.
236.

237.

238.

239.

240.

241.

242.

243.
244.

245.
246.

M. Fairbairn and A. Goodbar, Phys. Lett. B, 2006, 642(5-6):
432

R. Maartens and E. Majerotto, Phys. Rev. D, 2006, 74(2):
023004

J. Q. Xia, Phys. Rev. D, 2009, 79(10): 103527
W. S. Zhang, et al., arXiv: 1202.0892, 2012
W. Hu and I. Sawicki, Phys. Rev. D, 2007, 76(6): 064004

S. Tsujikawa and T. Tatekawa, Phys. Lett. B, 2008, 665(5):
325

F. Schmidt, A. Vikhlinin, and W. Hu, Phys. Rev. D, 2009,
80: 082505

Y. S. Song, W. Hu, and I. Sawicki, Phys. Rev. D, 2007,
75(4): 044004

Y. S. Song, H. Peiris, and W. Hu, Phys. Rev. D, 2007, 76(6):
063517

L. Lombriser, et al., arXiv:1003.3009.

T. Koivisto and D. F. Mota, Phys. Lett. B, 2007, 644(2-3):
104

T. Koivisto and D. F. Mota, J. Cosmol. Astropart. Phys.,
2007, 0701: 006

S. S. Shapiro, J. L. Davis, D. E. Lebach, and J. S. Gregory,
Phys. Rev. Lett., 2004, 92(12): 121101

C. M. Will, Living Rev. Rel., 2005, 9: 3
B. Jain and J. Khoury, Ann. Phys., 2010, 325(7): 1479

J. G. Bellido and T. Haugbolle, J. Cosmol. Astropart. Phys.,
2008, 4: 3

J. Sollerman, E. Mortsell, T. M. Davis, M. Blomqvist, et al.,
Astrophys. J., 2009, 703(2): 1374

H. Alnes and M. Amarzguioui, Phys. Rev. D, 2006, 74(10):
103520

A. Moss, J. P. Zibin, and D. Scott, arXiv: 1007.3725, 2010

J. G. Bellido and T. Haugboelle, J. Cosmol. Astropart.
Phys., 2008, 0809: 016

J. P. Uzan, C. Clarkson, and G. F. R. Ellis, Phys. Rev. Lett.,
2008, 100(19): 191303

P. Dunsby, et al., J. Cosmol. Astropart. Phys., 2010, 1006:
017

R. R. Caldwell and A. Stebbins, Phys. Rev. Lett., 2008,
100(19): 191302

M. X. Lan, M. Li, X.D. Li, and S. Wang, Phys. Rev. D,
2010, 82(2): 023516

C. Clarkson, B. Bassett, and T. H. C. Lu, Phys. Rev. Lett.,
2008, 101(1): 011301

W. Godlowski and M. Szydlowski, Phys. Rev. Lett. B, 2005,
623: 10

M. Biesiada, J. Cosmol. Astropart. Phys., 2007, 0702: 003

J. Magueijo and R. D. Sorkin, Mon. Not. R. Astron. Soc.,
2007, 377(1): L39

G. Schwarz, Ann. Stat., 1978, 6(2): 461

H. Akaike, IEEE Trans. Automat. Contr., 1974, 19(6): 716

Miao Li, et al., Front. Phys., 2013, 8(6)

247.

248.

249.

250.
251.

252.

253.

254.
255.
256.

257.

258.
259.
260.
261.
262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

S. Nesseris and L. Perivolaropoulos, Phys. Rev. D, 2004,
70(4): 043531

Y. G. Gong and C. K. Duan, Mon. Not. R. Astron. Soc.,
2004, 352(3): 847

M. Szydlowski, A. Kurek, and A. Krawiec, Phys. Lett. B,
2006, 642(3): 171

A. Kurek and M. Szydlowski, Astrophys. J., 2008, 675(1): 1

S. Basilakos, M. Plionis, and J. A. S. Lima, Phys. Rev. D,
2010, 82(8): 083517

E. Komatsu, J. Dunkley, M. R. Nolta, C. L. Bennett, B.
Gold, G. Hinshaw, N. Jarosik, D. Larson, M. Limon, L. Page,
D. N. Spergel, M. Halpern, R. S. Hill, A. Kogut, S. S. Meyer,
G. S. Tucker, J. L. Weiland, E. Wollack, and E. L. Wright,
Astrophys. J. Suppl., 2009, 180(2): 330

M. Chevallier and D. Polarski, Int. J. Mod. Phys. D, 2001,
10(02): 213

E. V. Linder, Phys. Rev. Lett., 2003, 90(9): 091301

E. V. Linder, Phys. Rev. D, 2004, 70(2): 023511

D. Huterer and M. S. Turner, Phys. Rev. D, 1999, 60(8):
081301

H. K. Jassal, J. S. Bagla, and T. Padmanabhan, Mon. Not.
R. Astron. Soc., 2005, 356: L11

G. Efstathiou, Mon. Not. R. Astron. Soc., 2000, 342: 810
J. Z. Ma and X. Zhang, Phys. Lett. B, 2011, 699(4): 233
H. Li and X. Zhang, Phys. Lett. B, 2011, 703(2): 119

X. D. Li, et al., arXiv: 1202.4060, 2012

U. Seljak, A. Makarov, P. McDonald, S. Anderson, et al.,
Phys. Rev. D, 2005, 71(10): 103515

R. Lazkoz, S. Nesseris, and L. Perivolaropoulos, J. Cosmol.
Astropart. Phys., 2008, 0807: 012

S. Basilakos, S. Nesseris, and L. Perivolaropoulos, Mon. Not.
R. Astron. Soc., 2008, 387(3): 1126

B. A. Bassett, M. Kunz, J. Silk, and C. Ungarelli, Mon. Not.
R. Astron. Soc., 2002, 336(4): 1217

B. A. Bassett, P. S. Corasaniti, and M. Kunz, Astrophys. J.,
2004, 617(1): L1

B. A. Bassett, et al., J. Cosmol. Astropart. Phys., 2008,
0807: 007

A. Upadhye, M. Ishak, and P. J. Steinhardt, Phys. Rev. D,
2005, 72(6): 063501

K. Ichikawa and T. Takahashi, J. Cosmol. Astropart. Phys.,
2007, 0702: 001

K. Ichikawa and T. Takahashi, J. Cosmol. Astropart. Phys.,
2008, 0804: 027

Y. G. Gong, B. Wang, and R. G. Cai, J. Cosmol. Astropart.
Phys., 2010, 1004: 019

N. N. Pan, Y. Gong, Y. Chen, and Z.H. Zhu, Class. Quant.
Grav., 2010, 27(15): 155015

D. Huterer and G. Starkman, Phys. Rev. Lett., 2003, 90(3):
031301

D. Huterer and A. Cooray, Phys. Rev. D, 2005, 71(2):
023506

845

wn
Q
or=
wn
)
-~
=W
S
(=)
wn
[
Q
o
~>
(=
=]
L=
=




wn
Q
o
wn
)
=
=W
S
(=)
wn
[
Q
orel
+
=]
=)
S
=

REVIEW ARTICLE

275.

276.

277.

278.
279.

280.

281.
282.

283.

284.

285.

286.

287.

288.

846

S. Sullivan, A. Cooray, and D. E. Holz, J. Cosmol. Astropart.
Phys., 2007, 09: 004

S. Qi, F. Y. Wang, and T. Lu, Astron. Astrophys., 2008,
483(1): 49

A. G. Riess, L. G. Strolger, S. Casertano, H. C. Ferguson, B.
Mobasher, B. Gold, P. J. Challis, A. V. Filippenko, S. Jha,
W. Li, J. Tonry, R. Foley, R. P. Kirshner, M. Dickinson, E.
MacDonald, D. Eisenstein, M. Livio, J. Younger, C. Xu, T.
Dahlen, and D. Stern, Astrophys. J., 2007, 659(1): 98

Y. Wang, Mod. Phys. Lett. A, 2010, 25(37): 3093

Q. G. Huang, M. Li, X.D. Li, and S. Wang, Phys. Rev. D,
2009, 80(8): 083515

S. Wang, X. D. Li, and M. Li, Phys. Rev. D, 2011, 83(2):
023010

X. D. Li, et al., J. Cosmol. Astropart. Phys., 2011,07: 011
E. V. Linder and D. Huterer, Phys. Rev. D, 2005, 72(4):
043509

A. Hojjati, L. Pogosian, and G. B. Zhao, J. Cosmol. As-
tropart. Phys., 2010, 04: 1007

R. A. Daly and S. G. Djorgovski, Astrophys. J., 2003, 597(1):
9

A. Shafieloo, et al., Mon. Not. R. Astron. Soc., 2006, 366:
1081

U. Alam, V. Sahni, T. Deep Saini, and A. A. Starobinsky,
Mon. Not. R. Astron. Soc., 2003, 344(4): 1057

U. Alam, V. Sahni, T. Deep Saini, and A. A. Starobinsky,
Mon. Not. R. Astron. Soc., 2004, 354(1): 275

J. L. Tonry, B. P. Schmidt, B. Barris, P. Candia, et al.,
Astrophys. J., 2003, 594(1): 1

289.

290.

291.
292.
293.

294.
295.

296.
297.

298.

299.

300.

301.

302.

B. Barris, J. L. Tonry, S. Blondin, P. Challis, et al., Astro-
phys. J., 2004, 602(2): 571

J. Jonsson, et al., J. Cosmol. Astropart. Phys., 2004, 0409:
007

U. Alam, et al., arXiv: astro-ph/0406672, 2004
Y. Wang, Phys. Rev. D, 2008, 77(12): 123525

Y. Wang and M. Tegmark, Phys. Rev. Lett., 2004, 92(24):
241302

Y. Wang and K. Freese, Phys. Lett. B, 2006, 632(4): 449

Y. Wang and P. Mukherjee, Phys. Rev. D, 2007, 76(10):
103533

Y. Wang, Phys. Rev. D, 2009, 80(12): 123525

Y. Wang, C. H. Chuang, and P. Mukherjee, Phys. Rev. D,
2012, 85(2): 023517

T. Holsclaw, U. Alam, B. Sansé, H. Lee, K. Heitmann, S.
Habib, and D. Higdon, Phys. Rev. Lett., 2010, 105(24):
241302

T. Holsclaw, U. Alam, B. Sansé, H. Lee, K. Heitmann, S.
Habib, and D. Higdon, Phys. Rev. D, 2010, 82(10): 103502

S. Banerjee, B. P. Carlin, and A. E. Gelfand, Hierarchical
Modeling and Analysis for Spatial Data, New York: Chap-
man and Hall, 2004

C. E. Rasmussen and K. I. Williams, Gaussian Processes for
Machine Learning, Boston: MIT Press, 2006

S. Habib, K. Heitmann, D. Higdon, C. Nakhleh, and B.
Williams, Phys. Rev. D, 2007, 76(8): 083503

Miao Li, et al., Front. Phys., 2013, 8(6)



