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Abstract We apply the statefinder hierarchy plus the frac-
tional growth parameter to explore the extended Ricci dark
energy (ERDE) model, in which there are two independent
coefficients « and 8. By adjusting them, we plot evolution
trajectories of some typical parameters, including the Hub-
ble expansion rate E, deceleration parameter ¢, the third-
and fourth-order hierarchy Sgl) and Sftl), and the fractional
growth parameter €, respectively, as well as several combi-
nations of them. For the case of variable « and constant 3,
in the low-redshift region the evolution trajectories of E are
in high degeneracy and that of ¢ separate somewhat. How-
ever, the ACDM model is confounded with ERDE in both
of these cases. Sgl) and Sf‘l), especially the former, perform
much better. They can differentiate well only varieties of
cases within ERDE except ACDM in the low-redshift region.
For the high-redshift region, combinations {5,5” , €} can break
the degeneracy. Both of {Sgl), €} and {S(l), €} have the abil-
ity to discriminate ERDE with ¢ = 1 from ACDM, of which
the degeneracy cannot be broken by all the before-mentioned
parameters. For the case of variable 8 and constant c, Sgl) (2)
and S 4(11) (z) can only discriminate ERDE from ACDM. Noth-
ing but pairs {S(l), €}and {S (1), €} can discriminate not only
within ERDE but also ERDE from ACDM. Finally, we find
that Sél) is surprisingly a better choice to discriminate within
EE}DE itself, and ERDE from ACDM as well, rather than
Sy

1 Introduction

Data from a series of astronomical observations for more
than a decade have shown that the universe is undergoing
an epoch of accelerated expansion [1-4]. The most likely

explanation for this cosmic acceleration is that the universe

2e-mail: yufei @sau.edu.cn

is currently being dominated by an exotic component, named
dark energy (DE), which exerts repulsive gravity. To explain
the origin and physical properties of dark energy, numerous
theoretical/phenomenological models have been proposed.
Among the models, the most successful one is the ACDM
model (which mainly includes the cosmological constant A
and cold dark matter), because it is simple but could pro-
vide a very good fit to the observational data currently avail-
able. The cosmological constant is equivalent to the vac-
uum energy density with w = —1. For a time-dependent
equation-of-state parameter (EOS) w, there are lots of mod-
els, such as quintessence [5], Chaplygin gas [6], holographic
dark energy [7], and so on.

In this paper, we study the model inspired by the holo-
graphic principle of quantum gravity. The holographic prin-
ciple was enlightened by quantum properties of black hole [8,
9] and later extended to string theory [10]. According to the
work of Cohen et al. [11], when pg. is taken as the quan-
tum zero-point energy density caused by a short distance
cut-off, the total energy in a region of size L should not be
more than the mass of a black hole of the same size, i.e.,
L3pde < LM[%. The saturated form of this inequality, which
is equivalent to the largest L allowed, leads to the energy
density of the holographic dark energy, pge = 362M§L*2,
where ¢ is a numerical constant introduced and M, is the
reduced Planck mass with M]% = (87G)~ . For the model
setting, the choice of the infrared (IR) cut-off L is very cru-
cial. After the denial of the Hubble scale [12] and the par-
ticle horizon [9,13] as IR cut-off for their failure to give
rise to the cosmic acceleration, Li chose the future event
horizon instead, getting the expected success [7]. But the
adoption of the future event horizon indicates that the his-
tory of dark energy depends on the future evolution of the
scale factor a(t), which violates causality [14]. Then the age-
graphic dark energy model [14,15] and the Ricci dark energy
(RDE) model [16] emerged to avoid the violation of causal-
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ity. The former is characterized by the age of the universe as
the length measure while the latter takes the average radius of
Ricci scalar curvature |R| /2 as the IR cut-off. Further, the
RDE model was extended to a more general form, liberating
coefficients of the two terms, of the energy density [17]

pae = 3M> (aH2 + ﬂH) : (1

where « and B are constants to be determined and the dot
denotes a derivative with respect to time. For the Ricci-type
holographic DE models are determined by a local concept of
Ricci scalar curvature rather than a global one of future event
horizon, they are naturally free of the causality problem.
The model is called the extended Ricci dark energy (ERDE)
model, with the special case @ = 2 the RDE model.

With the increasing number of DE models, diagnostics
aiming to differentiate them are needed. So far several meth-
ods have appeared. They are the well-known statefinder [18,
19], Om [20] and growth rate of perturbations [21-23]. The
statefinder is a sensitive and robust geometrical diagnostic
of DE, which uses both the second and the third derivatives
of a(z). Recently, Arabsalmani and Sahni further extended
the statefinder to higher-order derivatives of a(t), and called
such adiagnostic “statefinder hierarchy” [24]. The statefinder
diagnostic has been applied to various DE models [25-35],
but sometimes we do need the diagnostic with higher-order
derivatives of a(t). For instance, when diagnosing the new
agegraphic DE model, the original statefinder (second and
third derivatives) cannot differentiate this model with differ-
ent parameter values [34], but the hierarchy (further higher-
order derivatives) is capable of breaking the degeneracy [36].

Here we study the ERDE model with statefinder hierar-
chy, supplemented by the growth rate of perturbations, to
explore what the behaviors are like when ERDE takes dif-
ferent parameter values and what the difference is between
ERDE and ACDM. Necessarily referring to, in our previous
work [33], we have diagnosed, with the original statefind-
ers, the ERDE model both with interaction between DE and
matter and not. The results therein seems satisfactory since
there is no appearance of degeneracy for ERDE with var-
ious parameter values. But from the aspect of complete-
ness of a theory, we neglected another evolution tendency
of ERDE, mentioned in some papers [37-39], that « of
values larger than 1 enables the ERDE model to exhibit
another orientation of evolution symmetrical to that plotted
in Ref. [33]. As a matter of fact [38], « > 1 makes ERDE
behave like quintessence [S] (w > —1), while ¢ < 1 like
quintom [40] (w evolves across the cosmological-constant
boundary w = —1). We will expatiate on this theme in a
later section.

In Sect. 2, the ERDE model is exhibited. In Sect. 3, we
introduce the diagnostic tools of statefinder hierarchy and

@ Springer

growth rate of perturbations. Then ERDE will be explored in
Sect. 4. Finally Sect. 5 gives the conclusion.

2 The ERDE model

We consider a flat universe with DE and matter, namely,
3M§H2 = Pde + Pm, ()

where pge and pp, are, respectively, energy densities of DE
and matter, and pqe takes the form of ERDE described by

Eq. (1).
We get
H? B dE?
E2 [ O —3x E2 Lt 3
H02 m0€ + o + 2 dx 3)

where E = H/H) is the dimensionless Hubble expansion
rate, x = Ina and the subscript “ 0 ” denotes present values
of physical quantities. The solution of Eq. (3) is

_ 3,3 — 2« _ 21—
E2 — Q 3x Q 3x ﬁ( Ol)x7
moe T+ Y32 moe " + foe
)
where
fo=lt-—"2 @ 5)

under the initial condition Eg = E(x = 0) = 1.
The fractional density and EOS of ERDE are given by

1 pde
E2 py
_ 1 3 — 2u
CE2\20—-38-2
20-38-2 , 2(1—
a3ﬂﬂ foeﬁ( o)X
w = T @)
Qm0€_3x+f()€ﬁ @)X

Qde =

2
Qumoe ™ + foeﬂ“"‘)") . (6)

38—2a
J0—3p—2

3 Statefinder hierarchy and growth rate of matter
perturbations

3.1 The statefinder hierarchy

The primary aim of the statefinder hierarchy is to single the
ACDM model out from evolving DE ones [24]. For it has a
convenient property that all members of the statefinder hier-
archy can be expressed in terms of some elementary func-
tions (like the deceleration parameter ¢, the EOS w or the
fractional density €2), even the Chaplygin gas, interacting
dark energy, and modified gravity models have already been
explored in this way [41-43].
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To review briefly, we just explain the primary principle
of the statefinder hierarchy. Because in Ref. [24], the EOS
of DE w in the hierarchy expressions is a constant, we here
generalize w to be time-dependent and have intensive interest
only in the final expressions of statefinder hierarchy members
in terms of elementary functions. Later we will see that these
elementary functions are the fractional density and EOS of
ERDE, already derived above, Egs. (6) and (7).

We Taylor-expand the scale factor a(¢) around the present
epoch #g:

o0
a(t Ap(t
a4 ) ”(,O) [Ho(t — to)]" , ®)
ao n!

n=1
where

™

0= eV ©

a™ is the nth derivative of a(r) with respect to time. The
familiar term A, = —q represents the deceleration param-
eter, while A3 is the very original statefinder “r” [18]. A4
was ever referred to as the snap “s” [44], while As the lerk
“I” [45]. For ACDM (w = —1),

A 3
2=1-— zgma
Az =1,
32
Ag=1-"2Qm, et (10)

where Q, = %(1 + gq), which means that for ACDM the
elementary functions are the deceleration parameter g or
the fractional density parameter of matter Qy,, because w
is constant. Then the statefinder hierarchy S,, can be defined
as [24]:

3
S =A+ EQm»
S3 = Az,
32
S4 = Ag + jﬂm, etc. (11

Comparing Eq. (11) with Eq. (10), one can get the essential
feature of this diagnostic that all the S, parameters stays
pegged atunity for ACDM during the entire course of cosmic
expansion,

Snlacom = 1. (12)

In fact, that is why S, are defined in this way, to differ from
both other constant-w DE models and evolving ones.
Remember that in Ref. [18] there is a statefinder pair {r, s},
where r is S3 and s = 3((1’7;]1/2) s also belongs to the third
derivative hierarchy and serves the aim of breaking some
of the degeneracy present in r. To normalize letters of the

alphabet, Arabsalmani and Sahni introduced a general pair
) o
(57, 57} 241

S = Ay,
SV =As+3(14¢q),  etc, (13)
and o

sV —1
P =" (14)

where y is an arbitrary constant and the superscript “(1)” is
used for discriminating not only between the original hierar-
chy S, and S,(,l), but also between S,(ll) and its derivative S,(,z).
Therefore, {S\", S} = {1, 0} for ACDM and {r, s} is just
{Sél), S§2)} with y = 3. In this paper we use only the S,(,l)

series as follows:

1 3
9= 3 + Edee, (15)
(1) _ 9 3 ,

S5 = 1+ 3 Qaew(l +w) — S Qew’, (16)

Sy = 1—752dew(1+w) 6+w _ZQdew (I+w)

3 13 3
+ EQde |:<? + 9w + Edee) w' — w":| , an

where the prime denotes the derivative with respect to x =
Ina.

3.2 The growth rate of perturbations

The fractional growth parameter € (z) [21,22] can supplement
the statefinders as a null diagnostic as well, defined as

(@)= @
" facom(@)’

where f(z) = dlInd/dIna represents the growth rate of
linearized density perturbations [23],

f(@) = Qn(), (19)

(13)

3
(2) = : 3 4 3(1 —w) (1 23w)

T T-w 125 (1 — Sw)
where w either is a constant, or varies slowly with time.
We combine the fractional growth parameter e(z) with
statefinder hierarchy to define a composite null diagnos-
tic (CND): {S,, €} [24]. For ACDM, y ~ 0.55, and ¢ =
1 [23,46], therefore, {S,, €} = {1, 1}.

(I—=Qm), (20)

4 Exploring ERDE with statefinder hierarchy

At first, it is necessary to clarify the different considera-
tions between our previous work [33] mentioned above and
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Fig. 1 (color online) The evolution trajectories of the equation of state
w versus redshift z of ERDE for variable « with § = 0.5. Herein
Qmo = 0.27

this one, which can help to choose proper typical values of
parameters here. In the former, we used an imposed condi-
tion wg = —1 to reduce by one the degrees of freedom for
parameters @ and 8, which were both born arbitrary. But in
this paper, from the perspective of simulation in theory, we
let w remain free so as to investigate the dependency level of
the ERDE model upon « and 8 by adjusting them. Therefore,
we explore two cases. The first is adjusting o with a constant
B; the second is, whereas, adjusting 8 with a constant «.
For constant B, we take § = 0.5 as a typical value,
approaching the observational constraints [16,47,48]. We fix
Qmo = 0.27 throughout the paper. Figure 1 exhibits the phe-
nomenon we mentioned above, namely, “« > 1 makes ERDE
behave like quintessence while a < 1 like quintom”. It is
obvious that « plays a key role in the evolution of ERDE.
When o > 1, the EOS evolves in the range of —1 < w < 0.
When o < 1, the EOS evolves from the region of w > —1
to that of w < —1, i.e., the model exhibits a quintom-like
evolution behavior. In particular, the boundary & = 1 can as
well make the model behave like quintessence, but the uni-
verse will ultimately enter the de Sitter phase in the far future.
It is necessary to emphasize that these features undoubtedly
hold for the RDE model [37]. In our previous work [33],
although B took 0.3, 0.4, 0.5, and 0.6, under the condition of
the present EOS value wg = —1, all the values « obtained
there were less than 1. Just because of this, with no lack of
universality, in this paper we explore the ERDE model com-
prehensively without missing any possibilities. Thus, around
the boundary 1, we take o to be 0.8, 0.9, 1.0, 1.1, and 1.2.
Figure 2 shows the evolutions of the various-order deriva-
tives of the scale factor a versus redshift z, from the first to
the fourth, for the ERDE model. They are E, g, Sgl), and

Sf‘l) , respectively, and they are meanwhile compared with
the ACDM model. It can be seen that for E(z), according

@ Springer

to Eq. (4), in the low-redshift region (z < 1) the curves of
the model itself with various parameter values, even together
with that of ACDM, are highly degenerate. Although the
degeneracy is broken in the high-redshift region, however,
the well-known observational data are mainly within the
low-redshift region, featuring z < 1. For instance, for some
supernova samples [49] the majority of the redshifts are in
the range of z < 1, while only a few are in the range of a
higher redshift, | < z < 1.4. Therefore, the current obser-
vations for E(z) have not been of help so far. If the next
generation Extremely Large Telescopes with high resolution
would observe the high-redshift QSOs (2 < z < 5) [50], the
evolution of E(z) may help efficiently.

For ¢(z), according to Eq. (15), in the low-redshift region
the degeneracy that exists in the E(z) case is broken to some
extent, but the trends of these curves are quite close to one
another, including that for ACDM. Better exhibitions appear
in the cases of Sél) and Sftl), especially in the former. From
the Sél) (z) plot in Fig. 2, the degeneracy is perfectly broken
in the region of z < 1. The two symmetrical orientations
of evolution due to different «, which has been concluded
before from the w(z) plot of Fig. 1, appear apparently. When
o > 1, namely w is always larger than —1, S;l) evolves
decreasingly from 1; when o < 1, namely w can evolve
across —1, Sgl) evolves increasingly from 1. But differing
from Sél), Sftl) does not show the symmetrical aspect, but
only in the same side, although the curves separate well in the
low-redshift region. In both plots there is a common feature
that when o = 1, getting Sél) = Sftl) = 1, the same as
that of ACDM. So in the S;l)(z) and Sil)(z) plots there are
two shortcomings. One is a high degeneracy still existing in
the high-redshift region. The other is the curves of « = 1
for ERDE superposing that of ACDM. In face of them, a
single diagnostic of geometry fails to be achieved. Instead,
we combine it with the fractional growth parameter, namely
CND, trying to find a better way.

Interestingly, when using CND, {S‘(]), €}, and {S(l), €}
of Fig. 3, we find that the degeneracy in the high-redshift
region can be broken clearly, especially {Sgl), €} performing

far better. To solve the second shortcoming, in both S;l)—e

and Sfll)—e plots, ERDE with « = 1 exhibits a short line
segment while ACDM is just a point {1, 1}. We may see the
reason at a glimpse of Fig. 4. That is to say, in the evolution
history the fractional growth parameter €(z) becomes closer
and closer to 1 from past to present, but not equal to yet. Since
the present values of physical parameters are significant in
the research of cosmology, Table 1 shows the present values

of parameters Sé(l)), S ‘(‘})), and ¢€(, and the differences of them,

for each case ASg(l)) = Sgi)) (max) — Sgg)) (min) and the same
way for AS‘(‘(I)) and Ae€p. We can see AS‘%) > ASé(l)), namely
the fourth derivative of a, compared with the third deriva-
tive, alleviates the degeneracy of present values. But even so,
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Fig. 2 (color online) The evolution trajectories of E, g, S;l), and Sil), respectively, versus redshift z of ERDE for variable o« with 8 = 0.5, as well
as comparison with the ACDM model. Herein Q0 = 0.27
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Fig. 3 (color online). The evolution trajectories of S; ) and SV, respectively, versus € of ERDE for variable o with 8 = 0.5, as well as comparison
with the ACDM model marked by a star. The dots represent the present values and the arrows indicate the directions of the evolution. Herein
Qmo = 0.27
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Fig. 4 (color online). A comparison of the evolution trajectories of the
fractional growth parameter € versus redshift z of ERDE for ¢ = 1 with
B = 0.5 and that of the ACDM model. Herein Q0 = 0.27

Table1 The present values of statefinders and fractional growth param-
eter, Sé(l)), Sf‘(l)), and ¢, and the differences of them, ASé(l)), ASZ(KI)) ,and
A€g

« 038 0.9 1.0 1.1 12
B 0.5

S5y 2.088 1.464 1 0.696 0.552
sy 2.806 1.492 1 1.043 1.332
€0 10034 09974 09902 09813  0.9702
ASS) 1.536

ASSY) 1.806

A€o 0.0332

For each case, AS;E)) = Sg(l)) (max) — Sg(l))(min), ASA(Kl)) = Sful))(max) —

Sf“l)) (min), and Aeg = €g(max) — €p(min)

the comparison of either the Sél)—z and the Sf)—z plots in

Fig. 2 or the Sél)—e and the Sft])—e plots in Fig. 3 shows S_g])
to be performing much better during the evolution process
than S‘(‘l). This indeed violates our habitual judgment: that
the higher the order of derivative is, the better the diagnostic
performs [36,41-43].

For constant «, although it can be either larger or smaller
than 1, which leads to reverse orientations of the evolution,
we only take o = 0.9 as a typical value in this exploration,
according to the best-fit values for o from some of the recent
constraints [47,48,51]. To obtain feasible evolutions, we take
0.35,0.4,0.45, 0.5, and 0.55 for B. Likewise, we explore the
four parameters E, ¢, Sél), and Sft]) in Fig. 5 first, as well
as make a comparison with the ACDM model. We can see
that the ERDE model is insensitive to the parameter . For
the first- and second-order hierarchy E(z) and ¢(z), high
degeneracy appears, even together with ACDM. In the third-
and fourth-order cases, the ERDE model itself with vari-

@ Springer

ous parameter values highly degenerates, but the ACDM
model can be discriminated perfectly from ERDE in the low-
redshift region. Then let us observe the CND of Fig. 6. The
Sél)—e and S il)—e curves look as good as the above case of
B = 0.51in Fig. 3. In both plots the evolution trajectories sep-
arate quite well, but the combination of {Sél), €} is slightly
better than {S(l) , €} because of the more legible separation
in-between curves in the high-redshift region. In the same
way we show in Table 2 the present values of Sg(l)), Si(l)), and
€p, and the differences of them for « = 0.9. Likewise the
relation ASﬂ)) > AS;E)) demonstrates once again that the
fourth-order hierarchy can help to alleviate the degeneracy
of present values when compared with the third one. But for
the same reason as of the comparison of S;l)—e and S il)—e

plots in Fig. 6, we find for the ERDE model {S;l) , €}isamore

efficient parameter pair of diagnostic than {S b €}, which is
already concluded in the above-mentioned case of § = 0.5.

5 Conclusion

In this paper, we explore the extended Ricci dark energy
model with statefinder hierarchy supplemented by the growth
rate of perturbations. Since in ERDE there are two indepen-
dent variables « and B, we just adjust them, respectively, leav-
ing other parameters fixed, for the sake of investigating the
effects of & and B on this model. First, a feature of the holo-
graphic Ricci-type dark energy models is corroborated again,
namely, @ > 1 makes them behave like quintessence while
a < 1 like quintom. For the ERDE model with 8 = 0.5, let-
ting o vary around 1, we conclude that the evolutions of the
Hubble expansion rate E are in high degeneracy in the low-
redshift region of z < 1; but because the observational data
come mainly from the low-redshift region z < 1, the broken
degeneracy in the high-redshift makes no sense. The evolu-
tions of deceleration parameter ¢ do degenerate no more in
the low-redshift region of z < 1. However, for both E and
q plots, the evolution of ACDM cannot be singled out from
in-between with great ease. The situations of Sél) and S (1),
which contain the third and fourth derivatives of the scale fac-
tor, respectively, turn out to be better. S;l)(z) evolves with
respect to redshift z along two orientations symmetrical to
each other on the basis of different « in the region of 7 < 1.
When o > 1, it evolves decreasingly from 1; when o < 1, it
evolves increasingly from 1. Sf) although seems featureless
by contrast with Sél ) (z), by acomparison of the present-value
differences of the parameters Sél) and Sf) (ASéE)) = 1.536,

ASful)) = 1.806), we see that S‘(Ll) is capable of alleviat-
ing the degeneracy existing in other statefinder parameters
for ERDE. There are also two unsolved problems that high
degeneracy still exists in the high-redshift region, and with
o = | aredegenerate with ACDM. As for them, the combina-
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Table2 The present values of statefinders and fractional growth param-

eter, Sé(l)) , S ‘(Kl)), and ¢, and the differences of them, ASé(l)), ASA(“I)), and

YAX )

o 0.9

B 035 0.40 0.45 0.50 0.55
S5y 1.580 1.538 1.499 1.464 1.433
S5 1.629 1.578 1.532 1.492 1.457
€0 09923 09945 09961 09974  0.9984
ASSY) 0.147

ASSy) 0.173

A€o 0.0061

For each case, ASé(l)) = Sg(l)) (max) — Sé(l))(min), ASA(Kl)) = Sful)) (max) —
854 (min), and Ay = eg(max) — €o(min)

tion of statefinder hierarchy S§,, and fractional growth param-
eter € (CND) can help. In both S;l)—e and S‘(‘l)—e plots, the
degeneracy in the high-redshift region is pretty broken and
ERDE with o = 1 exhibits a short line segment, but ACDM
exhibits just a point {1, 1}. Nevertheless, the fact that the
Sgl)—z and Sgl)—e planes feature a more legible and regular
sight of evolution due to « than that of the Sftl) —z and Sf)—e
planes reveals that the third-order statefinder hierarchy S_gl)

makes more sense for ERDE than Sil) does.

For the ERDE model with « = 0.9, we find by contrast
with «, B has a weak influence. The evolution trajectories
of E, q, Sél), and SAEI) with respect to redshift z are in
high degeneracy within the ERDE model. The degeneracy
of ERDE with ACDM still exists for £(z) and ¢(z), but it is
perfectly broken in the low-redshift region for both Sél) ()

and S."(2). As for the high-redshift region, the use of CND

can break the degeneracy there, especially the {Sél), €} pair

performs more efficiently than the {S‘(‘l), €} pair, although

AS) =0.147 < ASS) = 0.173. ACDM can also be dis-
criminated from ERDE by CND. As a consequence of all the
materials studied above, we find that, although the higher-
order statefinder hierarchy, even with the growth rate of per-
turbations, can differentiate the ERDE model itself with var-
ious parameter values and also from the ACDM model, there
is the interesting discovery that the third-order hierarchy of
statefinder is really a better choice than the fourth-order hier-
archy for the ERDE model.

Acknowledgments This work was supported by the National Natural
Science Foundation of China under Grant No. 11175042, the Provincial
Department of Education of Liaoning under Grant No. L2012087, and
the Fundamental Research Funds for the Central Universities under
Grants No. N140505002, No. N140506002, and No. N140504007.

Open Access This article is distributed under the terms of the Creative

Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,

@ Springer

and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Funded by SCOAP3.

References

1. A.G. Riess et al., Supernova search team collaboration. Astron. J.
116, 1009 (1998). arXiv:astro-ph/9805201
2. S. Perlmutter et al., Supernova cosmology project collaboration.
Astrophys. J. 517, 565 (1999). arXiv:astro-ph/9812133
3. D.N.Spergel etal., WMAP collaboration. Astrophys. J. Suppl. 170,
377 (2007). arXiv:astro-ph/0603449
4. J.K. Adelman-McCarthy et al., SDSS collaboration. Astrophys. J.
Suppl. 175, 297 (2008)
5. PJ. Steinhardt, L.M. Wang, 1. Zlatev, Phys. Rev. D 59, 123504
(1999). arXiv:astro-ph/9812313
6. A. Kamenshchik, U. Moschella, V. Pasquier, Phys. Lett. B 511,
265 (2001)
7. M. Li, Phys. Lett. B 603, 1 (2004)
8. J.D. Bekenstein, Phys. Rev. D 7, 2333 (1973)
9. R. Bousso, JHEP 9907, 004 (1999)
10. L. Susskind, J. Math. Phys. (N.Y.) 36 (1994) 6377
11. A. Cohen, D. Kaplan, A. Nelson, Phys. Rev. Lett. 82,4971 (1999)
12. S.D.H. Hsu, Phys. Lett. B 594, 13 (2004)
13. W. Fischler, L. Susskind, arXiv:hep-th/9806039
14. R.G. Cai, Phys. Lett. B 657, 228 (2007)
15. H. Wei, R.G. Cai, Phys. Lett. B 660, 113 (2008). arXiv:0708.0884
[astro-ph]
16. C. Gao, F. Wu, X. Chen, Y.-G. Shen, Phys. Rev. D 79, 043511
(2009). arXiv:0712.1394 [astro-ph]
17. L.N. Granda, A. Oliveros, Phys. Lett. B 669, 275 (2008)
18. V. Sahni, T.D. Saini, A.A. Starobinsky, U. Alam, JETP Lett. 77,
201 (2003). arXiv:astro-ph/0201498
19. U. Alam, V. Sahni, T.D. Saini, A.A. Starobinsky, Mon. Not. Roy.
Astron. Soc. 344, 1057 (2003). arXiv:astro-ph/0303009
20. V. Sahni, A. Shafieloo, A.A. Starobinsky, Phys. Rev. D 78, 103502
(2008). arXiv:0807.3548 [astro-ph]
21. V. Acquaviva, A. Hajian, D.N. Spergel, S. Das, Phys. Rev. D 78,
043514 (2008). arXiv:0803.2236 [astro-ph]
22. V. Acquaviva, E. Gawiser, Phys. Rev. D 82, 082001 (2010).
arXiv:1008.3392 [astro-ph.CO]
23. L. Wang, PJ. Steinhardt, Astrophys. J. 508, 483 (1998).
arXiv:astro-ph/9804015
24. M. Arabsalmani, V. Sahni, Phys. Rev. D 83, 043501 (2011).
arXiv:1101.3436 [astro-ph.CO]
25. X.Zhang, Phys. Lett. B 611, 1 (2005). arXiv:astro-ph/0503075
26. X. Zhang, Int. J. Mod. Phys. D 14, 1597 (2005).
arXiv:astro-ph/0504586
27. X.Zhang, FE-Q. Wu, J. Zhang, J. Cosmol. Astropart. Phys. 01, 003
(2006). arXiv:astro-ph/0411221
28. M.R. Setare, J. Zhang, X. Zhang, J. Cosmol. Astropart. Phys. 03
(2007) 007. arXiv:gr-qc/0611084
29. J. Zhang, X. Zhang, H. Liu, Phys. Lett. B 659, 26 (2008).
arXiv:0705.4145 [astro-ph]
30. C.-J. Feng, Phys. Lett. B 670, 231 (2008). arXiv:0809.2502 [hep-
th]
31. M.L. Tong, Y. Zhang, Phys. Rev. D 80, 023503 (2009).
arXiv:0906.3646 [gr-qc]
32. L. Zhang, J. Cui, J. Zhang, X. Zhang, Int. J. Mod. Phys. D 19, 21
(2010). arXiv:0911.2838 [astro-ph.CO]
33. F. Yu, J.-E. Zhang, Commun. Theor. Phys. 59, 243 (2013).
arXiv:1305.2792 [astro-ph.CO]


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/astro-ph/9805201
http://arxiv.org/abs/astro-ph/9812133
http://arxiv.org/abs/astro-ph/0603449
http://arxiv.org/abs/astro-ph/9812313
http://arxiv.org/abs/hep-th/9806039
http://arxiv.org/abs/0708.0884
http://arxiv.org/abs/0712.1394
http://arxiv.org/abs/astro-ph/0201498
http://arxiv.org/abs/astro-ph/0303009
http://arxiv.org/abs/0807.3548
http://arxiv.org/abs/0803.2236
http://arxiv.org/abs/1008.3392
http://arxiv.org/abs/astro-ph/9804015
http://arxiv.org/abs/1101.3436
http://arxiv.org/abs/astro-ph/0503075
http://arxiv.org/abs/astro-ph/0504586
http://arxiv.org/abs/astro-ph/0411221
http://arxiv.org/abs/gr-qc/0611084
http://arxiv.org/abs/0705.4145
http://arxiv.org/abs/0809.2502
http://arxiv.org/abs/0906.3646
http://arxiv.org/abs/0911.2838
http://arxiv.org/abs/1305.2792

Eur. Phys. J. C (2015) 75:274

Page 9of 9 274

34.

35.

36.

37.

38.
39.

40.

41.

42.

J.-L. Cui, J.-F. Zhang, Eur. Phys. J. C 74, 2849 (2014).
arXiv:1402.1829 [astro-ph.CO]

V. Sahni, A. Shafieloo, A.A. Starobinsky, Astrophys. J. 793 (2014)
no. 2, L40. arXiv:1406.2209 [astro-ph.CO]

J.-F. Zhang, J.-L. Cui, X. Zhang, Eur. Phys. J. C 74, 3100 (2014).
arXiv:1409.6562 [astro-ph.CO]

X.Zhang, Phys.Rev. D79, 103509 (2009). arXiv:0901.2262 [astro-
ph.CO]

L.N. Granda, W. Cardona, A. Oliveros, arXiv:0910.0778 [hep-th]
T.K. Mathew, J. Suresh, D. Divakaran, Int. J. Mod. Phys. D 22,
1350056 (2013)

B. Feng, X.L. Wang, X.M. Zhang, Phys. Lett. B 607, 35 (2005).
arXiv:astro-ph/0404224

J.Li,R. Yang, B. Chen, J. Cosmol, Astropart. Phys. 12,043 (2014).
arXiv:1406.7514 [gr-qc]

L.Yin,L.-F. wang, J.-L. Cui, Y.-H. Li, X. Zhang, arXiv:1503.08948
[astro-ph.CO]

43.

44.

45.

46.

47.
48.

49.

50.

51.

R. Myrzakulov, M. Shahalam, J. Cosmol, Astropart. Phys. 10, 047
(2013). arXiv:1303.0194 [gr-qc]

M. Visser, Class. Quant. Grav. 21 (2004) 2603.
arXiv:gr-qc/0309109
M.P. Dabrowski, Phys. Lett. B 625 (2005) 184.
arXiv:gr-qc/0505069
E.V. Linder, Phys. Rev. D 72, 043529 (2005).

arXiv:astro-ph/0507263

Y. Wang, L. Xu, Phys. Rev. D 81, 083523 (2010)

M. Malekjani, A. Khodam-Mohammadi, N. Nazari-pooya, Astro-
phys. Space Sci. 332, 515 (2011)
A. Conley et al., Astrophys.
arXiv:1104.1443 [astro-ph.CO]

J. Liske et al., Mon. Not. Roy. Astron. Soc. 386, 1192 (2008).
arXiv:0802.1532 [astro-ph]

S. Lepe, F. Pefia, Eur. Phys. J. C 69, 575 (2010)

J. Suppl. 192, 1 (2011).

@ Springer


http://arxiv.org/abs/1402.1829
http://arxiv.org/abs/1406.2209
http://arxiv.org/abs/1409.6562
http://arxiv.org/abs/0901.2262
http://arxiv.org/abs/0910.0778
http://arxiv.org/abs/astro-ph/0404224
http://arxiv.org/abs/1406.7514
http://arxiv.org/abs/1503.08948
http://arxiv.org/abs/1303.0194
http://arxiv.org/abs/gr-qc/0309109
http://arxiv.org/abs/gr-qc/0505069
http://arxiv.org/abs/astro-ph/0507263
http://arxiv.org/abs/1104.1443
http://arxiv.org/abs/0802.1532

	Statefinder hierarchy exploration of the extended Ricci dark energy
	Abstract 
	1 Introduction
	2 The ERDE model
	3 Statefinder hierarchy and growth rate of matter perturbations
	3.1 The statefinder hierarchy
	3.2 The growth rate of perturbations

	4 Exploring ERDE with statefinder hierarchy
	5 Conclusion
	Acknowledgments
	References




