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Abstract

It is proposed that dark energy may become dominant over standard matter due to universe expansion (curvature decrease)
Two models: non-linear gravity—matter system and modified gravity may provide an effective phantom or effective quintessence
dark energy which complies with the conjecture. The effective quintessence naturally describes current cosmic speed-up.
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1. Introduction tuning. Moreover, it could be that the realistic value
for w is slightly less than—1. Such phantom dark
Growing evidence from high redshift surveys of energy may be described by scalar field with nega-
supernovae, WMAP data analysis and other sourcestive kinetic energy3]. Unfortunately, phantoms look
indicates that current universe expiriences a cosmic inconsistent in many respects. In particularly, phan-
speed-up phase. Moreover, about 70 percent of to-tom energy becomes infinite in finite time and such
tal universe energy is attributed to puzzling cosmic universe quickly evolves to Big Ript]. (Note, how-
fluid with large negative pressure (dark energy). The ever, that finite time future singularity is possible even
simplest possibility for dark energy is a cosmological if strong-energy condition hold®].) The number of
constant (for recent review, sgg2]) with equation of other proposals for dark energy exist (for a review, see
state parametew = —1. Unfortunately, the dark en-  [6]) but most of them have also serious drawbacks. As
ergy due to cosmological constant requires huge fine- a rule, the dark energy models do not respond to the
question: why dark energy became the dominant con-
T E-mail addressessnojiri@yukawa.kyoto-u.ac.jp tribution to energy Qensity precisel;_/ at current epoch?
nojiri@nda.ac.jp(S. Nojiri), odintsov@ieec.fcr.e€S.D. Odintsov). Recently, a gravitational alternative for dark energy
1 Also at TSPU, Tomsk, Russia. was suggestefi’] modifying the Einstein action by
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adding a ZR" term. Such a theory may produce the
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to matter sector. (Standard matter is not included for

current cosmic speed-up, may be naturally generatedsimplicity.) It is also interesting to remark that higher

by M-theory[8] and may give an effective phantom
description withw above (or less) than 1. Of course,
higher derivative gravity contains a number of instabil-
ities[9] (for a recent discussion of possible deviations
from Newton gravity, se¢10]). Nevertheless, some
modification of such a theory at high curvature (by
higher derivatives and In-term§)1] leads to viable
theory (with some amount of fine-tuning). This pic-
ture is supported by quantum effects accqunf. It

is interesting that Palatini version of modified grav-
ity may be also consisterjl2]. Of course, as devi-
ations from GR occur at low curvatures (for instance,
in entropy studie§l 3]), more checks of such modified

derivative kinetic term of above sort was proposed in
[14] for the study of cosmological constant problem.
However, this model is different from our theory be-
cause it also containe®? term in gravitational sector
while the non-linear coupling of the potential with the
curvature was not included.

By the variation over,,, the equation of motion
follows:

1 &S 1(1 -
0O=——— — = 1 oWR_RWL LTI, 2

v —888uv KZ{Zg } @
Here the effective energy momentum tensor (EMT)
T,y is defined by

gravity should be done. Nevertheless, the important . 1

lesson drawn by such modification is possible, very r
simple explanation of current dark energy dominance.
Indeed, gravitational dark energy is increased due to

dynamical decrease of the curvature while FRW uni-

verse expands. Itis extremely interesting to understand

W= —{—aR* IR L,

o

s
+0[(VMVV _ g“"VZ)(R"‘*lLd) + RO(TIW},

G (o)

Iy

if such natural explanation may be applied to another |n accord with our last remark, we consider last term

dark energy models where probably gravity itself is
less modified.

in equation of motion as the effective matter EMT. For
scalar matter below one may insist that above theory

In the present Letter we make some attempt in the s just scalar-tensor gravity of unusual form (modified

construction of dark energy which grows due to de-

gravity). Nevertheless, other matter (fermion, Yang—

crease of.the curvature. Such gravity_assisted d_ark en-\ills field) may be considered too. Then, the interpre-
ergy dominance may occur due to direct (non-linear) tation of above theory as modified gravity is doubtful.

gravitational coupling with matter-like Lagrangian as
we show below.

2. Non-linear matter—gravity coupling as
asymptotic dark energy and cosmic speed-up

Let us start from the following action:
1 R\“
S=/‘d4x«/—g{—2R + (—2) Ld}. (1)
K Iz

Here L, is matter-like action (dark energy). The
choice of parameter may keep away the unwanted
instabilities which often occur in higher derivative the-

Let free massless scalar be a matter

1
Lq= _Egﬂvau¢8v¢~ (4)

The metric is chosen to describe the FRW universe
with flat 3-space:

ds? = —dt® + a(t)2 Z (dxi)z.
i=1,2,3

If we assumep only depends om (¢ = ¢ (¢)), the
solution of scalar field equation is given by

®)

é=qga3R™. (6)
Heregq is a constant of the integration. HenkR&L ; =
2

ories. The second term in above action describes the 3,65+ Which becomes dominant wheR is small

non-linear coupling of matter with gravity (in parallel
with R¢? term which is usually required by renor-
malizability condition). Similarly, such term may be

induced by quantum effects as non-local effective ac-

tion. Hence, it is natural to consider that it belongs

(large) compared with the Einstein terfaR if o >

—1 (¢ < —1). Thus, one arrives at the remarkable
possibility that dark energy grows to asymptotic dom-
inance over the usual matter with decrease of the cur-
vature.
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2

Substituting(6) into (2), the (i, v) = (¢, t) compo- which is real ifa <0ora > 5 SlnceR"‘Ld =3 %Ra ,
nent of equation of motion has the following form: the second term ifil) behaves as
31 2 4_a
3 366]2 —3—FotdaF a5
0= —— 2+ . o ~ +200—6hg __ 1+ L
K2 20ta6(6H + 12H2)a+2 RLg~t =t 2
. . . 2
al@+1) . o+ 1 Especially if o is large, R* Ly ~ r2¢—6ho — 7.2
4 HH + —— 4 As the scalar curvature behaves Rs- 172, if « is

13 ) 7 positive and large, the second term (ih) becomes
+ (1 + a4+ az) HH? + (1 + —a) H4}. 7 surely dominant compared with the first Einstein term
4 2 when R is small, that is¢ is large. In the early uni-
Especially whenx = —1, this equation has only the verse (smalt), the second term might be suppressed.

trivial solution H = 0 (a is constant). Thus, if w is negative but bigger thar1 in the cur-
The accelerating solution ¢7) exists rent universe, the model under discussion (effective
guintessencfl5]) describes the current cosmic speed-
0= ao,“—;l (H _ot 1>, up. On the same time, such dark energy dominance is
3t again explained by the universe expansion. One can
6 k%220 — 1) (e — 1) @) also show thaltI corrections to Newton law in this sce-
0= 2 : nario are small.
u23(e + (520 — 1)t In [16], the stability of the solutiof8) has been in-
Eq.(8) tells that the universe accelerates, thaiis, 0 vestigated by replacing= ar“3" with a = ar“5 (1 +

if o« >2. If o <=1, the SOlUtior(S) describes shrink- 8) (18] « 1) Theres has been assumed to on|y depend

ing universe. But if we change the direction of the time  on the time variable. Then the equation with account
ast — 1y — 1 (1 is a constant), we have accelerating of perturbations is

and expanding universe. In the solution with< —1 3 )
there appears a singularity a& 1, which is Big Rip 0= 147  A1d%  Azds A33 9)
singularity. For the matter with the relatign= wp, tdi® T 2di2 ' 3 dr
where p is the pressure angd is the energy density, ~ with constantsA;, Az, As, and A4. One may con-

2 sider the case thétdepends on the spatial coordinates.
Since this dependence appears through the d’Alem-
bertian, after replacing the Laplacian withk? (k is
the magnitude of the momentum), H®) should be

from the usual FRW equation, one hasx ¢3w+D
Fora o 1" it follows w = —1 + 3h , and the accel-
erating expansmnh() > 1) of the universe occurs if

—1<w<—— For the case of8), Weflndw_1 - o
£ modified as
Then ifa < —1, we havew < —1, which is an effec-
tive phantom. For the general matter with the relation 143 A1d?5 Apds A3
p = wp With constantw, the energyE and the en- Tt de3 T 2 412 "3 4y
ergy density behave a& ~ a =3 andp ~ a =3 +D), k2425 Bok?ds
Thus, for the standard phantom with< —1, the den- tB g st ——— (10)

sity becomes large with time and might generate finite
time future singularity (Big Rip).
For the solution(8), the first and second terms in
(1) are of the same order. This is true for both of the by to — ¢, smallz corresponds to the case- 1. Then
early time (smalk) and late time (large) epochs. Let
the inhomogeneity of the universe does not gro
us take the case that the second term is domlnant and ! genetty univers S grow up

whenw < —1.
]Elr:%f'rSt term may be neglected. Assumﬂig: » We One can rewrite the actidit) by using the auxiliary

field(s). First we introduce two scalar fiejdandn and

o3 rewrite(1) as
1+ Ly ta?+ /ot -4 &

201+ Lo ’ /d4x«/ { —¢+¢%La+n(R— C)} (11)

with constantsB; and B2. The newly added terms in
(10) may be dominant whenis large but less domi-
nant wherr is small. Whenw < —1, after replacing

ho =
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Using the equatiog = R given by the variation over For the solutior{15) with dominant second term in
n, th_e action(11)is reduc_ed intolthe origi_rlal on@). (1)and puttingki2 — 0 one getdig = 3?‘“—*_32) Hence,
Varying over¢, we obtaing = = + a¢®""Ly. For if 3 <« <2, ho> 0, what may correspond to the

o # 1, one can deletg in (11)as cosmic speed-up withv = ¢=1. This is an effective

4 1 quintessence dark energy. If<la < 2, we obtain an
S:/d V=g R+ o 1 effective phantom withw < —1. In both cases, the
1 current dark energy dominance is explained by the
« (n _ iz) e (aLd)ﬁ } (12 univ_erse expansion. Similarly, one can analyze the po-
K tentials of other form.
Writing 5 asy = e and rescaling the metric as As t.he generalization of other type we consider the
guv — € guv, the Einstein frame action follows: model:
1
3 1 S= [ d*xv=g{ SR+ RL}. 16
S=/d4x /_g{R_EgﬂvaﬂaavU“‘(__l) / X g{KZ f( ) d ( )
o

. Assuming thatf (R) behaves ag (R) ~ R whenR is

_ 1\T« = small andf (R) ~ R? whenR is large, as an example

o _ 1-« 1 Il
x (e ) (0La(€ g0 #)) } (13) one can takef (R) = aR* + bRP, with @ < 8. Ly is
chosen in the fornd). WhenR is small, we obtairf8)

Such the non-linear action includes Brans—Dicke type ; _
again. On the other hand, whénis large:

scalaro and the scalap corresponding to the dark
energy, that is, two scalars appear. However, as is ex- B+l 1-8
pected the (non-standard) kinetic term godescribes ¢ ! * w 1+8°
the coupling witho on the same time. Some remark ¢ B > —1, at the early time, the universe expands as
about the equivalence principle may be in order. First, (17). With the growth of time,R ~ r~2 and when it
note that there is a trivial solution with =0 in (5),  pecomes sufficiently small, the universe accelerates.
whereH = R =0 and¢ = 0. Since the curvature in - 1,5 the possibility to unify the early time inflation

the present universe is small, one may assumer, with current (asymptotic) dark energy dominance ap-
¢ ~ 0. What about the perturbation around the solu- pears.

tion R = H = ¢ =0 in the action (1} If « > 0, there
does not appear in the perturbed action. Hence, if the
usual matter action does not couple withirectly, the 3. Modified gravity with time-dependent

17)

equivalence principle is not violated. coefficients
Immediate generalization d#) is to include the
potential: Another class of models may be considered:
1 R
T _ al(r)
Li=—58" 0,906 — V(). a s=f d4x\/_—g(p e ,3@), (18)
The SO|-U'[IOI"| may be found for a spz)?(gnal §h0|ce (asan Here a.(t) and B(r) are time-dependent phe_nom-
illustrative example) ofV (¢) = Vo¢=« with a con-  enological parameters. The above non-covariant ac-
stantVp, if we assume the FRW metr{6) and ifo: # 1 tion may be considered as an effective theory in
anda # —1+ 3ho: parallel with the effective (non-covariant) theory of
" ho N time-dependent cosmological constant. From another
¢ =got”, H= s (“ = aot O)- (15) side, it may origin from more fundamental covariant

gravity—matter system of the sort described in previous

Here the constanigo andho are expressed in terms section? In the FRW metrig5), the simple solution of

of the theory parameters. df = —1 + 3hg < O, there
is only trivial solution with¢g = hg = 0. On the other
hand, ifa = —1 + 3ho > 0 and 1§ ## 0, there is no 2 The action(18) may origin from more complicated, non-linear
solution. action likeS = fd4x\/—_g(l(£2 +La 4 1g). Infact one may choose
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equation of motion is = %2, o = %, andp = %
Here the constantsy, «g, andfg are related by

(3ho — 2)a0
12(2hg — 1)2ho

Eq. (19) tells thatao and/or Bo should be negative
g . hO . .
whenhg > 5. Sincea o "9, the cosmic acceleration
(a > 0,ad > 0) occurs ifhg > 1. w ~ —1 corresponds
to the limit of |hg| — oo. In case|hg| > 1, in order
thathg is real, one getsg < 0. Sincew = —1 + %0

w can be found as

(19)

Then the plus sign i(20) corresponds to quintessence
and the minus one to phantom. Again the interpreta-
tion of dark energy dominance due to the curvature
decrease is immediate.

The action(18) may be rewritten in the form of
the scalar-tensor theory. First by using the auxiliary
field o, the action(18)is

K202\ R
S=|d%V=gi(1-— )= :
/ ) g{< 4a(t))/c2+0+ﬂ(t)}
(21)
By defining new fieldg as e¥ =1 - £2°, we

rescale the metric tensor g@g, — €“g,,. Then the
action (21) describes scalar-tensor theory with time-
dependent potential:

1 3
= [ = (r- o)

+ %e% Ja)(1—e?)+ ez‘pﬁ(t)}.

This indicates that such models of dark energy dom-
inance are in different class (more close to modified
gravity [7,11]) with non-linear gravity—matter theory

of previous section. They may contain the instabilities

[9].

(22)

Ly asin(14), Ly = f%gwaﬂzpavd) — Voud*, which corresponds

(4
tow=-landLg asLg = f%auwavq) — Voﬂe_z%. Then after
solving FRW equations, we finfly ocr = and Lg oc 172, It is in-
teresting that such model may be rewritten in the Einstein frame
(similar to Eq.(20)) as two scalars-tensor gravity.

141

In summary, gravity assisted dark energy (the pos-
sible origin of cosmic speed-up) may become domi-
nant over standard matter just because of the universe
expansion (curvature decrease). Itis a challenge to un-
derstand if such conjecture is true and if one of simple
models proposed in this work may lead to dark energy
theory which complies with observational data.
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