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Quintessence, the gravitational constant, and gravity
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Dynamical vacuum energy or quintessence, a slowly varying and spatially inhomogeneous component of the
energy density with negative pressure, is currently consistent with observational data. One potential difficulty
with the idea of quintessence is that couplings to ordinary matter should be strongly suppressed so as not to
lead to observable time variations of the constants of nature. We further explore the possibility of an explicit
coupling between the quintessence field and the curvature. Since such a scalar field gives rise to another gravity
force of long rangea%Hgl), the solar system experiments put a constraint on the nonminimal coujd|ng:
=10 2. [S0556-282199)04318-0

PACS numbd(s): 98.80.Cq, 04.80.Cc, 95.35d

[. INTRODUCTION stant and a gravity force of long range, such a coupling
should be constrained by experiments.

Recently a number of observations suggest that the Uni-
verse is dominated by an energy component with an effective ||, NONMINIMALLY COUPLED QUINTESSENCE
negative pressurgl]. One possibility for such a component . ) )
is the cosmological constant. Another possibility is dynami- 1N€ action we consider is
cal vacuum energy, or quintessence, a slowly varying and
spatially inhomogeneous component with negative pressure S=f d4x\/—_g i_ 1§¢2R
[2—7] 2K2 2

We face two problems when we consider such a nonzero
vacuum energy. The first is the fine-tuning problem related 1
to the energy scale of the vacuum energy density - Egabﬁa¢5b¢—V( ®)
~10 #"GeV. The second is the coincident problem: why the
vacuum energy is beginning to dominate presently. While . .
these two problems are separated in quintessence, they ere KZEgWGbafe. is the bare grawtatmna] consta_nt gnd
degenerate for the cosmological constant, and one has denotes the action of matter. The effective gravitational

N T . 2 _ 2 2 4 2y—1 -
introduce the cosmological constant of extremely small en-constant” is defined bywg=«“(1-£x"¢%) = & is the
ergy scale at the very beginning of the universe. nonminimal coupling between the scalar field and the curva-

As a solution of the coincidence problem, the notion of ature. In our conventions{=1/6 corresponds to the confor-
tracker field is introduced if8]. It is shown that a very wide Mal coupling. . . .
range of initial conditions approach a common evolutionary W€ assume that the universe is described by the flat ho-
track, so that the cosmology is insensitive to the initial con-megeneous and isotropic universe model with the scale fac-
ditions similar to inflation. Once one parameter relating totor & The time coordinate is so normalized tiat 1 at the
the energy scale of the vacuum energy is fixed, the presenresent. The field equations are then
day equation of statevo=pg/pq is automatically deter- o
mined: there is &)o—wq relation[8]. 2:(3)

+S,, 2.0

: ity the | : - g
Direct methods to verify the idea of quintessence are im- 3
portant. Proposed possibilities are the following: the direct

reconstruction of the effective potential from the luminosity

1., .
distance—redshift relation observed for type la supernovae x| pet §¢ V() +EeHS ), (22
[9]; the detection of quintessence from the measurements of
a rotation in the plane of polarization of radiation from dis- ] K2 )
tant radio sourcefl0]. The direct interaction of the quintes- H=- 7[1— Ek® P [ pgtpet @?
sence field to ordinary matter, however, is found to be
strongly suppressed so as not to violate the equivalence prin- +26Hpdp— d2— b1, 2.3
ciple and the constancy of the constants of nafafs.
The possibility of an explicit coupling between the scalar . : . ) ,
field and the curvature is not excluded theoretically. It is then $+3HP+6E(H+2HT) $+V'=0, 24
natural to consider further the coupling of the quintessence )
field to the gravity itself. In this paper, we examine the cos- pet3H(pgtpe)=0, (2.5

mological consequence of the nonminimal coupling of the
quintessence field to the gravity. Since such a scalar fielvherepg,pg denotes the background energy density, pres-
gives rise to both the time variation of the gravitational con-sure, respectively, and’ =dV/d¢.
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We consider a potential of inverse power as an example

of the tracker field forf=0 [2,8]:

V() =M*(pIM) . (2.6

PHYSICAL REVIEW D 60 083508
Vi—a(at D) — = 21wy e (21
=a(a )E_E( wo)— —H% (218

Up to O(§), the time variation of the gravitational constant is

For §=0, there exists the following scaling solution during given by

the background dominated epoch

H/Ho=a 31w (2.7)
Bl po=a3+we)l(at2), (2.9

2a(a+2)2Ma+4 Yet2)
bo=| — (2.9

9H(1+wg)[4+ (1—wg)a]
The equation of statevg is
CYWB_Z

WQ:W (21@

Since we consider a potential whose present mass scale
extremely small £H,~10 3eV), the force mediated by

system limit on¢, likewise the Brans-Dicke parameter, does

apply. The correspondence to the Brans-Dicke fielg, and

the coupling functionw(®gzp) of scalar-tensor theories of

gravity [11] is given by

bpp=8m(1— Ex2h?) K2, (2.12)

1-EkP¢? K>dgp
A82K2%  4E(8m— k2 Dpp)

o(Pgp) = (212

A. Perturbative analysis

G

G

| 28%¢d

0 1_§K2¢2

0

(2.1

Hence, foré&>0 the gravitational “constant” increases with
time, while it decreases f@j<0. Equation(2.17) also shows
that |G/G]| is larger for largera since the potential then

becomes steeper and the scalar field rolls down the potential
more rapidly.

B. Constraining &

We perform the numerical calculation to examine in detalil
tge time variation ofG and the deviation from general rela-
tivity induced by the nonminimal coupling of the quintes-

Sence field to the curvature. The initial condition is seaat

=10 We vary the fraction of the energy density of the
quintessence field relative to radiation from 20to 10~ .

We also choose various initiah and ¢. We confirmed the
tracking behavior: convergence to a common evolutionary
track[8,12]. Below we show typical results for the potential
Eqg. (2.6) with «=4. We choose the following parameters:
Qu=k2pm/3H?|o=0.3 and Hy=100h km/sec/Mpc with
h=0.6.

There exist a lot of experimental limits on the time varia-
tion of G [13]. Radar ranging data to the Viking landers on
Mars gives|G/G|=(2+4)x 10 *2yr~* [14]. Lunar laser
ranging experiments yield G/G|=(0+11)x10 2 yr~!

To consider the effect of qualitatively, we consider the [15] and recently updated d&/G|=(1+8)x10 *? yr*
case of| €| k?¢p?>< 1. Then during the background dominated [16]. More recently, a tighter bound is found by analyzing

epoch, Eq(2.2) and Eq.(2.4) are approximated to

K2

HZI?pBi (213)

d+3Hp+ Ek?(1—3wg)pgdp+V'=0, (2.14
where we have used E@2.3) to derive Eq.(2.14). It is
recently established that the scaling solutions E@s?),
(2.8) with the same power-index persist eveg#0 and that
the stability of them does not depend 6M12].

To the lowest order irg, the corresponding Brans-Dicke

parameter is given by

_1—§K2¢§~ 3 1
4823 Aa(a+2) g2

(2.19

o

where we have used the relation that holds for the potential
of inverse powef8] to estimate the present-day value of the

scalar field:

the measurements of the masses of young and old neutron
stars in binary pulsars]|G/G|=(0.6+2.0)x10 2 yr~!
[17], although the uncertainties in the age estimation
may weaken the constraint. Considering these experimental
results, we will adopt the limit: |G/G|=(0+8)
X107 *2 yr~1 and the limit by Thorsett is treated separately.
In Fig. 1, we show the numerical results 6/G. The
shaded region is already excluded by the current experimen-
tal limits. To examine the model dependencies of the results,
we also show G/G for the potential of the form
M4 exp(1k¢]— 1] [8] by a dotted curve. We find that nega-
tive ¢ is severely constrained, while positiveis loosely
constrained and the limit is dependent on the potential.
These results are intuitively understood via a conformally
transformed picturgl8]. If we perform the conformal trans-
formation so that the scalar field is minimally coupled,

Oab=Oan| 1— k292 L. (218

Then the action Eq(2.1) becomes
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. . . FIG. 2. The present-day Brans-Dicke parameter. The limit by
f .FIG' 1. The pres.‘i;‘;ﬁ’j@(’ﬁf a fugctlog ?E f(t)r: the potentltgll the solar system experimentsadg>500[19]. The solid curve is for
ot inverse power witha=4 (SOd curve and for the exponzenzla the potential of inverse power witla=4, the dashed curve is for the
potential (dashed curve An approximated relation foté|«"¢ exponential potential. An approximated relation f@fx2¢?<1
<1 [Eq. (2.17)] is plotted as a dotted line. The shaded region iS[Eq (2.15] i plotted as a dotted curve
already excluded by the current experimental Iim1@16|=(0 o '
+8)x10 *2 yr=1. The limit by Thorsett is also showlG/G|

=(0+2)x10 12 yr~1[17].

We may summarize that the current experimental limits
on the time variation ofG constrain the nonminimal cou-

pling as
- R 1 - -
s:f d%/—g[;—§F2(¢)(V¢)2—V(¢)]+sm, —102<¢<102~10 %, (2.23
K
(2.19  while if the tighter limit by Thorsett is adopted, then we have
where -102=¢<102 (2.24
_ _ 2,2 However, the limit is sensitive to the shape of the potential.
, 1-4(1-6&€) k"¢ ; : > :
Fo(¢)= R (2.20 The most important experimental limits we must consider
(1—&x“¢%) are the solar system experiments, such as the Shapiro time
delay and the deflection of lighfLl9] because the nonmini-
g V() mally coupled scalar field can mediate the long range gravity
V(P)= —— 55 (2.2)  force in addition to that mediated by a metric tensor. The
(1—£x%9) recent experiments set a constraint on the parametrized-post-
o ] ~_Newtonian(PPN parameteryppy as[20]
Hence, after redefining the scalar field so that the kinetic
|’}/ppN_1|<2X 1073, (225)

term is canonical,
which constrains the Brans-Dicke parameter through the re-

(I)zf doF (o), (222 |ation Yepn= (0 +1)/(0+2)|o [19]

wo>500. (2.26

the action is reduced to that of the scalar field minimally
coupled to the Einstein gravity. We can follow the dynamic:sIn Fig. 2, we show the present-day Brans-Dicke parameter

gualitatively by simply looking at the effective potential defined by Eq(2.12 as a function of. We also plot a curve
V(®). Note that 1/(}£x*$%)? is a decreasing function of erived under the assumption |af k2¢?<1, Eq.(2.15. We
¢ for £€<0, while an increasing function fof>0. Foré<0  finq a good agreement. Thus, using E2j15 and Eq.(2.26),
the effective potentiaM(¢) decreases more rapidly than the nonminimal coupling is found to be constrained as

V(¢) [in particular,V(®) decreases exponentially for large
k], and consequently the scalar field rolls down the poten- £ <3.9%10°2 1 —22x10°2, (2.2
Va(a+2)

tial more rapidly. On the other hand, fér-0, V(®) diverges

at k2¢>=1/¢, so the slope of the effective potential becomes
gentler and the scalar field rolls down the potential moreas long ase=1. The limit is less sensitive to the potential

slowly, and hencéG/G| becomes smaller than that f6<0.  than that derived fromiG/G| becauseav does not explicitly
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depend onp unlike|G/G|. We note that the limit is found to  integration of the equations, we have found that the limit is
be insensitive td)y as long as,,<0.7. There is another given by |£=1072 The current limit on the nonminimal
PPN parameteppy Which is written in terms ofw as  coupling,|£=<107?, is not so strong when compared with
Been—1=(dw/d®gp) (2w+4) " 1(2w+3)"?, [19]. The Other couplings to ordinary matter. For example, a coupling
most recent results of the lunar laser randiggj], combined ~ With the electromagnetic field is suppressed at the level of

with Eq. (2.25), yield =10 %; the coupling with QCD is at most10~* [10]. We
have also found that the induced time variationGofs sen-
| Bepn— 1| <6Xx 1074, (2.28 sitive to the shape of the potential. The future improvements

We find that] Bppy— 1]~ O(£%) and consequently the experi- |n.the limit of G/G m-ay fu_rther constraln. negativé or
mental limit onBppy is always satisfied if the condition Eq. Might lead to a detection db/G<0 depending on the po-
(2.29 is satisfied. tential of the quintessence field.
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