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Is cosmic speed-up due to new gravitational physics?
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We show that cosmic acceleration can arise due to very tiny corrections to the usual gravitational action of
general relativity, of the fornR™" with n>0. This model eliminates the need for a nonzero cosmological
constant or any other form of dark energy, attributing a purely gravitational origin to the acceleration of the

universe.
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INTRODUCTION accelerating phase is consistent with current cosmological
observations.
That the expansion of the Universe is currently undergo-
ing a period of acceleration now seems inescapable: it is A MODEL

directly measured from the light curves of several hundred . o o
type la supernovagl—3|, and independently inferred from  Many authors have considered modifying the Einstein-
observations of the cosmic microwave backgrogaaiB)  Hilbert action with terms that become effective in the high-

by the Wilkinson Microwave Anisotropy Probe satell[i] curvature regio_n. Here, however, we explore modifications
and other CMB experiment(s, 6. which become important at extremely low curvatures to ex-

Cosmic speed-up can be accommodated within gener lain cosmic speed-up. For definiteness and simplicity we

relativity by invoking a mysterious cosmic fluid with large ti(z)cnus on the simplest correction to the Einstein-Hilbert ac-

negative pressure, dubbedrk energy The simplest possi- k

bility for dark energy is a cosmological constant; unfortu- M2 4

nately, the smallest estimates for its value are 55 orders of S= _Pf d4x\/—_g< R— all

magnitude too largdfor reviews se€7,8]). This fact has 2 R

motivated a host of other possibilities, most of which assume

a zero cosmological constant, with the dynamical dark enHere u is a new parameter with units of massy is the

ergy being associated with a new scalar figde-19. Lagrangian density for matter and the reduced Planck mass
However, none of these suggestions is compelling andp=(87G) 2 For work on theories where the Lagrang-

most have serious drawbacks. Given the challenge of thiin takes the formf(R), see[26-31. In particular, Ca-

problem, it is worthwhile considering the possibility that cos- Pozziello et al. [32] showed that R gravity could lead to

mic acceleration is not due to some kind of stuff, but rather2cceleration, although they did not include the ordinary Hil-

arises from new gravitational physi§20—24. This is the ~bert term. . o

angle we pursue in this article. The field equation for the metric is then

General relativity is based upon the Einstein-Hilbert ac-

+ f d*V—gcly. (D

tion, with Lagrange density'— gR, whereR is the curvature w’ 1 w? . .
scalar. A natural modification is to add terms to the action 1+ R? Ry 25 1- R? ROuy+ 110, VaV

that are proportional to/—gR™. It is known that, form

>1, such terms lead to modifications of the standard cos- ™

mology at early times which lead to de Sitter behay®tar- ~ V. VIR 2=, )
obinsky inflation[25]). In this paper we consider new terms Mp

involving inverse powers of the curvature scalar, of the form

\/—_gR*n (with n>0). Terms of this form would become WhereTxV is the matter energy-momentum tensor.

important in the late Universe and can lead to self- The constant-curvature vacuum solutions, for whigiR

accelerating vacuum solutions, providing a purely gravita-=0, satisfyR= =+ 32 Thus, we find the interesting result

tional alternative to dark energy. that the constant-curvature vacuum solutions are not
The self-accelerating solutions we find can behave likeMinkowski space, but rather are de Sitter space and-ati

vacuum energyi.e., Wpg=Ppe/ppe= —1), or can lead to Sitter spaceThis bifurcation of the vacuum solutions from a

power-law acceleration with cosmic scale factrt?, g unique one(Minkowski spacg to two new onegde Sitter

>1, andwpe< — 2/3. We also argue that our model is con- and anti—de Sitter spadeas u* is increased from zero is

sistent with existing tests of gravitation theory and that theunusual and is to be contrasted with the case of a cosmologi-
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FIG. 1. The Einstein-frame potenti¥l( ).
cal constant. We will see that the de Sitter solution is, in fact, 5 ut . 1
unstable, albeit with a very long decay time 2. H+ EHZ— | 4H T 9H?—R%9do| —
We consider a perfect-fluid energy-momentum tensor, 72(H+2H%) R
" 5 1 B Py
Ti=(pu+Pw)U,U,+Pug,,, (3) 2R ]| = 75 ©)
R 2M3

whereU* is the fluid rest-frame four-velocityy is the en- The above fourth-order equations are complicated and it
ergy density,Py is the pressure and we wriy=Wpy - g difficult to extract details about cosmological evolution
Matter corresponds tev=0 and radiation tov=1/3. We  f3m them. It is convenient to transform from the frame we
take the metric to be of the flat Robertson-Walker form,pove peen using, which we call theatter frame to the
dsz: —dt*+a’(t)dx’, for which the curvature scalar satis- Einstein framewhere the gravitational Lagrangian takes the
fies Einstein-Hilbert form and the additional degrees of freedom

(H andH) are represented by a fictitious scalar fieid
Following [29], we make a conformal transformation

a2 .

3 =6(H+2H?), (4)
4

51+%, )

~ 2 ¢

= v =exX \ﬁ_

where an overdot denotes differentiation with respect to 9= P(#)8ur: P p( 3Mp
time, H=a/a anda(t) is the scale factor.

The time-time component of the field equations for this\yhere ¢ is a real scalar function on space-tint,= \/pdt,

metric Is and a(t)=+pa(t). It is then convenient to define an

Einstein-frame matter energy-momentum tensor by
4

2 M " 200 1 ofy2 4 _ Pm
— ———————(2HH+15H?H + 2H?+ 6H%) = —. = ~ = =
12(H+2H2)3( ) M2 T,=(om+PwU,U0,+Pya,,. 8
(5

whereU,=\pU,, pu=pwm/p? andPy =Py /p>.
This replaces the usual Friedmann equation, recovered by In terms of the new metriéw, our theory is that of a
settingu=0. The space-space components of @ylead to  scalar field$(x*) minimally coupled to Einstein gravity, and
the other independent Einstein equation, non-minimally coupled to matter, with potential
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=1

V(¢)=u’M3 e 9

shown in Fig. 1. Note that/(¢$)—0 both for $—0 (p

—1) and for ¢—» (p—) and achieves its maximum,

9u’M16\3, atp=4/3.
Denoting with a tilde all quantitieexcepte) in the Ein-
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(b) Power-law accelerationFor ¢ > ¢¢, the field over-
shoots the maximum of (¢). Soon thereafter, the potential
is well approximated byV(¢)=u?M32exp(—3/2¢/Mp),

and we easily solve for(t)«t*3 which corresponds to
a(t)«t? in the matter frame. Thus, the Universe evolves to
late-time power-law inflation, with observational conse-
quences similar to dark energy with equation-of-state param-

stein frame, the relevant Einstein-frame cosmological equa€terWpe= —2/3.

tions of motion are

~, 1 ~
3H?=—[p,+p], (10
Mp
e (- 0,
where a prime denote¥/dt, and where
~ C (1-3w) ¢
pM_53(1+w) exp{— J6 Mp|’ (12
with C a constant, and
1 r2
ps=5¢' 2+ V(). (13

The matter-frame Hubble paramettis related to that in the
Einstein frameH=a’/a by

A—

H=1p

(14

Mf@) '

What can we say about cosmological solutions in th
more friendly setting of the Einstein frame? Ordinarily, Ein-

stein gravity with a scalar field with a minimum &t=0

would yield a Minkowski vacuum state. However, here this

is no longer true. Even thougti—0 as ¢—0, this corre-

(c) Future singularity.For ¢{ < ¢¢, ¢ does not reach the
maximum of its potential and rolls back downdo=0. This
yields a future curvature singularity in which the Hubble
parameter remains finite in both the matter and Einstein
frames, but its time derivative becomes infinite becadse
«\/' —1/\J¢p—. Singularities of this form have been inves-
tigated by Shtanov and Sahrg3].

We now turn to the more interesting case in which the
Universe contains matter. As can be seen from (&#), the
major difference here is that the equation of motion doin
the Einstein frame has a new term. Furthermore, since the
matter density is much greater tha‘vi~,uzM§ for t
<14 Gyr, this term is very large and greatly affects the evo-
lution of ¢. The exception is when the matter content is
radiation alone W= 1/3), in which case it decouples from
the ¢ equation due to conformal invariance.

Despite this complication, it is possible to show that the
three possible cosmic futures identified in the vacuum case
remain in the presence of matter. To see this, first note that, if
we ignore theV’ term in Eq.(11) because it is subdominant

at early times, and assume tha#3=, /M3, we obtain

"H=ad'(1 (% +£ﬂ> (15)
efor w=0, and
~ 3
~ ~ (a3
¢’(t)=¢’(to)<§> (16)

sponds to a curvature singularity and so is not a Minkowskfor w=1/3.

vacuum. The other minimum of the potential,¢at> >, does

The value of¢’ redshifts as it would for a free scalar field

not represent a solution. These statements are also easiyd, forw=0, increases dramatically due to the presence of

seen in the matter frame.

matter. By tuninge; , the value of¢’ at the epoch when

Now let us first focus on vacuum COSmOlOgical SOlUtionS,matter becomes unimportaﬁte_, ;M</.L2M|23) can be ad-

i.e., Pu=pu=0. The beginning of the Universe corre- jysted, resulting in the same three futures as in the vacuum
sponds toR— and ¢—0. The initial conditions we must  theory.

specify are the initial values ap and¢’, denoted ag; and

Thus far, we have left the dimensionful paramegeun-

@i . For simplicity we taked;<Mp. There are then three specified. By choosing.~10" 3 eV, the corrections to the
qualitatively distinct outcomes, depending on the value oftandard cosmology become important only at the present

b .
(a) Eternal de SitterThere is a critical value of; = ¢
for which ¢ just reaches the maximum of the potenidlkp)

epoch, making our theory a candidate to explain the ob-
served acceleration of the Universe without recourse to dark
energy. It is important to be clear that we have meo#lgsen

and comes to rest. In this case the Universe asymptoticallthe value ofu to achieve this end. Since we have no particu-
evolves to a de Sitter solutiofignoring spatial perturba- lar reason for this choice, such a tuning appears no more
tions). As we have discovered befofand is obvious in the attractive than the traditional choice of the cosmological con-
Einstein framg this solution requires tuning and is unstable, stant. However, it is intriguing to note that, in the present
since any perturbation will induce the field to roll away from circumstance, the smallness of th&%Xérm in the action is
the maximum of its potential. directly related to the lateness of the accelerating phase.
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Thus, even an extremely tiny correction to the Einstein ac- CONCLUDING REMARKS

tion can eventually have dramatic consequences. .
Y q We have shown that the current epoch of cosmic accel-

Clearly our choice of correction to the gravitational action eration can arise through purely gravitational effects, elimi-

; 2(n+1)/pn ; X . o .
can be generah;epl. Terms_of the forfy ,/R , with nating the need for dark energy. In particular, modifications
n>1, lead to similar late-time self-acceleration. Such aC+g the Einstein-Hilbert action of the form 2™ D/RM, with

tions can be transformed into the Einstein frame with scalahwlo—ss eV andn<0, can lead to cosmic speed-up with
field potential — 1< W< —2/3.
N1 (p—1)MO+D) There is,_ of course, growing evidence from measurements
V(p)=,u2M§.( _) po+n2 = =2 (17  of CMB anisotropy, as well as of large-scale structure, that
2n p? the Universe also evolved through a period of accelerated
expansion very early on, known as inflation. It is also known

with resulting matter-frame scale facta(t)«t9, where that modifications to the Einstein-Hilbert action of the form
m~2R?, with m a mass parameter, yield an Einstein-frame
~(2n+1)(n+1) (18) potential
B n+2 (p—1)?
— m2n 2
Such a madification thus yields behavior similar to a dark V(¢)=mMs 8p '’ 20
energy component with equation of state parameter _
where, as beforep=exqd 2/3¢/Mp]. In this case, the be-
2(n+2) ginning of the Universe occurs at largeand the Universe
Weg=— 1+ m (19 undergoes inflation. Thus, our work implies that it is possible

for both eras of cosmic acceleration to arise from the gravi-

As n—c the expansion approaches an exponential and th@ti_onal sector of the theo_ry, with gener'al reIativ.ity being a
space-time is approximately de Sitter. Clearly therefore, sucHa“d description of the Universe only at intermediate cosmic
modifications can easily accommodate current observation&imes- _ _ _
bounds[34,35 on the equation of state parameterl.45 Th_ere are certainly many (_)ther details of th_|s theory that
<wpe< —0.74 (95% confidence level In the asymptotic femain to be checked. In _partlcular, we wo_gld like to analyze
regimen=1 is ruled out at this level, whila=2 is allowed: quar?tlta_tlvely the behawor_of the transition from mattgr
evenn=1 is permitted if we are near the top of the potential, domination to self-acceleration as well as the growth of lin-
Finally, any modification of the Einstein-Hilbert action €arized perturbations about the given background solutions
must, of course, be consistent with the classic solar systeff® have identified.
tests of gravity theory, as well as numerous other astrophysi-
cal dynamical tests. We have chosen the coupling congtant
to be very small, but we have also introduced a new light We thank C. Armendariz-Picon, T. Beloreshka, M. Bow-
degree of freedom. After the original version of this paperick and Laura Mersini for extensive discussions and R. Bran-
was submitted, Chib&36] showed that the model with denberger, E. Lim, D. Marolf, R. Myers, T. Jacobson and T.
=1 was equivalent to Brans-Dicke theory wigh=0 in the  Vachaspati for helpful comments. The work of S.M.C. is
approximation where the potential was neglected, and wouldupported in part by the DOE, the NSF, and the Packard
therefore be inconsistent with experiment. We are currentlyfFoundation. V.D. is supported in part by the NSF. M.T. is
exploring the effect of the potential and the couplings tosupported in part by the NSF under grant PHY-0094122 and
matter on experimental tests, and investigating which geneiby a Cottrell Scholar Award from Research Corporation.
alizations of our approach might be consistent with both cosM.S.T is supported in part by the U.S. DQ& Chicagg, the
mology and solar-system tests of gravity. NASA (at Fermilah, and the NSKat Chicagg.
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