PHYSICAL REVIEW D, VOLUME 65, 063508

Stationary dark energy with a baryon-dominated era: Solving the coincidence problem
with a linear coupling
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We show that all cosmological models with an accelerated stationary global attractor reduce asymptotically
to a dark energy field with an exponential potential coupled linearly to a perfect fluid dark matter. In such
models the abundance of the dark components reaches a stationary value and therefore the problem of their
present coincidence is solved. The requirement of a vanishing coupling of the baryons in order to pass local
gravity experiments induces the existence of an intermediate baryon-dominated era. We discuss in detail the
properties of these models and show that to accommodate standard nucleosynthesis they cannot produce a
microwave background consistent with observations. We conclude that, among stationary models, only a
time-dependent coupling or equation of state might provide a realistic cosmology.
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[. INTRODUCTION break the universality of the coupling, leaving the baryons
uncoupled or weakly coupletsee e.g[11,17-20). These
The recent observations of an accelerating expar{dipn assumptions completely define our cosmology.
together with new cosmic microwave, large-scale structure The consequences of a linear coupling between the dark
and lensing data, give a strong indication that the universeomponents are manifold. First, as already remarked, this
fluid is composed of at least four different components: rela€explains the cosmic coincidence and the acceleration. Sec-
tivistic matter (<0.01%), baryongfew per cen), dark mat-  ond, the accelerated regime explains the decay of the baryons
ter (~30%) and dark energy~<70%). The present amount with respect to the dark components. Third, the near coinci-
of these components raises some deep questions: Why allence of the equivalence between the luminous components
the dark matter and dark energy, which supposedly have @aryons and radiationand the beginning of the dark era
different scaling with time, almost equal right nd@]? Why  (dark equivalence from nowis automatically enforced.
are the baryons strongly suppressed with respect to dark matourth, the baryons are the dominant component between the
ter? Why is the coincidence between the dark componentivo equivalence times, producing a decelerated epoch in
relatively close to the equivalence between matter and radiavhich gravitational instability is effective. Fifth, the present
tion (as pointed out by3])? status of the universe is independent of the initial conditions,
The problem of the present coincidence between dark erbeing on a global attractor. In addition, it is to be noticed that
ergy and dark matter could be simply solved if the two fluidsthe model requires only constants of order unity in Planck
have the same scaling with tinglet us call a system of fluids units, and that they are all fixed by the observations of the
p1,p» With identical scaling a “stationary” model, since present energy densities and the acceleration.
d(p1/p,)/dt=0). It is interesting to remark that such a scal-  Nothwithstanding these intriguing features, we show that
ing can soon be observationally tesfdd. It is well known  the model we present here fails in satisfying at the same time
that, assuming an exponential potential for the scalar fieldhe nucleosynthesis requirements together with producing an
representing the dark energy, the field scales as the dominaatceptable cosmic microwave backgrouf@MB) angular
component[5-7], but this does not produce acceleration. power spectrum. In fact if the conditions for a standard nu-
The question therefore arises of which is the most generajleosynthesis are adopted, during the recent accelerated re-
system of dark mattefmodeled as a perfect flyidind dark  gime a fast growth of the perturbations is induced, which in
energy(a scalar fielgl that allows anaccelerated stationary turn causes an excessive integrated Sachs-WiHe/) ef-
global attractor. In this paper, following the arguments of fect, in contrast with the observations. Nevertheless, we
Ref.[8], we show that all models which contain an acceler-think that the dynamics we discuss is interesting on its own.
ated stationary global attractor reduce asymptotically to a The conclusion we draw is that only models with a time-
system characterized by an exponential poteatala linear  dependent coupling or a potential more complicated that an
coupling between the two components. Systems of such axponential may contain an accelerated global attractor and
kind have been already analyzed first in R¢®,10] and  at the same time be compatible with nucleosynthesis. A so-
successively by many authdrsl-15, while their perturba- lution along these lines has been proposed2it] where a
tions have been studied in R¢fl6]. In order to pass local nonlinear modulation of the coupling allows nucleosynthesis
gravity experiment§17], we argue that it is necessary to to happen and structure to form in a regime of weak cou-
pling, while the acceleration is produced in the subsequent
(presenk regime of strong coupling. In Ref22] it has been
*Email address: amendola@coma.mporzio.astro.it shown that a similar mechanism may be realized in super-
TEmail address: tocchini@oarhpl.rm.astro.it string theories.
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Il. HOMOGENEOUS SOLUTIONS

Let us show first why all two-fluid systems with a station-
ary accelerated attractor reduce asymptotically to the one in-
vestigated below. Let us write a generic coupled two-fluid

system with equations of stapg= (w,— 1)p, in a flat Fried-
mann metric as

pc+3HWepe= 4, (1)

where the subscript stands for cold dark matt¢€DM) and
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with

Oy ®

_3
/3—5(77—1) i+,

which is the form we study below. Moreover, it is easy to
show that »=const implies an exponential potentiél
=Uge 73«4 where

3
K,

1
1+ 5(n=1)(1-Qy)

. 9

the subscriptp for a scalar field. The Friedmann equation is The conclusion is that a linear coupling and an exponential

BH?=k*(py+po),
wherex?=87 andG=c=1. As shown in Ref[8], the sta-

tionary conditiond(p./p,)dt=0, that isp,=Ap., can be
satisfied only if

A
o= V3PCK(WC_W¢)ﬁpc- (€©))

Putting w,=1 and observing tha=Q ,/(1-Q,), we

have
3’0y n—1 .
s=\—"2 , 4
2 \/m|d’|pc (4)

where =2U/¢?, the ratio of the potential to kinetic scalar

field energy[notice thatw,=2/(1+ 7)]. The stationary so-
lution is accelerated if

a ..., 1-w 1
a=H+H =k“(1+A)p. T

which, for 2>w,>0, can be realized only i ,>1/3 (i.e.
A>1/2) and

30,+1

n> >2. (5)

So far we repeated the steps of Ré&fl. Now, let us con-
sider the asymptotic behavior af. If — 0, the kinetic en-

potential represents the only non-trivial asymptotic case of
stationary accelerated dark energy. It is not difficult to see
that this theorem extends also to a Brans-Dicke theory with
an explicit coupling between matter components. As will be
shown below, such a solution is also a global attractor in a
certain region of the parameter space.
The condition for acceleration,n>(3Q,+1)/(3Q,

—1), together with() ,<1, imply in Eq.(8) that

B>/3/2.

This limit is much larger than allowed by local gravity ex-
periments on baryons, which give at mgst0.01 (see e.g.
[9,17)). Therefore, the theory must break the universality of
the coupling and let the baryons be decoupled from dark
energy. An immediate consequence of the species-dependent
coupling, so far unnoticed, can be seen by observing that the
energy density of the dark components scales as

(10

p¢~pc~a_3[“/(”+5)]. (11)

For any8>0 the energy density decays slower than in the
standard matter-dominated Friedmann universe. Therefore,
any uncoupledor weakly coupled component, as the bary-
ons, decays faster than the coupled ofse® alsd?22]).

The cosmology we study below is a more realistic version
of the one above: we include in fact radiation and baryons,
both of which are coupled to the dark components only
through gravitation. Once baryons and radiation decay away,
we recover the stationary accelerated attractor. The Einstein
equations for our model have been already describéilil
in which a similar mode(but on a different attractor, i.e., for

ergy dominates over the potential energy, and the asymptotigitterent parametejsvas studiedsee also Ref[23]). Here

solution is not accelerated. If, on the other hand, e, the

we summarize their properties. The conservation equations

potential energy dominates, and the solution will be identicaf,; he field 6, cold dark matter, baryons, and radiation

to that of a cosmological constant. In fact, in this lingit
=0 andw,=0 and Eq.(2) gives =0 where

8=pc3K2U(¢)Qy, (6)

which implies p.—0. Therefore, barring oscillatory solu-
tions, only if »— const the scalar field behaves as stationary
accelerated dark enerdglearly this case includes also that

of dark energy as a perfect flyidwhen 7 is constant, the
coupling reduces to

o= \/2_/3'(:8|¢|Pm (7

(), plus the Friedmann equation, are
$+3HG+U 4= —2/3Bpc,
pet3Hpe=12/3cBpc,
pp+3Hpy=0, (12)
p,+4Hp, =0,

3H?=k?(pet+pptp,tpy),
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TABLE I. Critical points.

Point X y z u Oy p Wetf W,
2 2
a K 1 0 0 1 > 2 20
3 9 1 9 9
2 ‘/_E 6 6 1 4 4
b, - - 0 - 2 3 3
|l w 2
b 3 3 Vg—9 0 0 g 214 ,8) u 18
¢ 2u+p) 2| u+ Bl 4B+ p)? T u+B g
by 3 3 0 1— 9 S z 1 1
2u 2|yl 22 22
c 0 0 1 0 0 1 3 —
Cre 1 0 A1 3 0 s 1 3 2
ZB 432 432
2
co 2 0 0 0 42 6 1 2
45%+9 9
d -1 0 0 0 1 1/3
e +1 0 0 0 1 1/3
fy 0 0 0 1 0 2/3 1 —
whereH=a/a and U(¢)=Uye %< (we put$ instead —Y°—Z—U> while we also haveQ,=x*+y?Q, =27

. _ 2 . - .
of |¢| for generality. The couplingB can be seen as the andZsz—u 5 The system is subject to the conditiort
+y“+zotu<1.

relative strength of the dark matter—dark energy interaction - ) ) )

with respect to the gravitational force. The only parameters The (_:r|t|cal points of systen(l3) arep/l(llsfczgj mp Table 1,

of our model are8 and w (the constant, can always be wherezp is the scale factor exponerat;- 7 =1°, where
rescaled away by a redefinition @f). For 8=u=0 we re- g=4p +4'8'“+1.8’ and where we used the subscripxg,r
duce to the standard cosmological constant case, while fdP denote the ¢X|stence of baryons, matter or radiation, re-
B=0 we recover the Ferreira and Joyce model[@®f As speciively, beside dark energy. In Table Il we report the con-
shown in Ref.[25], the coupling we assume here can beqmons of existence and stability of the critical points, denot-
derived by a conformal transformation of a Brans-Dicke!Nd #+=(—B+ 18+ )/2 anduo=—pB—9/2B.

model, which automatically leaves the radiation uncoupled.
To decouple the baryons one needs to consider a two-metric
Brans-Dicke Lagrangian as proposed 117]. Additional the- ..

TABLE Il. Properties of the critical points.

: - = = . Existence Stability Acceleration
oretical motivations for this kind of coupling have been put
forward in Ref.[14] and for coupled dark energy in general 3
in Ref.[24]. a n<3 < g <= n< J3
The system(12) is best studied in the new vari- V2
ables [11,26 x=(x/H)(4/6), y=(xIH)JUB, z=(x/ > “>f unstablev u., 5 never
H)Vp,/3 and u=(x/H)\pp/3 and the time variablex be lut+Bl>2,u<po  B>Ou>u. w<2p
=loga. Then we obtain b 3 0 3 never
b >— <O u>—
X'=(Z'1z—1)x— uy?+ B(1—x2—y?— 72— u?), 2 p=ou V2
C, Yu,B unstableY ., B never
y'=uxy+y(2+2'/z), 3
Crc |B>— unstableY ., B never
u'=-3/2u+u(2+2'1z), (13 2
Ce |Bl<3 unstableY u, 3 never
z'=—27(1-3x*+3y*~2%)/2, d Yu,B unstableY u, 3 never
Yu,pB unstableV ., B never
where the prime denotes derivation with respecwtolThe fy Yu,B unstableY u, 8 never

2

CDM energy density parameter is obviousty.=1—x
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A a \

-4 -2 0 2 4 FIG. 3. The effective equation of state,;;=1+ pioi/pror fOr
B the same parameters as in the previous figure. Below the dashed
line the expansion is accelerated.
FIG. 1. Parameter space. Each region is labeled by the point that
is a global attractor there. Within the gray region the attractor isy 55 gre clearly visible: first, the energy density is dominated
accelerated. by the radiation, with a constant contribution from the scalar
In Fig. 1 we display the parameter space of the modelﬁeld and avanishin_g one from dark matter; then, the bar_yons
indicatiné for any choice of the parameters which point is pvertake the radiation, and the sqalar f|elq scale accordingly;
global attractor(notice that there is complete symmetry un_aﬁnally, the system falls on the final stationary accelerated
der B— — B and u— — ). As in [11], in which the baryons attrac_:tor, where dark matter and dark energy share the energy
' ' density and the baryons decay away. The two paramgters

have been included only as a perturbation, there exists Ona?nd,u are uniguely fixed by the observed amountf and

and only one global attractor for any choice of the paramy. " Dresent acceleration arameter equivalently b
eters. The explicit inclusion of the baryons induces here twg y P P 9 y oy

- . . Wetf). For instance{).,=0.30 andw,;=0.33 givesu=8
new critical points by, and f,); moreover, contrary t¢11], eft/- = ¢ e 2 .
all the critical points with non-vanishing radiation are alwaysand'g_ 16, values which have been used in Fig. 2 and Fig. 3.

; i i iati —6/12
unstable. With this value of u we have during radiation) ,=6/u

From now on, we focus our attention on those parameter?o'og’ compatible with the nucleosynthesis constraisés

for which the global attractor is., the only critical point €.9.[6,27)). To be more conservative, values pf bigger

that may be stationary and accelerated. In Fig. 1 we show atggno415l.§ \.NOUId Tat'Sfy trt]he. reqwrementt of hgvl ih
a gray region the parameters for which this attractor is accel-. ™ uring nucleosynthesis as suggestel®8) but the

erated. Whenb, is the global attractor, the system goessituation would be qualitatively similar. Onge, » and the
through three pchaseS' ' present baryon and radiation abundances are fixed, the model

(a) the radiation dominated exthe saddleb,): is completely determined, and the ratio of dark matter to dark
(b) the baryon dominated efthe saddleb )r, ' energy is independent of the initial conditions.
(c) the dark energy eréhe global attractgb’c). The radiation equivalence occurs at a redshiff given

The dynamics of the model is represented in Figtrend ~ 2Y (17 Zeg) ={2po/{1,4=500 for realistic values. The dark
of Q¢ ,.4) and in Fig. 3 Wess). During the various phases, equivalence redshitty,, can be found equating the baryon

the scalar field is always proportional to the dominant com-:jenSIty and the dark energy density. From the conservation
ponent, just as in the uncoupled model of Réf. The three aws

1 pg~a 3, PCNP¢~373[M/(“+B)], (14
e
0.8 N ,,,f" \‘ puttingr = B/ u and approximating? ,o=r/(1+r) (valid for
06 \ \ B,u>1) it turns out that
G \/\ " r 1/3(1+1/r)
0.4 I _
"/ \ 1 Zdark Qbo(l_l_r) (15)
0.2 g
N .
. — Forr=2, we obtainzy,=5.

-7 =6 =5 <-4 =3 =2 The three main observations we compare our model to,
log a nucleosynthesis, structure formation and present accelera-
tion, are produced in turn during the three eras. The back-
FIG. 2. Trend of the radiatiofdashed ling dark energy(thick ground trajectory discussed above passes the nucleosynthesis
line), dark matter(thin line) and baryon(dotted ling density frac- ~ constraint, yields the observed acceleration and explains the
tions, foru=8 andB= 16 (here and in Figs. 3 and 6 the abscissa isCOsmic coincidence. However, as we show next, it gives an
log;@.) exceedingly large integrated Sachs-Wolfe effect.
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FIG. 4. The evolution of a 10 Mpl/perturbation for3=9.8 5 10 50 100 5001000
andu=7. The baryon fluctuations, are represented by the dotted 1

line, the CDM é, by the continuous line.
FIG. 5. CMB power spectr& , for two sets of parameter®

IIl. PERTURBATIONS =4, u=3.5(top curvg andB=3.3, u=4.2(bottom curve, com-
pared with observational data from Boomerdi@®] and Cosmic
Close to the critical points, andb, the perturbations in  Background ExplorefCOBE) [31]. The other input values for
the cold dark matter component{ and in the baryonic one cwmsrasT areh=0.800,=0.04,=0.3n=1. The strong ISW ef-
(8p) grow as a power of the scale factor, thatfis= ,/b  fect at small multipoles is evident. Larger valuesof as needed
=a™ (see Ref[32]). In this expression the baryon biasnd from the nucleosynthesis constraint, enhance the problem.
the growth exponenn depend only on the parametersand

B. Considering only the dominating growing modes, duri”gconstraint, the existence of a radiation era requires\6, a

the baryonic phase the perturbations evolve asymptotically, e that induces again an unacceptably large ISW effect.
with the law (see for instance Ref6])

/ 108
—1+ /25~ —
H Our coupled dark energy model provides a cosmological

while in the last plateau the common growth exponent is scenario with quite unusual features. The standard sequence
of a dark matter era followed by a cosmological constant era,

which forces to put the present universe on a unlikely tran-

m=, : (16) IV. CONCLUSIONS

mfm[ —108—u+A] sient, is here replaced by a baryonic era and a stationary dark
era in which dark energy and dark matter share a constant
where fraction of the total density. Contrary to almost all models
published so far, the present universe can be seen as already
A%=—108+44Bu+ 3283w+ 25u?+ B2(32u’—44). on the final global attractafexcept that, luckily, some bary-

ons are still around The two new dimensionless constants

In Ref.[32] it is also reported how restrictions on the baryonintroduced in our scenarigg and u, are determined by the
bias would result in further constraints on the model butpresent dark matter energy density and by the present accel-
these will not be used here since experimental bias determeration, and can be of order unity. All cosmologies with an
nations still remain rather uncertain. The constraint providedccelerated stationary global attractor reduce asymptotically
by nucleosynthesis can surely be considered on firmeto the model discussed in this paper.
grounds. In this model the coincidence problem is immediately

The nucleosynthesis constraintu=7 [so that solved by settingd and u to the same order of magnitude.
Q4(1 MeV)=0.1] together with the limitation 06(),,  Regardless of the initial condition, the universe evolves to a
<0.8 implies a value oB comprised between 9.8 and 27.3. stationary state witlf) , /(.= constand of order unity.
For this range of values the growth exponent in the last era is Moreover, this model explains also why the accelerated
found to lie between 7.4 and 15.3 respectively. In Fig. 4epoch occurgust beforethe present or, equivalently, why
numerical evolutions ob, and §,, using the full set of equa- there are far less baryons than CDM. The reason is provided
tions are shown in the cage=7 and3=29.8 for a fluctua- by Eg. (15): fixing r= g/ of order unity andQ, of the
tion of wavelength 10 Mpb~? : the fast growth during the order of a few per cent, we hawg,,, near unity, regardless
final stage shows up clearly. With such a conspicuous growtf the initial conditions. That is, the fact that we observe a
one expects a very largéate) ISW effect on the CMB, relatively small quantity of baryons around implies that the
which in fact appears in the numerical integrations of theaccelerated epoch is recent. Much more or much less baryons
model of Fig. 5, produced using a version@fiBFAST [29]  would push the beginning of the accelerated epoch far in the
modified for the dark energy. The angular power spectrum iguture or in the past.
forced, by the normalization procedure, to be highly sup- The problem of the near coincidence between the radia-
pressed at the lowest angular scales with respect to the okien equivalence and the dark equivalence can be rephrased
served values. This determines the failure of the model inas whyz., and zy,, are relatively close to each other. The
vestigated here. Even neglecting the nucleosynthesianswer is that is the end of the radiation era that triggers the
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onset of the baryon era, which in turn lasts for a relativelyearlier. This causes a CMB angular power spectrum sup-
short time because the system is heading toward the globaressed at the lowest angular scales with respect to the ob-
attractor represented by the dark era. servational results. Thus we are forced to conclude that, for

Despite these positive features, the model as it stands cathe universe to fall on the stationary attractor, a non-linear
not explain our universe, since baryons and CDM fluctuaimodulation in the couplingas in Ref[21]), and/or a poten-
tions grow excessively during the last accelerated phase if tial that reduces only asymptotically to a pure exponential, is
is considered that a standard nucleosynthesis has taken plateeded.
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