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Model of the universe including dark energy accounted for by both a quintessence field
and a (negative cosmological constant
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In this work we present a model of the universe in which dark energy is modeled explicitly with both a
dynamical quintessence field and a cosmological constant. Our results confirm the possibility of a future
collapsing universéfor a given region of the parameter spaaehich is necessary for a consistent formulation
of both string and quantum field theories. The predictions of this model for distance modulus of supernovae are
similar to those of the standatiCDM model.
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I. INTRODUCTION The cosmological constant can be incorporated into the
quintessence potential as a constant which shifts the potential
From 1998 to date several important discoveries in thevalue, especially the value of the minimum of the potential,
astrophysical sciences have been made, which have givawhere the quintessence field rolls towards. Conversely, the
rise to the so-called new cosmolog¥,2]. Among its more  height of the minimum of the potential can also be regarded
important facts we may cite that the universe expands in aas a part of the cosmological constant. Usually, for separat-
accelerated waj3,4], and the first Doppler peak in the cos- ing them, the possible nonzero height of the minimum of the
mic microwave background is strongly consistent with a flatpotential is incorporated into the cosmological constant and
universe whose density is the critical offd, while several then set to be zero. The cosmological constant can be pro-
independent observations indicate that matter energy densityded by various kinds of matter, such as the vacuum energy
is about one-third of the aforementioned critical densityof quantum fields and the potential energy of classical fields,
[6,7]. The last two facts imply that some unknown compo-and may also be originated in the intrinsic geometry. So far
nent of the universe “was missing”; it is called dark energy, there is no sufficient reason to set the cosmological constant
and it represents nearly two-thirds of the energy density ofor the height of the minimum of the quintessence potential
the universe. The leading candidates to be identified witho zero[15]. In particular, some mechanisms to generate a
dark energy involve fundamental physics and include a cosaegative cosmological constant have been pointed out
mological constan{vacuum energy a rolling scalar field [16,17).
(quintessenge and a network of light, frustrated topological ~ The goal of this paper is to present a model of the uni-
defects[8]. verse in which the dark energy component is accounted for
On the other hand, an eternally accelerating universéy both a quintessence field and a negative cosmological
seems to be at odds with string theory, because of the impogenstant. The quintessence field accounts for the present
sibility of formulating theS matrix. In de Sitter space the stage of accelerated expansion of the universe. Meanwhile,
presence of an event horizon, signifying causally disconthe inclusion of a negative cosmological constant warrants
nected regions of space, implies the absence of asymptotibat the present stage of accelerated expansion will be, even-
particle states which are needed to define transition amplitually, followed by a period of collapse into a final cosmo-
tudes[9,10]. This objection against accelerated expansioriogical singularity(AdS universg
also applies to quantum field thedriad].
Because of the above there is renewed interest in expo- Il. MODEL
nential quintessence, because in several scenarios exponen-
tial potentials can reproduce the present acceleration and pre- Our scenario is a further generalization of that originally
dict future deceleration, so again string theory has welproposed by Rubano and Scudellai@] (also studied by us
defined asymptotic statd40,17. It is worthwhile noticing in Ref. [18]). We consider a model consisting of a three-
that exponential quintessence had been so far overlookegPmponent cosmological fluid: matter, scalar figglintes-
because of fine-tuning arguments, but several authors ha®ence with an exponential potenjighnd a negative cosmo-
recently pointed out that the degree of fine-tuning needed itpgical constant. We point out that we model dark energy
these scenarios is no more than in others usually accepteuth both the quintessence field and the negative cosmologi-
[10,12-14. cal constant, resulting in a positive effective cosmological
constant, in agreement with experimental dgt8]. “Mat-
ter” means barionic+ cold dark matter, with no pressure,
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whereA is the cosmological constant,, is the Lagrangian [21-24], and in the Rubano-Scudellaro mod&B,18. Ap-
for the matter degrees of freedom, and the Lagrangian for thplying the Noether symmetry approaf26,21,22,28 it can

guintessence field is given by be shown that the new variables we should introduce to sim-
L plify the field equations are the same used in RES]:
£¢:_§¢,n¢’n_v(¢)- (2.2 a3:uU1 (2.10

This model cannot be used from the very beginning of theand

universe, but only since decoupling of radiation and dust. 1 {u

Thus we do not take into account inflation, creation of mat- b=— —In(—). (2.11)
ter, nucleosynthesis, etc. We apply the same technique of o \v

adimensional variables we used in REf8] (this allows us In these variables the field Eqe.4)—(2.6) may be writ-

to determine the integration constants without additional 8S:.1 as the following pair of e uationom Now on we use
sumption$. We use the dimensionless time variabte gp d

—Hygt, wheret is the cosmological time ang, is the '@e energy densit§), instead of the cosmological constant

present value of the Hubble parameter. In this cage)
=a(t)/a(0) is the scale factor. Then we have that, at present

.90
(r=0), u:TAu, (2.12
0)=1,
a(0) and
a(0)=1, 00, .
N 2R2
HO)=1. 23 v=—4"v+o’B%. (2.13

Considering a homogeneous and isotropic universe, and The solutions of Eqs2.12) and(2.13) are found to be
using the experimental fact of a spatially flat univef26],

the field equations derivable from E.1) are U(T):ulsin(l-s\/_QAT)+UZCOS(1-5V_QAT)a(2 ”
al®> 2 [D Lo, 3A -
2l 97 ;+§¢>+ (¢)+§;, (2.4
0_2§2 0_2§2
3 a 2 2 1. . 3 X U(T): Vo~ 20 U, — \/_UlT)COil.S\_QAT)
2+ 5] =—39% 3 V(9 -5 25 S
a \a 3 2 2 52 _ _
o°B? o?B? \/_
+|vi— u,+ Uo7 | SIN(1.5y—Q 1),
and 1 9QA 1 3\/_—Q/A 2 n( A )
(2.1

. a. —
o+ 35¢+V’(¢)=0, (2.6
whereu,, u,, v4, andv, are the integration constants.
In finding the integration constants we use E@s3) and
field equations evaluated at=0, introducing the decelera-
V(¢p)=B2%e 7%, (2.7)  tion parameter of the universeo. Finally, using Qp

+ QQ0+ Q,=1, the above integration constants can be writ-

where the dot means derivative in respect-tand

ra X ten in the following way:
=
0 . 3(2—0p—1.50 —30Q,)
u(zf): —+ = y (21@
— D Pmy 20°B
except for D= 32" 2| (2.8
oHo  Ho g2
1+5q u3
127G ()7 7"A
ol=—, (2.9 v N (219
C 2
with pn, —the present density of matter aBf—a generic - {\3-[+]J1+qo—1.50mg} W (218
- () (2.

(
constant. We stress that the particular choice of (B for Uit [-30,
o allows for general exact integrations of equations. Indeed,
this choice has been used in the context of inflationary theorgand
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(2.19

respectively. The subscript null indicates present values, and
we recall that(); are component densitiggn units of the
critical density;m stands for matteQ for quintessence field,
and A for the cosmological constant

a(t)

Ill. ANALYSIS OF RESULTS

We see from the expressions for the constants that our
solution has four branches. We used the “all-pluses” branch,
in which the upper plus signs are preferred over the lower

minus ones.
Since \/1+qo—1.5Q,, should be real, the following FIG. 1. This plot of scale factor versus time shows a collapsing
0 , universe.

constrain on the present value of the deceleration parameter

follows: go=—1+1.5)p,. It can be noticed that the con- celeration is a relatively recent phenomenon, being the tran-
stants(and, consequently, the solutiordepend on four pa-  sition from the decelerated phase to the accelerated one at
rametersf)y, , Q4 do, and B2. o2 is fixed, and from now redshift near 0.5. However, as follows from Fig. 1, accelera-

on we assign the value 3/2. In this normalization, today’stion is not eternal_: in the futurg>0 again, which _g.ives rise
value of the critcal density of the universe, to the collapse. Figure 3 shows the energy densities of matter
0

. 2 5 . and dark energyquintessence field plus cosmological con-
(—29H(03 120 _3.0:n| %enera(;, tr][ebexperlm?rr]\tal values_tfo(; stant, i.e., effective ql_Jintesser)cdn th_e Iiteratqre it is

mg &N q_O are model dependent, because esg magnitu ‘\:ﬁidely accepted that using an exponential potential leads to a
are not directly measuretthough Turner and Riess have dark energy density which scales like matter, which implies a
developed a model-independent test for past deceleratiogfhnstant ratio of quintessence to matter energy density, at
[27]). We chose(), = 0.3 anddo= —0.44, perfectly accept- |east in the matter domination regirfi28,29,13. But this is
able for most available models. Though we made calculaa consequence of assuming the state parametef dark

2
t

-

tions for several values df, in the range—0.01— 0.30,
for simplicity we present results for 0.15, bearing in mind

that they change little for other values. Concern§@ it

energy almost perfectly constant, which in our case is far
from being true, as seen in Fig. 3. We appreciate that matter
dominates in a redshift interval by 0.4—1.6, which is roughly

was shown analytically that the relevant cosmological magconsistent with the decelerated universe shown in Fig. 2. For
nitudes we studied in this paper are independent of it. That i8igher redshifts dark energy dominates, but Figstate pa-
the case of the scale factor, the Hubble and deceleration p&@meter of effective quintessence versus redshifows that
rameters, and the energy density, pressure, and state parathat epoch its state parameter is positive. This points at a
eter of the quintessence field. However, it can be easilypast epoch in the evolution when gravity of the dark energy
shown thatB2 can be of the order of the critical density of was attractive, which is consistent with the deceleration, and

- ith the increase of the deceleration parameter at higher red-
the universd14]. From Eqgs(2.3), (2.10, (2.14), and(2.15 VIt e
there can also be shown a relation between this parametép'fts (given the fact that then both matter and dark energy

and today’s value of the scalar fielfh: ave attractive gravity o
y {th Now we proceed to make a first indirect check of our

model with the supernovae observations, in the same way it

1 2-0o—1.50n5 —30,
¢o=—gln = (3.1
1.24

The above considerations lead us to choose for subsequent
calculationsB?=1, which just means a determined rescaling 0.8
in ¢o. We postpone for further work the question of whether _
we need finely tuned initial conditions to get a determined > 0.4+
value of ¢y.

Figure 1 shows the evolution of the scale factor by 0.04
=—0.15. For the above values of the other parameters, we
obtained a collapsing universe, no matter what the value of -0.44

1.0
4

Q, . We also saw that with the decreaseodular increase
of ), , the time of collapse diminishes.

Figure 2 shows the behavior of the deceleration parameter
as function of the redshift. In agreement with Turner and FIG. 2. The acceleration is a rather recent phenomenon, as can
Riess[27] and other authors, this figure shows that the acbe seen in this graphic of deceleration parameter versus redshift.

0.0 0.5 15 2.0
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FIG. 3. Matter energy density dominates in a redshift interval FIG. 5. The predictions of our model antiCDM model for
from 0.4 to 1.6(roughly). distance moduli of supernovae are quite similar, the maximum rela-

tive deviations are of about 2%.
is done in Ref[13]. From these observations, we can have
the distance modulué of each supernova, which is the dif- different dynamics in the energy densities budget in these
ference between its apparent and absolute magnituttes (two models(as seen in Fig. 3, in our model matter domina-
andM, respectively. tion becomes greater as one runs fram0.4 back toz
S=m—M. 3.2 =1), and the.abrupt change in thg ;tate parameter of dark
energy in this interval, as seen in Fig(id ACDM modelw
On the other hand, the distance modulus is related to this constant In fact, supernovae observations are thought to

luminosity distanced, (z), through be useful to determine the value of for dark energy, but
there is considerable controversy concerning the possibility
0(z) =5 log;od.(2) +25. (3.3 of doing this[30,31. Indeed, it is known that luminosity

distance has small sensitivity respect to the variation of the
gtate paramete®(z) of dark energy, because the complex
|r§tegral relation between these magnitudes smears out the
differences. For instance, in Rg¢B0] it is shown how nine
: d7' different models of dark energy give similar predictions for
d(z)=300Q1+z) [ —. (3.4  luminosity distance(but also see Ref.31]). Anyway, it is
0 H(Z") known that, after proper fitting, the standak€CDM model
makes satisfactory predictions for th@bserveddistance
moduli of the supernovae, which means that, in the context
of this qualitative discussion, we have a first indication that
modulusé(z) versus redshift. So, in Fig. 5 we just compare our mo<_jel Wi.” also do that. We made a rough preliminary.
calculation with one of the other branches and also got maxi-

the predictions of our model with those of tAeCDM one. . : .
We observe that towards higher redshifts, the relative devig"uMm differences witA.CDM mod_el predlct|on§ near 2% at
=1. Thus we guess that the integral relatith4) [and

tions grow up to near 2% at=1. Possible causes are the Z
g P ’ probably the logarithmic on€.3)] could smooth the differ-

The luminosity distancéin Mpc) can be calculated for
each model, once the expression for the Hubble paramet
H(z) is known:

Having the expressions fdid(z) of both the cold dark
matter model with a cosmological constantDM) and
our model, we used Egg3.4) and (3.3) to plot distance

ent “initial” expressions forH(z) that every model supply
1.0+ into “final” similar predictions for luminosity distances and
distance moduli. Anyway, we postpone this issue for further
0.5- work, in the context of the comparison with the real data.
5 004
g IV. CONCLUSIONS
0.5 : . .
In a recent papdrl5] it was pointed out that the ultimate
fate of the evolution of our universe is much more sensitive
104 to the presence of the cosmological constant than any other

o0 05 0 T 20 matter content. In particular, the universe with a negative
z cosmological constant will always collapse eventually, even
though the cosmological constant may be nearly zero and
FIG. 4. The state parameter of dark enefguintessence field undetectable at all at the present time. Our results support the
plus cosmological constanis far from being constant. very general assertions of R¢L5], we have shown that for

083501-4



MODEL OF THE UNIVERSE INCLUDING DARK ENERGY . .. PHYSICAL REVIEW ¥7, 083501 (2003

a determined region of the parameter space, the universts beginning(i.e., just after the decoupling of matter and
collapses. This also favors the consistent formulation ofadiatior).

string and quantum field theories, as explained in the Intro-

duction. The predictions of our 'mc.)del for distance moduli ACKNOWLEDGMENTS

from the supernovae are very similar to those made by the

standardA CDM model. So far, we have investigated one of We acknowledge Claudio Rubano, Mauro Sereno, and
the several possible branches of the solution, leaving for th@aolo Scudellaro, from Universita di Napoli “Federico II,”
future the investigation of the others. We have also reservetfaly, for useful comments and discussions and Andro
for future work the careful examination of this universe nearGonzales for help in the computations.

[1] M. Turner, Int. J. Mod. Phys. A7, 3446(2002. [15] Je-An Gu and W.-Y.P. Hwang, astro-ph/0106387.

[2] M. Turner, Int. J. Mod. Phys. A7S], 180(2002. [16] I.L. Shapiro and J. Sola, Phys. Lett.&5 236 (2000.

[3] A.G. Riesset al, Astron. J.116, 1009(1998; A.V. Filippenko [17] Je-An Gu and W.-Y.P. Hwang, Mod. Phys. Lett.1%, 1979
and A.G. Riess, Phys. Rep07, 31 (1998. (2002; hep-th/0105133.

[4] S. Perimutteret al, Astrophys. J517, 565(1999; Bull. Am.  [18] R. Cardenas, T. Gonzales, O. Martin, I. Quiros, and D. Ville-
Astron. Soc.29, 1351(199%; S. Perlmutter, M.S. Turner, and gas, Gen. Relativ. Gravig4, 1877 (2002
M. White, Phys. Rev. Leti83, 670(1999. [19] G. Efstathiouet al, astro-ph/0109152.

[5]'S. Dodelson and L. Knox, Phys. Rev. Le, 3523(2000;  [20] p, De Bernardiet al, Nature(London 404, 955(2000.

L.M. Griffiths, A. Melchiorri, and J. Silk, Astrophys. J. Lett. [21] R. de Ritiset al, Phys. Rev. D42, 1091(1990.

553 L5. (2009). [22] S. Cappoziello, R. de Ritis, C. Rubano, and P. Scudellaro, Riv.
[6] J.R. Primack, Nucl. Phys. BProc. Supp). 87, 3 (2000. Nuovo Cimentol9, 1 (1996
[7] G.F. Smoot, talk given at U.S. DOE Program Review, [23] J.D. Barrow Phys: Lett Bé? 12 (1987

Lawrence Berkeley Laboratory, 2001. [24] A.B. Burd and J.D. Barrow, Nucl. Phy8308 929 (1988.

[8] M.S. Turner, Phys. ScB5, 210(2000. i .
[9] T. Banks, hep-th/0007146; T. Banks and W. Fischler [25] R. de Ritis, A.A. Marino, C. Rubano, and P. Scudellaro, Phys.
) ' ' Rev. D62, 043506(2000).

hep-th/0102077.

[10] J. Cline, J. High Energy Phy$§8, 035 (2001). [26] R. de Ritiset al, Phys. Lett. AL49, 79 (1990.
[11] M. Sasaki, H. Susuki, K. Yamamotos, and J. Yokoyama, Class[27] M-S. Turner and A. Riess, astro-ph/0106051.

Quantum Grav10, L55 (1993. [28] P.J. Steinhardt, L. Wang, and |. Zlatev, Phys. Rev.59)
[12] C. Kolda and W. Lahneman, hep-ph/0105300. 123504(1999.
[13] C. Rubano and P. Scudellaro, Gen. Relativ. Gragd. 307  [29] P. Binetruy, Int. J. Theor. Phy89, 1859(2000.

(2002. [30] I. Maor, R. Brustein, and P.J. Steinhardt, Phys. Rev. 18&t6
[14] U. Lopes and R. Rosenfeld, J. High Energy Phy8, 015 (2001).

(2002. [31] J. Weller and A. Albrecht, Phys. Rev. Le@6, 1939(2001.

083501-5



