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quantum problem of the vacuum energy, which may be identified with the cosmological constant,
reduces to the classical problem of the initial condition. We investigate the cosmology given
by the model and specify the region of the initial conditions which could be consistent with the
evolution of the universe. We also show that there is a stable solution describing the de Sitter

space-time, which may explain the accelerating expansion in the current universe.
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1. Introduction

The energy density generating the accelerating expansion of the universe is called as dark
energy. The ACDM model of the dark energy could be a cosmological term with a small cosmo-
logical constant, A'/* ~ 10~3eV. The cosmological term can be regarded as the energy density of
the vacuum in quantum field theory pyicuum - When we introduce the cutoff scale Acywofr, Which
might be the Planck scale, the vacuum energy ~ A‘C‘umff is much larger than the observed value
(10*3 eV)4 of the energy density in the universe. We may use the counter term in order to obtain
the observed very small vacuum energy (10_3 eV)4 but very very fine-tuning is necessary and it
looks extremely unnatural.

2. Simple model

In [@], motivated by the unimodular gravity theories, a new model has been proposed. One of
the action of this model is given by,

s = [d'xv=g {2’; A A+ duAdtg - 8“198%} + Sunater - @.1)

Here A and ¢ are scalar fields, and b and ¢ are also scalar fields but they are fermionic (Grassmann
odd) and later b is identified with the anti-ghost and ¢ with ghost and R is the Ricci scalar and x is
gravitational coupling constant. In (Z), we express the action of matters by Sparer can be that of
arbitrary model. When we redefine the scalar field A by A — A — A, the action (ZT) is rewritten as,

S = /d4x\/—g{2§2 —A+Jurdte— 8”198’%} + Smatter = /d4x\/—g{$+5maner}. (2.2)

Then the obtained action () does not include the constant A, which tells that the constant A does
not affect the dynamics. The model in (IZ) includes ghosts [0], which generates the negative norm
states in the quantum theory and therefore the model is inconsistent but the negative norm states
can be excluded by defining the physical states by using the BRS symmetry [B]. In fact, the action
is invariant under the infinite numbers of the BRS transformation,

OA=0c=0, O0p=¢ec, Sb=€e(A—X). (2.3)
Here € is a fermionic parameter and Ay is a solution of the equation,
0=VHo,A, 2.4)

which can be obtained by the variation of the action () with respect to ¢@. We now impose the
following gauge condition in order to fix the gauge symmetry,

14+ Vo e =0. (2.5)

Then the gauge-fixing Lagrangian [[1] is given by the BRS transformation (Z3) of —b (1 + Vo (p) .
In fact, we find

8 (—b(14+V,0"@)) =€ (L + Ao + (total derivative terms)) . (2.6)
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Therefore the Lagrangian density (Z2) is surely BRS exact up to the total derivative terms if A9 =0
and we find that the theory in (Z2) is surely a topological field theory. Then by using Eq. (E3),
A — Ay is BRS exact, which tells that the vacuum expectation value of A — Ay must vanish[g, B, [].
If the vacuum expectation value of A — Ay does not vanish, the BRS symmetry is spontaneously
broken . We should note that there is only one unbroken BRS symmetry in when A = Ay. Therefore
in the real world, only one Ay is chosen and the corresponding BRS symmetry is not broken.

3. Cosmological evolution

The values A or A+ A could be determined by the initial conditions in the classical theory.
Then in the following, we investigate the cosmology given by the model (Z11) and specify the region
of the initial conditions which could be consistent with the evolution of the observed universe. We
may assume the FRW metric with flat spacial part,

(dx')?, 3.1)

e

ds* = —dt* +a(r)?
1

1

and A and ¢ are assumed to only depend on the time coordinate 7. In (B), a(¢) is called as the scale
factor. By the variation of A in the action (), we obtain Eq. (3). Neglecting the contributions
from matters, we consider the FRW cosmology. Then the first and second FRW equations are

3 5, dA do 1 ,» ~dH dA do

—H =A+A———, —— (3H 42— | =—A—A———. 3.2

K2 + dt dt K2 + dt dt dt (3-2)
We find that there is a solution, where A is a constant A = A;. In fact, A = A, is one of the solution
of (4) with FRW metric (B2). Then Eq. (B2) tells that H is a constant, H = Hy and therefore the
space-time is the de-Sitter space-time. We now investigate the stability of the solution under the de
Sitter space-time. For this purpose, we consider the perturbation from the solution,

H:H0+6H, ;L:)LI‘FCSA«, (P:(PdeSitter“_S(P' (33)

Then by using (Z4), (I3), and (B22), we can write the equations in the matrix form,

SA SA 0o 1 0

on |=A|é6n |, A=| 0 -3Hy O ,n=A. (3.4)
KZ 1('2

6¢ 69 18HZ ~ 54H —3Ho

The eigenvalues of the matrix A is given by —3Hp and two 0’s. Because there is not positive
eigenvalues, the solution is stable or at least quasi-stable. We now investigate what could be the
initial condition corresponding to the value of the vacuum energy in the present universe. In the
radiation-dominated era, the matter-dominated era, and the dark energy-dominated era, the scale
factor is given by

a(t) = agat"? ,a(t) = amat®? a(t) = apeoVA (3.5)

respectively. Here a4, amat, and ap are constants depending on the energy density of the radiation,
the matter density, and the dark energy density, respectively, and Hy is Hubble rate in the current
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universe and Q, is the dark energy density parameter. In the FRW universe, from (IZ4), (£3),and
(B3), the scalar fields A(7) and @(¢) in the radiation-dominated era are given by

rad1 2Mrad2
@(t) = Grad(t) = Praa2 — 2103ad1 v * St A1) = Arad () = Arad1 — ad2 1z, (3.6)
rad rad

Here, Qrad1, Prad2, Aradl s Arad2 are some constant. In the matter dominant era and the dark energy

dominant era, we can also express Qmat(f), QA (1), Amat(f) and Ax (1) by using @raq1, Prag2, Aradi s Arad2
if we assume the following approximations. Where the radiation-dominated era transited to the
matter-dominated era at the time ¢t = ¢, we assume Qma(f1) = @Praa(t1) and Pac(t1) = Pat(f1).
Similarly, we connect the matter dominant era to the dark energy dominant era and express all era
of scalar field only by using @rad1, @rad2, Arad1, Arag2. We impose the two constraints on the above
constants which may explain the initial condition of the scalar fields. First constraint could be
obtained by requiring A + A should become a constant corresponding to the cosmological con-
stant. Second constraint requires that the matter should be surely dominant compared with the
contributions from A and ¢. Then we may have the following constraint[[T],

At Aagt = Aragz X (3.1 109 [eVT!]) ~ 107 [eVH], | Araaa| < 1074 [e V7], (3.7)

|Arad2 (@raa1 +1.4x 10" [eVT']) | <1077 [eV*] | |Arad2@raa1| < 10707 [eV?] . (3.8)

The first constraint in (BZ2) seems to tell that we need the fine tuning for the initial conditions.
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