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Abstract

A general class of cosmological models driven by a nonlocal scalar field inspired by
the string field theory is studied. Using the fact that the considering linear nonlocal
model is equivalent to an infinite number of local models we have found an exact special
solution of the nonlocal Friedmann equations. This solution describes a monotonically
increasing Universe with the phantom dark energy.

1 Introduction

Recently string theory and brane cosmology have been intensively discussed as promising
candidates for the theoretical explanation of the obtained experimental data (see for example
[1]-[6])-

The purpose of this paper is to present new results concerning studies of nonlocal linear
models in the Friedmann-Robertson-Walker Universe. These models are inspired by the
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string field theory (SFT) (for review of the SFT see [7]). A distinguished feature of nonlocal
linear and nonlinear models [8]-[2] is the presence of infinite number of higher derivative
terms (note also nonlocal models in the Minkowski space-time [22]-[29]). For special val-
ues of the parameters these models describe linear approximations to the cubic bosonic or
nonBPS fermionic SF'T nonlocal tachyon models, p-adic string models or the models with
the invariance of the action under the shift of the dilaton field to a constant. The NonBPS
fermionic string field tachyon nonlocal model has been considered as a candidate for the dark
energy []].

Present cosmological observations [30] do not exclude an evolving dark energy (DE) state
parameter w, whose current value can be less than —1, that means the violation of the null
energy condition (NEC) (see [31} 32] for a review of the DE problems and [33] for a search
for a super-acceleration phase of the Universe).

Field theories, which violate the NEC [34], 5], are of interest not only for the construc-
tion of cosmological dark energy models with the state parameter w < —1, but also for the
solution of the cosmological singularity problem. A possible way to avoid cosmological singu-
larities consists of dealing with nonsingular bouncing cosmological solutions. In this scenario
the Universe contracts before the bounce [2]. Such models have strong coupling and higher-
order string corrections are inevitable. It is important to construct nonsingular bouncing
cosmological solutions in order to make a concrete prediction of bouncing cosmology.

A simple possibility to violate the NEC is just to deal with a phantom field. In the present
paper we consider nonlocal models which are linear and admit solutions, which are linear
combinations of local fields. Some of these local fields are phantoms. Namely due to the
presence of these ghost excitations such nonlocal models present an interest for cosmology.

At the same time there are well known problems with instability of quantum models with
phantoms, namely a lost of unitarity and so on. We believe that nonlocal SFT models in
true vacua are stable with respect to quantum fluctuations. This question has to be consider
in the full SFT framework and demands further investigations. We also believe that due
to these string theory origin the corresponding nonlocal cosmological models, which are
nonlinear in matter fields, have no problem with instability in the quantum case. In this
paper we consider only the classical case and models, which are linear in a nonlocal scalar
field.

In our previous paper [15] as well as in paper [16] nonlocal linear models already have
been studied. In [15] nonlocal linear model has been studied in the flat space-time and
we have proposed special deformations of the potential, which allows us to get the same
scalar field solutions in flat and nonflat (the FRW metric) cases. As result we have obtained
nonlinear models in the FRW metric. In [I6] few exact solutions to linear model in the
FRW metric have been found. In this paper we present a systematic method that permits
us to transform the initial nonlocal system into infinity set of local systems. The choice of
a local system is equivalent to the choice of a special solution of the nonlocal system. This
approach allows us to use the standard method of analysis of the differential equations and
in particular to find exact solutions.

The paper is organized as follows. In Section 2 we describe string inspired models with
quadratic nonlocal potentials. In Section 3 we assume that the metric is given and consider
the equation of motion as an equation for the nonlocal scalar field. We construct solutions,



using eigenfunctions of the [l ,-operator with eigenvalues, belonging to the set of roots of the
characteristic equation. In Section 4 we find values of the energy density and pressure for
these solutions. In Section 5 we consider the Friedmann—Robertson—Walker Universe and find
local models, which correspond to particular solutions of the initial nonlocal model. In the
case of dilaton massless scalar field we construct the general solutions for the corresponding
local model, which are the special exact solution for the initial nonlocal model as well. We
analyze cosmological properties of the obtained solutions.

2 Nonlocal linear models

In this paper we consider a model of gravity coupling with a nonlocal scalar field, which
induced by string field theory

S = /d4x\/—_g <M75R + Agﬁ (%ch (—=0Oy/M2) ¢ — A)) , (1)
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where g, is the metric tensor (we use the signature (—,+,+,+) ), O, = ﬁ@,ﬂ/—_gg’“’&,
M, is a mass Planck, M, is a characteristic string scale related with the string tension
o: My = 1/y/d/, ¢ is a dimensionless scalar field, g, is a dimensionless four dimensional
effective coupling constant related with the ten dimensional string coupling constant gy and
the compactification scale. A = %f/\’ is an effective four dimensional cosmological constant.

The form of the function F' is inspired by a nonlocal action appeared in the string field
theory. We consider the case

F(2)=—-2+1—ce (2)

where ¢ is a real parameter and c is a positive constant. Using dimensionless space-time
variables and a rescaling we can rewrite ([I]) for F' given by (2) as follows

S = /d4x\/_< LR+ ¢Dg¢+1(¢2—c<1>2)—A’), (3)
where
d=cVg

and m? = g,M?/M?. Generally speaking the string scale does not coincide with the Plank
mass. That gives a possibility to get a realistic value of A.

The form of the term (eJ4¢)? is analogous to the form of the interaction term for the
tachyon field in the SFT action. The case of the open cubic superstring field theory tachyon

corresponds to &2 = — 1/ (4 In (3\[)> ~ 0.9556 and ¢ = 3 (see [25]-[27]).
The equation of motion for the scalar field has the following form
(0, + e o =co. (4)
The energy-momentum tensor
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V—g0g°"
3

Tos = —




has the following explicit form

1 2
Taﬁ = —Yap (§¢2 - %augbaugb - g(eDg¢)2 - A,) - 528a¢85¢ -

1
—4%50/1w[@“ﬂ“%¢xmwﬂ—MQ¢>+<&m“+”%¢x8%ﬂ—MQ¢ﬂ—%
0

1

+ 2¢ / dp (DueM TP o) (9ge ")
0

Note that the energy-momentum tensor 7,5 includes the nonlocal terms, so the Einstein’s
equations are nonlocal ones.

3 Generalization of Flat Dynamics

3.1 Flat Dynamics
In the flat case action ([I]) has the following form:

S ot = % / Az F(—0)6. (6)

If the scalar field ¢ depends only on time, then equation of motion () is reduced to the
following linear equation:

F(&R)(r) =0 7)
A plane wave ¢ = e™ is a solution of () if « is a root of the characteristic equation
F(a?) =0. (8)
For a case of F' given by (2) equation ([7]) has the following form
— &% +o—ce =0, (9)

This equation has been analysed in detail in our paper [15]. Using the explicit form the
function ¢(t) we have found the solutions of equations of motion and the corresponding
values of the energy density and pressure. In this paper we generalise these calculations for
non-flat case.

3.2 The equation of motion in an arbitrary metric

Let us consider eq. (d]). Really this equation is a consequence of the Einstein’s equations,
hence, both the metric g,, and the scalar field ¢ are unknown. We assume that the metric
g 1s given and consider eq. (@) as an equation in ¢.
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In this paper we study solutions in the following form:

N
n=1

where N is a natural number, ¢,, is a solution of the following equation:

Dgqbn = - O‘igbm (11)
and «,, are solutions to the corresponding characteristic equation:
Fa?)= -’ +1—c e~20% = 0, (12)

Without loss of generality we can assume that for any n and k # n the conditions o2 # o}
are satisfied. Indeed, if the sum (I0) includes two summands ¢, and ¢y,, which correspond
to one and the same «?, then we can consider them as one summand ¢y, = ¢y, + @,, which
corresponds to aj.

We start with construction of a solution to equation () in the case N = 1:

0,6 = — a9, (13)

where « is a root of (I2). Note that this ansatz is widely used in studying of nonlocal linear
models [6], 13, [16, 17, 18, 36]. Equation (I2]) has the following solutions

1 2c e~2/¢
ay = :ti\/4+2£2Wn(—?>, n=0,%£1,%£2, .. (14)
where W, is the n-s branch of the Lambert function satisfying a relation W(z)e"®) = 2.

The Lambert function is a multivalued function, so eq. (I2) has an infinite number of roots.
Parameters £ and c are real, therefore if o, is a root of (I2)), then the adjoined number o
is a root as well. Note that if «, is a root of (I2)), then —q,, is a root too.

If a® = o3 is a multiple root, then at this point F(a2) = 0 and F’(a3) = 0. These
equations give that

1 1
2 _

Qp = ? - 57 (15>
hence o? is a real number and all multiple roots of F(a?) = 0 are either real or pure
imaginary. Double roots exist if and only if

c = 5_2 e(2/62-1) (16)
5 .

Note that the existence of double roots means that there exist solutions of equation (),
which does not satisfy of equation (I3]), but satisfy the following equation

(0, + ) (0, + a®)p = 0. (17)

In the flat case an example of such solution is the function ¢(t) = texp(at) (see [15]).
All roots for any & and ¢ are no more than double degenerated, because F”(a?) # 0. In this
paper we consider such values of £ and ¢ that equality (I6]) is not satisfied and all roots are
simple ones. Under this assumption we can consider the set of the solutions (I0) as a quite
general solution.



3.3 Real Roots of the Characteristic Equation

For some values of the parameters ¢ and ¢ eq. (I2]) has real roots. To mark out real values
of a we will denote real o as m: m = a.

To determine values of the parameters at which eq. (I2)) has real roots we rewrite this
equation in the following form:

2

e?m — ¢

£ =g(m* c), where g(m?c)= (18)

—-
m2 62m

The dependence of g(m, c) on m for different ¢ is presented in Fig. (l). This function has a

maximum at m2,,,
11 e!
2
— 2 _ZW. = 19
Mnax 9 2 1 < c ) ) ( )

provided c is such that W_; (—%) < —1, in the other words 0 < ¢ < 1.
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Figure 1: The dependence of the function g(m?, c), which is equal to €2, on m at ¢ = 1/2
(left), ¢ = 1 (center) and ¢ = 2 (right).

There are three different cases (see Fig. [I]).
o If ¢ < 1, then eq. (I2) has two simple real roots: m = +m; for any values &.
e If c =1, then eq. (I2) has a zero root. Nonzero real roots exist if and only if 2 < 2.

o If ¢ > 1, then eq. (I2)) has

— no real roots for €2 > €2, where
A R B 2 (20)
mae m?nax a W_l(—€_1/0>

— two real double roots m = £mye, for £2 = f,wx

2

max’

— four real simple roots for £2 < ¢ In this case we have the following restriction

on real roots: m? > %hl C.

Note that values of roots do not depend on H(t) and, therefore, coincide with roots in
the flat case, which have been found in [I5].



4 Energy Density and Pressure

4.1 General Formula

Let us calculate the energy density and the pressure for the solution (I0). Up to this moment
we do not put any restrictions on the metric tensor g,,, now we start to consider the case of
the spatially flat Friedmann—Robertson—Walker Universe:

ds* = — dt* + a*(t) (daf + da3 + dz3) (21)
and spatially homogeneous solutions ¢(t). In this case
Top = gop diag{&E,-P,—P,—P}, (22)
where the energy density £ and pressure P are as follows
E=E+E+Eu+Em + N, P=E—E+Euw—En—N. (23)

Nonlocal term &,,;; plays a role of an extra potential term and &,;12 plays a role of an extra
kinetic term. The explicit form of the terms in the R.H.S. of ([23) is [24] 29] as follows

2
& = %(50@2,
& =~ (¢~ ),
1
£ = c/ (6(1+p)D¢) (_ De(l—p)D¢) dp, (24)

0
1

Enp = —c/ (86(1+”)D¢) (86(1_”)D¢) dp,

0

where 5
D= —R—3H(t)d, H= %“ (25)
For N =1 we obtain
Moy, '
€= B(dn) + N == ((God)” — ) + A, (26)
Moy, /
P =P(gr) = N =2 (@) + i) — A, (27)
where for arbitrary o
n, =&+ 28%% — 2. (28)

Note that considering the flat space-time [15], we have introduced the parameter p, =
a?n,,. The use of parameter 7, instead of p, is more convenient, because we do not need to
consider the case a = 0 separately.



Hereafter we denote the energy density and pressure of function ¢(t) as the functionals
E(¢) and P(¢), respectively.

For the solution ¢(t) = ¢1(t) + ¢2(t) it is convenient to write the energy density in the
following form

5 = E(¢1 + ¢2) + A/ = E(¢1) + E(¢2) + Ecross(¢17 ¢2) + Al;

where the functional E,..ss(¢1, ¢2) is defined as follows:
Ecross(¢1> ¢2) = Ekcr + Enl2cr- + Epcr + Enllcra (29)

Ey., = £00010002, E, = —¢16s+ce 1%, ¢y,

1
Buiy = — ¢ [ [(€7976) D (0975) + (049765) D (e-0761)] d,

0

Bus,, = = / 190 (7P 61) D (P 6) + 8 (07P6) 8 (40 P) | dp
0

Using (I2), we calculate E,;s,.:

c(e 207 e 2a2>
Enp,, = — T35 Bo100g2 = — E2Do P10 (30)
Qy; — o
So
Enl2c7‘ _'_ Ekcr = 0 (31>

The straightforward calculation also gives that

_ 2 _ 2
c(ade 1 — ale 20‘2>

Enllcr = —cC e—a%—a%¢1¢2 + a2 P) ¢1¢2 Pcr‘ (32>

2 — g

Therefore, we obtain that

Ecross(¢1> ¢2) = Oa and Pcross(¢l> ¢2) = Oa (33)
where
Pcross(¢la ¢2) = Ekcr- + Enl2cr- - Epcr - Enllcr- (34)
So,
E(¢1+ ¢2) = E(d1) + E(2), (35)
P(g1+ ¢2) = P(¢1) + P(¢2). (36)

Finally, for the case of N summands we obtain (compare with [14, [15] 17]):

E=F (Z ¢n> + N =) E(¢,) + N, (37)
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P=P <Z¢n> _A/:ZP(¢n> — A (38)

From formulas (37) and (B8] we see that the energy density and the pressure are sums
of 7individual” energy densities and pressures respectively and have no crossing term.

In the case of an arbitrary metric g,5 and a scalar field ¢, (t, x1, x9, x3), which satisfies
eq. (), we obtain that

2

1
Taﬁ(¢n) = —YGap <§¢i - 50u¢nau¢n - %(6Dg¢n)2) - €2aa¢naﬁ¢n -
1
—c gag/dp [(€(1+p)Dg¢n)(Dge(l—p)Dg¢n) + (3ﬂ€(1+p)Dg(bn)(aue(l—p)ﬂggbn)} +
0

1
+-2cu/°dp<a@e<kﬂﬂﬂg¢n>(age“-*”ﬂg¢n>:=
0

005 (1220,0,0%0 ~ 152232} — 1, 00006,

The energy-momentum tensor, which corresponds to the function (I0), is as follows

N N
Tos = Tag (Z ¢n> + gapN' =Y Tup(dn) + gap'. (39)

n=1 n=1

4.2 Energy Density and Pressure for real «

As we have seen in Section 3 for some values of parameters ¢ and ¢ eq. (I2)) has real roots.
We denote as 1, the value of 7, for real a = m:

2

2m —c

N =& (14 2m?) —2 = (1+2m?) —2. (40)

2
m2 e2m

If and only if ¢ > 1, then there exists the interval of 0 < m? < m? ., on which n,, <

0. Some part of this interval is not physical, because g(m? ¢) < 0 on this part. The
straightforward calculations (compare with [15]) show that at the point

1 1 et
L 7 7 (. 41
M as 9 2 1 ( c ) ) ( )

we obtain 7, (Mmae:) = 0. So, for ¢ > 1 and €2 < &2, we have two positive roots of (I2)): m,
and mg > my, with n,,, <0 and 7n,,, > 0. In the next section we use this fact to construct
a quintom local model with one tachyon real scalar field, which corresponds to 7,,,, and one
phantom real scalar field, which corresponds to 7,,,. For different values of ¢ the function

Pm = m?n,, is presented in Fig. 2
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Figure 2: The dependence of p,, on m at ¢ = 1/2 (right), ¢ = 1 (center) and ¢ = 2 (left).

5 Construction of solutions in the Friedmann—Robert-
son—Walker metric

5.1 Equations of motion and Friedmann equations

In the spatially flat Friedmann—Robertson—Walker Universe we get the following equation of
motion for the space homogeneous scalar field ¢

(ED+1)e*Pp=co. (42)
The Friedmann equations have the following form
3H? = % £,
mp
(43)

: 1
== (E+7P)

where dot denotes the time derivative (H = JyH).

The second equation of system (3)) is the nonlinear integral equation in H(t):
1
. 1 2
H=—-— 5(80@2 — c/(806(1+p)D¢) (806(1_”)D¢) dp | . (44)
m
p
0

Let us make an assumption, that ¢(¢) and H(t) satisfy the following equation
Do = — a, (45)

where « is a root of eq. (I2)).
In this case eq. ([@2)) is solved. Using formulas (26]) and (27), we rewrite system (43]) in

the following form:
/

2_ Mo (52 2,2 A
3H_2mg(¢ a¢>+m§’

(46)

-~ Mo g2
ng
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It is easy to check that (45]) is a consequence of system (46]). Instead of (4G) we can consider
the following third order system:

¢ +3H¢ =,
(47)

: Na 2
H= — —¢°.

mefZS

This system has the following integral of motion:
' 1
I, — 32 <2_ 22):—/\’ 4

therefore, choosing the initial date for (47]) one fixes the value of A’.
So, our assumption allows to transform a system with a nonlocal scalar field into a system
with a local one. In the same way we obtain systems with two or more local fields. Let

where all ¢,(t) are solutions of (45]) with the same function H(t) and different values of a:
a = ay,. If all @, (n = 1..N) are different roots of (I2)), then system (43) transforms into the
following system with N scalar fields:

3H? — o (Z T, (¢ —a24? ) +2A’>

;

(50)
25
In the case of two real roots a; > 0 and g > ayg:
37 = 5 (i (61— fed) o, (63— i) +20),
(51)

) 1 - -
= = 5 (0% + 188)

we have obtained that 7,, < 0 and 7,, > 0. Therefore the corresponding two-field model is a
quintom one, in other words, includes one phantom scalar field (7,, < 0 ) and one scalar field
with the canonical kinetic term (7,, > 0 ) and with the tachyon mass term (a37,, > 0). The
SF'T inspired nonlinear local quintom models and their exact solutions have been studied, for
example, in [37, 38]. To obtain exact solutions with physically important properties usually
one should add some additional terms in the potential, which tend to zero in the limit of the
flat space-time [15], 37, 38, 39]. It is interesting that system (@) allows to find a physically
important exact solution without adding any term in the potential.
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5.2 Exact Solution in the case N =1

Let us consider system (6] with real a. Two exact nontrivial real solutions of this system
have been presented in [16]. In our notations these solutions are the following:

e At a#0andn, <0

o) =Alt—to), N = -, H{H)="FT(t—t) (52)

where

to is an arbitrary constant.

e Ata=0,A=0andn, =& -2>0

B(1) = +y /2—7;? In(t —tg) + Cy,  H(t) = ﬁ (54)

where ty and C are arbitrary constants. Note that the root a = 0 exists if and only if
c=1.

In this paper we present a new solution, which looks more realistic for the SF'T inspired
cosmological model. At present time one of the possible scenarios of the Universe evolution
considers the Universe to be a D3-brane (3 spatial and one time variable) embedded in
higher-dimensional space-time. This D-brane is unstable and does evolve to the stable state.
This process is described by the dynamics of the open string, which ends are attached to
the brane (see reviews [7] and references therein). A phantom scalar field is an open string
theory tachyon. According to the Sen’s conjecture [28] this tachyon describes brane decay,
at which a slow transition in a stable vacuum takes place. This vacuum is characterized
by the absence of open string states, i.e. corresponds to states of the closed string. This
picture allows us to specify the asymptotic conditions for the scalar field. We assume that
the phantom field ¢(¢) smoothly rolls from the unstable perturbative vacuum (¢ = 0) to a
nonperturbative one, for example ¢ = Ay, where Aj is a nonzero constant, and stops there.
It is easy to see that exact solutions, presented in [16] do not satisfy these conditions.

At ¢ = 1 our model (3) is a nonlocal model for the dilaton coupling to the gravitation
field. Its distinguished feature is the invariance under the shift of the dilaton field to a
constant. In this case one of solutions of eq. (IZ) is @ = 0. Summing the first and the second

equations of (4], we obtain:
A/

H="— —3H> 55
= (5)
If A’ > 0, then we obtain a real solution:
N 3N
Hi(t) = tanh —(t—1 56
)= g 0 ( el o>), (56)
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where t, is an arbitrary real constant.

It is easy to see that H(t) > 0 for any t, hence, from the second equation of (E6]) we
obtain that ¢(t) can be real scalar field only if it is a phantom one (1, < 0, that is equivalent
to €2 < 2). The explicit form of ¢(¢) is as follows:

2 !
P1(t) = £ % arctan <sinh ( %(t — to))) + O, (57)

p

where (5 is an arbitrary constant. Functions H;(t) and ¢;(t) are presented in Fig. [3

1.0t 15—
H— -
— 1.0
0.5— —

] 0.5—
[TTTTTTTTT R PTLITTTT T eI, oo rr (R T T T TiTT ]
3 -2 -1 /0 1 243 3 -2 -1 12 43

-0.5

-0. —
. 07
-1.0— -1.5—

N

Figure 3: The functions Hy(t) (right) and ¢y(t) (left) at A’ =3, m2 =1, &> =1,y = 0 and
Cy = 0.

The Hubble parameter H;(t) is a monotonically increasing function, so, using that
2 H,
w=—1-—-—, 28

we obtain w < —1. So, solution (56) corresponds to phantom dark energy. Note that we
have found two-parameter set of exact solutions at any A’ > 0. In other words, at any
A’ > 0 we have found the general solution of (46), which correspond to a = 0. At A’ =0
the solution (56) transforms to a constant. In the case A’ = 0 the general solution has been
found in [16].

In the case A’ < 0 we obtain the following general solution:

Hy(t) = — tan( - (t- to)) , (59)

8m2 cos < _Tiév (t — to)) -1
- P h z Cs.
B ECEE R W=y R B
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This solution is real at €2 > 2. It is interesting that the type of solutions essentially
depends on sign of A’. The solution with the SE'T inspired boundary conditions corresponds
to A" > 0.

6 Conclusions

We have studied the SF'T inspired linear nonlocal model. This model has an infinite number
of higher derivative terms and are characterized by two positive parameters: &2 and c.
For particular cases of the parameters £2 and c¢ the corresponding actions describe linear
approximations to either the bosonic or nonBPS fermionic cubic SFT as well as to the
nonpolynomial SFT.

Roots of the characteristic equation do not depend on the form of the metric and this
property allows us to study properties of energy density and pressure. We have found that in
an arbitrary metric the energy-momentum tensor for an arbitrary N-mode solution is a sum of
the energy-momentum tensors for the corresponding one-mode solutions. In the Friedmann—
Robertson—Walker spatially flat metric the pressure for a one-mode solution corresponding
to a real root can be positive or negative, depending on parameters of our nonlocal model.
Namely, for ¢ < 1 the one mode pressure is positive and for ¢ > 1 it could be negative or
positive.

The investigation performed in this paper shows that the general field equations in linear
nonlocal models admit an equivalent description in terms of local theory and as a conse-
quences we have representations (37) and (38) for the energy and pressure. This calculation
also supports the use of the Ostrogradski representation for our system in the case of arbi-
trary metric.

In distinguish to our previous paper [15] we do not use any approximation scheme and do
not add any terms in the potential. We have shown that our linear model with one nonlocal
scalar field generates an infinite number of local models. These models can be studied
numerically and we plan to present this analysis in future papers. Some of these models
have been solved explicitly and, hence, special exact solutions for nonlocal model in the
Friedmann—Robertson—Walker metric have been obtained. In particular we have constructed
an exact kink-like solution, which correspond to monotonically increasing Universe with
phantom dark energy. Note that the obtained behaviour of the Hubble parameter is close
to behavior of the Hubble parameter in the nonlinear nonlocal model [§], which recently has
been obtained numerically [19].

Acknowledgement

L.J. would like to thank D. Mulryne for fruitful discussions. S.V. is grateful to the organiz-
ers of the V-th International Symposium ”Quantum Theory and Symmetries”| (QTS’5) for
hospitality and financial support (the grant awarded by the Fundacion Universidades de
Castilla y Leon), his participation in the QTS’5 conference has been supported in part by
the European Physical Society and RFBR travel grant 07-01-08245.

14


http://tristan.fam.cie.uva.es/~qts5/
http://tristan.fam.cie.uva.es/~qts5/

This research is supported in part by RFBR grant 05-01-00758. The work of I.A. and
L.J. is supported in part by INTAS grant 03-51-6346 and Russian President’s grant NSh—
672.2006.1. S.V. is supported in part by Russian President’s grant NSh—-8122.2006.2. L.J.
acknowledges the support of the Centre for Theoretical Cosmology, in Cambridge.

References

[1] F. Quevedo, Lectures on String/Brane Cosmology, Class. Quant. Grav. 19 (2002) 5721-
5779, hep-th/0210292
U.H. Danielsson, Lectures on String Theory and Cosmology, Class. Quant. Grav. 22
(2005) S1-S40, hep-th /0409274
M. Trodden and S.M. Carroll, Tasi lectures:  introduction to cosmology,
astro-ph /0401547,
A. Linde, Inflation and string cosmology, eConf C040802 (2004) L024; J. Phys. Conf.
Ser. 24 (2005) 151-160, hep-th/0503195
C.P. Burgess, Strings, branes and cosmology: What can we hope to learn?,
hep-th /0606020
J.M. Cline, String cosmology, hep-th/0612129;
L. McAllister and E. Silverstein, String Cosmology: A Review, arXiv:0710.2951.

[2] J. Khoury, B.A. Ovrut, P.J. Steinhardt and N. Turok, Colliding Branes and the Origin
of the hot Big Bang, Phys. Rev. D 64 (2001) 123522, hep-th/0103239;
J. Khoury, B.A. Ovrut, P.J. Steinhardt and N. Turok, Density Perturbations in the
FEkpyrotic Scenario, Phys. Rev. D 66 (2002) 046005, hep-th/0109050

[3] R. Lazkoz, R. Maartens and E. Majerotto, Observational constraints on phantom-like
braneworld cosmologies, Phys. Rev. D 74 (2006) 083510, astro-ph/0605701

[4] L.P. Neupane, Towards Inflation and Accelerating Cosmologies in String-Generated
Gravity Models, hep-th/0605265

[5] Sh. Nojiri and S.D. Odintsov, Dark energy cosmology from higher-order, string-inspired
gravity and its reconstruction, Phys. Rev. D 74 (2006) 046004, hep-th/0605039

[6] T. Biswas, A. Mazumdar and W. Siegel, Bouncing Universes in String-inspired Gravity,
JCAP 0603 (2006) 009, hep-th/0508194

[7] K. Ohmori, A Review on Tachyon Condensation in Open String Field Theories,
hep-th/0102085;
[.Ya. Aref’eva, D.M. Belov, A.A. Giryavets, A.S. Koshelev and P.B. Medvedev, Non-
commutative Field Theories and (Super)String Field Theories, hep-th/0111208;
W. Taylor, Lectures on D-branes, tachyon condensation and string field theory,
hep-th /0301094

[8] I.Ya. Aref’eva, Nonlocal String Tachyon as a Model for Cosmological Dark Energy, AIP
Conf. Proc. 826 (2006) 301-311, astro-ph/0410443;

15


http://arxiv.org/abs/hep-th/0210292
http://arxiv.org/abs/hep-th/0409274
http://arxiv.org/abs/astro-ph/0401547
http://arxiv.org/abs/hep-th/0503195
http://arxiv.org/abs/hep-th/0606020
http://arxiv.org/abs/hep-th/0612129
http://arxiv.org/abs/0710.2951
http://arxiv.org/abs/hep-th/0103239
http://arxiv.org/abs/hep-th/0109050
http://arxiv.org/abs/astro-ph/0605701
http://arxiv.org/abs/hep-th/0605265
http://arxiv.org/abs/hep-th/0605039
http://arxiv.org/abs/hep-th/0508194
http://arxiv.org/abs/hep-th/0102085
http://arxiv.org/abs/hep-th/0111208
http://arxiv.org/abs/hep-th/0301094
http://arxiv.org/abs/astro-ph/0410443

[.Ya. Aref’eva, D-brane as a Model for Cosmological Dark Energy, in: ”Contents and
Structures of the Univrse”, eds. C. Magneville, R. Ansari, J. Dumarchez, and J.T.T.
Van, Proc. of the XLIst Rencontres de Moriond, pp. 131-135;

[.Ya. Aref’eva, Stringy Model of Cosmological Dark Energy, AIP Conf. Proc. 957 (2007)
297, larXiv:0710.3017

9] I.Ya. Aref’eva and L.V. Joukovskaya, Time Lumps in Nonlocal Stringy Models and
Cosmological Applications, JHEP 0510 (2005) 087, hep-th/0504200

[10] G. Calcagni, Cosmological Tachyon from Cubic String Field Theory, JHEP 0605 (2006)
012, lhep-th /0512259

[11] I.Ya. Aref’eva and A.S. Koshelev, Cosmic Acceleration and Crossing of w = —1 barrier
from Cubic Superstring Field Theory, JHEP 0702 (2007) 041, hep-th/0605085

[12] I.Ya. Aref’eva and I.V. Volovich, On the Null Energy Condition and Cosmology,
hep-th /0612098

[13] N. Barnaby, T. Biswas and J.M. Cline, p-adic Inflation, JHEP 0704 (2007) 056,
hep-th /0612230
N. Barnaby and J.M. Cline, Large Nongaussianity from Nonlocal Inflation, JCAP 0707
(2007) 017, larXiv:0704.3426

[14] A.S. Koshelev, Nonlocal SFT Tachyon and Cosmology, JHEP 0704 (2007) 029,
hep-th/0701103

[15] I.Ya. Aref’eva, L.V. Joukovskaya and S.Yu. Vernov, Bouncing and Accelerating Solutions
in Nonlocal Stringy Models, JHEP 0707 (2007) 087, hep-th/0701184

[16] I.Ya. Aref’eva and I.V. Volovich, Quantization of the Riemann Zeta-Function and
Cosmology, Int. J. of Geometric Methods in Modern Physics 4 (2007) 881-895,
hep-th/0701284

[17] J.E. Lidsey, Stretching the Inflaton Potential with Kinetic Energy, Phys. Rev. D76
(2007) 043511, hep-th /0703007

[18] G. Calcagni, M. Montobbio, and G. Nardelli, A route to nonlocal cosmology, Phys. Rev.
D 76 (2007) 126001, larXiv:0705.3043

[19] L.V. Joukovskaya, Dynamics in Nonlocal Cosmological Models Derived from String Field
Theory, Phys. Rev. D 76 (2007) 105007, larXiv:0707.1545

[20] N. Barnaby and N. Kamran, Dynamics with Infinitely Many Derivatives: The Initial
Value Problem, JHEP 0802 (2008) 008, larXiv:0709.3968

[21] L.V. Joukovskaya, Rolling Tachyon in Nonlocal Cosmology, AIP Conf. Proc. 957 (2007)
325, larXiv:0710.0404

16


http://arxiv.org/abs/0710.3017
http://arxiv.org/abs/hep-th/0504200
http://arxiv.org/abs/hep-th/0512259
http://arxiv.org/abs/hep-th/0605085
http://arxiv.org/abs/hep-th/0612098
http://arxiv.org/abs/hep-th/0612230
http://arxiv.org/abs/0704.3426
http://arxiv.org/abs/hep-th/0701103
http://arxiv.org/abs/hep-th/0701184
http://arxiv.org/abs/hep-th/0701284
http://arxiv.org/abs/hep-th/0703007
http://arxiv.org/abs/0705.3043
http://arxiv.org/abs/0707.1545
http://arxiv.org/abs/0709.3968
http://arxiv.org/abs/0710.0404

[22]

[23]

[24]

[25]

[27]

28]

[29]

[30]

D.A. Eliezer and R.P. Woodard, The Problem of Nonlocality in String Theory, Nucl.
Phys. B325 (1989) 389-469

N. Moeller and B. Zwiebach, Dynamics with Infinitely Many Time Derivatives and
Rolling Tachyons, JHEP 0210 (2002) 034, hep-th /0207107

H. Yang, Stress tensors in p-adic string theory and truncated OSF'T, JHEP 0211 (2002)
007, hep-th /0209197

[.Ya. Aref’eva, L.V. Joukovskaya, and A.S. Koshelev, Time Fvolution in Superstring
Field Theory on non-BPS brane. Rolling Tachyon and Energy-Momentum Conserva-
tion, JHEP 0309 (2003) 012, hep-th/0301137;

Ya.l. Volovich, Numerical study of nonlinear equations with infinite number of deriva-
tives, J. Phys. A 36 (2003) 8685-8702, math-ph/0301028

V.S. Vladimirov and Ya.l. Volovich, Nonlinear Dynamics Equation in p-Adic String
Theory, Theor. Math. Phys. 138 (2004) 297-309 [Teor. Mat. Phys., 138 (2004) 355—
368], math-ph/0306018;

V.S. Vladimirov, On the equation of the p-adic open string for the scalar tachyon field,
math-ph/0507018;

L.V. Joukovskaya, Iteration method of solving nonlinear integral equations describing
rolling solutions in string theories, Theor. Math. Phys. 146 (2006) 335-342 [Teor. Mat.
Phys. 146 (2006) 402-409], larXiv:0708.0642;

D.V. Prokhorenko, On Some Nonlinear Integral Equation in the (Super)String Theory,
math-ph /0611068

V. Forini, G. Grignani, and G. Nardelli, A new rolling tachyon solution of cubic string
field theory, JHEP 0503 (2005) 079, hep-th/0502151

A. Sen, Tachyon Dynamics in Open String Theory, Int. J. Mod. Phys. A 20 (2005)
5513-5656, hep-th /0410103

L.V. Joukovskaya, Dynamics with infnite number of derivatives for level truncated non-
commutative interaction, Proc. of the 26-th Conference QPIDA, p. 258, World Scientific,
2007.

Supernova Cosmology Project collaboration, S. Perlmutter et al., Measurements of
omega and lambda from 42 high-redshift supernovae, Astrophys. J. 517 (1999) 565—
586, astro-ph/9812133;

Supernova Search Team collaboration, A.G. Riess et al., Observational Evidence from
Supernovae for an Accelerating Universe and a Cosmological Constant, Astrophys. J.
116 (1998) 1009-1038, astro-ph/9805201;

Supernova Search Team collaboration, A.G. Riess et al., Type Ila Supernova Dis-
coveries at z > 1 From the Hubble Space Telescope: FEvidence for Past Decelera-
tion and Constraints on Dark Energy Evolution, Astrophys. J. 607 (2004) 665-687,
astro-ph/0402512;

Supernova Cosmology Project collaboration, R.A. Knop et al., New constraints on w,,,

17


http://arxiv.org/abs/hep-th/0207107
http://arxiv.org/abs/hep-th/0209197
http://arxiv.org/abs/hep-th/0301137
http://arxiv.org/abs/math-ph/0301028
http://arxiv.org/abs/math-ph/0306018
http://arxiv.org/abs/math-ph/0507018
http://arxiv.org/abs/0708.0642
http://arxiv.org/abs/math-ph/0611068
http://arxiv.org/abs/hep-th/0502151
http://arxiv.org/abs/hep-th/0410103
http://arxiv.org/abs/astro-ph/9812133
http://arxiv.org/abs/astro-ph/9805201
http://arxiv.org/abs/astro-ph/0402512

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

wy, and w from an independent set of eleven high — redshift supernovae observed with
HST, Astrophys. J. 598 (2003) 102-137, lastro-ph/0309368;

SDSS collaboration, M. Tegmark et al., The 3D power spectrum of galaxies from the
SDSS, Astroph. J. 606 (2004) 702-740, astro-ph/0310725;

WMAP collaboration, D.N. Spergel et al., Wilkinson microwave anisotropy probe
(WMAP) three year results: implications for cosmology, Astroph. J. Suppl. Ser. 170
(2007) 377-408, astro-ph/0603449;

P. Astier et al., The Supernova Legacy Survey: Measurement of €2,,, 24 and w from
the First Year Data Set, Astron. Astrophys. 447 (2006) 31-48, astro-ph/0510447;

U. Seljak, A. Slosar, and P. McDonald, Cosmological parameters from combining the
Lyman-alpha forest with CMB, galazy clustering and SN constraints, JCAP 0610 (2006)
014, lastro-ph /0604335

E.J. Copeland, M. Sami, and Sh. Tsujikawa, Dynamics of dark energy Int. J. Mod.
Phys. D15 (2006) 1753-1936, hep-th /0603057

T. Padmanabhan, Dark energy: mystery of the millennium, AIP Conf. Proc. 861 (2006)
179-196, astro-ph /0603114

M. Kaplinghat and S. Bridle, Testing for a Super-Acceleration Phase of the Universe,
Phys. Rev. D 71 (2005) 123003, astro-ph/0312430

S.W. Hawking and G.F.R. Ellis, The Large Scale Structure of space-time, Cambridge
University Press, Cambridge, 1973.

M. Gasperini and G. Veneziano, The Pre — Big Bang Scenario in String Cosmology,
Phys. Rept. 373 (2003) 1-212, hep-th /0207130
G. Veneziano, A Model for the big bounce, JCAP 0403 (2004) 004, hep-th/0312182

D.J. Mulryne, private communication

[.Ya. Aref’eva, A.S. Koshelev, and S.Yu. Vernov, Crossing of the w = —1 Barrier by
D3-brane Dark Energy Model, Phys. Rev. D 72 (2005) 064017, astro-ph/0507067

S.Yu. Vernov, Construction of Ezxact Solutions in Two-Fields Models and the Cross-
ing of the Cosmological Constant Barrier, Theor. Math. Phys. 155 (2008) 544-556
[Teor.Mat. Fiz. 155 (2008) 47-61], astro-ph/0612487

[.Ya. Aref’eva, A.S. Koshelev, and S.Yu. Vernov, Ezactly Solvable SF'T Inspired Phan-
tom Model, Theor. Math. Phys. 148 (2006) 895-909 [Teor. Mat. Phys. 148 (2006)
23-41], astro-ph /0412619

18


http://arxiv.org/abs/astro-ph/0309368
http://arxiv.org/abs/astro-ph/0310725
http://arxiv.org/abs/astro-ph/0603449
http://arxiv.org/abs/astro-ph/0510447
http://arxiv.org/abs/astro-ph/0604335
http://arxiv.org/abs/hep-th/0603057
http://arxiv.org/abs/astro-ph/0603114
http://arxiv.org/abs/astro-ph/0312430
http://arxiv.org/abs/hep-th/0207130
http://arxiv.org/abs/hep-th/0312182
http://arxiv.org/abs/astro-ph/0507067
http://arxiv.org/abs/astro-ph/0612487
http://arxiv.org/abs/astro-ph/0412619

	Introduction
	Nonlocal linear models
	Generalization of Flat Dynamics
	Flat Dynamics
	The equation of motion in an arbitrary metric
	Real Roots of the Characteristic Equation

	Energy Density and Pressure
	General Formula
	Energy Density and Pressure for real 

	Construction of solutions in the Friedmann–Robertson–Walker metric
	Equations of motion and Friedmann equations
	Exact Solution in the case N=1

	Conclusions

