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Abstract

We develop the cosmological perturbations formalism in models
with a single non-local scalar field originating from the string field
theory description of the rolling tachyon dynamics. We construct the
equation for the energy density perturbations of the non-local scalar
field in the presence of the arbitrary potential and formulate the lo-
cal system of equations for perturbations in the linearized model when
both simple and double roots of the characteristic equation are present.
We carry out the general analysis related to the curvature and entropy
perturbations and consider the most specific example of perturbations
when important quantities in the model become complex.

1 Introduction

Current cosmological observational data [1, 2] strongly support that the
present Universe exhibits an accelerated expansion providing thereby an ev-
idence for a dominating dark energy (DE) component [3]. Recent results
of WMAP [2] together with the data on Ia supernovae and galaxy clus-
ters measurements, give the following bounds for the DE state parameter
wDE = −1.02+0.14

−0.16. The present cosmological observations do not exclude a
possibility that the DE with w < −1 exists, as well as an evolving DE state
parameter w. Moreover, the recent analysis of the observation data indi-
cates that the varying in time dark energy with the state parameter wDE,
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which crosses the cosmological constant barrier, gives a better fit than a
cosmological constant (for details see reviews [4] and references therein).

Construction of a stable model with w < −1 is a challenge leading to
the consideration of originally stable theories admitting the NEC violation
in some limits. Recently a new class of cosmological models obeying this
property which is based on the string field theory (SFT) [5] and the p-adic
string theory [6] has been investigated a lot [7]–[26]. It is known that both
the SFT and the p-adic string theory are UV-complete ones. Thus one can
expect that resulting (effective) models should be free of pathologies.

Models originating from the SFT are distinguished by presence of specific
non-local operators. The higher derivative terms in principle may produce
the well known Ostrogradski instability [27] (see also [28, 8])1. However
the Ostrogradski result is related to higher than two but a finite number
of derivatives. In the case of infinitely many derivatives it is possible that
instabilities do not appear [19].

The SFT inspired cosmological models [7] are considered as models for
dark energy (DE). The way of solving the Friedmann equations with a
quadratic potential, by reducing them to the Friedmann equations with
many free massive local scalar fields, has been proposed in [10, 12] (see
also [25]). The obtained local fields satisfy the second order linear differen-
tial equations. In the representation of many scalar fields some of them are
normal and some of them are phantom (ghost) ones [12, 25]. Cosmological
models coming out from the SFT or the p-adic string theory are considered
in application to inflation [15]–[22] to explain in particular appearance of
non-gaussianities. For a more general discussion on the string cosmology
and coming out of string theory theoretical explanations of the cosmologi-
cal observational data the reader is referred to [31]. Other models obeying
non-locality and their cosmological consequences are considered in [32, 33].

As a simplest model originating from SFT one can consider a theory with
one scalar field whose kinetic operator is non-local. Equations for cosmolog-
ical perturbations in such kind of model where the scalar field Lagrangian
is quadratic covariantly coupled with Einstein gravity were derived in [23].
In the present paper we develop and improve that formalism accounting an
arbitrary potential of the scalar field as well as the presence of double roots
of the characteristic equation in the linearized model. We also carry out the
general analysis of curvature and entropy perturbations and consider the
most specific example of perturbations when characteristic quantities of the
model become complex.

The paper is organized as follows. In Section 2 we describe the non-local
non-linear SFT inspired cosmological model. In Section 3 we sketch the con-
struction of background solutions in the linearized model and perturbation

1Additional phantom solutions, obtained by the Ostrogradski method in some models
can be interpreted as non-physical ones, because the terms with higher-order derivatives
are regarded as corrections essential only at small energies below the physical cutoff [29, 30].
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theory for models with non-local scalar field2. In Section 4 we consider the
perturbations in the case of two complex conjugate roots. In Section 5 we
consider the case when the analytic function F(α′

�), which defines the ki-
netic operator in the action, has double roots. In Section 6 we summarize
the obtained results and propose directions for further investigations.

2 Model setup

2.1 Actions

We work in (1+3) dimensions, the coordinates are denoted by Greek indices
µ, ν, . . . running from 0 to 3. Spatial indexes are a, b, . . . and they run from
1 to 3. The four-dimensional action motivated by the string field theory is
as follows [35, 10, 11]:

S =

∫

d4x
√−g

(

R

16πGN
+

1

α′g2o

(

1

2
TF0(α

′
�)T − Vint(T )

)

− Λ0

)

. (1)

Here GN is the Newtonian constant: 8πGN = 1/M2
P , whereMP is the Planck

mass, α′ is the string length squared, go is the open string coupling constant.
We use the signature (−,+,+,+), gµν is the metric tensor, R is the scalar
curvature, � = Dµ∂µ = 1√

−g
∂µ

√−ggµν∂ν and Dµ being a covariant deriva-

tive, T is a scalar field primarily associated with the open string tachyon.
The function F0(α

′
�) may be not a polynomial manifestly producing thereby

the non-locality. Fields are dimensionless while [go] = length. The poten-
tial Vint(T ), which is an open string tachyon self-interaction, does not have
a quadratic term. It is convenient to introduce dimensionless coordinates
x̄µ = xµ/

√
α′, the dimensionless gravitational constant GN = GN/α

′, and
the dimensionless coupling constant ḡo = go/

√
α′. In the following formulae

we always use dimensionless coordinates and parameters omitting bars over
them.

Function F0 is assumed to be an analytic function of its argument, such
that one can represent it by the convergent series expansion with real coef-
ficients:

F0 =
∞
∑

n=0

fn�
n and fn ∈ R. (2)

Equations of motion are

Gµν =
8πGN

g2o
Tµν , (3)

F0(�)T = V ′
int(T ), (4)

2For applications of other multi-field cosmological models and related technical aspects
see for instance [34].
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where Gµν is the Einstein tensor, the energy–momentum (stress) tensor is
as follows

Tµν =
1

2

∞
∑

n=1

fn

n−1
∑

l=0

(

∂µ�
lT∂ν�

n−1−lT + ∂ν�
lT∂µ�

n−1−lT −

− gµν

(

gρσ∂ρ�
lT∂σ�

n−1−lT +�
lT�n−lT

))

−

− gµν

(

g2oΛ0 −
(

1

2
TF0(�)T − Vint(T )

))

.

It is easy to check that the Bianchi identity is satisfied on-shell and for
F0 = f1� + f0 the usual energy–momentum tensor for the massive scalar
field is reproduced.

Let us emphasize that the potential of the field T is V = − f0
2 T

2+Vint(T ).
Let T0 be an extremum of the potential V . One can linearize the theory in its
neighborhood using T = T0 + τ . To second order in τ one gets the following
action

S2 =

∫

d4x
√−g

(

R

16πGN
+

1

2g2o
τF(�)τ − Λ

)

, (5)

where F = F0 − V (T0)
′′ and Λ = Λ0 +

V (T0)
g2o

. Equations (3) and (4) are

valid for the latter action after the replacement F0 → F and Λ0 → Λ at
Vint(T ) = 0. Note that all Taylor series coefficients fn, except f0, are the
same for F0 and F . Equation (4) now is

F(�)τ = 0. (6)

Non-local cosmological models of type (5) with

Fsft(�) = − ξ2�+ 1− c e−2�,

were previously considered in [11, 12, 17]3. Actions (1) and (5) are of the
main concern of the present paper.

2.2 Background solutions construction in the linearized mo-

del

While solution construction in the full non-linear model (1) is not yet known
the classical solutions to equations coming out the linearized action (5) were
studied and analyzed in [10, 11, 12, 17, 20, 23, 25]. Thus, we just briefly
notice the key points useful for purposes of the present paper.

3In [17] for example it has been shown that solving the non-local equations using the
localization technique is fully equivalent to reformulating the problem using the diffusion-
like partial differential equations. One can fix the initial data for the partial differential
equation, using the initial data of the special local fields. This specifies initial data for
a non-linear model, and these initial data can be (numerically) evolved into the full non-
linear regime using the diffusion-like partial differential equation.
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The main idea of finding solutions to the equations of motion is to start
with equation (6) and to solve it, assuming the function τ is a sum of eigen-
functions of the d’Alembert operator:

τ =
∑

i

τi, where �τi = Jiτi and F(Ji) = 0 for any i = 1, . . . , N. (7)

Hereafter we use N (which can be infinite as well) denoting the number of
roots and omit it in writing explicit summation limits over i. Without loss
of generality we assume that for any i1 and i2 6= i1 condition Ji1 6= Ji2 is
satisfied. In this way of solving all the information is extracted from the roots
of the characteristic equation F(J) = 0. We can consider the solution τ as a
general solution if all roots of F are simple. The analysis is more complicated
in the case of double roots [25]. We consider this case separately in Section
5.

In an arbitrary metric the energy–momentum tensor in (3) evaluated on
such a solution is [23]

Tµν =
∑

i

F ′(Ji)
(

∂µτi∂ντi −
gµν
2

(

gρσ∂ρτi∂στi + Jiτ
2
i

)

)

− g2ogµνΛ. (8)

The last formula is exactly the energy–momentum tensor of many free mas-
sive scalar fields. If F(J) has simple real roots, then positive and negative
values of F ′(Ji) alternate, so we can obtain phantom fields. Using formula
(8) we obtain the Ostrogradski representation [27, 28] for action (5):

S3 =

∫

d4x
√−g

(

R

16πGN
− Λ−

∑

i=1

F ′(Ji)

2g2o

(

gµν∂µτi∂ντi + Jiτ
2
i

)

)

.

one can see that S3 is a local action if the number of roots N is finite.

2.3 Application to Friedmann–Robertson–Walker Universe

We stress that all the above formulae are valid for an arbitrary metric and the
general solution. From now on, however, the only metric we will be interested
in is the spatially flat Friedmann–Robertson–Walker (FRW) metric with the
interval given by

ds2 = − dt2 + a2(t)
(

dx21 + dx22 + dx23
)

(9)

where a(t) is the scale factor, t is the cosmic time.
Background solutions for τ are taken to be space-homogeneous. The

energy–momentum tensor in (3) in this metric can be written in the form of
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a perfect fluid T µ
ν = diag(−̺, p, p, p), where

̺ =
1

2

∞
∑

n=1

fn

n−1
∑

l=0

(

∂t�
lT∂t�

n−1−lT +�
lT�n−lT

)

−

− 1

2
TF0(�)T + Vint(T ) + g2oΛ0,

p =
1

2

∞
∑

n=1

fn

n−1
∑

l=0

(

∂t�
lT∂t�

n−1−lT −�
lT�n−lT

)

+

+
1

2
TF0(�)T − Vint(T )− g2oΛ0.

(10)

Obviously we can rewrite equations (3) in the canonical form:

3H2 = 8πG̺, Ḣ = − 4πG(̺+ p), (11)

where G ≡ GN/g
2
o is a dimensionless analog of the Newtonian constant,

H = ȧ/a and a dot denotes a derivative with respect to the cosmic time t.
The consequence of (11) is the conservation equation:

˙̺ + 3H(̺+ p) = 0. (12)

which corresponds to the non-local field equation (4).
Some progress is possible in the linearized model when the metric is fixed

to be of the FRW type. The individual equations in (7) in this metric read

τ̈i + 3Hτ̇i + Jiτi = 0 (13)

The full system of equations of motion has the fixed points at τi = 0 and
3H2 = 3H2

0 = 8πGNΛ, which is real at Λ > 0. Equations (13) together
with Friedmann equations describe the late time evolution of the model
with Lagrangian (1). This model possesses an approximate solution with
all scalar fields tending to the minimum of the potential (i.e. τi → 0) and
the Hubble parameter going to the constant. Such solution was constructed
numerically and was proven to be a solution in [14]. Also the asymptotic
form of this solution was derived in [10].

It is instructive to investigate the Lyapunov stability of the fixed point.
Using formulae from [41], we come to conclusion the fixed point is asymp-
totically stable at

H0 > 0, ℜe(Ji) < 0. (14)

If at the fixed point H0 < 0 or ℜe(Ji) > 0 for some i, then this fixed point is
unstable. At ℜe(Ji) = 0 for some i or H0 = 0 one can not use the Lyapunov
theorem to analyse the stability of the fixed point. Note that the conditions
(14) are sufficient for stability in not only the Friedmann–Robertson–Walker
metric but also the Bianchi I metric [41]. In this paper we shall extend this
analysis and consider the stability of the fixed point with respect to arbitrary
perturbations.
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To compute an approximate solution to (13) one starts with a constant
H = H0 and then computes the correction to H using Friedmann equations.
Then the procedure can be iterated to compute higher corrections. It was
proven in [10] such iteration does converge.

Solution to (13) with constant H = H0 is obviously

τi = τi+e
αi+t + τi−e

αi−t (15)

where αi± = 3H0

2

(

−1±
√

1− 4Ji
9H2

0

)

. Considering τi we see that only one

term in the solution converges when t → ∞ in general (if both converge we
select the slowest one). Let’s assume it is the first one proportional to τ+
constant. Then in order to pick the (slowest) convergent solution we put
τ− = 0.4

The first correction to the constant Hubble parameter in case only de-
caying modes in τi are present is

H = H0 + h = H0 + h0
∑

τ2i . (16)

Constant h0 is not independent and is related with τi+. We note that h
is of order τ2i . The last expression is a good approximation for H in the
asymptotic regime when h ≪ H0. Further one can find the scale factor to
be

a = a0 exp

(

H0t+
h0
2

∑ τ2i
αi+

)

. (17)

3 Cosmological perturbations with single non-local

scalar field

3.1 General analysis

Now we turn to the main problem of the present paper: derivation of cosmo-
logical perturbation equations in models with a non-local scalar field. We are
focused on the scalar perturbations, because both vector and tensor pertur-
bations exhibit no instabilities [37]. Scalar metric perturbations are given by
four arbitrary scalar functions [36, 37]. Changing the coordinate system one
can both produce fictitious perturbations and remove real ones. Natural way
to distinct real and fictitious perturbations is introducing gauge-invariant
variables, which are free of these complications and are equal to zero for a
system without perturbations. There exist two independent gauge-invariant
variables (the Bardeen potentials), which fully determine the scalar pertur-
bations of the metric tensor [36, 37, 38, 40, 23]. To construct the perturba-
tion equations one can use the longitudinal (conformal-Newtonian) gauge,

4Hereafter we adopt the rule
√
z∗ =

√
z
∗

meaning that the phase of the complex number
runs in the interval [−π, π) and for z = re

iσ the square root is |√r|eiσ/2.
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in which the interval (9) with scalar perturbations has the following form
(in terms of the Bardeen potentials):

ds2 = a(η)2
(

−(1 + 2Φ)dη2 + δ
(3)
ab (1− 2Ψ)dxadxb

)

(18)

where η is the conformal time related to the cosmic one as a(η)dη = dt. The
the Bardeen potentials Φ and Ψ are as usually Fourier transformed with
respect to the spatial coordinates xa having thereby the following form:
Φ(η, xa) = Φ(η, k)eikax

a
and similar for Ψ. The obtained equations contain

only gauge invariant variables, so they are valid in an arbitrary gauge.
Although the metric perturbations are defined in the conformal time

frame in the sequel the cosmic time t will be used as the function argument
and all the equations will be formulated with t as the evolution parameter.

To the background order energy density and pressure are given by (10).
To the perturbed order one has

δ̺ =
1

2

∞
∑

n=1

fn

n−1
∑

l=0

(

∂tδ(�
lT )∂t�

n−1−lT + ∂t�
lT∂tδ(�

n−1−lT )−

− 2Φ∂t�
lT∂t�

n−1−lT + (19)

+ δ(�lT )�n−lT +�
lTδ(�n−lT )

)

− 1

2g2o
(TV ′′

int − V ′
int)δT,

δp =
1

2

∞
∑

n=1

fn

n−1
∑

l=0

(

∂tδ(�
lT )∂t�

n−1−lT + ∂t�
lT∂tδ(�

n−1−lT )−

− 2Φ∂t�
lT∂t�

n−1−lT − (20)

− δ(�lT )�n−lT −�
lTδ(�n−lT )

)

+
1

2g2o
(TV ′′

int − V ′
int)δT,

vs =
k

a(̺+ p)

∞
∑

n=1

fn

n−1
∑

l=0

∂t�
lTδ

(

�
n−1−lT

)

, (21)

πs = 0. (22)

where vs gives the perturbed T 0
a components of the stress-energy tensor

and πs is the anisotropic stress. Using the Einstein equations one gets that
πs = 0 is equivalent to Φ = Ψ. The Bardeen potential Ψ is proportional to
the gauge invariant total energy perturbation

ε ≡ δ̺

̺
+ 3(1 + ω)Hvs

a

k
= − k2

4πG̺a2
Ψ. (23)

The function ε is a solution of the following linear differential equation (see
details in [23]):

ε̈+H
(

2 + 3c2s − 6w
)

ε̇+

+

(

Ḣ(1− 3w)− 15H2w + 9H2c2s +
k2

a2

)

ε+
k2

a2̺
∆ = 0.

(24)
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Here w = p/ρ is the equation of state parameter, c2s = ṗ/ρ̇ is the speed of
sound, k =

√
kaka is the comoving wavenumber and

∆ = δp− δ̺+ (1− c2s)
a

k
˙̺vs =

(1− c2s) ˙̺

̺+ p

∞
∑

n=1

fn

n−1
∑

l=0

∂t�
lTδ(�n−1−lT )−

−
∞
∑

n=1

fn

n−1
∑

l=0

(

δ(�lT )�n−lT +�
lTδ(�n−lT )

)

+
1

g2o
(TV ′′

int − V ′
int)δT.

The latter quantity is identically zero for a local scalar field, i.e. in the case
F(�) = f1�+ f0. Therefore, ∆ 6= 0 is the attribute of the non-locality here.

For the linearized model (5) we can consider the background solution
as given by (7) to obtain ∆ in the more convenient form. To do this the
following relation is useful

δ(�nτ) = �
nδτ +

n−1
∑

m=0

�
m(δ�)�n−1−mτ. (25)

Using (7) and the well-known formula

n−1
∑

m=0

xm =
xn − 1

x− 1
,

one has

δ(�nτ) = �
nδτ +

∑

i

�
n − Jn

i

�− Ji
(δ�)τi. (26)

Perturbing the equation of motion for τ , one has

δ(Fτ) =
∞
∑

n=0

fnδ(�
nτ) = 0. (27)

More explicitly this equation can be written as

δ(Fτ) = F
∑

i

(

1

�− Ji
(δ�)τi + δτi

)

= 0 (28)

where we have put δτ =
∑

i

δτi.

It follows from (8) that if for some Jk we have τk = 0 as a background
solution, then δτk, contributes only to the second order in the energy–
momentum tensor perturbations. In this paper we consider perturbations
only to the first order, and therefore for all τk = 0 we can put δτk = 0 with-
out loss of generality. If F has an infinite number of roots, but we select
as a background the function τ , which includes only a finite number of τk,
then only a finite number of perturbations δτk give contribution to the first
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order perturbation equations, whereas in the second order all perturbations
are important.

After some algebra one can get the following expression for ∆

∆ = − 2

̺+ p

∑

m,l

F ′(Jm)F ′(Jl)Jmτmτ̇mτ̇
2
l ζml , (29)

where ζij =
δτi
τ̇i

− δτj
τ̇j

satisfy the following set of equations

ζ̈ij +

(

3H +
τ̈i
τ̇i

+
τ̈j
τ̇j

)

ζ̇ij +

(

−3Ḣ +
k2

a2

)

ζij =

=

(

Jiτi
τ̇i

− Jjτj
τ̇j

)

(

∑

m

F ′(Jm)τ̇2m
̺+ p

(

ζ̇im + ζ̇jm

)

+
2

1 + w
ε

)

.
(30)

Equation (24) with the above derived ∆ and equations (30) in a closed form
describe the perturbations in the case of linearized model. Comparing these
equation with the equation for perturbations in a system with many fields
(see eqs. (82) and (85) in [38]) we see they do coincide. Thus perturbations
become equivalent in the model with one free non-local scalar field and in
the model with many local scalar fields. In our model, however, the quantity
which should be considered as energy density perturbation is ε. Functions
ζij play auxiliary role and normally should not be given an interpretation.

3.2 Curvature and entropy perturbations

To understand better what is going on in the discussed type of models it
is instructive to see how the curvature and entropy perturbations behave
in our model having infinitely many scalar degrees of freedom (interesting
results in analysing this parameters in case of many fields can be found for
instance in [39]).

Comoving curvature perturbations can be expressed as

R = Ψ− H

Ḣ
(Ψ̇ +HΨ) (31)

where Ψ is the Bardeen potential connected in turn with ε as (23). Entropy
perturbations defined as e = δp − c2sδ̺ can be found as

e

̺
= ε− (1 + c2s)

a2

k2
∆ (32)

Both quantities are gauge invariant and play crucial role in computing vari-
ous spectral indexes.

In order to figure out the behavior for the curvature and entropy pertur-
bations it is enough to find out the behavior of only two functions: ε and ∆.
Such a generic form in formulae (31) and (32) persists because the theory
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can be written in the local form. It is nevertheless obvious that it would
be difficult to reach similar results in a general case, when Vint 6= 0 and
equation (3) is not linear in T . Moreover, it is not transparent that one can
make a significant progress for a general operator F even in the linearized
model.

There are several specific situations in which we can outline the strategy
of the further analysis.

• The first one is already mentioned above and refers to the background
configuration where only the finite number of scalar fields is excited.
Then in the linear perturbations we will have no impact of the pertur-
bation modes related to the zero background fields. This statement is
obvious having in mind that the local action is quadratic and diagonal
in scalar fields.

• The second situation corresponds to particular form of the function F
such that its roots form a sequence Ji and one can arrange them such
that Ji − Ji+1 → 0 when i tends to infinity. Then in the asymptotic
regime where solutions for the scalar fields are dumped plane waves
(15) one gets the factor in the RHS of equation (30) tending to zero
and equations for corresponding ζii+1 become homogeneous. In this
case one can easily solve this equation which now reads

ζ̈ii+1 + cζ̇ii+1 +

(

−3Ḣ +
k2

a2

)

ζii+1 = 0. (33)

Here we assumed the coefficient in front of the first derivative to be
a constant while the background solutions are the planewaves. Two
modes come out when the time grows

ζii+1 ≈ C1 +C2e
−ct (34)

and therefore we see that there is a decaying or growing mode depend-
ing on the sign of c. This constant in the asymptotic regime is given
by

c = 3H0 −
(

√

Ji +
√

Ji+1

)

. (35)

Recall that the stability of the asymptotic solution requires ℜe(Ji) < 0
(see (14)) and it guarantees that c > 0 and perturbations vanish. Even
though it is not the final answer and one still has to solve coupled
equations the claim is that only a finite number of ζij are really coupled
with ε while other functions ζij just produce the inhomogeneity in
equation for ε (24). Mathematically we can put all this decoupled
modes to be zero but than the problem becomes completely equivalent
to the previous case with a finite number of fields in the play. Here,
however, we keep trace of other fields even though the are effectively
decoupled from the system of equations.
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One example of the operator giving such a behavior is

F(J) = α− eβJ (36)

Roots are given by

Jk =
1

β
(log(α) + 2πik) (37)

Resummation in ∆ (29) for all the components which are effectively
decoupled (assuming this happens from some k = k0) gives

∆0 = − 2C2

̺+ p

e−ct

1 + e−ct
(38)

where C2 and c are from eq. (35) when i = k0.

• The third situation is when the values of
√
Ji are equidistant meaning√

Ji+1 −
√
Ji = cJ . Then equation (30) in the asymptotic regime

becomes

ζ̈i+1i +
(

3H + 2
√

Ji + cJ

)

ζ̇i+1i +

(

−3Ḣ +
k2

a2

)

ζi+1i =

= cJ

(

∑

m

F ′(Jm)τ̇2m
̺+ p

(

ζ̇i+1m + ζ̇im

)

+
2

1 +w
ε

)

.
(39)

The advantage with respect to the general situation is that the the
inhomogeneous part of this equation is universal for any number i
meaning that we can construct homogeneous equations consdering the
difference of the latter equations for some i and j.

It is important to say that all these cases even giving some insight into the
problem are not very simple to analyze. We hope to address this issue in
the future analysis of models of this type.

4 Complex roots J in the linearized model

4.1 One pair of complex conjugate roots J1 = J and J2 = J
∗.

The background

If a complex number J is a root of F , then J∗ is a root of F as well. System
(11) becomes:

H2 =
8

3
πGN

[F ′(J)

2go

(

τ̇2 + Jτ2
)

+
F ′(J∗)

2go

(

τ̇∗
2
+ J∗τ∗2

)

+ Λ

]

,

Ḣ = − 4πGN

go

[

F ′(J)τ̇2 + F ′(J∗)τ̇∗
2
]

.

(40)
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In terms of real fields φ and ψ such that τ = φ+ iψ, τ∗ = φ− iψ, we get the
following kinetic term:

Ek =
F ′(J)

2go
τ̇2 +

F ′(J∗)

2go
τ̇∗

2
=
dr
go

(

φ̇2 − ψ̇2
)

+ 2
di
go
φ̇ψ̇, (41)

where dr = ℜe(F ′(J)) and di = ℑm(F ′(J)). In the case di 6= 0 Ek has
a nondiagonal form. To diagonalize kinetic term we make the following
transformation:

χ = φ+ C1ψ, ν = − C1φ+ ψ, C1 ≡
dr +

√

d2r + d2i√
di

.

In terms of χ and ν system (40) has the following form:

H2 =
8

3
πGN

[

C

2g2o

(

ν̇2 − ξ̇2 + Jr(ν
2 − ξ2) + 2Jmνξ

)

+ Λ

]

,

Ḣ =
4πGNC

g2o

(

χ̇2 − ν̇2
)

,
(42)

where Jr = ℜe(J), Jm = ℑm(J), C =
d2i (d

2
r+d2i )

(

dr+
√

d2r+d2i

)

d2r+d2i+dr
√

d2r+d2i
. So, in the

case of two complex conjugated roots we get a quintom model (for details of
quintom models see reviews [4]).

What is interesting (but not surprising, though) one cannot have non-
interacting fields passing to the real components. Precisely, fields will be
quadratically coupled in the Lagrangian. It means that the usual intuition
about field properties (like signs of coefficients in front the kinetic term or
the mass term) may not work.

Following the method outlined in Section 2.3 we find the asymptotic
solution for the scalar fields with constant H = H0 to be

τ = τ+e
α+t + τ−e

α−t, τ∗ = τ∗+e
α∗

+t + τ∗−e
α∗

−
t (43)

where α± = 3H0

2

(

−1±
√

1− 4J
9H2

0

)

. We assume the first term proportional

to τ+ does converge and put τ− = 0. Further we define τ+ ≡ τ0 and α+ ≡ α.
The first correction to the constant Hubble parameter and to the scale

factor in case only decaying modes in τ are present gives

H = H0 + h = H0 + h0

(

τ2 + τ∗2
)

. (44)

and

a = a0 exp

(

H0t+
h0
2

(

τ2

α
+
τ∗2

α∗

))

. (45)
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4.2 Cosmological perturbations in the neighborhood of the

solution with complex masses

Configurations with a single scalar field were widely studied and those ap-
pearing in the non-local models do not have any distinguished properties.
Roughly speaking configurations with many scalar fields were explored as
well but we have here new models featuring complex masses and complex
coefficients in front of the kinetic terms. As it was stressed above there is no
problem with this for the physics of our models while properties of such mod-
els, in particular the cosmological perturbations with such scalar fields were
not studied in depth. Thus we focus on perturbations in the configuration
with complex roots J . The simplest case is one pair of complex conjugate
roots where the background quantities were derived in previous Subsection.

First we note that the only function ζij is ζ12 which we shall denote ζ.
Thus, there are only two equations in the system. We focus on the asymp-
totic regime h ≪ H0 and after some algebra one arrives to the following
system of equations

(̺+ p)

(

ζ̈ + (3H0 + α+ α∗) ζ̇ +

(

−3Ḣ +
k2

a20
e−2H0t

)

ζ

)

=

=

(

J

α
− J∗

α∗

)

([

F ′(J∗)α∗2τ∗2 −F ′(J)α2τ2
]

ζ̇ + 2g2oΛε
)

,

(46)

ε̈+ ε̇H0(8 + 3c2s) + ε

(

15H2
0 + 9H2

0c
2
s +

k2

a20
e−2H0t

)

=

=
2k2F ′(J)F ′(J∗)α2α∗2τ20 τ

∗
0
2

(̺+ p)a20g
2
oΛ

(

J

α
− J∗

α∗

)

e2(−H0+α+α∗)tζ.

(47)

where we should use

Ḣ = 2h0

(

τ2α+ τ∗2α∗
)

,

ρ+ p = F ′(J)τ2α2 + F ′(J∗)τ∗2α∗2,

c2s =
F ′(J)ατ2

(

α2 − J
)

+ F ′(J∗)α∗τ∗2
(

α∗2 − J∗)

F ′(J)ατ2 (α2 + J) + F ′(J∗)α∗τ∗2
(

α∗2 + J∗
) .

The latter system of equations is ready to be solved numerically but in
order to get some insight in what is going on it is instructive to make some
assumptions about the value J . This makes some analytic progress possible.

We recall the SFT origin of the model. Practically this means that values
of J are determined with the string scales while H0 is expected to be much
smaller. Therefore, it is natural to assume that |

√
J | ≫ H0. This implies

α ≈ i
√
J . Using the explicit expression for τ1 = τ0e

αt ≈ τ0e
i
√
Jt, representing

α = x/2+iy/2 and introducing χ = i8πG3Λ |α2||τ20 |extζ the equations of interest

14



can be written as

cos(yt)χ̈+ 2(
√

x2 + y2 sin(yt+ σb)− x cos(yt))χ̇+

+

(

cos(yt)

(

6h0
√

x2 + y2ex(t−t0) sin(y(t− t0)− σb) +
k2

a20
+ x2

)

−

−2x
√

x2 + y2 sin(yt+ σb)
)

χ = −2yε

(48)

cos(yt)ε̈+ 2
√

x2 + y2 sin(yt− σb)ε̇+

+ 3H0

√

(

k2

3a20H0
− x

)2

+ y2 cos(yt− σc)ε =
2k2y

a20
χ.

(49)

where all the constant coefficients are real, ε and χ are real, t0 is expected
to be negative and

σb = arcsin
x

√

x2 + y2
, σc = arcsin

y
√

( k2

3a2
0
H0

− x)2 + y2
.

The most alarming points of the evolution are yt = π
2 + nπ where the

coefficients in front of second derivatives become zero. Numeric integration
may hit problems at these points if the precision is not very high. In the
neighborhood of these points one has

tχ̈− 2χ̇+ 2xχ = 2ε (50)

tε̈− 2ε̇− 3H0ε =
2k2

a20
χ. (51)

For negative x the solution for ε around t = 0 is ε = ε0 + ε1t+ . . . meaning
that these points are not singular for the above system of equations.

A typical behavior for the function ε is dumped oscillations depicted
in Fig. 1. Such a behavior does not depend on the wavenumber meaning

Figure 1: Typical behavior of the function ε.
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that perturbations with complex conjugate scalar fields do vanish. This is
different from usual models with real scalar fields where different regimes
exist and most likely growing modes are present.

Application of the curvature and entropy perturbation analysis (formulae
(31) and (32)) shows that both quantities decay exponentially in the presence
of a pair of complex conjugate roots. Moreover accounting of the effect of
possible other modes which correspond to other roots with the property that
these modes are decoupled from the full system of perturbation equations
(as in (33)–(38)) does not change qualitatively the result. More comprehen-
sive analysis on what happens when complex roots which are significant for
perturbations are present can be found in [44].

5 The linearized model with double roots

Let us consider an analytical function F(J), which has simple roots Ji and
double roots J̃k, and the function

τB =

N1
∑

i=1

τi +

N2
∑

k=1

τ̃k, where (�− Ji)τi = 0, (�− J̃k)
2τ̃k = 0. (52)

The fourth order differential equation (�− J̃k)(� − J̃k)τ̃k = 0 is equivalent
to the following system of the second order equations:

(�− J̃k)τ̃k = σk, (� − J̃k)σk = 0.

It is convenient to write �
mτ̃k in terms of τ̃k and σk:

�
mτ̃k = J̃m

k τ̃k +mJ̃m−1
k σk. (53)

The energy–momentum tensor, which corresponds to τB, has the following
form [25]:

Tµν (τB) =

N1
∑

i=1

Tµν(τi) +

N2
∑

k=1

Tµν(τ̃k), (54)

where

Tµν(τ) =
1

g2o

(

Eµν(τ) + Eνµ(τ)− gµν (g
ρσEρσ(τ) +W (τ))

)

,

Eµν(τi) =
F ′(Ji)

2
∂µτi∂ντi, W (τi) =

JiF ′(Ji)

2
τ2i ,

Eµν(τ̃k) =
F ′′(J̃k)

4
(∂µτ̃k∂νσk + ∂ν τ̃k∂µσk) +

F ′′′(J̃k)

12
∂µσk∂νσk,

W (τ̃k) =
J̃kF ′′(J̃k)

2
τ̃kσk +

(

J̃kF ′′′(J̃k)

12
+

F ′′(J̃k)

4

)

σ2k.
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Formulae (52) and (54) generalize formulae (7) and (8) for the functions
F(J) with both simple, and double roots. Using (25), (53) and

n−1
∑

m=0

mxm−1 =
d

dx

n−1
∑

m=0

xm =
d

dx

(

1− xn

1− x

)

=
(n− 1)xn − nxn−1 + 1

(1− x)2
,

we get

δ(�nτB) = �
n(δτB) +

n−1
∑

m=0
�

m(δ�)�n−1−mτB =

= �
n(δτB) +

N1
∑

i=1

�
n−Jn

i
�−Ji

(δ�)τi +
N2
∑

k=1

[

�
n−J̃n

k

�−J̃k
(δ�)τ̃k +

+
J̃k(�n+(n−1)J̃n

k −nJ̃n−1

k �)
(�−J̃k)2

(δ�)σk

]

.

(55)

To formulate the perturbation equations we note that from (54) one finds

̺(τB)− p(τB) = 2

(

N1
∑

i=1

W (τi) +

N2
∑

k=1

W (τ̃k)

)

,

so that,

δ̺(τB)− δp(τB) = 2
N1
∑

i=1
JiF ′(Ji)τiδτi +

+
N2
∑

k=1

[

J̃kF ′′(J̃k)(σkδτ̃k + τ̃kδσk) +
(

J̃kF ′′′(J̃k)
3 + F ′′(J̃k)

)

σkδσk

]

and

vs(τB) =
k

a(̺+p)

(

N1
∑

i=1
JiF ′(Ji)τ̇iδτi+

+
N2
∑

k=1

[

F ′′(J̃k)
2 (σ̇kδτ̃k + ˙̃τkδσk) +

F ′′′(J̃k)
6 σ̇kδσk

]

)

,

(56)

where

̺(τB) + p(τB) = 2

(

N1
∑

i=1

E00(τi) +

N2
∑

k=1

E00(τ̃k)

)

.

Then for one double root we obtain

∆(τ̃k) = F ′′(J̃k)
6

{

3J̃kF ′′(J̃k)
(

σk ˙̃τk
2
δσk + σ̇2k τ̃k δ̃τk

)

+

+ 3F ′′(J̃k)σkσ̇
2
k δ̃τk + J̃kF ′′′(J̃k)σkσ̇k ˙̃τkδσk

}

.
(57)

Note that ∆(τ̃k) 6= 0, because F ′′(J̃k) 6= 0.
After the diagonalization5 of the kinetic part of the energy–momentum

tensor, one can use the general formulae for perturbations in cosmological

5Explicit formulae are given in [25]
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models with many scalar fields [38] and get the closed system of equations
for perturbations. So, we can conclude that in the case of the function F(�)
with both simple and double roots we get the system of local equations. We
plan to consider deeper the case of the function F(�) with double roots in
our forthcoming paper.

6 Summary and outlook

The main results of this paper are the construction of the perturbation equa-
tions in non-local models with one scalar field and arbitrary potential and
consideration of the very intriguing example of perturbations. Namely, using
the possibility to construct a local equivalent model with many scalar fields
we find out that masses of these local fields may easily become complex and
such a case constitutes the above-mentioned example. The characteristic
feature of the present setup is that all the local fields in fact are not physical
and play a role of auxiliary functions introduced for the reduction of the
complicated non-local problem to a known one. As it was noted in [10, 11],
for a very wide class of the SFT inspired models the local counterpart is not
yet studied. Looking strange such configurations do not produce a problem
for the model since they are not physical quantities.

Perturbation equations for this local model are (24) and (30) where only
N − 1 functions ζ1j are independent. The discussion on how a cosmological
constant can be generated during the tachyon evolution is presented in [7, 10].
We note that perturbations in a quintom model very close to our setup with a
phantom field without potential and an ordinary scalar field with quadratic
potential were studied in [42]. Perturbations in models with many scalar
fields were studied in literature considering various cosmological scenarios
[38, 43].

In the present paper we have worked the indicative example where two
scalar fields with complex conjugate masses are present. We have demon-
strated numerically that in the case |

√
J | ≫ H0 the gauge invariant energy

density perturbation associated with the matter sector does decay in all
wavelength regimes in contrary to ordinary scalar field models. The gen-
eral case of complex masses deserves deeper investigation and is partially
considered in [44].

Moreover we singled out configurations when really an infinite set of
scalar fields may present but on the other hand there is a chance to analyze in
full the system of equations for perturbations. These are configurations when√
Ji+1−

√
Ji → 0 and when

√
Ji+1−

√
Ji = cJ = const. This should definitely

help in understanding how important quantities like curvature perturbations
and entropy perturbations behave. Also the case of double roots is addressed
and it is shown that one can again formulate the local equivalent theory and
build a closed system of equations. However, the deep analysis of all these
regimes seems to be rather involved and therefore we put it as still open
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question to be addressed separately.
Looking further it is interesting to consider perturbations in other non-

local models coming from the SFT. For instance, models where open and
closed string modes are non-minimally coupled may be of interest in cosmol-
ogy. An example of the classical solution is presented in [45]. Furthermore it
should be possible to extend the formalism presented in this paper to other
models involving non-localities like modified gravity setups [32, 33].

Acknowledgements

The authors are grateful to I.Ya. Aref’eva, B. Craps, B. Dragovich, and
V.F. Mukhanov for useful comments and discussions. This work is sup-
ported in part by RFBR grant 08-01-00798 and state contract of Russian
Federal Agency for Science and Innovations 02.740.11.5057. A.K. is sup-
ported in part by the Belgian Federal Science Policy Office through the
Interuniversity Attraction Poles IAP VI/11, the European Commission FP6
RTN programme MRTN-CT-2004-005104 and by FWO-Vlaanderen through
the project G.0428.06. S.V. is supported in part by the grant of Russian
Ministry of Education and Science NSh-4142.2010.2 and in part by CPAN10-
PD12 (ICE, Barcelona, Spain).

References

[1] Riess A.G. et al. 1998 Observational Evidence from Supernovae for an
Accelerating Universe and a Cosmological Constant, Astron. J. 116

1009–1038 (astro-ph/9805201)
Perlmutter S.J. et al. 1999 Measurements of Omega and Lambda
from 42 High-Redshift Supernovae, Astrophys. J. 517 565–586 (astro-
ph/9812133)
Riess A.G. et al. [Supernova Search Team collaboration] 2004 Type Ia
Supernova Discoveries at z > 1 From the Hubble Space Telescope: Evi-
dence for Past Deceleration and Constraints on Dark Energy Evolution,
Astrophys. J. 607 665–687 (astro-ph/0402512)
Knop R.A. et al. 2003 New Constraints on ΩM , ΩΛ, and w from an In-
dependent Set of Eleven High-Redshift Supernovae Observed with HST,
Astrophys. J. 598 102–137 (astro-ph/0309368)
Tegmark M. et al. [SDSS collaboration] 2004 The 3D power spectrum of
galaxies from the SDS, Astrophys. J. 606 702–740 (astro-ph/0310725)
Spergel D.N. et al. 2003 First Year Wilkinson Microwave Anisotropy
Probe (WMAP) Observations: Determination of Cosmological Param-
eters, Astrophys. J. Suppl. 148 175–194 (astro-ph/0302209)
Astier P. et al. 2006 The Supernova Legacy Survey: Measurement of
ΩM , ΩΛ and w from the First Year Data Set, Astron. Astrophys. 447

19



31–48 (astro-ph/0510447)
Wood-Vasey W.M. et al. 2007, Observational Constraints on the Nature
of the Dark Energy: First Cosmological Results from the ESSENCE Su-
pernova Survey, Astrophys. J. 666 694–715 (astro-ph/0701041)

[2] Komatsu E. et al. 2009 Five-Year Wilkinson Microwave Anisotropy
Probe (WMAP) Observations: Cosmological Interpretation, Astrophys.
J. Suppl. 180 330–376 (arXiv:0803.0547)
Kilbinger M. et al. 2008 Dark energy constraints and correlations with
systematics from CFHTLS weak lensing, SNLS supernovae Ia and
WMAP5, arXiv:0810.5129

[3] Padmanabhan T. 2003 Cosmological Constant — the Weight of the
Vacuum, Phys. Rept. 380 235–320 (hep-th/0212290)
Frampton P. 2004 Dark Energy — a Pedagogic Review, astro-
ph/0409166
Copeland E.J., Sami M., and Tsujikawa Sh. 2006 Dynamics of dark en-
ergy, Int. J. Mod. Phys. D 15 1753–1936 (hep-th/0603057)
Albrecht A. et al. 2006 Report of the Dark Energy Task Force, astro-
ph/0609591

[4] Yi-Fu Cai, Saridakis E.N., Setare M.R., and Jun-Qing Xia, 2010 Quin-
tom Cosmology: theoretical implications and observations, Phys. Rep.
493 1–60 (arXiv:0909.2776)
Hongsheng Zhang, 2009 Crossing the phantom divide, arXiv:0909.3013

[5] Ohmori K. 2001 A Review on Tachyon Condensation in Open String
Field Theories, hep-th/0102085
Aref’eva I.Ya., Belov D.M., Giryavets A.A., Koshelev A.S. and
Medvedev P.B. 2001 Noncommutative Field Theories and (Super)String
Field Theories, hep-th/0111208
Taylor W. 2003 Lectures on D-branes, tachyon condensation, and string
field theory, hep-th/0301094
Arefeva I.Ya. 2010 String field theory: From high energy to cosmology,
Theor. Math. Phys. 163 697–704 [Teor. Mat. Fiz. 163 355–365]

[6] Brekke L., Freund P.G.O., Olson M., Witten E. 1988 Nonarchimedean
String Dynamics, Nucl. Phys. B 302 365–402
Frampton P.H., Okada Ya. 1988 Effective Scalar Field Theory of P -Adic
String, Phys. Rev. D 37 3077–3079
Vladimirov V.S., Volovich I.V., Zelenov I.V. 1994 p-adic Analysis and

Mathematical Physics (Singapore: World Scientific)
Dragovich B., Khrennikov A.Yu., Kozyrev S.V., Volovich I.V. 2009 p-
Adic Mathematical Physics, Anal. Appl. 1 1–17 (arXiv:0904.4205)

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

20



Aref’eva I.Ya. 2007 Stringy Model of Cosmological Dark Energy, AIP
Conf. Proc. 957 297–300 (arXiv:0710.3017)

[8] Aref’eva I.Ya. and Volovich I.V. 2008 On the null energy condition and
cosmology, Theor. Math. Phys. 155 503–511 [Teor. Mat. Fiz. 155 3–12]
(hep-th/0612098)

[9] Barnaby N., Biswas T., and Cline J.M. 2007 p-adic Inflation, JHEP

0704 056 (hep-th/0612230)

[10] Koshelev A.S. 2007 Non-local SFT Tachyon and Cosmology, JHEP

0704 029 (hep-th/0701103)

[11] Aref’eva I.Ya., Joukovskaya L.V., and Vernov S.Yu. 2007 Bouncing and
accelerating solutions in nonlocal stringy models, JHEP 0707 087 (hep-
th/0701184)

[12] Aref’eva I.Ya., Joukovskaya L.V., and Vernov S.Yu. 2008 Dynamics in
nonlocal linear models in the Friedmann–Robertson–Walker metric, J.
Phys. A: Math. Theor. 41 304003 (arXiv:0711.1364)

[13] Aref’eva I.Ya. and Joukovskaya L.V. 2005 Time Lumps in Nonlocal
Stringy Models and Cosmological Applications, JHEP 0510 087 (hep-
th/0504200)
Aref’eva I.Ya. and Koshelev A.S. 2007 Cosmic acceleration and crossing
of w = −1 barrier in non-local Cubic Superstring Field Theory model,
JHEP 0702 041 (hep-th/0605085)
Aref’eva I.Ya. and Volovich I.V. 2007 Quantization of the Riemann
Zeta-Function and Cosmology, Int. J. of Geom. Meth. Mod. Phys. 4

881–895 (hep-th/0701284)

[14] Joukovskaya L.V. 2007 Dynamics in nonlocal cosmological models de-
rived from string field theory Phys. Rev. D 76 105007 (arXiv:0707.1545)
Joukovskaya L.V. 2009 Dynamics with Infinitely Many Time Derivatives
in Friedmann–Robertson–Walker Background and Rolling Tachyon,
JHEP 0902 045 (arXiv:0807.2065)

[15] Calcagni G. 2006 Cosmological tachyon from cubic string field theory,
JHEP 0605 012 (hep-th/0512259)
Calcagni G., Montobbio M. and Nardelli G. 2007 A route to nonlocal
cosmology, Phys. Rev. D 76 126001 (arXiv:0705.3043)
Calcagni G. and Nardelli G. 2008 Tachyon solutions in boundary and
cubic string field theory, Phys. Rev. D 78 126010 (arXiv:0708.0366)
Calcagni G., Montobbio M. and Nardelli G. 2008 Localization of non-
local theories, Phys. Lett. B 662 285–289, (arXiv:0712.2237)
Calcagni G. and Nardelli G. 2008 Nonlocal instantons and solitons in
string models, Phys. Lett. B 669 102–112 (arXiv:0802.4395)

21



[16] Lidsey J.E. 2007 Stretching the Inflaton Potential with Kinetic Energy,
Phys. Rev. D 76 043511 (hep-th/0703007)

[17] Mulryne D.J. and Nunes N.J. 2008 Diffusing nonlocal inflation: Solving
the field equations as an initial value problem, Phys. Rev. D 78 063519
(arXiv:0805.0449)

[18] Mulryne D.J. and Nunes N.J. 2009 Non-linear non-local Cosmology,
AIP Conf. Proc. 1115 329–334 (arXiv:0810.5471)

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

[20] Barnaby N. and Kamran N. 2008 Dynamics with Infinitely Many
Derivatives: Variable Coefficient Equations, JHEP 0812 022
(arXiv:0809.4513)

[21] Barnaby N., Mulryne D.J., Nunes N.J., and Robinson P. 2009 Dynamics
and Stability of Light-Like Tachyon Condensation, JHEP 0903 018
(arXiv:0811.0608)

[22] Barnaby N. and Cline J.M. 2007 Large Nongaussianity from Nonlocal
Inflation, JCAP 0707 017 (arXiv:0704.3426)
Barnaby N. and Cline J.M. 2008 Predictions for Nongaussianity from
Nonlocal Inflation JCAP 0806 030 (arXiv:0802.3218)

[23] Koshelev A.S. and Vernov S.Yu. 2009 Cosmological perturbations in
SFT inspired nonlocal scalar field models, arXiv:0903.5176

[24] Aref’eva I.Ya., Bulatov N.V., Joukovskaya L.V., and Vernov S.Yu. 2009
Null Energy Condition Violation and Classical Stability in the Bianchi
I Metric, Phys. Rev. D 80 083532 (arXiv:0903.5264)

[25] Vernov S.Yu. 2010 Localization of nonlocal cosmological models with
quadratic potentials in the case of double roots, Class. Quant. Grav. 27

035006 (arXiv:0907.0468)
Vernov S.Yu. 2011 Localization of the SFT inspired Nonlocal Lin-
ear Models and Exact Solutions, Phys. Particl. Nucl. Lett. 8 310–320
(arXiv:1005.0372)

[26] Calcagni G., Nardelli G. 2010 Non-local gravity and the diffusion equa-
tion, Phys. Rev. D 82 123518 (arXiv:1004.5144)

[27] Ostrogradski M. 1850 Memoires sur les equations differentielles relatives
au probleme des isoperimetres Mem. Ac. St. Petersburg, VI Series,

Vol. 4 385–517

22

http://arxiv.org/abs/0907.0468
http://arxiv.org/abs/1005.0372
http://arxiv.org/abs/1004.5144


[28] Pais A. and Uhlenbeck G.E. 1950 On Field Theories with Nonlocalized
Action, Phys. Rev. 79 145–165

[29] Simon J.Z. 1990 Higher derivative Lagrangians, non-locality, problems
and solutions, Phys. Rev. D 41 3720–3733

[30] Weinberg S. 2008 Effective Field Theory for Inflation, Phys. Rev. D 77

123541, (arXiv:0804.4291)

[31] Quevedo F. 2002 Lectures on string/brane cosmology, Class. Quant.

Grav. 19 5721–5779 (hep-th/0210292)
Danielsson U.H. 2005 Lectures on string theory and cosmology, Class.
Quant. Grav. 22 S1–S40 (hep-th/0409274)
Trodden M. and Carroll S.M. 2004 TASI Lectures: Introduction to
Cosmology, astro-ph/0401547
Linde A. 2005 Inflation and String Cosmology, J. Phys. Conf. Ser. 24

151–160 (hep-th/0503195)
Burgess C.P. 2006 Strings, Branes and Cosmology: What can we hope
to learn?, hep-th/0606020
Cline J.M. 2006 String Cosmology, hep-th/0612129
McAllister L. and Silverstein E. 2008 String Cosmology: A Review,
Gen. Rel. Grav. 40 565–605 (arXiv:0710.2951)

[32] Arkani-Hamed N., Dimopoulos S., Dvali G., Gabadadze G. 2002 Non-
local modification of gravity and the cosmological constant problem,
hep-th/0209227
Barvinsky A.O. 2003 Nonlocal action for long-distance modifications of
gravity theory, Phys. Lett. B 572 109–116 (hep-th/0304229)
Deser S., Woodard R.P. 2007 Nonlocal Cosmology, Phys. Rev. Lett. 99
111301 (arXiv:0706.2151)
Nojiri S., Odintsov S.D. 2008 Modified non-local-F (R) gravity as the
key for the inflation and dark energy, Phys. Lett. B 659 821–826
(arXiv:0708.0924)
Jhingan S., Nojiri S., Odintsov S.D., Sami M., Thongkool I., Zerbini S.
2008 Phantom and non-phantom dark energy: The cosmological rel-
evance of non-locally corrected gravity, Phys. Lett. B 663 424–428
(arXiv:0803.2613)
Koivisto T.S. 2008 Newtonian limit of nonlocal cosmology, Phys. Rev.
D 78 123505 (arXiv:0807.3778)
Deffayet C., Woodard R.P. 2009 Reconstructing the Distortion Func-
tion for Nonlocal Cosmology, JCAP 0908 023 (arXiv:0904.0961)
Capozziello S., Elizalde E., Nojiri Sh., Odintsov S.D. 2009 Accelerating
cosmologies from nonlocal higher-derivative gravity, Phys. Lett. B 671

193–198 (arXiv:0809.1535)
Nojiri Sh., Odintsov S.D. 2010 Unified cosmic history in modified grav-
ity: from F (R) theory to Lorentz non-invariant models, arXiv:1011.0544

23

http://arxiv.org/abs/hep-th/0209227
http://arxiv.org/abs/hep-th/0304229
http://arxiv.org/abs/0706.2151
http://arxiv.org/abs/0708.0924
http://arxiv.org/abs/0803.2613
http://arxiv.org/abs/0904.0961
http://arxiv.org/abs/1011.0544


[33] Biswas T., Mazumdar A., and Siegel W. 2006 Bouncing Universes in
String-inspired Gravity, JCAP 0603 009 (hep-th/0508194)
Biswas T., Koivisto T., and Mazumdar T. 2010 Towards a Resolution
of the Cosmological Singularity in Non-local Higher Derivative Theories
of Gravity, JCAP 1011 008 (arXiv:1005.0590)

[34] Babichev E., Mukhanov V., Vikman A. 2008 k–Essence, superlumi-
nal propagation, causality and emergent geometry, JHEP 0802 101
(arXiv:0708.0561)
Cai Yi-Fu, Qiu T., Brandenberger R.H. and Zhang X., 2009 A Non-
singular Cosmology with a Scale-Invariant Spectrum of Cosmologi-
cal Perturbations from Lee-Wick Theory, Phys. Rev. D 80 023511
(arXiv:0810.4677)
Langlois D., Renaux-Petel S. and Steer D.A. 2009 Multi-field DBI in-
flation: introducing bulk forms and revisiting the gravitational wave
constraints, JCAP 0904 021 (arXiv:0902.2941)

[35] Aref’eva I.Ya., Joukovskaya L.V., and Koshelev A.S. 2003 Time evo-
lution in superstring field theory on nonBPS brane. 1. Rolling tachyon
and energy momentum conservation, JHEP 0309 012 (hep-th/0301137)

[36] Bardeen J.M. 1980 Gauge Invariant Cosmological Perturbations, Phys.
Rev. D 22 1882–1905

[37] Mukhanov V.F., Feldman H.A. and Brandenberger R.H. 1992 Theory
of Cosmological Perturbations, Phys. Rept. 215 203–333
Mukhanov V.F. 2005 Physical Foundations of Cosmology (Cambridge:
Cambridge University Press)

[38] Hwang J. and Noh H. 2002 Cosmological Perturbations with Multiple
Fluids and Fields, Class. Quant. Grav. 19 527–550 (astro-ph/0103244)

[39] Gordon C., Wands D., Bassett B.A., Maartens R. 2001 Adiabatic
and entropy perturbations from inflation, Phys. Rev. D 63 023506
(astro-ph/0009131)
Groot Nibbelink S., Van Tent B. J. W. 2002 Scalar perturbations dur-
ing multiple-field slow-roll inflation, Class. Quant. Grav. 19 613–640
(hep-ph/0107272)

[40] Gorini V., Kamenshchik A.Yu., Moschella U., Piattella O.F., Starobin-
sky A.A. 2008 Gauge-invariant analysis of perturbations in Chaplygin
gas unified models of dark matter and dark energy JCAP 0802 016,
(arXiv:0711.4242)

[41] Aref’eva I.Ya., Bulatov N.V., and Vernov S.Yu. 2010 Stable Exact So-
lutions in Cosmological Models with Two Scalar Fields, Theor. Math.

Phys 163 788–803 [Teor. Mat. Fiz. 163 475–494] (arXiv:0911.5105)

24

http://arxiv.org/abs/1005.0590
http://arxiv.org/abs/astro-ph/0009131
http://arxiv.org/abs/hep-ph/0107272


[42] Cai Yi-Fu, Qiu T., Brandenberger R.H., Piao Y.-S. and Zhang
X. 2008 On Perturbations of Quintom Bounce, JCAP 0803 013
(arXiv:0711.2187)

[43] Groot Nibbelink S. and van Tent B.J.W. 2002 Scalar perturbations dur-
ing multiple-field slow-roll inflation, Class. Quantum Grav. 19 613–640
(hep-ph/0107272)
Malik K.A., Wands D. 2005 Adiabatic and entropy perturbations with
interacting fluids and fields, JCAP 0502 007 (astro-ph/0411703)
Huang M., Shiu G. and Underwood B. 2008 Multifield DBI Inflation
and Non-Gaussianities, Phys. Rev. D 77 023511 (arXiv:0709.3299)
Sur S., Das S. 2009 Multiple kinetic k-essence, phantom barrier crossing
and stability, JCAP 0901 007 (arXiv:0806.4368)
Lachapelle J. and Brandenberger R.H. 2009 Preheating with Non-
Standard Kinetic Term, JCAP 0904 020 (arXiv:0808.0936)
Peterson C.M., Tegmark M. 2011 Testing Two-Field Inflation, Phys.

Rev. D 83 023522 (arXiv:1005.4056)

[44] Galli F., Koshelev A.S. 2010 Perturbative stability of SFT-based cos-
mological models (arXiv:1011.5672)
Galli F., Koshelev A.S. 2010 Multi-scalar field cosmology from SFT:
an exactly solvable approximation, Theor. Math. Phys. 164 1169–1175
[Teor. Mat. Fiz. 164 401–409] (arXiv:1010.1773)

[45] Aref’eva I.Ya. and Koshelev A.S. 2008 Cosmological Signature of
Tachyon Condensation, JHEP 0809 068 (arXiv:0804.3570)

25

http://arxiv.org/abs/hep-ph/0107272
http://arxiv.org/abs/1005.4056
http://arxiv.org/abs/1011.5672
http://arxiv.org/abs/1010.1773

	1 Introduction
	2 Model setup
	2.1 Actions
	2.2 Background solutions construction in the linearized model
	2.3 Application to Friedmann–Robertson–Walker Universe

	3 Cosmological perturbations with single non-local scalar field
	3.1 General analysis
	3.2 Curvature and entropy perturbations

	4 Complex roots J in the linearized model
	4.1 One pair of complex conjugate roots J1=J and J2=J*. The background
	4.2 Cosmological perturbations in the neighborhood of the solution with complex masses

	5 The linearized model with double roots
	6 Summary and outlook

