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In this work, one studies the effects of an interaction between dark matter and dark energy through
a two scalar field model with a potential V (φ, χ) = e−λφP (φ, χ), where P (φ, χ) is a polynomial.
This is an improvement on standard cosmology, which relies instead on the cosmological constant
and non-interacting cold dark matter. We show that features of the present Universe are reproduced
for a large range of the bare mass of the dark matter field. Simple modifications of the potential are
studied, revealing important implications of the interaction, including the possibility of transient
acceleration solutions.
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I. INTRODUCTION

The Standard Cosmological Model is currently a
widely accepted phenomenological description of the evo-
lution of the Universe. The reasons for that lie in its
simplicity and the fact that it correctly reproduces a va-
riety of observational results coming from independent
sources. This is the reason why the community also
named it the Concordance Model. It is built upon three
fundamental ingredients: inflation, cold dark matter and
the cosmological constant (Λ), as well as on the Standard
Model of Particle Physics and General Relativity. In this
introduction we review the most relevant results of this
Concordance Model as well as some of its limitations.

A. FLRW Cosmology

We begin our introduction by mentioning the impli-
cations of the cosmological principle: homogeneity and
isotropy. These symmetries constrain the metric tensor
gµν to be in the Friedmann-Lemaitre-Robertson-Walker
(FLRW) form, given by the line element:

ds2 = −dt2 + a2(t)

(
dr2

1− kr2
+ r2dΩ2

)
, (1)

where a(t) is the cosmological scale factor, normalized in
this work so that at present a(t0) = 1, dΩ2 is the line
element for the 2-sphere and k is a constant proportional
to the scalar curvature of the spatial section of space-
time: for flat space it equals zero, for a closed one it is
positive and it is negative if space is open, i.e. hyper-
bolic. This parameter is usually taken to be null, since,
due to the effects of inflation in the early Universe, it is
believed that the visible Universe is very well approxi-
mated by flat space, i.e. the deviations from flatness are
not observable.

The cosmological principle also implies the matter-
energy content of the Universe to be distributed homoge-
neously and isotropically. Thus, the form of the energy-
momentum tensor is that of a perfect fluid:

Tµν = (ρ+ p)UµUν + pgµν , (2)

where ρ is the energy density, p is the pressure and Uµ

are the components of the 4-velocity, which are purely
time-like in the commoving frame. To find the evolu-
tion equations one must input the metric (1) and the
energy-momentum tensor into Einstein’s equations [1].
The result are the well-known Friedmann and Raychaud-
huri equations, respectively 1:

H2 =
1

3
ρ− k

a2
, (3)

ä

a
= −1

6
(ρ+ 3p) , (4)

where H = ȧ/a is the expansion rate, also called the
Hubble parameter. These equations provide a complete
description of the evolution of the Universe, but equat-
ing the divergence of Tµν to zero, one finds the energy
conservation equation:

ρ̇+ 3H(ρ+ p) = 0 , (5)

which gives important information on the evolution of
the energy density ρ. In particular, given an equation
of state (EOS), p = p(ρ), one can solve Eq. (5) as a
function of the scale factor a. The case of a linear EOS,
given by p = wρ, with the EOS parameter w constant,
can model most of the relevant types of matter, such as
non-relativistic matter (w = 0), radiation (w = 1/3) and
vacuum energy w = −1. The solution in that case is
simply:

ρ(a) = ρ0a
−3(1+w) , (6)

with ρ0 the energy density at present.
We finish our short review of FLRW cosmology by

defining the density parameter Ω = ρ/3H2 and the so-
called deceleration parameter, given by

q ≡ − äa
ȧ2

=
1

2
Ω (1 + 3w) , (7)

1 We use natural units with ~ = c = 8πG = 1. As a consequence
all masses come in terms of the reduced Planck mass, Mp ≡
MPl/

√
8π.
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whose generalization for a mixture of multiple fluids, with
density parameter Ωi and EOS parameter wi, is achieved
by treating w as an effective parameter: w =

∑
i wiΩi/Ω.

B. The Dark Universe

More than the actual geometry of space-time, the Con-
cordance Model makes certain hypothesis about the com-
ponents of the Universe. Specifically, it postulates the
existence of cold dark matter and models the accelerated
expansion through a cosmological constant Λ.

Dark matter (DM) was first discovered by Jan Oort
in 1932 and confirmed shortly after by Fritz Zwicky in
1933 [2]. Their findings that the dynamics of astronom-
ical bodies in agglomerates where inconsistent with the
visible mass of the agglomerate itself, lead them to be-
lieve an invisible kind of matter must exist to account for
the extra mass required. Furthermore, the measurement
of galaxies’ rotation curves in 1970 by Rubin and Ford
[3, 4], also confirmed the apparent existence of invisible
matter.

The properties of this mysterious form of matter are
still largely unknown, but some of them can be inferred
from astrophysical and cosmological measurements. The
results from the measurement of the anisotropies of the
Cosmic Microwave Background (CMB) [5], nucleosynthe-
sis [6] and Baryon Acoustic Oscillations [7], reveal, among
other important information, that the dark matter den-
sity Ωdm is considerably larger than Ωb, the density of
baryons. This measurement shows dark matter to be, at
least in the most part, non-baryonic. Beyond that, one
can also deduce it to be cold, i.e. non-relativistic, from
the observations of structures of different scales; and one
can conclude its self-interaction cross-section to be very
low, from the observation of the bullet cluster (1E 0657-
558) [8].

The discovery of the accelerated expansion of the Uni-
verse [9, 10] in 1998 further contributed to the mystery of
the Dark Universe. This discovery showed that, besides
dark matter, another unknown source of energy exists,
generally called dark energy (DE) [11], with a greater
abundance today than the rest of the other constituents
of the Universe and with an effective negative pressure.

The cosmological constant Λ, first proposed by Ein-
stein [12], with the objective of obtaining a static cosmo-
logical solution, can be used to account for the accelera-
tion. This involves changing the field equations to

Rµν −
1

2
Rgµν + Λgµν = Tµν , (8)

which is equivalent to introducing a fluid with w = −1
and a constant energy density ρΛ = Λ. It is clear that this
can lead to an accelerated expansion, since the decelera-
tion parameter, Eq. (7) becomes negative for w < −1/3.
Supposing that Λ truly accounts for the observations, the
measured value for it, Λexp, is the order of

Λexp ∼ 10−47 GeV4 . (9)

However, such a small value disagrees in several tens
of orders of magnitude from the estimates given by quan-
tum field theory arguments for the value of the vacuum
energy density. For any such estimate to be correct, one
must assume that the effective cosmological constant Λeff

is a sum of several terms, so that its different contribu-
tions cancel out and result in the measured value. This is
the famous fine tuning problem of the cosmological con-
stant and, as can be expected, this was a known issue
for quite some time even before the accelerated expan-
sion was discovered (see, for example, Weinberg’s review,
Ref. [13], from 1989, or Ref. [14] for more recent work
on the subject). Furthermore, the current supernovae
results impose a non-zero Λ, which raises yet a differ-
ent problem: the fact that the density corresponding to
Λ is presently the same order of magnitude as the non-
relativistic matter density. This and other similar issues
constitute the so-called coincidence problem.

Only the calculation of this mysterious constant from
first principles would be the definite solution to these
problems. Many attempts have been made to do so, but
none with the desirable result. We emphasize however
that there are two distinct problems: the fact that the
vacuum energy does not gravitate and the origin of the
accelerated expansion, linked with the mentioned coinci-
dences. Their solution may or may not be related. In
this study we work with the assumption that the prob-
lems are separated and that Λ is set to zero through
some unknown mechanism. In the next section, we lay
the foundations of our work, by describing one of the
ways to account for dark energy without the cosmologi-
cal constant — the introduction of scalar fields.

II. SCALAR FIELD COSMOLOGY

Scalar fields are extremely important in modern
physics, as is exemplified by the recently detected Higgs
particle, or by the inflaton, the scalar field that presum-
ably drives inflation. The latter, in particular, originates
a similar dynamics to that of dark energy, since both give
rise to an accelerated expansion. This serves as inspira-
tion for the so-called quintessence models of dark energy,
presented in this section, which substitute the cosmolog-
ical constant with a scalar field.

Early suggestions to go beyond the cosmological con-
stant [15–17] attempted to solve the fine tuning problem
or to account for the missing energy in the Universe, due
to the fact that regular matter was not enough to ex-
plain the observed flatness of the Universe. Only later
did the motivation of the accelerated expansion become
the dominant drive for these models.

As a precursor to our original work, where we use two
scalar fields to represent dark energy and dark matter, we
review the effects of introducing scalar fields in an FLRW
Universe, with the objective of modeling each component
of the dark sector.

We restrain our analysis to canonical scalar fields,
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whose general action reads:

Sφ =

∫
d4x
√
−g
{
−1

2
gµν∂µφ∂νφ− V (φ)

}
, (10)

where we denote the field by φ and V (φ) is the potential.
Through the calculation of the energy-momentum ten-

sor, one finds the energy density and pressure to be given
by:

ρφ =
1

2
φ̇2 + V (φ) , (11)

pφ =
1

2
φ̇2 − V (φ) .

It is clear that the EOS parameter wφ = pφ/ρφ satisfies
−1 ≤ wφ ≤ 1, thus allowing scalar fields to describe a
large range of fluids, being dark energy one of them —
something that is unique for this kind of fields.

The field equation for φ can be equivalently derived
from the divergence of the energy-momentum tensor or
from the variation of the action with respect to φ and
∂µφ. It reads

φ̈+ 3Hφ̇+
dV

dφ
= 0 . (12)

This equation is similar to the equation for a particle of
unit mass in a potential V with a variable friction term
proportional to H, which can simplify its analysis.

Having derived all the fundamental equations, we will
now turn to the description of the components of inter-
est, starting with dark energy. We start by studying the
exponential potential, given by:

V (φ) = V0e
−λφ . (13)

The main feature of this potential, besides the existence
of accelerating solutions, is that it leads to scaling solu-
tions when a background fluid is present. In those solu-
tions, the field closely mimics the evolution of the fluid:
the two energy densities are proportional and their EOS
parameters are equal. This can be seen by studying the
fixed points of the dynamical system constructed from
the evolution equations

H2 =
1

3

(
1

2
φ̇2 + V (φ) + ρb

)
,

φ̈+ 3Hφ̇+
dV

dφ
= 0 , (14)

ρ̇b + 3Hρb(1 + wb) = 0 ,

where ρb and wb are the density and EOS parameter of
the background fluid. This procedure yields five fixed
points [18], but only the following two are interesting:

(1) Ωφ = 1, wφ =
λ2

3
− 1 ,

(2) Ωφ =
3(1 + wb)

λ2
, wφ = wb .

The first point is a scalar dominated solution, with ac-
celerated expansion for λ2 < 2. Point (2) yields the pre-
viously mentioned scaling solution. These are the points
which are physically meaningful, but they do not exist
for all values of the parameters: point (1) only exists for
λ2 < 6 and (2) for λ2 > 3(1 + wb). Furthermore, point
(1) is only stable for λ2 < 3(1+wb), the inverse condition
for the existence of point (2).

The solutions found for the exponential potential are
not sufficient to motivate a substitution of the cosmologi-
cal constant, but similar models exist that integrate both
the properties of solutions (1) and (2) in a single solution.
Examples are the two exponential model of Ref. [19] or
the model originally from Ref. [20], in which the expo-
nential is multiplied by a polynomial. A simple and very
useful example of the latter is the following potential:

V (φ) = (A+ (φ− φ0)2)e−λφ , (15)

where A, φ0 and λ are close to order unit parameters
in reduced Planck units. This potential is useful for de-
scribing dark energy because it possesses a local mini-
mum. If the field reaches this minimum with sufficiently
low kinetic energy, it will settle there and give rise to an
accelerated expansion. Furthermore, the addition of the
polynomial does not influence the scaling behavior while
the field is away from the minimum.

Dark matter can also be described by a scalar field
by choosing a suitable potential. Cosmologically, in the
largest scales, dark matter is simple to model, since it
is only required to be a perfect fluid with vanishing
pressure. As studied by Turner in Ref. [21], coherent
scalar field oscillations in a power-law potential, given by
V (φ) ∝ φn, with n even, can describe a perfect fluid with
constant EOS parameter, as is needed for dark matter.
In that work, it is shown that, if the frequency of the os-
cillations ω ≈ φ̇/φ is much larger than the expansion rate
H, then all the physically meaningful quantities are taken
from the cyclic averages of the field or its derivatives. It
can then be shown that the averaged EOS parameter for
the scalar field is

〈wφ〉 =
n− 2

n+ 2
. (16)

The case of importance for describing dark matter is n =
2, for which 〈wφ〉 = 0, which means that DM is well
described by a massive scalar field, with the potential
being just a mass term:

V (φ) =
1

2
m2φ2 . (17)

This treatment is equally valid if the mass is chang-
ing with time, as long as it varies in a time scale much
larger than the period of the oscillations — as one can
then calculate the cyclic averages as though the mass was
constant. This happens for the model studied in this the-
sis, as presented in the following section, with a varying
dark matter mass, as well as for the axion whose mass
varies with temperature.
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III. DARK MATTER — DARK ENERGY
INTERACTION

A large number of models have been proposed to ex-
plain the dark sector of the Universe (see Refs. [18, 22] for
reviews on dark energy (DE) and dark matter (DM), re-
spectively). Most of those models assume that the dark
components are non-interacting and treat them as flu-
ids. However, there are neither theoretical arguments
forbidding such an interaction, nor there exist sufficient
observational results to rule it out. It is then just natu-
ral to study the general situation in which dark matter
and dark energy are coupled, in order to gain a deeper
insight into the nature of these components2. Moreover,
the fact that the present energy densities of dark energy
and matter are observed to be the same order of magni-
tude, suggests a connection between them.

A general way to describe the DM—DE interaction is
to introduce an energy exchange term Q in the conserva-
tion equations as follows:

ρ̇de + 3H(ρde + pde) = Q , (18)

ρ̇dm + 3Hρdm = −Q .

There are many different approaches to this problem.
The simplest is to withhold any assumptions about the
nature of the dark sector and treat it straightforwardly as
a two component fluid in a phenomenological way. This
treatment is encountered in many observational studies
[25, 26].

An alternative path to study the interaction assumes
that dark energy can be described by a scalar field
φ in interaction with a fluid, the so-called interacting
quintessence models [27–30]. In these models the cou-

pling is chosen to be Q = f(φ)φ̇ρ, where f(φ) is a generic
function and ρ is chosen to be either the density of every
other component or just the density of DM. A similar
mechanism is the so-called chameleon model [31].

A more fundamental approach to tackle the interac-
tion treats both DE and DM as fields. Usually this is
achieved through two new scalar fields, φ for DE and χ
for DM with an interaction potential Vint(φ, χ) [32–34],
as will be the case in this work. The advantages of this
type of approach are manifold: the full set of coupled
equations can be found from an action and consequently
the functional form of the EOS parameter and the DE-
DM coupling is fully determined. Furthermore, this is
an elegant and straightforward way to link DM and DE
with more fundamental physics models from which these
components might stem.

In this work we present a two scalar field interaction
model for DM and DE that incorporates features of some
quintessence models inspired in fundamental physics the-
ories. We characterize the physical solutions and ascer-

2 Self-interacting dark matter has been discussed in Refs. [23, 24].

tain the role of the interaction term in the cosmologi-
cal evolution. This is done by a numerical analysis that
is presented in subsection III B, along with the relevant
physical results.

A. Interaction Model

We consider two interacting canonical real scalar fields
φ and χ, whose Lagrangian density is given by

Ld = −1

2
gµν(∂µφ∂νφ+ ∂µχ∂νχ)− V (φ, χ) . (19)

Calculating the energy-momentum tensor, we find the
same expressions as Eqs. (11), adding a term with χ̇2 and
substituting V (φ) for V (φ, χ). The equations of motion
are formally similar to (12), so that the full system of
equations is given by

φ̈+ 3Hφ̇+
∂V

∂φ
= 0 , (20)

χ̈+ 3Hχ̇+
∂V

∂χ
= 0 , (21)

H2 =
1

3

(
ρm + ρr +

1

2
φ̇2 +

1

2
χ̇2 + V (φ, χ)

)
, (22)

where ρm is the density of regular non-relativistic matter
and ρr is the density of radiation and relativistic matter.
In this case the deceleration parameter reads

q ≡ − äa
ȧ2

=
1

2
(1 + Ωr + 3wdΩd) , (23)

where wd = pd/ρd is the EOS parameter for the fields.

1. Interaction Potential

We shall be interested in studying the following poten-
tial:

V (φ, χ) = e−λφP (φ, χ) +
1

2
m2χ2 , (24)

where P (φ, χ) is a polynomial in φ and χ and m is the
dark matter bare mass. Such exponential models can
be derived from fundamental theories like string or M-
theory, or supergravity as mentioned in Refs. [35–39].
The polynomial P (φ, χ) can be separated into the in-
teracting and non-interacting terms, P (φ, χ) = Pφ(φ) +
Pint(φ, χ). For the non-interacting part, we choose the
potential written above in Eq. (15). As for the interact-
ing term, we recall that, as mentioned above, a potential
quadratic in χ leads to the required behavior for dark
matter. In this case, however, the interaction makes the
mass “parameter” dependent on φ. Taking this into ac-
count, the full interaction potential is then given by:

V (φ, χ) = Vde(φ) + Vdm(φ, χ) , (25)
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with

Vde(φ) = e−λφ
(
A+ (φ− φ0)2

)
, (26)

Vdm(φ, χ) =
1

2
M2(φ)χ2 ,

where the mass function M2(φ) is given in our model by

M2(φ) = m2 + 2P̃ (φ)e−λφ and the polynomial for P̃ is
written as:

P̃ (φ) = B + Cφ+Dφ2 , (27)

where B, C and D are order unit parameters in terms of
the appropriate powers of the reduced Planck mass.

2. Average Evolution Equations

Given the high frequency of the oscillations, it is rather
infeasible to integrate the χ equation numerically. For
that reason we consider only averages of the field. In
particular, we derive the equation for the dark matter
density and work with that instead. First, we define the
dark matter density and pressure in accordance with the
choice 〈wdm〉 = 0,

ρdm =
1

2
χ̇2 +

1

2
M2(φ)χ2 , (28)

pdm =
1

2
χ̇2 − 1

2
M2(φ)χ2 .

Manipulating Eq. (21) and averaging over an oscillation
we obtain

ρ̇dm + 3Hρdm =
1

2
φ̇

1

M2(φ)

∂M2(φ)

∂φ
ρdm , (29)

which can be formally solved as a function of φ, through

ρdm(φ, a) = n0a
−3M(φ) , (30)

where n0 is an integration constant. Notice this corre-
sponds to the statement that ρ = nM , with M being the
DM mass and n the number density, proportional to a−3.
With this solution, the dynamics is reduced to a single
differential equation for φ: this can be obtained from Eq.
(20), with V being replaced by an effective potential Veff

given by

Veff(φ, a) = Vde(φ) + ρdm(φ, a) . (31)

These equations are valid as long as M2(φ) � H2,
otherwise the oscillation regime is not relevant and we
must also solve Eq. (21).

B. Results

1. Analytical Considerations

We start by noticing that there are two distinct regimes
of behavior: depending on the value of φ, the interaction

is either relevant (small φ) or negligible (large φ). This is
clear when one examines the asymptotic behavior of ρdm
and its derivative and depends on the ratio between the
bare mass m and the mass induced by the interaction.
We can estimate the transition value φc between the two
regimes by setting m2eλφ = 1, assuming P̃ (φ) ∼ 1. The
result is:

φc ≈ −
2

λ
lnm . (32)

Thus, for φ < φc, the interaction is relevant, becoming
subdominant as the value of the scalar field grows. We
are interested in studying the late time behavior of the
Universe, near the stage of accelerated expansion. It is
relevant then to φc with the value of the DE field near
the present φ(0). It can be estimated by assuming that
ρde0 ≈ Vde(φ(0)) and that it is close to the critical density
ρc0, which gives

φ(0) ≈ − 1

λ
ln ρc0 . (33)

Requiring that φc ≥ φ(0), yields a rather low bound for
the bare mass,

m .
√
ρc0 ∼ 10−60 . (34)

Thus, this analysis suggests that only with an unnatu-
ral DM mass can the interaction be felt at the present
epoch. Changing P̃ (φ) to O(10s), this estimate increases
by roughly 2s orders of magnitude, which would only
shift the naturalness problem to P̃ (φ).

The onset of the oscillatory phase is another issue that
must be addressed. We must find the φ field value for
which M2(φ) & H2. In order to obtain it, we make use
of the result from the previous section that exponential
potentials lead to scaling solutions. Since the polynomial
P (φ, χ) varies little during that stage, scaling still occurs
with the potential studied here. Under that assumption,
we have

Ωde ≈
3(w + 1)

λ2
⇒ Vde ∼

9(w + 1)

λ2
H2 , (35)

in which w is the effective EOS parameter for the combi-
nation of all the components. The oscillation condition
is then rewritten as

9(w + 1)

λ2

m2eλφ + 2P̃

Pφ
& 1 . (36)

We recall that if the scaling occurs during nucleosynthe-
sis, then λ & 10 [40]. With such a value for λ and as-

suming that P̃ ∼ Pφ, the l.h.s. does not unity when the
interaction is relevant, meaning that during that stage
the field χ has not begun oscillating. Oscillations should
only start as the interaction becomes unimportant.

Confronted with these problems, a modification is
made to differentiate both exponentials, i.e. we choose
instead:

M2(φ) = m2 + 2P̃ (φ)e−λ̄φ . (37)
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FIG. 1. Evolution of log ρdm for m = 10−15 (dotted), m =
10−35 (dashed) and m = 10−55 (dot-dashed), as compared to
the background density, log(ρm + ρr) (solid).

with λ̄ 6= λ. This solves both issues, as it relaxes the

constraint onm to the less strict conditionm . ρ
λ̄/2λ
c0 and

the onset of oscillations now occurs while the interaction
is still relevant.

Discarding the assumption that the parameters in
P̃ (φ) are O(1) would also solve the problems. However,
it would require that they are increased by several orders
of magnitude: this is rather unnatural, since they are
already at the Planck scale.

2. Numerical Solutions

We now integrate the equations from the Planck epoch
to some time in the future. We study variations of the
mass m and later of the exponent λ̄. The parameters of
the DE potential are kept fixed at A = 0.01, φ0 = 28.6
and λ = 9.5. These are chosen so that there is a local
minimum of the potential at the present epoch, while also
complying with the bound for λ from nucleosynthesis. As
long as they verify these conditions, they can be changed
without influencing the qualitative results. The parame-
ters of the polynomial P̃ (φ) are kept at B = C = D = 1
in all the results presented, since varying them produces
no relevant change; in fact, even an increase by several
orders of magnitude is similar to a change in m or λ̄.

We show in Figs. 1 and 2 the effect of the interaction
on ρdm and ρde for the indicated values of the bare mass
m. This is the range for which we can find standard
realistic solutions. We see that in these cases, ρde is not
significantly changed and there is no effect close to the
present even for ρdm.

For much smaller masses, such as the one predicted by
Eq. (34) (m = 10−60), all solutions are unrealistic, as
shown in Figs. 3 and 4. Either the χ field never domi-
nates (dotted case, Fig. 3), or it does not oscillate around
the minimum of its potential (dot-dashed case, Fig. 3).
In this second type of solution, the χ field instead slowly
rolls down its potential, thus giving rise to an accelerated

FIG. 2. Evolution of log ρde for m = 10−15 (dotted), m =
10−35 (dashed) and m = 10−55 (dot-dashed), as compared to
background density, log(ρm + ρr) (solid).

FIG. 3. Evolution of log ρdm for m = 10−60 with the initial
conditions χi = 1 (dotted), χi = 2.609 (dashed) and χi = 10
(dot-dashed), as compared to background density log(ρm+ρr)
(solid).

expansion.
The boundary between the two regimes presented

above is at m = 5.9 × 10−57, for which the solution still
agrees with the observational constraints and presents a
period of transient accelerated expansion, as shown in
Figs. 5 and 6. Besides being transient, this solution
shows a rather late onset of oscillations, which, in prin-
ciple, impairs structure formation. Also visible in Fig. 6
is the averaging of the oscillations around log a = −1.3.

We study the case λ̄ 6= λ with the mass fixed at m =
10−15 ∼ 1 TeV. We obtain somewhat similar results to
those already found for masses m > 10−55 for a large
range of λ̄, as seen in Figs. 7 and 8. However, a solution
with transient acceleration is found again, as shown in
Figs. 9 and 10. This transient solution does not require
an unnaturally small mass and, due to λ̄ 6= λ, presents no
problem with the onset of the oscillations. The only slight
anomaly is that Ωdm starts increasing around log(a) =
−8, an effect of the interaction.

This transient result is also found for other values of
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FIG. 4. Evolution of log ρde for m = 10−60 with the initial
conditions χi = 1 (dotted), χi = 2.609 (dashed) and χi = 10
(dot-dashed), as compared to background density log(ρm+ρr)
(solid).

FIG. 5. Results for m = 5.9× 10−57 showing the evolution of
the relative densities Ωde (solid), Ωdm (dashed), Ωr (dotted)
and Ωm (dot-dashed).

FIG. 6. Results for m = 5.9 × 10−57 showing the evolution
of the deceleration parameter q (dashed) and the DE EOS
parameter wde (solid). Also shown is the effect of the oscil-
lations on the deceleration parameter before log a = −1.3;
at that moment the oscillations are averaged and henceforth
all the relevant quantities are determined as explained in sub
subsection III A 2.

FIG. 7. Evolution of log ρdm for m = 10−15 for λ̄ = 9.5
(dotted), λ̄ = 6.5 (dashed), λ̄ = 4.5 (dot-dashed) and λ̄ =
2.8 (double-dot-dashed), as compared to background density
log(ρm + ρr) (solid).

FIG. 8. Evolution of log ρde for m = 10−15 for λ̄ = 9.5
(dotted), λ̄ = 6.5 (dashed), λ̄ = 4.5 (dot-dashed) and λ̄ =
2.8 (double-dot-dashed), as compared to background density
log(ρm + ρr) (solid).

(λ̄,m), which are plotted in Fig. 11. The expression
obtained for the “transient line” is

λ̄ = −0.1625 log(m) + 0.3706 . (38)

This expression is similar to Eq. (32), substituting λ
with λ̄, since the slope is −2 ln 10/φ(0) ≈ −2 ln 10/φ0 =
−0.16102. This is not surprising, since in these transient
solutions we anticipate the interaction to be relevant just
until the present.

However, not all of the ”transient (λ̄,m) pairs are
equally interesting. In cases with mass smaller than
10−15, such as m = 10−20, the DM density parameter
starts increasing rather soon and can violate the limit
from nucleosynthesis Ωr ≥ 0.95. This trend is not veri-
fied for the lowest of masses, as is attested by the solution
for m = 5.9× 10−57.

This transient behavior is originated by the interac-
tion: the addition of ρdm to the effective potential raises
the minimum of Vde, thus allowing for the field to es-
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FIG. 9. Results for m = 10−15 and λ̄ = 2.8 showing the
evolution of the relative densities Ωde (solid), Ωdm (dashed),
Ωr (dotted) and Ωm (dot-dashed).

FIG. 10. Results for m = 10−15 and λ̄ = 2.8 showing the
evolution of the deceleration parameter q (dashed) and the
DE EOS parameter wde (solid).

cape and continue to roll down the exponential. How-
ever, for parameter values below the “transient line” of
Fig. 11, unrealistic scenarios are found due to the addi-
tional strength of the interaction, which either eliminates
the accelerated phase or forces a very low DM density at
present.

This transient scenario requires some degree of fine
tuning, as the minimum must be “dissolved” for the field
to run, but still allow for φ to slow down enough to cre-
ate an accelerated expansion phase. Such solutions have
been found previously in the absence of interaction, for
example, in the model of Ref. [20], for a similar degree
of fine-tuning in Vde. The present result shows that our
model provides an alternative path to achieve such solu-
tions, similarly to the two-field quintessence approach of
Ref. [41]. The advantage of the present proposal is that
it requires tuning only of λ̄ or m, the initial condition of
χ fixed to reproduce the present dark matter density.

FIG. 11. Plot of the parameter space singling out the line
where transient acceleration solutions occur and the line were
M2(φ0) = H2

0 , the limit for oscillations.

IV. CONCLUSIONS

In this work we have studied a cosmological model
with two coupled scalar fields, in which one plays the
role of dark matter and the other of dark energy at late
times. This study aimed to address some of the short-
comings of the Concordance Model, presented in the first
section. The basic results regarding scalar fields in cos-
mology were derived in section II and we concluded that
besides describing dark matter and dark energy, scalar
fields possess interesting properties such as scaling solu-
tions.

The interaction model was presented in section III.
Through its study, we found solutions that fit the current
observational constraints and showed that the interaction
is irrelevant at the present epoch in most realistic cases.
The exceptions were those that lead to a transient stage
of acceleration, which appear for specific values in a line
of the (λ̄,m) parameter space. Such solutions are com-
patible with observational data and supply a way out to
the accelerating regime — a useful property for defining
suitable asymptotic states free from future horizons in
fundamental theories such as string theory (see Ref. [41]
and references therein). It was also found that the “tran-
sient line” divides the parameter space into the regions
with or without accelerating solutions.

As an outlook, we point out that future work should
focus on the study of cosmological perturbations and
structure formation, since the interaction may influence
the gravitational colapse of dark matter (see e.g. Refs.
[25, 42, 43]), even in cases for which we found that it is
irrelevant at present. This would be important to further
constrain the parameter space of the viable models.
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