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In this paper we consider 3-form dark energy (DE) models with interactions in the dark sector. We
aim to distinguish the phenomenological interactions that are defined through the dark matter (DM)
and the DE energy densities. We do our analysis mainly in two stages. In the first stage, we identify
the non-interacting 3-form DE model which generically leads to an abrupt late-time cosmological
event which is known as the little sibling of the Big Rip (LSBR). We classify the interactions
which can possibly avoid this late-time abrupt event. We also study the parameter space of the
model that is consistent with the interaction between DM and DE energy densities at present as
indicated by recent studies based on BAO and SDSS data. In the later stage, we observationally
distinguish those interactions using the statefinder hierarchy parameters {S$", 5}, {S{", sV}
We also compute the growth factor parameter ¢(z) for the various interactions we consider herein
and use the composite null diagnostic (CND) {Sél) , €(2)} as a tool to characterise those interactions
by measuring their departures from the concordance model. In addition, we make a preliminary
analysis of our model in light of the recently released data by SDSS III on the measurement of the
linear growth rate of structure.
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I. INTRODUCTION

Despite the huge advancement in cosmology, we still face enormous theoretical problems like finding a suitable
explanation of the current dark energy (DE) era; i.e. we know that the Universe started speeding up recently
as predicted by SnleA observations more than a decade ago [Il 2], and afterwards confirmed by several types of
cosmological and astrophysical observations (cf. for example Ref. [3] for a recent account on this issue), but we do not
know from a well grounded theoretical framework what is causing this acceleration [4, [5]. The simplest approach is to
assume a cosmological constant that started recently dominating the late-time energy density budget of the Universe
but then the issue of why is it so tiny? and why this cosmological constant has bequn to be important only right now?
have to be addressed as well (see for example: [6H9]). This has led to a great interest on exploring other avenues to
explain the late-time acceleration of the cosmos invoking either an additional matter component in the Universe, we
name DE [I0] [II], or modifying appropriately the laws of gravity (for a recent account on this issue see [12] and the
extensive list of references provided therein).

In this paper, we will follow the first approach corresponding to invoke a (dynamical) DE component. Therefore,
one of the simplest options is to consider a scalar field. So far in nature, we have detected a single scalar field, the
Higgs, which is too heavy to describe the current acceleration of the Universe. Now, it turns out that the notion
of a scalar field can be embedded within what is known as p-forms [I3HI5]; i.e. differential forms which are natural
“inhabitants” of any geometrical structure and theory [16]. In addition, p-forms have been used in cosmology for
quite a long time, for example in string cosmology [I7, [I8] and in the pre-big-bang scenario [19]. In a Universe like
ours, i.e. four dimensional, 4 types of p-forms can live in where! p = 0,1,2,3. The first two options correspond to
scalars and vector fields. If in addition, we incorporate the condition of homogeneity and isotropy of our Universe on
large scales, then we need to restrict to O-forms and 3-forms if we want to invoke a single differential form? (cf. for
example: [I3, 2IH25] to see how to accommodate 1-forms and 2-forms in a Friedmann-Lemaitre-Robertson-Walker

1 While 4-forms can exist in a 4-dimensional space-time they cannot have dynamics on the standard way as its strength tensor would be
a 5-form which by definition vanishes in a 4-dimensional space-time. Still a 4-form can be endowed with dynamics as it mimics a scalar
field, see for example [20].

2 In fact, while a massive p-form with p = 0, 3 involves a single degree of freedom, a p-form with p = 1,2 involves three degrees of freedom
[13]. Please see footnote [1| for a discussion of the dynamics of 4-forms.



(FLRW) Universe). Therefore, and for the reasons explained at the beginning of this paragraph, from now on, we
restrict our analysis to 3-form fields.

The 3-form fields have been proven to be very useful not only for the late-time Universe but also for the early
Universe (cf. [26]). In what refers to inflation, a single 3-form field minimally coupled to gravity has been introduced
and studied in Refs. [26] 27]. The issue of ghosts and Laplacian instabilities was addressed in Ref. [28], where a
suitable choice of self-interacting potential for the 3-form field has been described; in addition, the same authors
provided evidences that potentials possessing a manifest quadratic dominance, in the small field limit, would allow
the production of sufficient oscillations for reheating [29], without the presence of ghost instabilities. The model
observational predictions, in the single [30] and multiple 3-form fields cases [31], B2], have been obtained and adequately
fitted within the available current bounds of Planck data. Consequently, the idea of a 3-form field generating inflation
has been strengthening and this also sustains a relevant motivation to consider this field in different cosmological
contexts. Brane-world inflation driven by a confined 3-form field on a brane hypersurface was also considered in [33].

Likewise, 3-forms can play the role of DE. In fact, almost forty years ago, it was shown that they could give rise
to a cosmological constant [34]. More recently, it was shown in [27] and [26] that a minimally coupled 3-form with a
properly self-interacting potential can drive the present acceleration of the Universe. In general for a FLRW Universe
filled with a self-interacting 3-form on top of the DM component, it was shown that a DM era can be successfully
followed by a de Sitter attractor phase as given in [27] and [26]. On this work, we will show that aside from the
late-time de Sitter behaviour which is present in 3-forms cosmology, the asymptotic future behaviour of the Universe
on this kind of setup can correspond to a Little Sibling of the Big Rip (LSBR) [35] B6]. We remind that the LSBR
is an abrupt cosmological behaviour where the Hubble rate blows up at an infinite cosmic time and for a very large
scale factor while its cosmic time derivative remains finite [35]. Although the divergence of the Hubble parameter
happens in the asymptotic future, at finite time a LSBR leads to serious consequences for local bounded structures in
our Universe. As discussed in Ref. [35], in such a scenario any initially bounded gravitational system will eventually
become unstable and disappear. This effect of dissociation of structure was found to be scale dependent, with the
dissociation time being smaller for large scale structures, e.g. ~ 103 years for the Coma cluster, than for structures
of the size of the Solar system, for which the dissociation time, ~ 10'° years, is several orders of magnitude larger. In
addition, on this work, we will identify an infinite past fixed point inherent to most of these models which was not
previously identified and that correspond to a DM era.

In order to remove the LSBR that might be present on this type of models, we invoke an interaction on the dark
sector, i.e. an interaction between DM and DE which we will consider to be up to quadratic order on the energy
density of DM and/or DE. Different types of interactions between DM and 3-forms have been previously considered
in [87H39]. In particular, it has been proven that for some appropriate choices of the interaction the coincidence
problem can be alleviated [37]. In addition, the centre manifold theorem of dynamical systems was employed in [3§]
for a correct analysis of some fixed points in this type of models. The cosmological perturbations, at first order and
within the Newtonian limit were analysed in [39).

For those interactions between DM and the 3-form that are able to remove the LSBR, we use cosmography [12} [40-
45] or the almost equivalent statefinder approach [46H51] to constrain them observationally. Cosmography is a very
simple approach which relies on the assumption that the Universe is homogeneous and isotropic on large scale and no
dynamical theory is assumed a priori and it is based in Taylor expanding the scale factor [40, [4I]. The cosmographic
parameters can be redefined in such a way that they are equal to unity for a ACDM and this is what is known as
the statefinder hierarchy. It has the advantage of graphically being able to distinguish easily a DE model from the
ACDM (although physically both setups carry the same information). For this reason, we have applied this method
on this paper instead of using the cosmographic parameters as we did in some of our previous works [12, 43}, 45].
On the last part of the work, we also present a preliminary analysis of the cosmological perturbations of the 3-forms
models we have studied. For each model we calculate the growth rate of matter perturbations and compare it with the
predictions of ACDM, through the growth factor and the composite null diagnosis (CND) [51I], and with the recent
observational data of the Sloan Digital Sky Survey III (SDSS III) Baryon Oscillation Spectroscopic Survey (BOSS)
Data Release 12 (DR12) [52].

The paper is outlined as follows, in Sect [LI| we review the cosmology of 3-forms in absence of interactions. In
Sect [ITT} we explain how does a LSBR appears on this kind of models. In Sect [[V] we present the evolution equation
for 3-form DE models with an arbitrary interaction with DM. Afterwards, and following some physical criterion, we
fix the choice of the potentials and interactions that we analyse. Afterwards, in Sect [V]a thorough dynamical system
analysis is carried where all the fixed points and their stability are analysed. In particular, we present for the first
time the fixed points that exist at infinite values of the 3-form field, which we found to correspond to the asymptotic
past of the system. In Sect the statefinder hierarchy (very similar in spirit to the cosmographic approach) is used
to constrain the model in presence and absence of interaction on the dark sector. Afterwards, we present in Sect [VII]
a preliminary analysis of the cosmological perturbations of this model where the growth rate of matter perturbations
is presented and compared with the recent observational SDSS III data. In Sect [VIII] we present our conclusions. We



include also two appendices, on the first one the statefinders expression for the analysed model are presented and
on the second one the Hurwitz criterion for cubic polynomials is briefly presented which can be extremely useful for
studying the stability of some critical points of the system analysed in Sect [V]

II. REVIEWING THE 3-FORM FIELD

In this section, we briefly review the 3-form field model introduced in [14] 26], 27]. Then, we write the corresponding
field equations in a suitable cosmological background.

A. The 3-form action

The general action for the 3-form field A,,, minimally coupled to gravity and with a potential V' can be written
3
as

1
S = / d*xy/—gL = / d*xv/—g [—48F‘“’P"FW,,U ~V(A"PA,)| - (2.1)

Here, g is the determinant of the metric, and F),, ., is the strength tensor of the 3-form, defined as [13]
Fuvpe = 4V[#AVPU] =VuAvpo = VoAup + VAo = Vidpop (2.2)

where the square brackets denote anti-symmetrisation [16].
Minimising the action (2.1]) with respect to variations of the 3-form field we obtain the equations of motion of the
3-form [I4]

i oV
VO'F prp 12@14””)0 = O’ (2.3)

where we use the notation A2 = A%V A4, introduced in Refs. [I4} 26, 27]. Finally, the energy-momentum tensor of
the 3-form obtained from the action (2.1) reads [I3] [14]

pr = =g g 6 M 9 (A?)

In general, any p-form field in d—dimensions has a dual (d — p) —form [13}, 30, 53]. In our case, the 3-form field A,,,,
and its field tensor F},, o, which is a 4-form, are dual to a vector and a scalar field as described in [30]. Therefore,
the 3-form field is similar to a non-canonical scalar field. In other words, a 3-form model can come under a subclass
of a more general k-essence model. This duality could be lost if a non-minimal coupling to gravity is assumed for the
3-form [26].

o 20V 1, QBVFVWJF(;@*VAHMAW B {418F2+V(A2)} G (2.4)

B. 3-form cosmology

We now consider a spatially flat FLRW cosmology, described by the metric
ds* = —dt® + a*(t)di? (2.5)

where t is the cosmic time and a(t) is the scale factor. In such a Universe, the 3-form field depends only on the cosmic
time, hence only the space-like components will be dynamical®, with its non-zero components given by [13} (14, 26], 27]

Aiji = a®(t) x(t) €iji (2.6)

3 Throughout this paper, we will use Greek indices for 4-dimensional quantities and Latin indices for 3-dimensional space quantities.
4 We will set all the non-dynamical components Ap;ij to zero.



while the non-zero components of the strength tensor are
Foiji, = a® () [x(t) + 3H (t)x(t)] iju. (2.7)
Here, €;;1 is the standard 3-dimensional Levi-Civita symbol and x(¢) is the comoving scalar quantity associated with
the 3-form field. From Egs. (2.6) and (2.7) we find that A**?A,,, = 6x?, which allows us to write the potential
as V(x?), and FFP°F,, . = —24 (X + 3Hx)2. Substituting Eq. (2.6) in the equation of motion of the 3-form field,
Eq. (2.3), we find the equation of motion of the field x(¢) [13| 14 26, 27]:
X+3HY+3Hx+V, =0, (2.8)

where a dot represents a derivative with respect to the cosmic time, H = a/a is the Hubble parameter. The energy
density and pressure of the 3-form, obtained from the diagonal elements of the energy-momentum tensor (2.4)), can
be written in terms of the field x and its derivatives as [T4} 26|, 27]

pr= — T = 3 (L +BHX) 4V, (2.9)
P, = %T = —% (X +3Hx)? =V +xV,. (2.10)

The parameter of the equation of state (EoS) of the 3-form is therefore
wxzsz:_ +;(x+§f‘;;)2+v' (2.11)

Notice that whenever the derivative of the potential vanishes, the 3-form mimics a cosmological constant behaviour.
If YV, <0, i.e., for potentials decreasing in x?, the 3-form field takes a phantom-like behaviour with w < —1. On this
paper, we will restrict our analysis to non-negative potentials, therefore, even in the case of a phantom-like behaviour
the energy density of the 3-form always respects p, > 0.

In a homogeneous and isotropic Universe with the metric and filled only by a 3-form, the Friedmann and
Raychaudhuri equations read, respectively,

2
1
H? = % 5 (C+3H)" + V[ (2.12)
and
. ,1432
H= _?XV,X’ (2.13)

where k? = 87G and G is the gravitational constant. Using the Raychaudhuri equation (2.13) to eliminate H in

Eq. (2.8)) we find

. . 3K 2

This equation shows that, in the absence of other kinds of matter, the field x evolves as a scalar field with an
effective potential such that V;ﬁ = (1 — 3k?x?/2)V,, as first noted in Refs. [26, 27]. There is however a striking
difference between the equation of motion of a minimally coupled scalar field and Eq. : while the former
only admits as static solutions such points where the derivative of the potential vanishes, the equation of motion
of the homogeneous and isotropic 3-form admits as static solutions the stationary points of the effective potential,
i.e. points where V, = 0 as well as the points x = £x., with xc = /2/(3k2). The latter play a critical role in
3-form cosmology; as noted in Refs. [26 27] for positive-valued potentials the Friedmann equation imposes
the constraint (x + 3Hx)? < (3Hx.)? which for expanding Universes and values |x| > x. implies that yx < 0, i.e.,
independently of the shape of potential, the field x evolves monotonically towards the interval [—x., x| from which
it does not escape. Since this is a compact interval, the critical points act as local maxima or minima of the effective
potential, therefore corresponding to unstable and stable equilibrium points, respectively. The stability of these two
equilibrium points can also be understood by analysing the sign of the second derivative of the effective potential:

eff
+xc) = -2
Vix (xe) Tx.

= 4V, 2 (£xc) - (2.15)
Since y = 4. are stationary points of the effective potential, if 9V/9(x?) > 0 at x = ). then the right hand side
of Eq. (2.15) is negative and Vo has two maxima at the critical points which represent unstable equilibrium states.
On the other hand, if 9V/dx? < 0 at x = %X, the right hand side of Eq. (2.15) becomes positive and the effective
potential has two stable minima at y = +x..



III. THE RISING OF THE LSBR: ABSENCE OF INTERACTION ON THE DARK SECTOR

The LSBR is a late-time cosmological event which was first analysed in Ref. [35]. This event happens at an infinite
cosmic time where the Hubble parameter diverges but the time derivative of the Hubble parameter remains constant.
In addition, the presence of a LSBR, event in the future of the Universe leads in a finite time to a dissociation of the
local structure of the Universe, which begins by ripping apart the large scale structures, such as clusters of galaxies,
and only later on affecting structures of the size of the Solar system. We now show how LSBR appears naturally in
3-form cosmological models with positive-valued potentials.

We begin by re-writing the Friedmann equation as

X242V
xilxx\/lJr (X2 - : (3.1)

1
= 3x2—x2 (xx)

As the 3-form field approaches the critical points 4., the previous equation takes the limit

1x%+2V
Hixostxo) = 5 Txedl (3.2)

For positive valued potentials, the previous result shows that if the 3-form field evolves towards x(t) = X, which was
found to be a static solution of the evolution equation , then the Hubble parameter goes to positive infinity. This
divergence, however, is not propagated to the first derivative of Hubble parameter, as we find from the Raychaudhuri
equation that for a general potential the value of H at the critical point is given by the slope of the potential:

. 2 2

Hiyoring = F o XeVix () = =3 Via (2X0) (3:3)
If the Hubble parameter diverges to positive infinity (at an infinite cosmic time as will be shown below) then by
consistency its derivative needs to be non-negative at the critical point. In particular we reach the conclusion that if
OV/9(x?) < 0 at xy = ). the Universe can hit a LSBR event in the future®. This result is in accordance with the
analysis in Sect [[TB|where the same condition was obtained for the critical points to be stable minima of the potential
(cf. Eq. ) We point out that for potentials which have no other minimum in the interval [—xc, x.], the 3-form
will always lead the Universe towards a LSBR event, independently of the initial value of the field x. This includes,
e.g., the exponential potential, the Gaussian potential (with £ > 0) and the Ginzburg-Landau potential (with C' > x.)
discussed in Ref. [26].

So far we have shown that in a 3-form model with a negative slope at the critical points x = x., if x = £x. and

x — 0, the Hubble parameter and the scale factor diverge whereas the derivative of the Hubble rate is asymptotically
constant. Now we examine whether this event happens at a finite or infinite cosmic time. Let ¢y the final time
at which the system reaches the state x = +x. and x = 0, and ¢; be a moment in the evolution of the Universe
sufficiently close to ¢y such that [ does not change sign and is almost constant for ¢ > ¢;. Then, we can write

ty Hs) gir o H(t:
tf—tz:/ dt = / d. ~ Hltr) = H(ts) (3.4)
t; H(t;) Hity)

Therefore, if H(t;) — oo and H(t;) and H(tf) are finite, we get t; — +oo. Eq. (3.4) shows that in the late stage
of the evolution of the Universe, at the leading order the Hubble parameter evolves linearly with the cosmic time.
Under this approximation we find, after some algebra, that

H? = 2H(t;) log <a> + H?. (3.5)

Notice that this is precisely the behaviour of the DE fluid in Ref. [35] that gives rise to a LSBR. If we now plug back
this solution in the Friedmann equation (2.12]) we find that xy — +x., thus confirming the validity of our analysis.

5 In this analysis, the conclusion that the Hubble parameter diverges when the static solution is reached depends strongly on the assumption
that the potential is positive valued, and in particular that it does not have zeros at x = *xc. In addition, the presence of LSBR event
requires the asymptotic value of H to be finite. In this work we will therefore not analyse models with either V(%x.) = 0 or with
V. 2(£xc) =0.

X
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Figure 1: In the left panel we present the numerical solution of (H/Ho)? (as a function of 2 = log a) from Eq. and
its late-time behaviour using the ansatz (H/Hy)?> = c;log(a/ao), where ¢; = 9.838 x 1072, We have taken Q,,,0 = 0.3065,
wWy,0 = —1.006, and xo ~ 1.147x.. A subscript 0 stands for quantities evaluated at the present time. In the right panel we have
the numerical evaluation, as a function of the redshift, of the energy density components in the model with non-interacting
3-form and DM. We have considered a Gaussian potential V(x) = Vpexp(—&x?/6), where (without loss of generality) & = 1,
which will also be used in all the numerical simulations to be presented in the remaining sections.

In the above analysis we have shown the possible existence of a LSBR event in the future evolution of a cosmological
model where the Universe is filled uniquely by a 3-form field governed by the action . Nevertheless, it is easy to
show that the presence of non-interacting DM does not alter the fate of the Universe. If we include DM in our model
then Eqgs. (2.12)), (2.13]), and (2.14) should be properly modified to

% [pm o (X+3HX) + V] , (3.6)

H=—%<pm+xv>, (3.7)
32 3k2

K+ 3HY + (1 - §x2) Vi ==X (3.8)

As the Universe expands, and p,, decays with 1/a3, the contribution of DM becomes negligible and we recover the
Egs. (2.12), (2.13)), and (2.14), and consequently LSBR event in the future. In order to show that this is indeed the
case we present in Fig. [} where for convenience we define the dimensionless quantities

K2 (X + 3Hx)® K2V

K2 pm
Qpot = o,
GH? ’ Fot = 3H?

Q= ——-,
3H?

QX = QKzn + QPot 3 QKzn = (39)
the late-time behaviour of H?/HZ against its analytical fit for a cosmological model with non-interacting DM and
a 3-form fluid with a Gaussian potential with negative exponent, where the relative energy density of DM at the
present time satisfies the latest observational constraints [54] [55] and the parameter of EoS of the 3-form w, o is

slightly smaller than —1. The perfect agreement observed between the numerical result and the fit is an indication

that asymptotically
H\?2
— 1 H~ (t— 1
(Ho) x log <a0> = (t—to) , (3.10)

which is in agreement with the result of Eq. . We thus conclude that even in the presence of non-interacting DM,
the Hubble parameter (and the scale factor) diverges at an infinite cosmic time.

In the next section we investigate whether a suitable interaction between DM and DE can avoid this LSBR event
in the asymptotic future.



IV. INTERACTING 3-FORM DE MODELS

In this section we introduce a cosmological model for the late-time evolution of the Universe. Our model consists
of a spatially-flat FLRW Universe with the metric and filled with DM and a 3-form field playing the role of
DE. Additionally, we consider the possibility of an interaction between DM and the 3-form field, indicated by the
presence of a term () in the equations (cf. Eq. )7 whose form we will specify in a later section. Previous works
on interacting DM and 3-form can be found in [37H39]. In addition, in Ref. [29] a model with interaction between a
scalar field and a 3-form is considered within the context of reheating.

A. Background equations

As derived in the last section, cf. Eq. (2.6)), we will encode the dynamics of the 3-form field in terms of the scalar
field x and its time derivatives. The Friedmann equation for our model reads

2

K
12 = (g py) (4.1)

where p,, and p, denote, respectively, the DM and 3-form energy densities that satisfy the conservation equations
pm:_3H(pm+Pm)_Qa pX:_SH(px+Px)+Q- (42)

Independently of the specific form of the interaction term @ in the previous equations, its sign indicates the direction
of the energy transfer between DM and the 3-form field: if @ > 0 then energy is being transferred from DM to the
3-form field, and vice-versa. Combining the individual conservation equations, we obtain the conservation of the total
energy denSity ptot =+ 3H(pt0t + Ptot) = 07 where Ptot = Pm + Px and Ptot = Pm + Px: in agreement with the Bianchi
identity that must hold.

In this work, we assume DM to be cold (CDM) so that the pressure exerted by DM is zero (P,, = 0). With the
energy density and pressure of the 3-form field given by Egs. and we can now re-write Eqgs. as

pm +3Hppm = -Q, (4.3)
. : - Q
3H 3H Vy=—7"-—. 4.4
With respect to Eqgs. (4.2)), we can also define the effective parameter of EoS of DM and the 3-form as follows
eff Q eff Q
= = —_ . 4.5
wm 3Hpm ’ 'LUX w)( 3pr ( )

Finally, differentiating the Friedmann equation and combining it with the conservation equations (4.2)) and the
expressions (2.9) and (2.10)) for the energy density and pressure of the 3-form, we obtain the Raychaudhury equation

2

. K
H=-— (pm + Vixx) - (4.6)

B. Choice of the potential

Several potentials have been studied in the context of a 3-form field playing the role of the inflaton or DE [13] [14] 26~
28, (301 311, 391 56]. As we have previously shown, it is quite common to have a LSBR on 3-form DE models (in absence
of interaction on the dark sector). This is the case whenever we have a phantom-like behaviour, w < —1, implying
that the potential is a decreasing function of x? (cf. Eq, (2.11))), and in particular when this property is fulfilled at
the critical points y = +x.. Our choice of potentials will guarantee that the above properties are fulfilled, given that
one of the main goals of this paper is to remove the LSBR event for 3-form DE models by allowing an appropriate
transfer of energy from DE to DM.

At the perturbative level, we want our model to be free of instabilities caused by superluminal and imaginary speeds
of sound, ¢, of the 3-form [26] 28]. We will therefore look for potentials that can provide a squared speed of sound
in the range 0 < ¢2 < 1, taking into account that for a 3-form the squared speed of sound is determined by [26]

2= Moo (4.7)

C
s
Vix



From this expression we can immediately conclude that any potential with stationary points other than the origin
will lead to divergences in ¢2. To avoid this, we will restrict our analysis to potentials that decrease monotonically
with the absolute value of x. For non-negative valued potentials, this implies that for sufficiently large values of x the
second derivative of the potential must be positive and the right-hand-side of Eq. becomes negative. Therefore,
at best we can choose a potential with a maximum at the origin so that in an interval around it we have V,, < 0
and a positive c2. If we make sure that this interval includes the critical points y = £, then at late-time the 3-form
will be free of instabilities at the perturbative level®. Additionally, we note that since we are looking for potentials
which have no minima in the interval (—x., Xc), in the absence of interactions the 3-form always leads the Universe
to a LSBR event in the asymptotic future.

With the previous considerations in mind we now scan the choices of 3-form potentials found in the literature for
a suitable candidate:

(i) Power law potentials: V = Vx"

This class of potentials includes the case of a 3-form field with a constant mass m? (n = 1), which was the first
model considered in the literature [14, 26l 27] and shown to be dual to a canonical scalar field, cf. Sect [lI| and
references therein for more on the dualisation of a 3-form. In order to obtain phantom-like behaviour we would
need to consider potentials with a negative exponent n. This, however, leads to a constant negative value of ¢?
and therefore we will disregard this case.

(i) Exponential potentials: V (x) = Voe $rx/V6

Although its mathematical simplicity makes the exponential potential an attractive model from a dynamical
approach point of view and therefore is recurrently used in the literature, see e.g. Refs. [26] 37, B8], as stated
in [26] the exponential potential is not compatible with the action as it is not a function of 2. We will
therefore disregard this case altogether. Nevertheless, we point out that for an exponential potential the 3-form
presents a phantom-like behaviour for £y > 0. Since there are no minima in the potential, the end state of the
Universe is always a LSBR event characterized by x = sgn(§)xe.

(iii) Ginzburg-Landau potentials: V = Vp (x* — 02)2

In the context of 3-forms this potential has been studied in detail in Refs. [20] 28] and has the interesting
characteristic that it can accommodate both quintessence and phantom-like behaviour in the same model. In
particular, a LSBR event is present in this case whenever C' > x.. This however comes at a cost, as the speed
of sound of the 3-form diverges at y = £C and becomes superluminal in the large y regime. Therefore, we also
disregard this potential in our analysis.

(iv) Gaussian potentials: V = Vye €+"x*/6

For positive values of the dimensionless parameter £, the Gaussian potential [26] presents a maximum value V;
at x = 0 and decays to zero as the value of 2 goes to infinity. These are the characteristics that we are looking
for, as this potential can provide phantom-like behaviour with the presence of a LSBR while maintaining positive
values of ¢2 near the origin. Substituting it in Eq. , we find that in this case

2 K> 2
Cs = 1- EfX ’ (48)

meaning that the squared speed of sound satisfies 0 < ¢2 < 1 in the interval x € [—+/9/(28)xc, /9/(28)xc). If
we demand that the critical points +y. are inside this interval, we arrive at the constraint 0 < & < 9/2. For
large values of x?, however, ¢? becomes increasingly negative. Nevertheless, since in that regime the 3-form
field behaves as a cosmological constant, we expect any instabilities arising from a negative value of ¢ to be
suppressed.

Based on these general qualitative features, we will consider a Gaussian potential to study some consequences of the
interacting 3-form DE model in the rest of the paper. Despite the fact that we do not develop an extensive study of
suitable potentials for the interacting 3-form DE model, it will be shown in the subsequent sections that the Gaussian

6 As stated in Sect the Friedmann equation constrains the evolution of the 3-form field, such that for large values of x the field decays
towards the interval x € [—xc, Xc]. This result is independent of the shape of the potential in as much as V' > 0. Even if the initial value
of x is large enough to imply a negative squared speed of sound, c2, the field will decay and reach rapidly the interval [—xc, Xc], inside
which the condition ¢2 > 0 is met. Any instabilities at the linear level will therefore be present only during a finite interval of time.
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potential is appropriate to define valid and general assumptions about what this model brings beyond the standard
predictions of the ACDM model. This will become apparent in Sect.[V] as the qualitative structure of the dynamical
system employed does not depend on the specific shape of the potential as long as V() has a maximum at y = 0 and
is a monotonically decreasing function of |x/|, i.e., as long as the potential satisfies the conditions stated above for the
existence of a LSBR event and a positive squared speed of sound at late-time.

C. Choice of the interaction

In this work we consider a model for the late-time evolution of the Universe with interactions between DM and
DE and where a 3-form field plays the role of DE. We expect that a DM/DE interaction will remove LSBR as long
as there is a suitable energy transfer from DE to DM. Despite the extensive literature on the subject of interacting
DM and DE, see e.g. Refs. [57, 58] and references within, to the best of our knowledge there are up to date only four
published works on interacting 3-form models: Refs. [37H39] consider models of interacting DM and DE in which the
3-form field plays the role of DE, while Ref. [29] considers a coupling between a 3-form inflaton and a scalar field as
a mean to describe the reheating period that ends the 3-form fuelled inflation.

Starting from a phenomenological point of view, we introduce the class of interactions

Q=3H(pm+ﬂx)2/\ij< P )Z( Px >j7

i7=0 Pm T px Pm T Px

=3H (pm + py) |:()\00+)‘10+>\20+'~')+(>‘01>‘10+)\112>\20+”.)<pp—i}fp)
m T Px

2
+()\20+)\02—)\11+...) (px> + ..., (49)

Pm + Px

where ¢, j are non-negative integers and \;; are dimensionless couplings that determine the strength of the interaction.
This is a natural generalisation to higher orders of the frequently considered linear interaction @ = 3H (Ampm +
ApeppE), BT, and include as well the case of Q@ = 3HApmppre/(pm + ppE), inspired from two-body chemical
reactions [59, [60]. This class of interactions has the advantage of leaving the evolution equations with a rather simple
mathematical structure, which in some particular cases even allows for the finding of analytical solutions for the energy
densities of the individual components. Furthermore, as we will see in the next section, with interaction terms of the
class (4.9) we can employ a dynamical system approach to our model without introducing new variables, therefore
maintaining the dimensionality of the problem. Despite these mathematical advantages, this class of interactions is
phenomenological in nature and as such is not derived from any considerations coming from particle physics or field
theory, as those introduced in [57] [61].

We can divide the interactions introduced in Eq. in three different categories: the cases where @) depends only
on the relative energy density of DM, therefore \;( for i # 0; the cases where () depends only on the relative energy
density of DE, and therefore Ag; for j # 0; and the “mixed” interactions where both the relative energy densities of
DM and DE appear. These three types of interaction will be considered in the following sections, and we truncate
Eq. at the quadratic order, thus allowing us to write

2 )
Px
Q=3H (pm + E il — . 4.10

# pX) i=0 ¢ (pm px) ( )

Here the coeflicients o, linear combinations of the coefficients A;;, are preferred as they eliminate the degeneracy of
the coefficients in the original formulation .

Many of the recent studies based on CMB, BAO and Large Scale Structure (LSS) data indicate possible, although
weak, interactions between DE and DM [57), [62H7T]. This feature alleviates the discrepancies between CMB and LSS
data at lower multipoles | < 40 [64) [65] 67, [72]. In Ref. [73], the authors study the observational constraints on the
linear interaction Q = 3H A\, p,, and obtained A, ~ 0.04. A similar value was recently obtained for the same interaction
in Ref. [70]. In addition, the recent observational constraints [64] for wCDM model with interaction @ = I'p,,, suggest
—0.14 < T'/Hy < 0.02 at 95% CL for non-phantom models and —0.46 < I'/Hy < —0.01 at 95% CL for phantom models.
Moreover, in few recent works [57, 65H68], the dimensionless coupling constants of various interactions in the dark
sector were argued to be small at present. Taking into consideration all these recent developments, we consider small
values of the dimensionless coupling constants for all the interactions we are considering in this work.
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V. DYNAMICAL SYSTEM ANALYSIS

In this section, we apply a dynamical system analysis to the interacting 3-form DE model. We aim to identify its
fixed points, study their stability and characterise the physical scenarios to which they correspond.

A. Dynamical System

We choose to employ the same set of variables introduced in Ref. [38§],

_ [k? x+3Hx

Y=\ T m (5.1)
K2V

2= —=
302’

which represent a compactification of the variables used in the early 3-form paper [26] and in the ensuing works
[28, BT B7, B9]. From the definition in Eq. (5.1), it is immediate to verify that for non-negative potentials the
dynamical variables are defined within the intervals”

-1<u<1l, 0<s<1, 0<z<1, —1<y<lI. (5.2)

Using these variables, the Friedmann constraint reads

Y+ 2 =1, (5.3)
while the Raychaudhury equation can be recast as
H 1 u
3= —g 2 g)\(u) 2% tan (gu)} , AMu) = — %% = _g cos? (gu) V7 (5.4)

In addition, the EoS parameters for the 3-form and for the total energy density of the Universe can be written in
terms of the dimensionless variables defined in (5.1) as

1 22 ™ 1 ™
wy = —1— 3 Au) R tan (§u> , Wior = — (y* + 2%) — 3 A(u) 22 tan <§u) , (5.5)
while the effective parameters of EoS in Eq. (4.5 can be recast as
2 2 2
off K“Q) off 1 z (7‘!‘ ) K“Q)
=< =—1--Au) ——tan(=u) - —— 5.6
m = 9msg x 3 () Y2 + 22 MY " oms (y%2 + 22) (5.6)

In order to obtain the set of evolution equations for our dimensionless variables, we combine the definitions in (5.1))
with Eqgs. (4.3)), (4.4), and (5.4), and obtain the following autonomous dynamical system:

u = Ecos2 (Lu) {y — tan (W—u)] , (5.7)

0 2 2
y = % {3523/ + A (u) 22 {1 — tan (gu) y}} + 6y;3 Q, (5.8)
2 = %z {332 = A (u) [y — tan (gu) (1- z2)}} ) (5.9)
s’ = —gs {1 —s?+ )\éu) tan (gu> 22} — 6:[2{3 Q. (5.10)

7 Notice that in order to be able to capture the asymptotic behaviour of the system here we are considering the original variables in the
extended intervals —oo < x < 400, 0 < pm < +00 and —o0 < x < 400, which in turn imply 0 < H < +o00. Here we do not include
negative values of the Hubble parameter as we are considering only expanding cosmologies.
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Here, we have used x = log(a/ ao) as our time variable and a prime indicates a derivative with respect to z. The set

of dynamical equations (b , , , , is complemented by the Friedmann constraint Which means
-

that our system has only three degrees of freedom In fact, we can use the Friedmann constraint (5.3)) to eliminate
the variable s, obtaining

u = 20052 (%) [y — tan (%u” , (5.11)
y = % {3 [1- y? — z2] Y+ A (u) 22 [1 — tan (gu) y} } + 6:H3 Q, (5.12)

2 = %z {3 [1-y>=2*] = A(w) {y — tan (gu) (1- zz)]} : (5.13)

The set of Egs. -, -7 and | constitutes a three-dimensional autonomous system that defines the
evolution of the dimensionless varlables (u y, z) which encode the evolution of our model of interacting DM and
3-form. Although we could have used the Friedmann constraint to eliminate either the variable y or z instead
of s, there are some advantages in eliminating the variable s in models with interacting DM and DE. Due to the fact
that we make a decomposition of p,,/H? in terms of a squared variable s?, when we derive the evolution equation
for s from Eq. the interaction term appears with a 1/s factor. This can introduce an artificial divergence® in
the equations at s = 0, unless the interaction is at least proportional to s. Notice that interactions proportional to
the energy density of DM, which appear often in the literature, eliminate this divergence as in those cases @Q o< s2.
However, since we will consider a more general class of interactions, we choose to eliminate the variable s from our
dynamical system. Another feature of these equations is that, for potentials in which A(u) is well defined for all
values? of u, the plane z = 0, in which the 3-form behaves like a cosmological constant [39], is an invariant subset of
the dynamical system. In the absence of interaction the system is also invariant with regards to the transformation
(u,y) = (—u, —y), a consequence of the considering symmetric potentials in Eq. , and the plane s = 0 constitutes
an invariant subset of the system. As we turn on the interaction, however, these symmetries can be broken unless )

vanishes sufficiently fast as s — 0 and is symmetric on Y.

B. Fixed Points

We now determine the conditions for the existence of fixed points (usp, Ysp, 2fp), defined by v’ =y’ = 2’ = 0, of the
dynamical system presented in Egs. , , and @ . The behaviour of the system in the vicinity of these
points, i.e., their stability, will be studied in a subsequent section for the particular case of the Gaussian potential
and the class of interactions introduced in Eq. . In the following analysis, we separate the fixed points in three
categories:

e Type I: these fixed points verify z = 0 for finite values of the 3-form field x, i.e., us, # £1. The fixed points
corresponding to a LSBR event, When present verify (wrp, Yrp, 2fp) = (£1/2, £1, 0) and are therefore included
in this category. Solving Egs. (b and (5.12)) for v and y we find that, for ch01ces of potentlals such that A(u)
is well defined for all values of u, any ﬁxed pomt (Wtps Yfps 2fp) of this category must verify!®

2 ¢ ( )
— arctan
Yfp) »

Ufp =
2
(Ufp, Ysps 2fp) (1 — 42 ) = (5.14)
» dfp yr Y =-—m—Q,
P fp 9H3yfp
pr =0.

Since the quotient A(u) is absent from these conditions it is possible to conclude that the existence of fixed
points of Type I depends on the choice of the interaction but not on the potential. Nevertheless, in general their
stability will depend on the shape of the potential.

From Eq. .7 we calculate the total parameter of EoS at the fixed points of Type I and obtain wio; = —y?p

In the absence of interaction, we have only two solutions: a matter era with wios = 0 for y#, = 0 and two fixed

8 Here we employ the term “artificial” to point out the fact that the divergences in the dynamical system appear from the decomposition
employed and not as a generic feature of the model.

9 From the definition in Eq. (5.4) we find that A(u) is well defined for all w whenever the potential does not have any isolated zeros.

10 On the second condition of (5.14) we leave Yfp in the denominator of the right hand side in conformity with Eq.
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points with y%p = 1 that corresponds to an asymptotic scenario where x = +4/2/(3x2) and x = 0. As discussed
in Sect [[TI] these fixed points correspond to LSBR events. When we turn on the interaction we find that there
is a possibility of obtaining new solutions with —1 < y¢, < 1, meaning that the interaction between DM and
the 3-form field leads to a scaling behaviour of the two components. Nevertheless, from Eq. we find that
LSBR is not removed from the system of interacting DM and 3-form if there are roots of Q = 0 with y? = 1.

e Type II: in this category we consider all the fixed points that, for finite values of x, have non-zero values of

the variable z. Solving the system of Egs. (5.11)), (5.12)), and (5.13]) for v’ = ¢’ = 2’ = 0, we thus find that any
solution (wfp,Ysp, Zfp) in this category must verify

Utp == arctan (ysp) ,
2
(ufpa Yfps pr) : )\(ufp)zj%p = _573@’ (5.15)
3yspH

1- yJ%p - ZJQ‘p = %)‘ (ugp) yprJpr-
Here we observe that, contrary to what was found in (5.14)), the position of the fixed points of Type II will
depend both on the choice of the interaction and of the 3-form potential. However, when combining the first
and third conditions in (5.15) with the expression for the total parameter of EoS, Eq. (5.5, we find that for
these fixed points wyot = —1, independently of the potential of the 3-form and of the interaction between DM
and DE.

e Type III: characterised by lying on the planes u = +1, Type III fixed points correspond to infinite values of the
3-form field x. As discussed in Sect[[IB|the constraint in the Friedmann equation forces the 3-form field to decay
to the interval [—xc, Xc], where x. = 1/2/(3k2), meaning that at late-time the variable u is constrained to the
interval [—1/2,1/2]. As such, any Type III fixed point present in the system will necessarily be unstable!!. Due
to the appearance of divergent terms in the " and 2’ equations (e.g. tan(mu/2) — oo as u — £1), extra care is
needed when identifying the position of fixed points of Type III and a general analysis for any type of potential
is not possible. For example, in the case of power law potentials we find that A(u) o 1/tan(7u/2) and all
divergences in the equations are automatically cancelled, while in the case of a Gaussian potential with positive
¢ the variable z must vanish sufficiently fast as u — =1 in order to cancel the divergences of A(u) o tan(mu/2)
and tan(mu/2).

As stated above, the stability of the fixed points found depends on (i) the kind of interaction and (ii) the potential
considered. In the following subsections we study this issue for the specific class of interactions presented in [[VC]
while considering a Gaussian potential V = Vjexp(—r2x?/6) with a positive parameter £. For completeness and
as a mean of comparison, we begin by reproducing the results when the interaction is switched off, which were first
obtained in Ref. [26].

C. Stability in the non-interacting case

In the absence of interaction, the term @ vanishes in Eq. (5.12)) and in the conditions (5.14) and (5.15]) for the
existence of fixed points. Solving (5.14)) for u and y, we find three fixed points corresponding to the Type I category:

po:  (Upp, Ypps 2pp) = (0,0, 0) ,

1 > . (5.16)

Type I fixed points:
P (Whps Ysps 2pp) = :l:§v +1,0

(no interaction)

The point py corresponds to a matter dominated scenario and the eigenvalues of the Jacobian are {—3,3/2,3/2},
leading to the conclusion that this point is saddle and does not correspond to a late-time attractor. On the other

11 The existence of Type III fixed points can only be identified once the variable x is compactified. Therefore this was not noticed in
previous works where a dynamical system analysis is employed with the variable x or a linear rescaling of it. In fact, even though the
compactification employed here was first introduced in Ref. [38], the existence of fixed points with w = 1 was not identified and to the
best of our knowledge is being discussed for the first time in this work. In a different paper, we supply suitable mathematical tools to
study the stability of fixed points at infinity [74]
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hand, the points pljE correspond to a LSBR event and the eigenvalues of the Jacobian of the system are {—3, —3,0}.
The existence of a null eigenvalue indicates that the linear approximation in this case is not valid for the stability
analysis. To decide on the stability of these points, we resort to the method described in [38] [75] based on Centre
Manifold Theory [76]. We find that pf (py) is an attractor if A > 0 (A < 0) and a saddle-node if A < 0 (A > 0)
[26]. For the case of a Gaussian potential this means that both pljE are attractive and lead to the existence of a LSBR
event in the future evolution of the Universe if £ > 0. We remind the reader that for the Gaussian potential defined
in Sect. [[VB|we have A = 2¢/3.

In the absence of interaction on the dark sector, we find from the condition that the fixed points of Type II are
characterised by A(uysp) = 0, i.e., they must correspond to extrema of the potential [26]. In the case of the Gaussian
potential, which only has a minimum for y = 0, i.e., u = 0, we find only one such solution:

Type II fixed points: p2 (Upps Ypp, 25p) = (0,0, 1) . (5.17)

(no interaction)

This corresponds to a scenario where the content of the Universe is completely dominated by the 3-form potential
and enter a de Sitter inflationary era. The eigenvalues of the Jacobian in this case are

3 4¢ 3 4¢
{—37—2 <1+ 1+9>7—2 (1— 1+9>} ) (5.18)

which leads to the conclusion that ps is an attractive focus node for £ < 0 and a saddle for £ > 0 [26].
In addition to the fixed points of Type I and Type II, which were first identified in Ref [26], in the case of the
Gaussian potential with a positive £ we find three additional fixed points corresponding to the Type III category:

7T()i : (ufp’ Yrp pr) = (:l:lv 0, O) )

Type III fixed points: Wfl o (ugp, Ysps 25p) = (£1,1,0) , (5.19)
(no interaction) 0 (Upp, Yp, 2pp) = (1, =1, 0) .
The eigenvalues of the Jacobian at these points are'?
3 2
3, 3 (1-3yf,) ,+o0 ¢, (5.20)
while the total parameter of EoS is wyo = —yj%w leading to the conclusion that 770i are repulsive, matter dominated,

fixed points while the four fixed points wil are all saddles. Since 7r0i are the only repulsive fixed points in the system,
we expect that all trajectories converge to one of these points as we go sufficiently into the past. This has been
corroborated by our numerical analysis (see the left hand side panel in Fig. [3)) The results obtained are summarised
in Tables [[| and [[T] and represented on the left panel of Fig. 2]

D. Stability for a General Quadratic Interaction

In this section we perform the stability analysis of the dynamical system (5.11)), (5.12]), and (5.13)) taking into account
an interaction of the form . For the 3-form potential we choose a Gaussian potential V = V{ exp(—+x2x?/6) with
a positive parameter £. Using the definitions and the Friedmann constraint we can write the interaction
in as a function of y and z as

Q=7 D iy’ + ) (5.21)

12 The infinite value of the eigenvalue was obtained by computing the characteristic polynomial of the Jacobian near the fixed point and
then taking an appropriate limit of the formulas obtained. In particular, we first took the limit of z — 0 and only afterwards the limit
u — 1. This is in accordance with the previous statement that the variable z vanishes faster than tan(mu/2) divergence as u — +1.
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Figure 2: On the left panel, we present the position of the fixed points of the dynamical system (u,y,z) with a Gaussian
potential and when the interaction between DM and DE is switched off. On the right panel, we show how the position of the
fixed points changes when, for the same potential, we turn on a quadratic interaction of the kind described in Eq. with
small coefficients «;. It is possible to observe how each fixed point in the non-interacting case, except for ﬁ'itl, splits in two
points once the interaction is turned on. As the strength of the interaction coefficients changes, the new fixed points move
along the yellow curves. For sufficiently flat potentials, the pairs ﬁf and ﬁ;ﬁ may coalesce and give rise to the fixed points ﬁi,
cf. Eq. . To obtain this figure we used the values £ = 1, ap = az = —0.03, and a; = +0.03.

The coefficients «; are dimensionless constants that module the strength of the interaction and in this work we will
consider them to be small, i.e., |o;| < 1. Previously we have found that a fixed point corresponding to a LSBR event
exists in our dynamical system if and only if y?p = 1is a root of @ = 0. By using Eq. (5.21)), we find that this leads
to the relation

ag+a;+ay =0, (5.22)

between the interaction coefficients. If we impose this condition back on Eq. (5.21)) we obtain the general form of the
interactions belonging to the class (4.10)) that do not remove LSBR event:

= [+ )~ 1) [+ az a2 (P 4 22)] 5.2
Since we can use the Friedmann constraint (5.3)) to write (y? + 22) — 1 = —s%, we conclude that the interactions that

verify (5.22)), and therefore do not remove LSBR event, are the ones proportional to the energy density of DM. In
order to understand this result we can express the interaction term in Eq. (5.23)) as Q@ = 3Hp,, g(as, ag, Qy), with g
a linear function of ,. Upon substitution in Eq. (4.3)), we obtain

Pm+3H(1+g)pm =0. (5.24)

Within the assumption of small interaction coefficients, i.e., considering a weak interaction between DM and the
3-form, the function g will satisfy |g| < 1 at all times during the evolution of the universe. Therefore, from Eq.
we find that the presence of the interaction is not able to prevent the complete decay of the energy density of DM
in the asymptotic future. This means that, just as in the non-interacting case, at very late-time the 3-form field is
not affected by the presence of DM and drives the universe towards a LSBR event. Finally, we point out that this
condition is completely independent of the shape of the potential, therefore, it is not limited to the case studied with
more detail in this work of a 3-form with a Gaussian potential.
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1. Type I fixed points

Substituting the expression (5.21]) in the condition (5.14)), we find that the fixed points of Type I are given by

. 2 " "
p(:)t : (ufpa Yfps pr) = i; arctan (y—)v +y5-,0],

Type I fixed points: 9 (5.25)
At ~ ~

(Quadratic interaction) pr: (Upp Yps 2pp) = | £—arctan (§4), £94,0 ),

T
where y4 is defined in terms of the interaction parameters «; as

1+ \/1 + 4a0(1a2| . (5.26)

1 + 041)2

~2 14+ oy

=T 00— ag)

As we switch off the interaction the pairs of fixed points ]% and ﬁf converge, respectively, to the points pg and pf
obtained above. In the regime of small coefficients a; we recover 92 = 0 if ag = 0, while ﬁ_ = 1 if the condition (}5.22)
is verified. If we expand (5.26|) at first order in the «;’s we find

72~ —ag, g)i ~1+ (ag+a;+as). (5.27)

Thus, for small interaction coefficients, the existence of ﬁoi is conditioned to ag < 0 while the existence of ﬁf is
verified only if ag + a1 + as < 0. As previously stated, for the Type I fixed points we have wio; = fyj%p. Therefore,

]33[ correspond either to a matter era, in the case of ag = 0, or to a scaling behaviour between DM and DE with DM
dominance, while the pair ﬁgt corresponds to LSBR events if ag + a1 + as = 0, or to scaling behaviour with 3-form
dominance if otherwise.

The eigenvalues of the Jacobian at ﬁoi and ]ﬁli can be written in terms of 43, a1, and oy as

{-a30-it-3R0-ait - ara]}. (5:29

where §_ (g+) on the above formula corresponds to the case ﬁoi (ﬁli) We find that the Jacobian has two negative
and one positive eigenvalues if §2 # 1 and two negative and one null eigenvalues when §3 = 1. Therefore the pair of
fixed points ﬁf always correspond to two saddle points, while the pair ﬁli also corresponds to two saddles if gﬁ_ #1,
i.e., when LSBR event is removed. In the case of gﬁ = 1, we employ once more the method described in [38| [75],
based on Centre Manifold Theory, to decide on the stability of the system. The results obtained are analogous to
the ones found in subsection for the case of no interaction: pf (py) is an attractor if A(uysp) > 0 (M(uyp) < 0)
and a saddle node if A(usp) <0 (A(usp) > 0). For the types of potentials considered in this work, Gaussian potentials
with £ > 0, both ﬁli are late-time attractors.

2. Type II fixed points

When we take into account the interactions given by Eq. (5.21)) with a Gaussian potential, we find that the condition
(5.15) that defines the Type II fixed points can be re-written as

@B+ (a1 —1) B+ (1+ag) =0, (5.29)
(B—43p) v}y — % (1-8)=0, (5.30)

with
B=yiy+ 25y, (5.31)

and uy, = (2/m)arctan(ys,). Hence, 0 < § < 1 corresponds to the relative energy density of the 3-form at the fixed
point. An immediate conclusion from these solutions is that, for the class of interactions considered, the value of 8
is determined solely by the interaction coefficients «; and does not depend on the choice of the potential. A similar
result was found in subsection [VB] for the total parameter of EoS as in the case of Type II fixed points we have
wWiot = —1 independently of the potential considered.
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The solutions to Eq. (5.29) are

1-— (05} 1 + (7))
B+ = 14+, /1 —das———| , 5.32
2@2 2 (1 — 041)2 ( )
which, at first order in the coefficients «; can be written as
1-— aq
6+2 o 717(0&04’0414’0&2), ﬂ_21+(040+061+042). (533)
2

In the regime of small coefficients, ;| < 1, the solution S is outside the interval (0,1) and can be disregarded, while
the solution S_ lies within the interval (0,1) and is close to unity (S— < 1) for ag + a3 + @3 < 0, meaning that the
the 3-form dominates over DM near the fixed points (py > pp,). Notice that this is the same condition found for the
existence of the Type I fixed points ;ﬁli.

Setting 8 = f_ in Eq. @ and solving for y¢, we find that the dynamical system has at most two pairs of Type II

fixed points:
Py = (+2 arctan (§,) , +7 -3
Prc (ugp Yrps 2pp) = (£ arctan (§e), g4, (/A- =02 )
Type II fixed points: (5.34)

2
~t - - -
(Quadratic interaction) Py i (upp, Ysps Zpp) = i; arctan (§-) , £§-, \/B- — 72 |

R=Gars), A= fi- 7o (5.35)

For £ > 0, where £ is the slope of the Gaussian potential, we find that 0 < A < 1, thus ensuring the existence of

Type II fixed points, as long as
9 2¢ 9
- 1+—=-1)<p_<1 0 = 5.36
€<\/+9 >_ﬂ_, <€<g (5.36)

As we switch off the interaction, we find from Eq. that S_ = 1. This in turn implies that A = 1, cf.
Eq. , and that the pairs ﬁ{t and ﬁ;ﬁ converge, respectively, to the points pf and po obtained above. In fact, this
result is obtained whenever 5_ = 1, for which the no-interaction case is only a particular example, as Eq. with
B_ =1 implies the condition for the existence of the fixed points corresponding to the LSBR event. Since the
points pli belong to the Type I category, when S_ = 1 the only fixed point of Type II is po = ps.

Another limiting case occurs when _ approaches the lower bound in Eq. , i.e. A vanishes and §2 = gi In
this situation ﬁf and ﬁgt merge and we obtain just two Type II fixed points:

2 _ _ _
Type II fixed points for A = 0: ﬁi © (Uppy Yp, Zfp) = (71- arctan (\/ é) , j:\/%, \/ i) . (5.37)

(Quadratic interaction)

where

We thus reach the conclusion that the solutions presented in Eq. represent four different fixed points as long as
A # 0 and B_ # 1. Since we expect the structure of the dynamical system around the fixed points to change when
B =1or A =0, we will first present the mechanism to study the stability of the fixed points in the general case and
then treat each of the specific cases individually.

For general values of the parameters of the model (€, ap, ag, a2), the expressions for the eigenvalues of the Jacobian
for the Type II fixed points are too cumbersome to be analysed analytically. A much more fruitful approach is then
to use the Hurwitz criterion (cf. Ref. [T7] for the definition and Appendix [B|for its application to the cubic case). If
we define the characteristic polynomial of the Jacobian, J, as det (J — 4I3) = ag + a1y + azy? — 73, where I3 is the
3 x 3 identity matrix and a;, i = 0,1,2, are constant coefficients, then using Hurwitz criterion we can state that all
three eigenvalues 7y of the Jacobian have negative real part if and only if

ap <0, signa; = signag, aras +ag > 0. (5.38)
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As a corollary, when ag > 0 there is at least one positive eigenvalue and the fixed point is unstable. For interactions
that only have one free parameter and S_ # 1, we could obtain the regions of stability of ﬁli and ﬁgi in terms of S_ and
A. Although we did not obtain a general result for the stability of these points, from analogy with the non-interaction
case it might be expected that late-time attractors are provided by the pair ﬁi while the pair ﬁ;t gives unstable
points.

Next, we look at the particular case of 8_ = A = 1. In this case only one fixed point of Type II exists: ps = (0, 0, 1).
The analysis of the system around this point presents serious challenges as the interaction term in Eq. diverges
at the fixed point. However, as stated above S_ = 1 occurs only for those interactions for which the LSBR, event
is not removed. As such, all the trajectories of interest converge to fixed point corresponding to the LSBR and are
always far away from po. We will not look into the stability of this point with further detail.

Finally, for A = 0, which occurs when & = 18(1 — 5_)/B%, the only two fixed points of Type II are the ones in
Eq. . Notice, however, that for values of S_ < 1 this implies very small values of &, i.e., potentials that are
almost flat. In this case we find that one eigenvalue is always zero, therefore the analysis of the linearised system
is not valid to decide on the stability of the system near the fixed points and we need to employ methods based on
Centre Manifold Theory, see e.g. Ref. [38] [75]. The reader may notice that the solutions in (5.34]) and do not
have the same limit when we take S_ — 1. This difference comes from the fact that in (5.37)) we are imposing the
equality £ = 18(1 — 5_)/B2. In the limit of f_ = 1, £ = 0 and we obtain a 3-form with a constant potential which,
as described above, is a special case where the 3-form behaves identically as a cosmological constant.

8. Type III fixed points

As mentioned in the previous section, the Type III fixed points in 3-form models with Gaussian potential with
positive & exist only along the lines uy, = £1 A 2y, = 0. The fact that zy, = 0 suggests an analogy with the results
found for the Type L. In fact, we find that as we turn on the interaction, for each set of coefficients (ag, a1, az) the

value of y7, is given by Eq. (5.26), and

7";0 (Upps Ygps 2pp) = (£1, =9, 0) ,
A : ) b = :l:]'7 - 0 b
Type III fixed points: 7Ar+0 (usps Yypr 299) = ( +-,0) (5.39)
. . T (ufpa Ytps pr) (:l:la y+a 0) ;
(Quadratic Interaction) At
e (ugps Yrps 2pp) = (£1, +i4, 0)
The eigenvalues of the Jacobian for these fixed points are
{3,3[14+ 1 —2(1 —a2)y7,] . +oo} . (5.40)

Therefore, the fixed points ﬂiw with y;p = y2 ~ 0 correspond to highly repulsive points representing the asymptotic
past, while 7Ti:17 with y]%p = yi ~ 1 correspond to saddle points'3
In the next section we analyse in more detail some particular cases of the interaction class ([5.21]).

E. Specific Examples
1. Interaction I: Q X pm

The first interaction we analyse is of the form

3
Q =3Hay,pm = %am [1 — (y2 + 22)] . (5.41)

In the context of 3-forms this interaction has been studied before in Refs. [37, [38]. Comparison with Eq. (5.21))
immediately shows that this corresponds to setting ag = @, @1 = —aun, and as = 0. Since this interaction is

13 Notice that here we are assuming the interpretation that an positive infinity eigenvalue means that the system is highly repulsive in the
direction of the corresponding eigenvector. We explore in more details the mathematical tools to study the stability of fixed points at
infinity in a different work [74].
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Inter. 121:(1))1(1?38 Constraints (Utps Yfps Zfp) Stability Description
Po (0, 0, 0) Saddle Matter Domination
pE (£1/2, +1, 0) Focus Node LSBR
Q=0 P2 (0,0, 1) Saddle Node Potential Domination
71'3: (£1, 0, 0) Repulsive Matter Domination
7r$1 (£1, 1, 0) Saddle Kinetic Domination
Trizl (£1, -1, 0) Saddle Kinetic Domination
s _ 2 — — Scal. sol. (wtot < 0)
Do 1<am<0 ( arctan \/—am, v/ —am, 0) Saddle Matter Domination
pE (£1/2, £1, 0) Focus Node LSBR
P2 (0,0, 1) Saddle Potential Domination
~+ . Scal. sol. (wtot < 0)
1 1o -1 <am<0 (:I:l7 vV—am, 0) Repulsive Matter Domination
Jn _ - . Scal. sol. (wtot S 0)
=g 1<am<0 (:i:l, vV—am, 0) Repulsive Matter Domination
frfl (£1, 1, 0) Saddle Kinetic Domination
ﬁ'fl (£1, -1, 0) Saddle Kinetic Domination
pE o <0 (ig arctan \/_ amm \/_ amm ) Saddle Scal. sol. (wtor < 0)
Po mm Q I—omm’ I—omm’ Matter Domination
Pt (£1/2, £1, 0) Focus Node LSBR
P2 (0,0, 1) Undecided  Potential Domination
.t ~ _amm . Scal. sol. (wtot < 0)
11 T30 amm <0 (il’ T—amm’ 0) Repulsive Matter Domination
L+ 41, — [— _emm . Scal. sol. (wtot < 0)
T—o mm < 0 < ’ I—amm’ ) Repulsive Matter Domination
frfl (£1, 1, 0) Saddle Kinetic Domination
ﬁ'jfl (£1, -1, 0) Saddle Kinetic Domination
Po (0, 0, 0) Saddle Matter Domination
P (£1/2, £1, 0) Focus Node LSBR
I D2 (0,0,1) Undecided  Potential Domination
fr(jf (£1, 0, 0) Repulsive Matter Domination
frfl (1, 1, 0) Saddle Kinetic Domination
ﬁ'fl (£1, -1, 0) Saddle Kinetic Domination

Table I: The fixed points found for the 3-form DE model with DM in the case of no interaction and for the interactions I,
11, and III studied in Sect Notice that none of the interactions presented in this Table remove the points (+1/2, 1, 0)
corresponding to the LSBR event.

proportional to the energy density of DM the fixed points corresponding to LSBR are not removed. In fact, it can be
easily verified that this choice of coefficients satisfies the condition ([5.22)).
With an interaction of the kind of (5.41)) we find the following pairs of fixed points of Type I:

2
ﬁg b (Uppy Ypps Zfp) = :i:; arctan \/—au,, £v/—am, O) ,

Type I fixed points: 1
s
(Interaction I) 1t (upp, Ypps 2pp) = i§7 +1,0

Notice that the pair ﬁ(jf verifies 0 < yj%p < 1 aslong as —1 < a;, < 0. From the results found previously in Eq. ([5.28))

we deduce that the pair ]30 correspond to saddle points while ﬁl are late-time attractors that lead the system to a
LSBR event 1n the future. In thlb case, the only solution to Eq. (| is B_ = 1 which implies A = 1 in Eq. -
Therefore, p1 correspond to p1 which belong to the Type I category and the only new fixed point of Type II is

Type II fixed points: D2: (Wpps Ypp, 2fp) = (0,0, 1) . (5.43)
(Interaction I)
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Fixed

Inter. Points Constraints (Utps Yfps Zfp) Stability Description
Po (0,0,0) Saddle Matter Domination
pE (£1/2, +1, 0) Focus Node LSBR
Q=0 P2 (0,0, 1) Saddle Node Potential Domination
nE +1,0,0 Repulsive Matter Domination
0
7r$1 (£1, 1, 0) Saddle Kinetic Domination
Trizl (£1, -1, 0) Saddle Kinetic Domination
Do (0, 0, 0) Saddle Matter Domination
ot _ 2 Scal. sol. (wiot 2 —1)
ik 1<ay <0 (2 arctan /1 + ay, £1/1+ ay, 0) Saddle Kinetic Domination
o 1+26 9 2 1+A 1+A 1-A Scal. sol. (de Sitter)
p1 7729 <oy <0 (iw arctan \/ 5 B i\/ 5 O \/ 2 B’) Focus Node Kinetic Domination
I S+ Vit 2 1-Ag 1-Ag 1+tAg Scal. sol. (de Sitter)
v 2 —729 <ay <0 + arctan \/ 2 B i\/ 2 B \/ 2 B Unstable Potential Domination
o J1426_4 2 [B— [B—  [B_ Scal. sol. (de Sitter)
P oy = — 29 (:i:7r arctan > TV 5 5 Saddle Node 3-form Domination
71'3: (£1, 0, 0) Repulsive Matter Domination
7r$1 (:I:l, +/1+ oy, 0) Saddle Kinetic Domination
Trfl (:I:l, —V/ 1+ ay, 0) Saddle Kinetic Domination
Po (0, 0, 0) Saddle Matter Domination
s 2 1 1 Scal. sol. (wgot > —1)
Py axx <0 (ivr arctan Vi—axy’ + Vi—oxx’ 0) Saddle Kinetic Domination
5t _£ 2 1+A 1+A 1-A Scal. sol. (de Sitter)
Py s < @ <0 (iw arctan |/ E58 5, /1506, /15 B*) Focus Node ™ inetic Domination
5+ _£ 2 1-A 1-A 1+A Scal. sol. (de Sitter)
AV Pa 18 <oxx <0 (iﬂ arctan \/ 2 A i\/ 2 B \/ 2 B_) Unstable Potential Domination
4 __ £ 2 [B— /86—  [B— Scal. sol. (de Sitter)
Pa Qyx i3 (:i:7r arctan\/ 5, £/ 5, > Saddle Node 3-form Domination
71'3: (£1, 0, 0) Repulsive Matter Domination
7‘$1 +1, +\/1+Txx’ 0 Saddle Kinetic Domination
ﬂj_tl +1, —\/%TXX, 0 Saddle Kinetic Domination

Table II: The fixed points found for the 3-form DE model with DM in the case of no interaction an for the interactions IV and
V studied in Sect The values of B_ and A are defined in Egs. (5.55), (5.57), (5.67)), and . For non-vanishing values
of the interaction parameters, the two interactions presented in this Table remove the points (+1/2, +1, 0) corresponding to
the LSBR event.

Since there are terms in the Jacobian that diverge at this fixed point, we were unable to calculate its eigenvalues.
Nevertheless, from the analogy with the non-interacting case, we expect the point to be unstable.
Finally, the fixed points of Type III are

7¢rf0 : (ufzﬂ Yrp> zfp) = (iL —V —CQm, 0) )
At
: = :tl —m, 0 9
Type III fixed points: Tio (sps Yppr 2pp) = (£, %m; 0) (5.44)
(Interaction I) WE (pp Ysps 2p) = (1, =1, 0),
ﬁ--‘rl : (quN Yfp> pr) = (:l:la +1, O) .

As reported above, (5.40)), the first two pairs correspond to highly repulsive fixed points representing the past of the
system, while the last two pairs are saddles and, therefore, are unstable.

2. Interaction II: Q x p2,

The second interaction we analyse is of the form

2 9H3
Q= BHO[mmpmpfme = ?amm [1 — (y2 + 22)}2 . (545)
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A comparison with Eq. immediately shows that this corresponds to setting ag = @mm, 1 = —2Qmm, and
Qg = Q- As in the case of the previous linear interaction, the fixed points corresponding to LSBR, are not removed,
because the interaction coefficients satisfy the condition .

In the case of interaction IT we find two pairs of Type I fixed points

. 2 o o
Py : (Upps Ypps 2pp) = i; arctan \/_ T’ i\/_ jE— 0) J
Type I fixed points: 1 > (5.46)

At
(Interaction II) pr o (ugp, Ypps 2pp) = ii’ +1,0

While p0 exists w1th1n the domain of the system only for a,,,, < 0 and correspond to saddle points, cf. Eq. -,
the two points p1 are late-time attractors that lead the system to a LSBR event in the future. In this case the only
solutlon to Eq. ( - ) that satisfies 0 < f < 11is f_ =1 which leads to A =1 in Eq. - Therefore p correspond
to p1 , which belong to the Type I category, and the only new fixed point of Type II is

Type II fixed points: D2 (Upps Ypp, 2fp) = (0,0, 1) . (5.47)
(Interaction IT)
Since there are terms in the Jacobian that diverge at this fixed point, we were unable to calculate its eigenvalues.

Nevertheless, from the analogy with the non-interacting case, we expect the point to be unstable.
Finally, the fixed points of Type III are

7%70 : (ufp’ Yips pr) (il’ - _1(_127:7”7 0) )
At _ _%mm
Type III fixed points: ot (Usp, Ypps 2pp) = (:H’ m’ O) ) (5.48)
Lt
(Interaction I) W;1 b (Uppy Ypps 2pp) = (F1, =1, 0) ,
1 (upps Ypps 2pp) = (1, 41, 0)

As reported above, , the first two pairs correspond to highly repulsive fixed points representing the past of
the system, while the last two pairs are saddles and therefore are unstable. We note that these types of quadratic
interactions seem pretty much similar to their linear analogue.

3. Interaction III: QQ X pmpy
The second interaction we analyse is of the form
Q= 3Hamxp7 = — Qmy [1 — (y2 + 22)] (y2 + 22) . (5.49)

Comparison with Eq. immediately shows that this corresponds to setting ap = 0, a1 = Qmy, and g = — oy
As in the previous two cases, the interaction coefficients satisfy the condition and, therefore, the fixed points
corresponding to LSBR are not removed.

With this interaction we obtain three fixed points of Type I

Po : (ufp? Yrp pr) = (07 0, 0) )

. 1
pli : (uf;m Ysfps pr) <I|:2 :|:1 O>

Type I fixed points: (5.50)

(Interaction IIT)

where py corresponds to a matter dominated epoch and ﬁli to late-time attractors that lead the system to a LSBR
event in the future. For the point pg we find from Eq. that the Jacobian has two negative and one positive
eigenvalues and, therefore, py correspond to saddle fixed points.

In this case the only solutlon to Eq. - that satisfies 0 < 5 < 11is f_ = 1 which leads to A =1 in Eq. .
Therefore p1 correspond to p1 and the only new fixed point of Type II is

Type II fixed points: D2: (Wpps Ypp, 2fp) = (0,0, 1) . (5.51)
(Interaction III)
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For this point there are terms in the Jacobian that diverge at this fixed point, we were unable to calculate its
eigenvalues. Nevertheless, from the analogy with the non-interacting case, we expect the point to be unstable.
Finally, the fixed points of Type III

ﬁét : (ufp’ Yip pr> = (£1,0,0),
Type III fixed points: 7t (up, Ysp, 2fp) = (£1, =1, 0) , (5.52)
(Interaction I) 75 (Upps Yppy 2p) = (£1, +1, 0) .

As reported above, (5.40), the points 7y are extremely repulsive and correspond to the asymptotic past matter era,
while the points 73, are saddles and therefore unstable.

4. Interaction IV: Q x py

The second interaction we analyse is of the form

9H?3 9 9
Q =3Ho,p, = 7 % (v* +2%) . (5.53)

Comparison with Eq. immediately shows that this corresponds to setting ag = 0, oy = @y, and ap = 0. In
this case the interaction coefficients do not satisfy the condition and therefore the fixed points corresponding
to LSBR will be removed. From Eq. we find that for an interaction of the type of Eq. the energy transfer
between DM and DE is not stopped when the energy density of DM vanishes. As such, in order to guarantee that
the energy density of DM does not evolve to negative values we impose the constraint o, < 0.

With this interaction we obtain three fixed points of Type I

Do (uf;m Yfp pr) = (0,0, 0),
R 2
pljE 2 (upp, Ypps 2pp) = <:|:ﬂ_ arctan \/1 + oy, :i:\/l + oy, O> .

Type I fixed points: (5.54)

(Interaction IV)

where py corresponds to a matter dominated epoch and ﬁli to scaling solutions with 3-form dominance. Notice that
the pair ﬁli satisfies the constraints on the variable y as long as the parameter coefficient respects —1 < a,, < 0, which
is consistent with the assumption of small coefficients, i.e., |a, | < 1. As found in the Jacobian at these points
has two negative and one positive eigenvalues and therefore pi- correspond to saddle fixed points. The same result is
found for the matter point py.

In this case, the only solution to Eq. is B_ given by

_ 1
S l-ay

B (5.55)

which respects 0 < f_ < 1 for all a,, < 0. Substituting the solution (5.55) in the condition (5.34]), we obtain two
pairs of fixed points of Type II:

2
pi (wrp, Yrp, 2fp) = | £— arctan \/%,B_, :I:\/%,B_7 \/%ﬁ_ ,
Type II fixed points: r (5.56)

2
—t _ _
(Interaction IV) Py i (upp, Ysps 2pp) = i; arctan \/%5—’ i\/%ﬂ_, \/%ﬂ— ’

where, as derived from Egs. (5.35) and (5.55)), A is given by

Alay, &) = \/1—1—158(1—@)() Qy . (5.57)

From Eq. (5.36]), we find that in order for the system to have fixed points of Type II the interaction coefficient o,
and the potential parameter £ must respect

_VIFEP-1

5 <a, <0,  0<E<9/2. (5.58)
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For general values of 0 < f_ < 1 and 0 < A < 1 the expressions for the eigenvalues of the Jacobian are too
cumbersome to be analysed Wlth analytlcal methods. Instead, we will analyse the stability of the characteristic
polynomial using the condition ) to decide on the stablhty of the Type II fixed points. The coefficients of the
characteristic polynomial of the J acoblan at the fixed points p1 are

B A 1-8

apg = — 541—|—7A B_ 5 (559)
1+ A-2(2+ A% B +68% - (2+A-A%) 5

ap= —9 1A% 52 , (5.60)
_ _B-+A

az= —3 [1+ (1+A)B_] (5.61)

as= —1. (5.62)

With these values, the three conditions in are satisfied for any $ and A suchthat 0 < f_ < land 0 < A < 1and
therefore the ﬁxed points p1 correspond to late—tlme attractors. When we calculate the coeflicients of the characteristic
polynomial of the Jacobian for the pair p2 , we find that ag < 0for 0 < f_ < 1and 0 < A < 1, therefore the conditions
(5.38) are not satisfied and the fixed points p2 are unstable.

In the limiting case of A = 0, where we only have one pair of Type II fixed points given by Eq. , we obtain
the eigenvalues:

{0,—3[1+1;ﬁ m} [ ﬁ m}} (5.63)

The real parts of the two non-null eigenvalues are always negative for 0 < f_ < 1. However, due to the existence of a
null eigenvalue, the linear theory fails to determine the stability of the fixed point and other methods are required. By
employing the Centre Manifold Theory [38] [75], we find that the points pf correspond to saddle nodes and, therefore,
are unstable fixed points.

Finally, the fixed points of Type III are

ﬁat : (ufp’ Ysps pr) = (:l:l, 0, 0) )

Type III fixed points: T (Upps Yrpy 2pp) = (£1, —\/T+ay, 0), (5.64)
(Interaction TI) FE (Upps Ypps Zpp) = (£1, +/T+ay, 0) .

As reported above, cf. Eq. (5.40)), the points frgE are extremely repulsive and correspond to the asymptotic past matter
era, while the points 7, are saddles and therefore unstable.

5. Interaction V: Q « pi

The second interaction we analyse is of the form

2 3
p 9H 2
Q=3Ha,—X—="-qa 24227 5.65
XX o + P 2 (y ) ( )

Comparison with Eq. (5.21)) immediately shows that this corresponds to setting ap = 0, a1 = 0, and oz = . In
this case the interaction coefﬁc1ents do not satisfy the condition ([5.22)) and therefore the ﬁxed points corresponding to
LSBR will again be removed. As in the previous case of the hnear mteractlon IV, the energy transfer between DM
and DE is not stopped when the energy density of DM vanishes. Therefore, in order to guarantee that the system
does not evolve to negative values of the DM energy density, see Eq. , we can impose the constraint a,, < 0.
With this interaction we obtain three fixed points of Type I

Do (uf:m Yoo pr) = (O’ 0, O) )

Type I fixed points: (5.66)

(Interaction V)

2
At _ “ 1
1o (Upps Yppy 2pp) = (iﬂ arctan Vo \/1 Qx| 0) ’

where pg corresponds to a matter dommated epoch and ]01 to scaling solutions with 3-form dominance. Notice that
for the pair p1 , we find that 0 < yfp < 1 as long as the parameter coeflicient respects o, < 0, which is consistent
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with the assumption of small coefficients, i.e., |OzXX| < 1. As found in , the Jacobian at these points has two
negatlve and one positive eigenvalues and therefore p1 correspond to saddles The same result is found for the matter

point pyg.
In this case, the only solution to Eq. (5.32)) that satisfies 0 < _ < 1 is S_ given by

1

B = G (1—/1—4dayy) . (5.67)

From this expression, we find that the above constraints on S_ are satisfied for all o, < 0. If we also enforce the
constraint derived in (5.36)), we find the more restrictive interval range —1/4 < a,,, < 0 for the interaction parameter.
Substituting the solution ([5.67)) in the condition (5.34]), we obtain two pairs of fixed points of Type II

_ 2 _
Y+ (ugpp, Ypp, 2p) = £ arctan \/%5—7 i\/%ﬁ-, \/%ﬁ- :

Type II fixed points: 9 (5.68)
(Interaction V) By + (Upps Ysps 2pp) = i; arctan \/%5—’ i\/%ﬂ—v \/%ﬂ— ’
where, as derived from Egs. (5.35)) and (5.67)), A is given by
18
Afay, &) =41+ ?O‘xx . (5.69)

From Eq. (5.36]), we find that in order for the system to have fixed points of Type II the interaction coefficient o,
and the potential parameter £ must respect

—%SQXXSO, 0<¢<9/2. (5.70)

As was the case in the previous interaction, for general values of 0 < f_ < 1 and 0 < A < 1 the expressions for

the eigenvalues of the Jacobian are too cumbersome to be analysed With analytical methods. Instead, we will analyse

the stability of the characteristic polynomial using the condition ) to decide on the stablhty of the Type II fixed
points. The coefficients of the characteristic polynomial of the J acoblan at the fixed points p1 are

A 2—36_ + 2

a0 = —54—x i - (5.71)
O 2A-2A(1420) 8-+ (2+A+3A%) B2 —(1+A) 52

a= —9 ey : (5.72)
_ L142A45

ag = 37(1+A) i (5.73)

az = — 1. (574)

With these values the three conditions in ([5.38)) are satisfied for all 0 < f_ < 1 and 0 < A < 1 and the fixed points f)li
correspond to late time attractors. When we calculate the coefficients of the characteristic polynomial of the Jacobian
for the pair p2, we find ag > O for all values 0 < f_ < 1 and 0 < A < 1, therefore the conditions are not,
satisfied and the fixed points p2 correspond at most to saddles.
In the limiting case of A = 0, where we only have one pair of Type II fixed points given by Eq. (5.37)), we obtain
one null and two negative eigenvalues:
3
{07 55 [(1 FA)+(1-B) VT +45,} 25 [(1 +A)—(1-B) /1 +4/3]} . (5.75)
By employing the Centre Manifold Theory [38, [75], we find that just like in the case of interaction IV, _ﬁi correspond

to saddle nodes and, therefore, are unstable fixed points.
Finally, the fixed points of Type III are

7?r(:)l: : (ufim yfpv pr) = (ila Oa 0) )

N _ _ 1
Type III fixed points: w2t (ugps Ypor 2p) = (L oy 0) (5.76)

(Interaction I)

A4 _ 1
i (Ugp, Ypps 2pp) = | £, *mv 0

As reported above, (5.40)), the points frg: are extremely repulsive and correspond to the asymptotic past matter era,
while the points 73, are saddles and therefore unstable.



25

F. Overview

Throughout this section, we apply a dynamical system approach to study a cosmological model with an interaction
between DM and a massive 3- form playing the role of DE. We have classified the fixed points of the system in three
different categories (cf. Sect.|V B, depending on their coordinates (usp, yYrp, 27p): Type I fixed points characterised by
Zfp =0 and |ugp| # 1; Type II ﬁxed points characterised by z¢, # 0 and |ug,| # 1; Type III fixed points characterised
by |usp| = 1. In addition7 we studied the conditions for the existence of such ﬁxed points in our dynamical system,
their coordinates and stability, for an interaction with the general form given in Eq. . An interesting feature of
the solutions found in and is the possibility to obtain fixed points where Y5, + z]%p is neither 0 nor 1 and
therefore there is no complete DM or DE dominance. These cases correspond to scaling behaviours near the fixed
points with a constant non-vanishing ratio p,,/py:

2 2
2 _ 1= (0t )
= £0, (5.77)
Q 2+ 22
X Y¥p fp

At the fixed points the parameter of EoS assumes the value wyoy = —y?p, in the case of the Type I solutions, and
Wiot = —1, in the case of Type II solutions. '

In particular, we find that when ap + a3 + az # 0 the interaction can shift the fixed points away from
(Wep, Ypp, 2pp) = (£1/2,£1,0) and therefore avoid LSBR event completely. This condition implies that LSBR is
removed if and only if the interaction is not proportional to a power of the DM energy density. Since in this case the
Type I solutions are always saddle points, we conclude that when LSBR is removed any existent late-time attractor
will be of Type II and consequently correspond to a future de Sitter inflationary era. If, however, the fixed points
corresponding to a LSBR event are not removed, they will be the only late-time attractors of the system.

In Sect. [VE] we present the results obtained for some examples of interactions commonly present in the literature,
which we compile in Tables[] and [T} Although the analysis performed is focused on the model of a 3-form field with
a Gaussian potential, the classification and methods employed are general and can be applied to other models. In
addition, as long as the potential chosen is similar to the Gaussian one, in the sense that it is a potential that has a
maximum at xy = 0 and decreases monotonically with |y|, the qualitative features of the results, such as the existence
of scaling solutions due to the interaction and the condition of the removal of the LSBR event, will not be affected.

VI. STATEFINDER HIERARCHY
A. Introducing the statefinders

The statefinder hierarchy was shown to be useful to distinguish different DE models [46H49]. Recent studies based
on BAO data reinforce the status of the statefinder hierarchy as a suitable tool to distinguish DE models [50]. In
Ref. [51], statefinders were studied in the context of DE and DM interaction. In this paper, we aim to study the
statefinder hierarchy for different kinds of interactions between DE, modelled by a 3-form field, and DM.

The scale factor of the Universe, a(t)/a(ty) = 1/(1 + z), can be Taylor expanded around the present time ¢y as
follows [40, 42],

=1+ Z HO (t—to)]" . (6.1)
where

=—— mneN, (6.2)
and a(™ is the n'"-derivative of the scale factor with respect to the cosmic time. Historically, the parameters

Ay, Az, Ay, As were termed as the deceleration parameter ¢ = —A,, the jerk'* j = As, the snap s = A4 and the lerk

[73%1)

14 The terminology jerk, as far as we know, was introduced in [40]. The same parameter was defined as “r” and named statefinder = in
1.



Figure 3: On the left panel of this figure we plot the trajectories, in the 3-dimensional space (u, ¥, z), for the two solutions P!
(red thick line) and P’ (green thick line) that were found to minimise the deviation from ACDM in the case of no interaction.
On the middle panel we plot the trajectory obtained when interaction IV is considered with o, = —0.03. On the right panel
we plot the trajectory obtained when interaction V is considered with ay, = —0.03. On both the middle and right panels, the
initial conditions are set in the past, at redshift 6, using the values of the dynamical variables for the trajectory PL. The thin
lines indicate the projection, onto the plane yOz, of the trajectory of the same colour. The labelled points indicate the fixed
points, see Table|I_I| for the classification, near which the trajectories pass.

[ = Aj respectively (See for example [40], [41] 45] and the extensive list of references in [I12]. Using these definitions
the statefinders were defined as [48] 5]

S8V =A;, (6.3)
SV =As+3(1+q), (6.4)
S =As —2(4+3q) (1+4q) . (6.5)

By construction, the statefinder hierarchy defines a null diagnostic for the ACDM model as [48]
SWacom = 1. (6.6)

In order to re-write the statefinders Sél), Sf), and Sél), in terms of our dynamical variables u, y, and z, we begin

by combining Egs. (5.3)), , and (6.2)), to obtain As(u,y, 2):
3 2
Ay =1 — B 1—(y*+2°%) — §§ 2% tan? (gu)] . (6.7)
We can now make use of the following recursive relations for the A,, parameters'®

and the set of evolution equations (5.11), (5.12)), and (5.13)), to derive the A,, and S,(LU, n > 3, as functions of the
dynamical variables. Due to their cumbersome size the expressions found are presented only in the Appendix [A]

15 This relation can be derived by differentiating Eq. (6.2) with regards to « = log(a/ag) and isolating the term in a(™.
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4 Pt X s dlog s(H s dlog st s dlog st 51og Qmo  0logWyo
dlog X dlog X Slog X dlog X dlog X
uo = 0.5436 —7.554%x107* 2.522 x 1072 1.182 x 107¢ 2.057 x 1072
I 0.02051 g5 =0.8242 1.009 2275x1072 1.019 —1.786x1072 1.014 1.972x 107" 1.959 —1.168x1072
20 = 0.1193 1.926 x 1072 3.621 x 1072 3.095 x 1072 4.103 x 1072 1.168 x 1072
uo = 0.1052 —6.063%x1073 6.291 x 1072 —4.478x1071 1.215 x 1072
II 09721 4y =0.1394 1.013 3.076 x 1072 1.032 —4.786x10~* 0.9991 4.454 x 10~! 5577 x 1072 —3.326x10~*
20 = 0.8158 2.477 x 1072 4.235 x 1072 1.737 x 1071 1.944 3.326 x 1074

Table III: For the two solutions P! and P!, we present the current values of the dynamical variables and the statefinder
parameters. For each statefinder parameter, and for the cosmological parameters 2,, and w,, we present the deviation of the
present day values for small perturbations of the values of the dynamical variables. The present day values of €2, and w, are
Qm,0 = 0.3065 and wy,0 = —1.006 [54, [55].

1.0 3 |
0.8 ]
0.6 ]
0.4 ]
0.2 ]
0.0 05 =0:. =00 B w0
S0 1 2 s 4 s e

Redshift
— Qp Qp — - Quin ----- Qpot — Qp Qy — = Qin ----- Qpot

Figure 4: The evolution of the relative energy densities of DM (blue thick line) and DE (yellow thin line), and of the individual
components that contribute to the energy density of DE: kinetic energy (red dashed line) and potential energy (green dotted
line), in terms of the redshift. The plot on the left represents the evolution of the system for the case P!, while the plot on the
right represents the evolution for the case P.!. The circles and crosses indicate, respectively, the values of Q4 and Q,, for the
ACDM model.

B. Statefinder diagnosis for non-interacting 3-form DE model

In this section, we analyse the statefinder parameters for the non-interacting 3-form DE model. We take into
account the recent Planck 2015 results [54] [55] and use the values Q,, ~ 0.3065 and wy ~ —1.006, obtained for a
DE model with constant parameter of EoS, w, as reference values for the present day values of the relative energy
density of DM, €, o, and of the parameter of EoS of the 3-form field, w,. o. These can be related to the present day
values of the dynamical variables of our model as

~

2 22 ™
Qm,() = 8(2) =1- (yg + Z(Q)) ’ Wy, 0 = -1 - §§y8 i ZS tan2 <§Uo) . (69)
These two expressions can be combined with Eq. (6.7) to give the present day value of As:
1 3
A2,0 = —5(1 + 3wX,0) + §Qm’0wx,0 ~ (0.5340. (610)

For a fixed value of the potential parameter £, Eqgs. provide only two conditions for the initial conditions
of the trio of dynamical variables (u,y,z). In order to obtain a third condition, we define the parameter P, =
28 /(y3 + 22), the fraction of the energy density of the 3-form at the present time that corresponds to potential energy,
and dSV = (Zi:?,(Sr(Ll) —1)?)Y/2 as a measure of deviation from ACDM. While maintaining the constant values

Q0 = 0.3065 and w,,0 = —1.006, we find two sets of initial conditions which minimise dSr(ll). These correspond to
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Figure 5: The evolution of the parameter of EoS of DM (blue thick line), DE (green thin line), and of the total fluid in terms of
the redshift. The plot on the left represents the evolution of the system for the case PL, while the plot on the right represents
the evolution for the case PL.

the values P! ~ 0.02051 and P! ~ 0.9721, with uy and yo having the same sign'%, and verify dSr(ll)(PzI) = 0.02526
and dS,(ll)(Pg ) = 0.03455. The present day values of the dynamical variables and respective statefinder parameters
for these cases are displayed in Table [[II]

In order to understand the sensitivity of the cosmological and statefinder parameters with respect to small pertur-
bations of the initial conditions, we expand each parameter f around the solution (ug, yo, 20) as

Fluo+ 0u, yo + 0y, 20+ 02) = F(uo, ¥, 20) + Y (OxF)(ug. yo. 200 OX

X=u,y,z
5logf> 0X
o . il 6.11
f(uo, o, 20) X; <6logX (0, 0, 20) X0 o
u,Y,z U

The higher the absolute value of (§log f/log X) the more susceptible the parameter is relative to variations of the
initial conditions. As can be seen from Table [[TI] most cosmological parameters appear not to be very sensitive to
changes of the initial conditions, indicating that nearby trajectories are also compatible with the current observations.
In particular, by numerical investigation we found that as the value of wy ¢ is set closer to —1, the deviations in the
values of the statefinders approach unity for a higher number of trajectories, as could be expected, and while all of
them converge to the points ﬂ[:)t in the past some approach the saddle point pg in an initial phase of evolution.

For the two sets of initial conditions found previously we plot the trajectories in the 3-dimensional space (u, y, z)
on the left panel of Fig. The evolution of the relative energy densities 0, = s%, Q,, = y* + 22, Qkin = y°, and
Qpot = 22 are plotted in Fig. 4| against the evolution of €2,,, and Q4 of the ACDM model, while the evolution of the
parameters of EoS of DM, DE and of the total fluid are plotted in Fig. |5l In the case of P! the system starts from a
matter era near the point 7 and then evolves towards LSBR at p;, while mimicking almost perfectly ACDM until
the present time, as can be seen on the left panel of Fig. In contrast, for the case of PI! the system also starts
from a matter era near the point 773“ but initially evolves towards the fixed point py before going to p at late-time.
Notice that in this case the deviations from ACDM become noticeable in the past evolution of Q,,, €, and w,, as
can be seen on the right panel of Figs. @ and [5} In both cases it appears that at late-time the trajectories approach
LSBR fixed point by following the line y* + 2% = 1 and u = (2/7) arctan(y).

The preference for the kinetic dominated solution from the cosmological evolution is in concordance with the fact
that a massless 3-form (no potential) behaves exactly like a cosmological constant [26]. However, once we go to higher
order derivatives of the scale factor, the divergence between the 3-form DE model and a cosmological constant starts

to become apparent. This can be seen in the evolution of the statefinder parameters Sél), Sil), and Sél) in Fig. [§| and

16 We highlight this feature as for a given (uo, yo, 20) and (—uo, Yo, z0) We get the same value of P, but not the same value of dSy, (cf.
the Appendix [Alfor the dependence of the statefinders in terms of the dynamical variables (u, y, z)).
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Inter. X S:(gl) SEII) Sél) Qm Wy welt Wm well
uo = 0.5155
v yo = 0.8223 0.9183 0.9752 0.6560 0.3065 —1.006 —0.9761 0 —0.06788
zo = 0.1319
uo = 0.5362
Vv yo = 0.8238 0.9452 0.9297 0.8061 0.3065 —1.006 —0.9858 0 —0.04325
zp = 0.1218

Table IV: The values of the dynamical variables, the statefinder parameters, and the cosmological parameters Qu,, wy, wiﬂ,

and weT, obtained for interactions IV and V. We present these values both at = 0, the present time in the case of the no
interaction, and at the moment when the energy density of DM reaches the value 0.3065 [54) [55]. These results were obtained

for ay = ay, = —0.03 and setting the initial conditions at redshift 6 using the values of the trajectory PrL
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Figure 6: The evolution of the relative energy densities of DM (blue line) and DE (pink line), and of the individual components
that contribute to the energy density of DE: kinetic energy (red dashed line) and potential energy (green dotted line), in terms
of the redshift. The plot on the left represents the evolution of the system in the case of interaction IV (a,, = —0.03), while the
plot on the right represents the evolution for the case of interaction V (cyy, = —0.03). These results were obtained by setting
the initial conditions at redshift 6 using the values of the trajectory P!. For each case the moment of redshift 0 is defined as
the moment when Q,,, = 0.3065 [54, 55]. The circles and crosses indicate, respectively, the values of Q4 and Q,, for the ACDM
model.

in the statefinder diagnosis {S:gl), Sil)} and {Sél), Sél)} in Fig@

C. Statefinder diagnosis for interacting 3-form DE model

We now wish to employ the statefinder Hierarchy to distinguish the different interactions presented in Sect [VE]
In particular we will focus our analysis in interactions IV and V as those are the ones that remove LSBR event
in the future evolution of the Universe. Following the results obtained in the previous section, cf. Table [[I both
interactions IV and V introduce two late-time attractors, p1 , into the system as long as the interaction parameters
of each interaction satisfy the inequalities

VTP ¢ (6.12)

5 a, <0, 18<ozXX<0

For the reference value ¢ = 1 that we have considered in the previous section, where we analysed the non-interacting
model, these inequalities imply —5.277 x 1072 < a, < 0 and —5.556 x 1072 < ay, < 0. As seen in Sect E these
points correspond to scaling solutions with DE dominance where the Universe enters a de Sitter epoch at late-time.
The fraction of the total energy density that corresponds to DE, 5_, is given for each interaction by Egs. and
(5.67), respectively.

In order to have an imprint of the interaction on the cosmological evolution of the system, we use as initial conditions
the values of (u, y, z) for the trajectory P! taken at redshift 6 (zin; = —log7 ~ —1.946). In the previous section



30

0.0F e ——— 1 0.0F = ——————— 1
[ '."’} ,/”“ [ s -
-0.21 S P 1 -0.21 Do - 1
i 5o S/ s /
Y 1 b N / 1
-0.4 :: : I,’ -0.4 : : /
H (3 H !
-06F ! o ] -06F '/ :
H / H /
: . H /
-08r : /| 1 -0.8r /| ]
S s ]
B 1 Of e 1
-1 0 1 2 3 4 5 6 -1 0 1 2 3 4 5 6
Redshift Redshift
- Wn — Wy === Wot welt W)e(ﬁ - Wn — Wy — = Wot well W)e}ﬁ
Figure 7: The evolution of the parameter of EoS of DM (blue thick line), DE (green thin line), and of the total fluid in terms
of the redshift. The plot on the left represents the evolution of the system in the case of interaction IV (a, = —0.03), while
the plot on the right represents the evolution for the case of interaction V (ayy = —0.03).
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Figure 8: The evolution of the statefinder parameters Sél), Sil), and Sél), in terms of the redshift for the cases of no interaction
(dotted line), interaction IV (full line), and interaction V (dashed line). All three case have the same value of the dynamical

variables at redshift 6.

we found that this trajectory is the one with smallest deviation from ACDM while verifying the observational values
In order to compare the results coming from both interactions we choose

Qm =~ 0.3065 and wy ~ —1.006 [54, B5].
the same value for both interaction coefficients: o, = a, = —0.03. This value is sufficiently large, in modulus, for
the interactions to have noticeable effects on the cosmological evolution while at the same time not saturating the

constraints in (6.12)). Furthermore, this value is compatible with the results obtained in Refs. [70} [73]. For such value
of the interaction coefficients the value of S_ is 0.9709 for the linear interaction and 0.9717 for the quadratic one,

meaning that in both cases the final state of the Universe will be almost completely dominated by DE, with less than

3% of the total energy density corresponding to DM.

In Table [[V] we present the values of the dynamical system variables and several physical quantities evaluated both
at present, x = 0, which we define as the moment when, for each interaction, €2, matches the value 0.3065 taken from
the Planck 2015 data [54] 55]. Notice that due to the transfer of energy from DE to DM, the energy density of DM
takes a longer time to decay than in the non-interacting case, in particular in the case of the linear interaction. In
addition, there is a substantial increase in the deviation to the ACDM model in comparison with the non-interaction
case as dell)(Inter. IV) = 0.3544 and dell)(Inter. V) = 0.2134. Once more the deviation is bigger in the linear case.
This result is a consequence of the fact that, for equal values of o, and o, the term () of the quadratic interaction is

suppressed by a factor p, /pior With respect to the linear case, which is particularly small during the matter dominated
the evolution of the relative energy densities Q,, = s2, Q, = y? + 22,

era. For both interactions we plot in Fig.
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Figure 9: On this figure we present the statefinder diagnosis {55, S{"'} (left panel) and {S{"”, S{"} (fight panel) for the
non-interacting 3-form DE model (dotted line), and when the interactions IV (full line) and V (dashed line) are turned on. The
point {1, 1} indicates the ACDM model. The crosses indicate the values of the statefinder parameters at the present time.

Qkin = y2, and Qpyy = 22 against the Q,, and Q2 of ACDM model. In addition, we present in Fig. m the evolution of
the parameters of EoS of DM, DE and of the total fluid, as well as the effective parameters of EoS of DM and DE.
Despite the similarities with the non-interacting case in the cosmological evolution of the relative energy densities,
cf. Figs [ and [6] they can be differentiated once the statefinder parameters are analysed in Figs [§] and 0] The
differences in the three cases start to become noticeable in the recent past, i.e. for redshift smaller than 1. This
coincides with the epoch when the interactions, whose strength depends on the relative energy density of DE, start
to become important. One particular difference between the interacting and non-interacting models is that Sél)
does not go to values smaller than unity in the non-interacting model, while for the two interactions considered it
reaches values as low as ~ 0.9. In the asymptotic de Sitter phase in the future, when 2, =~ 1, both interactions have
approximately the same strength and the curves of the statefinders for the two cases become indistinguishable, cf.

Figs[§land [0} Nevertheless, at the present time the statefinder hierarchy serves as a good diagnosis to distinguish the
different non-interacting and interacting models.

VII. GROWTH RATE OF MATTER PERTURBATIONS

A. General framework

In this section, we consider the theory of linear scalar perturbations around a FLRW background. A bar over a
quantity indicates that we are referring to its background value, while perturbations are identified by a § before the

variable. We will work in the longitudinal (or Newtonian) gauge, where all non-diagonal terms of the metric vanish
and the perturbed line element can be written as

ds® = —[1 4+ 2® (t, )] dt* + a(t) [l — 2 (¢, )] dZ* . (7.1)

Here, ® and ¥ are the gauge invariant Bardeen potentials [78]. Since neither DM nor the 3-form field introduces

anisotropies at the linear level, the off-diagonal spatial components of Einstein equations imply the equality between
the two potentials. In what follows, we will assume that equality.

The perturbation of the Einstein equations reads [79]

SG*, = K*0T", , (7.2)
where dG*,, is the perturbation of the Einstein tensor and §T*, is the perturbation of the energy-momentum tensor.

Using Eq. (7.1)) we can calculate the (0 — 0), (0 — 7), and (¢ — ¢) components of §G*, and decompose Eq.(7.2)) as
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79, 0]
) 2 2
3H (<I> + HCI>) - 2@ - %5T00, (7.3)
2
9. (4§ — 5 s0.
0; (cp + H(I)) 0T, (7.4)

2
. . . K .
b+ 4HG + (2H n 3H2) @ = oT,, (7.5)
where the Laplacian operator is defined as V2 = §%9;d;. These equations define & and ® in terms of the perturbations
of the energy-momentum tensor.

In the matter sector, at the perturbative level we assume that DE is smooth at all relevant scales, so that only
perturbations of DM need to be considered. As a consequence, any energy transfer between DM and DE at the
perturbative level is likewise disregarded. This approximation is validated by the fact that at early times the potential
of the 3-form and the interactions (IV) and (V) that we are considering vanish, therefore the 3-form field behaves
essentially as a cosmological constant. The perturbations on the right hand side of equations (7.3)), (7.4)), and (7.5))
can then be written as

§T°% = —pmbm,  6T° = pmOivm,  6T'; =0, (7.6)
where &, is the fractional energy density perturbation and v,, is the peculiar velocity potential [79][80]. The evolution
equations for d,, and v,, are obtained from the perturbed equations for the conservation of the energy-momentum
tensor and read

: V2 .
57n + ?’Um -39 = O, (77)

o+ ®=0. (7.8)

After a Fourier decomposition of the perturbation variables:

1 .
S (£, 7) = 7/d3k5§§> t) e kT 7.9
(t, @) 2 (t) (7.9)
U (£, T) = 13 / Bk o® (t) e FF (7.10)
(2m)*/?
1
P (t,7) = /d3k<1>(k) e"iRT 7.11
(t,2) = an (t) (7.11)

we can combine Egs. (7.3), (7.4), (7.5), (7.7)), and (7.8)) to obtain a second order differential equation for (5,(7]16) [81]

4k* + 9x2a%p,, [kQ +a? (H2 - H)} ]
5()
2k% + 3K52a2p,, (k2 + 3a2H?) m
2k1 + 3k2a? (rﬂpm F2H? & 4H) +9K2a oy (2H + 3H2)
6B =0 (7.12)
4k* 4 6K2a%py, (K2 + 3a2h?) m

50 4 i

— K2pm

During the matter era, all relevant scales are much smaller than the Hubble horizon, i.e. a?H?/k? < 1. Within
this approximation, in Eq. (7.12]) we can disregard all but the leading terms in k2, obtaining [51} [82]

.. . 2
Sy + 2HS,, — %pm(sm —0. (7.13)

Changing to x as the time variable, and making use Eq. (5.4), we can re-write the previous equation in terms of the
dynamical variables as

, 3

1 2 T
O+ 5 [L43 (" +2%) + 5¢27 tan® (zuﬂ O =5 1= (" +2%)] dm = 0. (7.14)
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Figure 10: On the left panel we present the evolution of the fractional growth factor € in terms of the redshift for the model
with no interaction (solid blue line ) and for the models with the interactions IV (green dotted line) and V (red dashed line).
On the right panel we present the CND {e, Sé”}for the same models. The point {1, 1} indicates the ACDM model. The
crosses indicate the values of the statefinder parameters at the present time.

B. The Growth Rate and the Composite Null Diagnosis

The evolution of §p,, in any given DE model can be compared with the one in ACDM using the so called composite
null diagnosis (CND) [5I]. This diagnosis maps the statefinders S5V against the growth factor ()

o) = @)

= @) (7.15)

where the growth rate of structure f(x) is defined as f(z) = (06,,/0x) /. For this section, we compute the matter

perturbations for the interacting 3-form DE model and use the CND {e, 53()1)} [51] to look for deviations of the model
from ACDM. Notice that by construction, and similarly to what happens in the statefinder hierarchy, the ACDM
model corresponds to the point {1,1} in the CND mapping.

In order to compute the evolution of the growth factor for the models considered in the previous section, we integrate
Eq. (7.14)), where the values of background quantities are given by the respective numerical solutions obtained in
Sects. [VIB]and [VIC] The initial conditions are set at redshift 6, when the Universe is well inside the matter era and
all relevant modes are inside the horizon. We assume that initially §,, grows linearly with the scale factor.

The results obtained for the cosmological evolution of € are presented on the left panel of Fig. , while the
CND is presented on the right panel of the same figure. It can be seen that though the deviations from ACDM
of the growth rate in the non-interacting case are small (less than 1%), in the models with interactions IV and V
the growth rate becomes increasingly high as the Universe evolves. This difference in the growth pattern near the
present time is interpreted as a consequence of the increasing strength of the interactions at play. As the fraction of
DE becomes higher, the interactions become noticeable and the behaviour of the background quantities in Eq.
in the interacting and non-interacting cases begins to differ. This leads to the different late-time evolution of the
linear perturbations and to the distinct CND profiles observed on the two panels of Fig. . Consequently, we find
that the CND can positively distinguish the three models from ACDM and in between themselves. To conclude this
section we mention the three points obtained from the SDSS III BOSS DR12 data [52]: f(zeg = 0.38) = 0.638+0.080,
f(zer = 0.51) = 0.715 £ 0.090, and f(zeg = 0.61) = 0.753 £ 0.088. For all the values of redshift considered, the
deviation of € from unity is within the 5% margin for all the three models, while the 1o error for the measurements of
f is above the 10% mark. This means that our results are compatible with the SDSS IIT results [52] and corroborates
the choice made in Sect. m for the value of the interaction parameters o, and o,,. A more thorough comparison
of the theoretical predictions for the growth rate in this type of models will be presented elsewhere.



34
VIII. CONCLUSIONS

In this work we revisited the role of a 3-form field minimally coupled to gravity as a DE source to explain the
current observed acceleration phase of the Universe expansion.

We started by considering the simplest case, where the matter content of the model also includes DM in a non-
interacting scenario with DE, and showed that the system could evolve towards a future abrupt event, namely the
Little Sibling of the Big Rip (LSBR) [35]. We selected a Gaussian self-interacting potential for the 3-form field,
which embodies the correct behaviour in order to avoid ghost and Laplacian instabilities and proposed a general
expression for the DM-DE interaction. The choice of this potential allowed us to obtain quantitative results without
compromising the ability to draw more general considerations applicable to a broader class of suitable potentials.
The precise form of this interaction finds part for its motivation in the generalisation of some similar cases studied in
the past but also in the fact that it enables a simple mathematical translation of the problem in a dynamical system
context.

One of the main questions addressed in this work was which kind of interaction, extracted from the herein proposed
general expression, cf. Eqgs. and (4.10), between DM and DE would avoid a future LSBR. The extensive
dynamical analysis carried for the linear, quadratic and mixed DM-DE interactions, through the identification of
fixed points and their corresponding stability, enabled us to conclude that only interactions that do not involve a DM
dependence effectively avoid the evolution towards a LSBR, replacing it by a de Sitter inflationary era. In addition a
class of strongly repulsive fixed points, corresponding to a past DM era that emerged in all the cases (with or without
interaction), were identified in this work. This new class of fixed points inhabit regions of the dynamical phase space
where the 3-form field is infinite and, despite the characterization given here, their special properties need a more
detailed mathematical study to be carried in a future work [74].

Subsequently, we directed our attention on how to observationally distinguish the linear and quadratic DE interac-
tion (the only cases were the LSBR is avoided). In order to tackle this problem we have applied the statefinder hierarchy
and computed the growth rate of matter perturbations to distinguish between the aforementioned DE interactions,

the non-interacting case and ACDM model. Particular attention was given to the statefinder diagnosis {Sél), Sﬁl)},

{S:gl), Sél)} and to the composite null diagnostic CND {e, S:gl)} as adequate tools that allowed to pinpoint relevant
differences between the cases under scope. More importantly, we found sufficient evidences to discriminate, at present,
between the linear and quadratic DE interaction. Moreover, the fact that the ongoing transfer of energy from DE
to DM implies a longer time to decay for the energy density of DM, in the linear DE interaction case, explains the
difference found. For all the models considered the results for the growth rate of the matter perturbations are within
the observational constraints of the SDSS III data [52].

Despite the strategy followed in this work, to focus our attention on the DM-DE interactions suitable to classically
avoid the LSBR, the mixed DM-DE and exclusively DM dependent interactions are not simply dismissed as valid
scenarios. The expected evolution towards a LSBR, in those cases, might imply the need to consider quantum
corrections near the singular event [36]. It would also be of interest to investigate the implications of these interactions
between the 3-form DE and DM within a quantum field theoretical setting [83] [84]. Nevertheless, this program, rising
several new questions on its own, should be left for future appraisal.
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Appendix A: Statefinders as functions of (u, y, 2)

On this appendix we present the analytical expressions for the statefinder parameters in terms of the dynamical
variables for the model presented in Sect [[V]

S’(l) = 1422 {tan (gu> y [2 - %tan2 (gu)} — tan? (gu) [1 — 29—§tan2 (gu)]}

+g a0 + a1 (42 + 2%) + a2 (42 +22)°] . (A1)
Sﬁl)_1+i’zj{ [324 9 (9 4 20¢) tan? (2 )+2§(9+4€)tan (g )]

_4tan(g) [135 87§tan2<2 )+4§2tan( )}
+tan? () [351 - 1866 tan® (Tu) + 862 tant (Tu) — (81 36¢ + 4% tan? (Tu) — 4% tan’ (gu))zZ]}
ot o o) o s 0 (50 o (50) s 21 (50)] )<
+a 27y (<1 + 3y?)
+y{9[-3+ gt (Tu)] + 20 [18 - 9+ ¢ tan? (Tu)] tan (Tu) +18 [0 + g van? (Zu) ] 42} 22
+{2 18— O+ O tan® (Fu) [ tan (Fu) +0 [0+ 26 a0 (Fu) [}

+ag [27y5 (5 - 34?)

{270+72§tan ( >74§{ 9+5tan2<2 )]tan(Q )y 9[27+2§tan ( )];ﬂ}

{9 [15 + 8¢ tan? (2 )} + 4 {18 (9 +€) tan? (gu” tan (gu) y—9 [27 + 4¢ tan® (gu)} y2} 24

+{2e 18- @+ v (Fu) an (Fu) —0 [o-+ 26 () o} 4]}
+ % (o1 + 20 (y° + 2°)] {ozo +or (V¥ +2°) +ax (v + z2)2} ) (A2)

For simplicity, we omit writing explicitly the expression for Ss ) as it is even larger than the one found for S, m,

Appendix B: Hurwitz criterion for cubic Polynomials
Let Ps(z) be a polynomial of degree 3 on z with real coeflicients a; (i =0,1,...,3) and ag # 0:
P3(z) = ag + a1z + az2® + az2>. (B1)

According to Hurwitz criterion [77], all roots of P3(z) have negative real parts if and only if for

a; as 0
a; a
Dy =ay, Dy=|" ", D3 =lag az 0], (B2)
apg a2
0 a1 as

we have ag # 0, Dy > 0 and sign D1 = sign D3 = sign ag.
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Let us now consider an autonomous dynamical system
g =1f(z), (B3)

with at least a fixed point at X = X,. Let J =V - f be the Jacobian of the system and evaluated at the fixed point
X¢p. The characteristic polynomial of J, p;(7), is defined by

ps(y) = det (J —Al3) = ag + a1y + azy® — >, (B4)
where I3 is the 3 x 3 identity matrix. Following Hurwitz’s criterion, we find that p; is stable if

ap £ 0, signa; = signag , ajas +ag > 0. (B5)
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