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We study the evolution of gravitational waves for non-singular cosmological solutions within the
framework of Born-Infeld inspired gravity theories, with special emphasis on the Eddington-inspired
Born-Infeld theory. We review the existence of two types of non-singular cosmologies, namely
bouncing and asymptotically Minkowski solutions, from a perspective that makes their features more
apparent. We study in detail the propagation of gravitational waves near these non-singular solutions
and carefully discuss the origin and severity of the instabilities and strong coupling problems that
appear. We also investigate the role of the adiabatic sound speed of the matter sector in the
regularisation of the gravitational waves evolution. We extend our analysis to more general Born-
Infeld inspired theories where analogous solutions are found. As a general conclusion, we obtain that
the bouncing solutions are generally more prone to instabilities, while the asymptotically Minkowski
solutions can be rendered stable, making them appealing models for the early universe.

I. INTRODUCTION

After one hundred years of existence, General Rela-
tivity (GR) still stands out as the most succesful theory
for the gravitational interactions [1]. However, this has
not precluded an intense search for alternatives seeded
by some challenges that GR currently faces (see [2, 3]
for some reviews). On large scales, the problems of dark
matter (yet to be detected) and the cosmic acceleration
(including the cosmological constant problem, yet to be
solved) motivate infrared modifications of GR. In the ul-
traviolet sector, different modifications are contemplated
as possible resolutions of cosmological and black hole
singularities as well as the non-renormalisability of GR.
These two problems are usually linked, as it is expected
that quantum gravity effects will somehow regularise the
singularities.
There is, however, another approach developed as a

hope to avoid curvature singularities, which is rooted in
the mechanism originally proposed by Born and Infeld as
a way to regularise the electromagnetic divergences asso-
ciated to point-like charged particles in classical electro-
dynamics [4]. The idea behind it is to replace the origi-
nal Maxwell action by some square root structure so that
electromagnetic fields cannot grow arbitrarily large due
to the existence of an upper bound. The same idea was
pursued by Deser and Gibbons to regularise curvature di-
vergences in gravity [5]. However, a naive formulation in
the metric formalism (where the affine connection is as-
sumed to be a priori given by the Christoffel symbols of
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the metric) introduces ghost-like degrees of freedom and,
thus, it is not satisfactory. The situation improves if one
uses instead a metric-affine (or Palatini) formulation of
the theory [6], where the metric and affine connection
are regarded as independent entities. In such a case, the
ghost problem is naturally avoided and the theory does
not introduce additional propagating degrees of freedom
(see [7] for a detailed account on the properties of gravita-
tional theories in metric-affine formulation). Effectively,
this formulation amounts to a modified coupling of stan-
dard matter fields to gravity. The most widely studied
theory within this framework is the so-called Eddington-
inspired Born-Infeld gravity (EiBI) and it is described by
the action [8]

SEiBI =M2
BIM

2
Pl

∫

d4x
[
√

det(gµν +M−2
BI R(µν)(Γ))

− λ
√
−g

]

, (1)

where g is the determinant of the metric tensor gµν ,
R(µν)(Γ) is the symmetric part of the Ricci tensor of
an independent connection Γ ≡ Γα

µν , MPl is the Planck
mass, MBI is the scale at which modifications with re-
spect to GR are expected to appear, and λ is a constant
related to the asymptotic nature of the corresponding
solutions and encoded in the form of an effective cosmo-
logical constant that vanishes for λ = 1 . This theory
and its extensions have been extensively studied in the
literature due to their many applications in cosmology,
black hole physics and astrophysics [9] (see [10] for a re-
cent review on this class of theories). A prominent fea-
ture of this theory is that it indeed succeeds in avoiding
cosmological and black hole singularities in traditional
scenarios such as FLRW cosmologies [8, 11] and spheri-
cally symmetric configurations with electromagnetic [12]
and scalar fields [13]. Despite this preliminary success, it
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has been observed that the non-singular cosmologies suf-
fer from instabilities, which casts doubts on the physical
robustness of these solutions. In particular, instabilities
associated with an unbounded growth of tensor perturba-
tions in cosmological bouncing solutions were reported in
[14]. In subsequent works, the issue of these tensor insta-
bilities in bouncing solutions was further considered [15]
and argued [16] that, in some cases, such pathological
behaviour could be avoided (see also [17]).
In this work we revisit the behaviour of gravitational

waves (GWs) in non-singular solutions from a general
perspective. In section II we will review the non-singular
solutions within the EiBI theory and summarise the gov-
erning equations of GWs, and analyse their behaviour in
the presence of matter fields with constant equation of
state parameter in section III. We will see that one en-
counters a mild instability in the GWs propagation in the
asymptotically Minkowski solutions of the EiBI theory
whereas the bouncing solutions exhibit a more severe in-
stability. Based on this result, we devote section IV to the
role of the adiabatic sound speed of the matter source in
the GWs propagation, since in Born-Infeld inspired grav-
ity theories the background evolution is sensitive to the
adiabatic sound speed of the matter fields. Fluids with
more general equation of state parameter might yield new
non-singular solutions but we will see that this comes at
the price of a diverging adiabatic sound speed. In sec-
tion V we will perform a similar analysis for more general
Born-Infeld inspired theories, for instance an extension
in the form of a power law and elementary symmetric
polynomials. Whereas the power law extensions share
the same findings as in the EIBI theory, the symmetric
polynomial extension will give rise to crucial differences
concerning the asymptotically Minkowski solutions. We
will summarise our findings in section VI and mention
a few interesting roads to be explored in future works.
We will be working in the mostly plus convention and
matrices will be denoted by a hat.

II. NON-SINGULAR COSMOLOGICAL

SOLUTIONS IN EIBI GRAVITY

We will start by briefly reviewing the non-singular so-
lutions within the EiBI theory, which will provide the
basics for studying the problem of tensor perturbations
instabilities at the bounce. By non-singular we refer to
both bouncing and asymptotically Minkowski solutions,
as we will discuss in more detail below. We will follow
here the general procedure developed in [10] to study
cosmological solutions within this type of metric-affine
theories. For later convenience, we will introduce the
matrix

M̂ ≡
√

1+M−2
BI ĝ

−1R̂(Γ) . (2)

Since the theory is formulated in the Palatini formal-
ism to avoid troubles with higher-order field equations

and ghosts, the affine connection is an independent field
whose explicit form has to be determined from the cor-
responding field equations. Under quite general circum-
stances (where, in particular, the connection does not
enter into the matter sector), the connection can be alge-
braically solved as the Levi-Civita connection of an aux-
iliary metric qµν , i.e., ∇λ(

√−qqµν) = 0. Moreover, such
an auxiliary metric is related to the spacetime metric by
means of a deformation matrix

qαβ = gαλΩ
λ
β , (3)

where Ωλ
β is a function of the matter sector (and possibly

the spacetime metric itself) determined from the metric
field equations. The deformation matrix can be defined
for a general theory [10], and for the EiBI theory it is

simply given by Ω̂ = M̂2.
Since we are interested in cosmological solutions we

will assume the matter sector to be described by a ho-
mogeneous and isotropic perfect fluid whose energy mo-
mentum tensor is given by

T µ
ν =







−ρ(t)
p(t)

p(t)
p(t)






, (4)

where ρ(t) and p(t) are the energy density and pres-
sure of the fluid, respectively. We will assume a mini-
mally coupled matter sector so that the conservation of
its energy-momentum tensor will be the same as in GR,

i.e., we will have ∇(g)
µ T µν = 0 for the covariant deriva-

tive corresponding to the Levi-Civita connection of the
spacetime metric gµν . For this matter source, it is con-

sistent to assume the matrix M̂ to be also diagonal with
M̂ = diag(M0,M1,M1,M1). The metric field equations
in such a case reduce to

M3
1

M0
= 1 + ρ̄, ,M0M1 = 1− p̄ (5)

where we have introduced the re-scaled quantities ρ̄ ≡
ρ/(M2

BIM
2
Pl) and p̄ ≡ p/(M2

BIM
2
Pl). Since M2

BI can be
either positive or negative (describing two branches of
solutions for the theory), the barred energy density can
also take negative values without running into physical
pathologies. The above equations can be analytically
solved as

M0 =

[

(1 − p̄)3

1 + ρ̄

]1/4

, M1 =
[

(1− p̄)(1 + ρ̄)
]1/4

, (6)

so that the components of M̂ are algebraic functions of
ρ and p. These solutions already hint the existence of
bounded solutions for the EiBI theory from the square
root structure, as we will explicitly see shortly. The com-
ponents of the deformation matrix Ω̂ (which will inherit

the form of M̂) can be easily computed and are given by

Ω0 =M2
0 =

√

(1− p̄)3

1 + ρ̄
(7)

Ω1 =M2
1 =

√

(1− p̄)(1 + ρ̄) . (8)
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FIG. 1. In this figure we show the two non-singular solutions discussed in the main text with a radiation fluid as matter
source. The modified Friedman equation given in Eq.(12) is shown in the main figure where we can see that H vanishes
for ρ = −M2

BIM
2

Pl and for ρ = 3M2

BIM
2

Pl (besides the usual Minkowski solution for ρ = 0). In the inset plots we show the
corresponding evolution for the scale factor near these non-singular solutions. In the case with M2

BI < 0 (left inset panel) we
see the bouncing solution connecting a contracting phase with an expanding phase, both dominated by radiation. On the other
hand, for M2

BI > 0 the scale factor approaches a constant value in the asymptotic past, while we have the usual solution for a
radiation dominated universe with a ∝

√
t at late times.

In the cosmological scenario under consideration both
metrics will have the FLRW form so that

ds2g = −n2(t)dt2 + a2(t)d~x2 (9)

ds2q = −ñ2(t)dt2 + ã2(t)d~x2 , (10)

with {n, ñ} and {a, ã} the corresponding lapse and scale
factor functions respectively. By using the form of the
deformation matrix given in (7) we find that the com-
ponents of both metrics are related as follows: ñ2(t) =
Ω0(ρ, p)n

2(t) and ã2(t) = Ω1(ρ, p)a
2(t).

As it is common in cosmology, we will now consider
that the perfect fluid has a linear barotropic equation
of state with constant parameter, i.e., p = wρ with w
constant. This is a very reasonable assumption for some
standard cases like an ensemble of relativistic particles
(w = 1/3) or non-relativistic particles (w ≪ 1). We
will turn to more general scenarios later and, in fact,
this will have an important impact on the non-singular
solutions of EiBI. Moreover, the conservation equation
for the energy-momentum tensor in this scenario leads
to the usual continuity equation

ρ̇+ 3H(ρ+ p) = 0 . (11)

The only dynamical matter variable is then the density
ρ, which, according to (11), evolves as ρ ∝ a−3(1+w) irre-
spectively of the gravitational Lagrangian. The general

expression for the Hubble expansion rate, H ≡ ȧ/a, can
be computed as1

H2

M2
BIn

2
=

3Ω0(M
2
1 − 1)− Ω1(M

2
0 − 1)

6Ω1

[

1− 3
2 (ρ+ p)d log Ω1

dρ

]2 , (12)

where the right-hand-side is to be regarded as a function
of ρ determined by replacing p = wρ in the correspond-
ing expressions of M0, M1, Ω0 and Ω1. At low energy
densities, this expression reduces to the usual Friedman
equation M2

PlH
2 = n2ρ/3, while the differences appear

at energy densities of orderM2
BIM

2
Pl. This expression for

the Hubble parameter has the usual zero for ρ̄ = 0 giving
the Minkowski solution, but it has two additional zeros
at ρ̄ = 1/w for M2

BI > 0 and ρ̄ = −1 for M2
BI < 0 (see

Fig. 1). The first solution corresponds to an asymptot-
ically Minkowski universe (loitering solution), whereas
the second case gives a bouncing solution with a tran-
sition from a contracting phase to an expanding phase.
Both of them correspond to scenarios where the scale fac-
tor reaches a minimum at some high energy, as depicted

1 We will show the derivation of this equation for the general case

below.
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in Fig. 1. At the asymptotically Minkowski point we
have that p̄ = 1 so that Ω0 = Ω1 = 0 and the auxil-
iary metric becomes singular. For the bounce we have
that ρ̄ = −1 so that Ω0 diverges and, due to Eq.(3), the
auxiliary metric diverges too. In both cases, the relation
between the auxiliary and the spacetime metric is patho-
logical. This does not need to be a problem as long as it
has no physical effects, i.e., it might be enough that the
spacetime metric (to which matter fields are sensitive)
is regular. However, although minimally coupled fields
will only see the spacetime metric, tensor perturbations
of the metric itself will be affected by this singular be-
haviour, as we explicitly show in the following, and this
is at the heart of the difficulties for the construction of
healthy non-singular solutions. In the remaining of this
paper we will study this issue in detail and discuss the
conditions to have stable non-singular solutions. We will
conclude that one needs to go beyond this very simple
scenario. But first, let us review the issue with the ten-
sor perturbations.

III. EVOLUTION OF GRAVITATIONAL WAVES

IN NON-SINGULAR SOLUTIONS IN EIBI

Let us consider the tensor perturbations for the above
non-singular solutions in EiBI gravity. We will intro-
duce tensor perturbations for both metrics as follows:
δgij = a2hij and δqij = ã2h̃ij . As shown in [14], the ten-
sor perturbations for both the auxiliary and the space-
time metrics coincide, so we have hij = h̃ij . This result
was extended for a general class of Palatini theories in
[18], where it was further showed that this is only true
in the absence of any anisotropic stress. This is just a
direct consequence of the deformation matrix satisfying
Ωi

j ∝ δij , i.e., the space-space parts of the two back-
ground metrics are conformally related so that they have
the same tensor perturbations. In that case, the corre-
sponding evolution equation is given by

ḧij +

(

3H̃(t)−
˙̃n(t)

ñ(t)

)

ḣij −
ñ2(t)

ã2(t)
∇2hij = 0 , (13)

where we see that the tensor perturbations propagate on
the auxiliary metric background. That this is the case
can be easily seen by going to the Einstein frame of the
EiBI theory. This frame for general metric-affine theories
is carefully discussed in [10] where we refer the reader for
more details. In the present case, we can simply use the
alternative bi-metric formulation of the EiBI theory given
by the action

SEiBI =
1

2
M2

Pl

∫

d4x
√−q

[

qµνRµν(Γ)

+M2
BI

(

qµνgµν − 2
)

]

+ Sm[ψ, gµν ] , (14)

where Rµν(Γ) is the (symmetrized) Ricci tensor con-
structed out of an arbitrary connection Γ. From Eq.(14)

we see that the spacetime metric gµν only enters as an
auxiliary field that can, at least in principle, be inte-
grated out modifying the matter sector. The importance
of this formulation of the EiBI action is that it is now
apparent that the connection is determined as the Levi-
Civita connection of qµν and its dynamics is governed by
the usual Einstein-Hilbert term2. Thus, since the tensor
perturbations on the FLRW background for both met-
rics coincide, the gravitational waves (GWs) will indeed
see the background geometry determined by qµν rather
than gµν , as explicitly shown by Eq.(13). Thus, even
if the spacetime metric is perfectly regular, a singular
behaviour in the auxiliary metric could be seen by gravi-
tational waves. This is the origin of the tensor instability
first discussed in [14]. To be more precise, we need the
effective propagation speed and the friction term in (13)
to remain regular at the points where H vanishes. To
investigate this point in more detail, let us introduce the
notation for these two quantities

c2T ≡ Ω0

Ω1
and α ≡

√

Ω3
1

Ω0
, (15)

so that the tensor perturbations equation can be written
as

ḧij +

(

α̇

α
+ 3H − ṅ

n

)

ḣij −
c2Tn

2

a2
∇2hij = 0 . (16)

It is interesting to notice that c2T is positive if the de-
formation matrix is positive definite, i.e., we will not
encounter any Laplacian instabilities whenever the two
metrics share the same (Lorentzian) signature, which is
the case for physically appealing solutions. Since the
spacetime metric remains regular at those points where
H = 0, the potential divergences will be due to the be-
havior of c2T and α̇/α. These terms for the EiBI La-
grangian can be expressed in terms of the fluid variables
by inserting (7) and (8) into (15) to obtain

c2T =

∣

∣

∣

∣

1− p̄

1 + ρ̄

∣

∣

∣

∣

(17)

∂t logα = −3H(ρ̄+ p̄)∂ρ̄ logα = −3H
ρ̄+ p̄

1 + ρ̄
, (18)

where in the last equation we have considered α as a
function of ρ only, with p = wρ, and we have used the
continuity equation (11).

A. Gravitational waves instabilities

Now it is straightforward to analyse the behaviour of
the tensor perturbations at those points:

2 More precisely, we obtain the Einstein-Hilbert term in the Pala-

tini formalism which, as it is well known, is equivalent to its

purely metric formulation.
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Bouncing (ρ̄ = −1) Asymptotically Minkowski (p̄ = 1)

α |1 + ρ̄| → 0 α → |1 + 1/w|
α̇/α |1 + ρ̄|−1/2 → ∞ |1 + p̄| → 0

c2T |1 + ρ̄|−1 → ∞ |1 + p̄| → 0

TABLE I. In this table we summarise the behaviour of the
relevant parameters for the evolution of the GWs in EiBI
theory near the non-singular solutions discussed in the main
text.

• Bouncing solution. For this solution we have ρ̄ =
−1 so we see that c2T diverges, signaling a singu-
lar behaviour of the tensor perturbations. On the
other hand, near the bounce we have H2 ∝ (1 + ρ̄)
so that α̇/α ∝ (1 + ρ̄)−1/2 and thus the friction
term also diverges at the bounce.

• Asymptotically Minkowski. In this solution we
have p̄ = 1 so that we obtain c2T = 0 and α̇/α = 0,

hence Eq.(13) is approximately ḧij ≃ 0 and, thus,
we have that tensor perturbations grow as t for
t → −∞, i.e., in the asymptotically Minkowski re-
gion.

We have re-obtained the results of [14] in a slightly dif-
ferent way. However, here we did not need to solve the
time evolution of the metrics but instead to put forward
the direct relation between the singular behaviour of the
auxiliary metric and the presence of tensor instabilities.
We should emphasize that the instability in the bounc-
ing solution looks more severe than the one obtained for
the asymptotically Minkowski case, where the instability
amounts to the mildly growing mode linear in time. In
particular, if we start with an initial state at some large
|t| with a finite amplitude for the tensor perturbation, the
above result would suggest that the universe would actu-
ally isotropize with the expansion. However, the bounc-
ing solution is much more dramatic since the divergence
occurs exactly at the bounce and, moreover, it remains
even for the long wavelength modes. This seems to sig-
nal the presence of a shear instability at the non-linear
level. To see that this is actually the case, we will now
turn to the non-linear case to understand the rise of a
shear instability at the bounce, while the asymptotically
Minkowski solution is free from shear instabilities.

B. Non-linear instability

We have seen that both of the above non-singular so-
lutions are unstable because the singular behavior of the
auxiliary metric qµν is transferred into a divergent growth
of tensor perturbations. A natural question then is the
nature of this divergence at the non-linear level. For that
purpose, we will consider a homogeneous but anisotropic
metric of the Bianchi I form

ds2 = −n2(t)dt2 + a21(t)dx + a22(t)dy + a23(t)dz. (19)

This problem was already treated in [19] for a class of
Palatini theories. In that work, it was shown that the
shear is given by

σ2 =

(

C

3Ω0V

)2

, (20)

where C is a combination of integration constants and
V ≡ (a1a2a3)

1/3 is the volume of the congruence. We
then see that the shear becomes singular for the bouncing
solution since Ω0 vanishes at the bounce. However, the
asymptotically Minkowski solution leads to Ω0 = 1 +
1/w so that there is no shear divergence (at least for
a radiation fluid, which is the case we are interested in
throughout this work). Thus, we find again that the
instability for the bouncing solution is more severe than
the one for the asymptotically Minkowski case.

C. Gravitational waves in the asymptotically

Minkowski phase.

The results of the precedent sections suggest that the
asymptotically Minkowski solution is not as patholog-
ical as the bounce and, in particular, GWs present a
smoother behaviour. For this reason, it is interesting to
consider more carefully the behaviour of the GWs near
the asymptotically Minkowski phase. As it is apparent
from Fig. 1, the universe remains in the Minkowski phase
from t = −∞ until the GR regime is reached and we en-
ter the usual expanding universe dominated by radiation.
Thus, in the Minkowski phaseH ≃ 0 and the GWs evolve
according to

ḧij +
α̇

α
ḣij − c2T∇2hij = 0 , (21)

where we have normalised the scale factor to its value
at t = −∞, so a ≃ 1, and we have chosen cosmic time,
so that n = 1. This simplified equation, which is valid
throughout the entire Minkowski phase at high densities,
is very illuminating to understand the behaviour of the
GWs. We see that the friction term α̇/α is simply telling
us that the GWs will see a cosmological expansion differ-
ent from the one to which matter fields are sensitive to.
Thus, while matter sees an effective Minkowski space,
GWs evolve as if they were in an effective FLRW uni-
verse with a Hubble factor proportional to α̇/α and with
a propagation speed given by c2T . This immediately al-
lows us to understand that the actual pathology for the
GWs around these non-singular solutions is the vanish-
ing of c2T . Having α̇/α = 0 simply signals that GWs will
also see an effective Minkowski background space. The
vanishing of c2T is however more problematic since this
might point towards a strong coupling problem in that
regime. An easy way to understand this is that, with
c2T = 0, exciting spatial gradients of GWs costs no energy
at all. In order to be more precise, we can write down
the quadratic action for the GWs. This is a trivial task if
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we work in the Einstein frame discussed above where it is
apparent that GWs will have the usual Einstein-Hilbert
term so that

S(2)
h =

M2
Pl

8

∫

d3xdt
ã3

ñ

(

ḣ2ij −
ñ2

ã2
|∇hij |2

)

. (22)

Obviously, this action leads to the GWs equations given
in (13). If we evaluate it near a non-singular solution
with a ≃ 1 we have the expected result

S(2)
h =

M2
Pl

8

∫

d3xdtα
(

ḣ2ij − c2T |∇hij |2
)

, (23)

where it is apparent that α plays the role of an effective
scale factor3. We thus see that α simply amounts to a
change in the normalisation of the GWs and, moreover,
it is α that has a precise physical meaning. Let us notice
that, by the own definition of α, this is a positive quantity
and, thus, no ghost instabilities will ever arise, as one
would have expected. Now, if we canonically normalise
the GWs as hij = 4hcij/(MPl

√
α) then the interactions

of the GWs will be suppressed by a scale ∼ √
αMPl so

that if α vanishes this scale is arbitrarily small and the
interactions will become very relevant, breaking down the
perturbative expansion. This is precisely what happens
for the bouncing solutions. However, the asymptotically
Minkowski solution gives a finite value for α so that this
strong coupling problem is absent.
Concerning c2T , we can choose a time coordinate τ such

that dτ = cT dt so that the action can be expressed as

S(2)
h =

M2
Pl

8

∫

d3xdt αcT

[

(∂τhij)
2 − |∇hij |2

]

. (24)

This form of the action shows an interesting face of the
instability. Let us notice by passing that the product
αcT is finite for the bouncing solutions (see Table I) so,
neglecting for a moment the very unpleasant presence of
a divergent propagation speed prone to causing causal-
ity problems, one might be tempted to think that GWs
behave smoothly in this time coordinate with no strong
coupling problems. However, this time re-scaling will also
affect the interactions of the GWs and the matter sector
and, therefore, the strong coupling problem has not dis-
appeared but translated into those sectors. In the asymp-
totically Minkowski solution however, α remains finite
while c2T vanishes and we can then clearly see the strong
coupling problem arising from the vanishing of c2T , while
the vanishing of the friction term in the GWs equation
simply signals that they also see an effective Minkowski
space, but that does not introduce any pathology.
The type of behaviour found for the GWs with vanish-

ing propagation speed is also encountered in other models
of modified gravity like the ghost condensate [20]. The

3 To be more precise, α = a3
eff

in the corresponding cosmic time.

resolution to this difficulty in that case is that the gradi-
ent energy will then come from higher derivative interac-
tions that would stabilise the system. Within an effective
field theory perspective, we could also expect the pres-
ence of higher derivative interactions in the Lagrangian
of the form4 (∇2hij)

2 that would give the appropriate
dispersion relation with an analogous stabilisation mech-
anism. By including those terms and taking cT → 0 the
quadratic action for GWs would read

S(2)
h =

M2
Pl

8

∫

d3xdtα
[

ḣ2ij −A(∇2hij)
2
]

, (25)

with A some (possibly time-dependent) parameter. This
quadratic action leads to a dispersion relation of the form
ω2 ∝ k4 instead of the usual quadratic relation. The van-
ishing of the sound speed for the perturbations around
a non-trivial background also occurs for the transverse
phonons in the effective field theory of fluids [21]. In that
case, even higher derivative interactions will not resolve
the problem because this feature is actually imposed by a
symmetry. In the case of the EiBI there is no symmetry
imposing c2T = 0 at the asymptotically Minkowski phase
and, thus, it is closer to the case of the ghost condensate
model.
From this discussion it is now clear that the actual

pathology for the behaviour of GWs in asymptotically
Minkowski solutions is the vanishing of c2T , but the prob-
lem could be resolved by including higher order deriva-
tive terms. However, unlike the problems arising in
the bouncing solutions, the vanishing of the propagation
speed for the asymptotically Minkowski phase can actu-
ally be avoided within other Born-Infeld inspired gravity
models, as we will explicitly see for a specific theory in
Section VB.

IV. THE ROLE OF c2s

In the previous section we have discussed the pres-
ence of tensor instabilities in bouncing and asymptoti-
cally Minkowski solutions for the EiBI model. We have
seen that, while the latter gives rise a mild instability in
the asymptotic past, the former exhibits a more severe in-
stability caused by a divergence of the propagation speed
and the vanishing of the GWs normalisation α. Those re-
sults have been obtained by assuming a barotropic fluid
with constant equation of state parameter. However, in
Born-Infeld inspired theories (and in metric-affine theo-
ries in general) the cosmological evolution also depends

4 This type of interactions could be expected to arise from terms

like e.g. RµνR
µν in the Einstein frame. We should bear in mind

however that the original theory is formulated in a metric-affine

framework and the appearance of such terms should be analysed

with more care as well as the consistency of the full theory as an

effective field theory.
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on the adiabatic sound speed of the matter source. This
is a crucial difference with respect to most modified grav-
ity theories that we want to explore here to see if it can
help alleviating the tensor instabilities. In fact, this was
already explored in [16] for a fluid with time-dependent
equation of state where the authors argued that such a
time dependence could resolve the presence of tensor in-
stabilities in bouncing solutions. Here we will consider
a more general scenario in the presence of a fluid with a
general sound speed and show the mechanism by which
the GWs could be rendered stable in bouncing solutions.
As we will see, this generically relies on a divergent sound
speed at the bounce. For the sake of clarity, it will be
convenient to briefly go through the crucial steps for the
derivation of the modified Friedman equation (see [10]
for a more detailed derivation).
As usual, we start by computing the 00 component

of the Einstein tensor of the auxiliary metric from its
definition

G00(q) = 3

(

d log ã

dt

)2

= 3

(

H +
1

2

d logΩ1

dt

)2

, (26)

where we have used that ã2 = Ω1a
2. Now we need to

notice that Ω1 will still be the function of ρ and p given
in (7), as dictated by the metric field equations. Then,
we can expand its time derivative as5

d logΩ1(ρ̄, p̄)

dt
= −3H(ρ̄+ p̄)

[

∂ρ̄ logΩ1 + c2s∂p̄ logΩ1

]

,

(27)
where we have defined the adiabatic sound speed

c2s ≡
˙̄p
˙̄ρ
, (28)

and we have made use of the continuity equation (11).
We can now use this result to re-write G00(q) as

G00(q) = 3H2

[

1− 3

2
(ρ̄+ p̄)

(

∂ρ̄ logΩ1 + c2s∂p̄ logΩ1

)

]2

.

(29)
On the other hand, we can alternatively express the Ein-
stein tensor

Gµν(q) = Rµν(q)−
1

2

(

qαβRαβ

)

qµν , (30)

in terms of M̂ and the deformation matrix Ω̂ from their
definitions in (2) and (3). Then, we have

G00 =
1

2
M2

BIg00

[

M2
0 − 1− Ω0

Ω1

(

M2
1 − 1

)

]

. (31)

5 Let us notice that the expressions used throughout this derivation

are insensitive to a re-scaling of the density and the pressure, so

that all formulae are the same for both the barred and unbarred

variables.

Equipped with this result we can finally obtain the mod-
ified Friedman equation that generalises (12) to the case
of a general perfect fluid:

H2

M2
BIn

2
=

3Ω0(M
2
1 − 1)− Ω1(M

2
0 − 1)

6Ω1

[

1− 3
2 (ρ̄+ p̄)

(

∂ρ̄ logΩ1 + c2s∂p̄ logΩ1

)]2 .

(32)
After deriving the modified Friedman equation determin-
ing the background solutions, we will re-derive the equa-
tion for the tensor perturbations in this more general
scenario. This is straightforward because Eq.(13) is still
valid and we only need to obtain the new expressions
for the propagation speed c2T , the GWs normalisation α
and the corresponding friction term ∂t logα. It is easy
to see that the expressions (15) are still valid because
they are simply based on the algebraic relations between
the two metrics, i.e., they are algebraic functions of the
deformation matrix. This in turn implies that c2T and α
will remain the same and the only effect of considering
a general equation of state will go into the friction term
because, in general, the expression (18) will become

∂t logα = −3H(ρ̄+ p̄)
(

∂ρ̄ logα+ c2s∂p̄ logα
)

. (33)

However, for the specific case of the EiBI theory, we find
from the general expression (15) that α = |1 + ρ̄| for
any equation of state. Since this expression does not
depend on p̄, we see that the potential dependence on
c2s of the friction term drops and, thus, the friction term
also remains oblivious to the presence of c2s. We then
conclude that the equation for the GWs obtained above
will still be valid for the more general scenario considered
here.
After our discussion on the modifications introduced

by considering a general equation of state, we are ready
to analyse the potential role of c2s for the stabilisation
of the GWs in the non-singular solutions of EiBI grav-
ity. The first important feature to notice is that, since
c2s does not enter directly into the equation for the ten-
sor modes but only indirectly by possibly modifying the
background cosmology, the bouncing and asymptotically
Minkowski solutions occurring at the same values of ρ
as those discussed in the precedent sections will still be
plagued by instabilities. These solutions are obtained as
the finite density values that give a vanishing expansion
rate in (32), which can occur for values that either cancel
the numerator or give a divergent denominator. In order
to clarify our analysis, let us explicitly write the modified
Friedman equation in terms of the matter variables as

H2

M2
BIn

2
=
F1

F 2
2

, (34)

where we have introduced the definitions

F1 ≡8

3
(1 + ρ̄)(1 − p̄)2 (35)

×
[

− 2 + ρ̄+ 3p̄+ 2(1− p̄)
√

(1− p̄)(1 + ρ̄)
]

,

F2 ≡(1− p̄)(4 + ρ̄− 3p̄) + 3c2s(1 + ρ̄)(ρ̄+ p̄) . (36)
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We then see that the non-singular solutions with ρ̄ = −1
and p̄ = 1 remain in the general case and will be un-
affected by c2s (as long as c2s is regular). As explained
above, the GWs on top of these solutions cannot be reg-
ularised by the presence of c2s so that the only possibility
left is that c2s allows for new solutions where the tensor
modes are stable. By a simple inspection of the above
expression we immediately realise that such a possibility
can only take place if c2s diverges so that we have H = 0
for c2s → ∞. This is a worrisome feature since having a
divergent c2s might render the configuration as unphysical
if c2s is to be regarded as the sound speed of the fluid, i.e.,
the propagation speed of the density waves. This is in-
deed the case for perfect fluids for which the pressure is a
function of the density alone, i.e., p = p(ρ). In that case
we have that ṗ/ρ̇ = dp/dρ so that c2s is indeed the adi-
abatic sound speed of the inhomogeneous perturbations
in the fluid. This simple observation indicates that the
new non-singular solutions must be supported by some
more contrived fluids. Let us notice that this statement
refers to the perturbations in the fluid, i.e., even if the
background evolution of the fluid behaves as a perfect or
barotropic fluid, the non-singular solutions will require
non-adiabatic perturbations with δp 6= c2sδρ.
Since we require a divergent c2s near the non-singular

solution, we can conveniently parameterise it as

c2s = c2s,0 + nMBI

c2s,1
H

. (37)

Near the bouncing and asymptotically Minkowski solu-
tions characterised by H = 0 at a finite density, we see
that c2s diverges and, thus, this is a good parametrisation
to study the relevant effects around the solutions of in-
terest. Let us notice that c2s,0 and c2s,1 can be functions
of time with the only condition that they must remain
finite at H = 0, i.e., the divergent part of c2s has been
explicitly extracted. In particular, this parametrisation
captures the behaviour of a general Lagrangian giving
rise to an energy momentum tensor of a perfect fluid
form (as a minimally coupled scalar field). In that case,
we define the usual time-dependent equation of state pa-
rameter w ≡ p/ρ and then we have that

c2s ≡ ṗ

ρ̇
= w

(

1− ẇ

3Hw(1 + w)

)

, (38)

which is of the form of our parametrisation, assuming
that both w and its time-derivative remain regular. Let
us also notice that this simple example shows that the
divergence of c2s is triggered by the vanishing of H . An
exception is precisely the case with constant equation
of state parameter for which we have the usual relation
c2s = w.
The modified Friedman equation (32) for this case can

be written as

H2

M2
BIn

2
=

[

±
√
F1 + 3(1 + ρ̄)(ρ̄+ p̄)c2s,1

F 2
2,0

]2

, (39)

with F1 given in (35) and F2,0 the same function as in
(36) but replacing c2s by the regular part c2s,0. We see

how the presence of the 1/H term in c2s generates a new
solution of the equation H = 0 determined by

±
√

F1 + 3(1 + ρ̄)(ρ̄+ p̄)c2s,1 = 0. (40)

These will be the solutions with some hope of regularis-
ing the tensor perturbations. For c2s,1 = 0 we recover the
bouncing and asymptotically Minkowski solutions dis-
cussed above. However, despite encountering new po-
tential non-singular cosmological solutions, we need to
keep in mind that this comes in at the expense of having
a divergent adiabatic sound speed so that, if one of these
solutions is found, a crucial viability condition that needs
to be carefully checked is the behaviour of the matter sec-
tor perturbations around such solutions.

V. NON-SINGULAR SOLUTIONS AND GWS IN

MORE GENERAL BORN-INFELD GRAVITY

After discussing the non-singular cosmological solu-
tions and the corresponding behaviour of the GWs for
the EiBI theory we will turn to analogous analyses within
some other specific Born-Infeld inspired theories. We
will see that many of the properties are actually shared
by these theories. In particular the existence of both
branches of non-singular cosmologies, namely bouncing
and asymptotically Minkowski solutions, also exist for
those theories, as expected from the square root struc-
ture. We will see how the problems with GWs at the
bounce persist for all the cases, while their behaviour can
be improved for the asymptotically Minkowski solution
of the theory considered in VB.

A. Power-law functional extensions

In this section we shall consider a family of exten-
sions of the original Born-Infeld gravity under the func-
tional form f(χ), where here we are defining the object

χ = det(1 +M−2
BI ĝ

−1R̂(Γ)) by convenience. This way,

EiBI gravity corresponds simply to f(χ) = χ1/2. This
class of theories and their cosmological solutions at early
times have been extensively discussed in [11] (black hole
solutions in these theories have been considered instead
in Ref.[22]). The trick to formulate the corresponding
field equations on this case lies on introducing an auxil-
iary scalar field A so that with the definitions φ ≡ df/dA
and V (φ) = A(φ)fA − f(A), the field equations can be
cast as [11]

Rµ
ν(q) =

1

2M2
Plφ

2χ3/2
(LGδ

µ
ν + T µ

ν) , (41)

where the gravity Lagrangian density is obtained here
as LG ≡ M2

BIM
2
Pl(φχ − V (φ) − λ), and the auxiliary
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metric qµν (compatible with the independent connection,
∇λ(

√−qqµν) = 0) is now defined as in Eq.(3) now with

Ω̂ = φχ1/2(1+M−2
BI ĝ

−1R̂(Γ)) (42)

It should be noted that both φ = φ(T µ
ν) and V (φ) =

V (φ(T µ
ν)) (as shall be clear with an explicit example

below), which means that the corrections on the right-
hand-side of the field equations (41) are just functions of
the matter sources, as is common in Palatini theories of
gravity.
For the purpose of this work, let us consider the class

of power-law theories defined by

f(χ) = χβ , (43)

where the case β = 1/2 corresponds to the original EiBI
theory. From the definitions above, one finds for this case
φ = βχβ−1 and V (φ) = (β−1)χβ so that the components

of the matrix Ω̂ = diag(Ω0,Ω0,Ω1,Ω1) read

Ω0 = 2βχβw0 ; Ω1 = 2βχβw1 , (44)

from where one immediately obtains the components of

the matrix M̂ as M0 = Ω
1/2
0 and M1 = Ω

1/2
1 . For a

perfect fluid (4) the objects {w0, w1} read explicitly

w0 = (1 + ρ̄+ (2β − 1)χβ)−1 (45)

w1 = (1− p̄+ (2β − 1)χβ)−1 , (46)

from where we can obtain the equation

16β4χ4β−1 =
1

w0w3
1

. (47)

Note that, due to the dependence of {ω1, ω2} on χ in
Eqs.(45) and (46), the resolution of this last expression
does not provide, in general, a closed relation χ = χ(ρ̄, p̄)
(an exception to this statement is the original EiBI grav-
ity, β = 1/2, for which one obtains the results already
discussed in Sec. II). For arbitrary β one needs instead
to solve Eq.(47) using numerical methods in order to
plug the result back into the field equations (41) and ob-
tain the evolution of the Hubble factor in these theories.
Nonetheless, for the computation of the sound speed and
the friction term α̇/α we just need to inspect the relation
between the two metrics given by Eq.(3) and the defini-

tions above to identify the factors Ω0 = 2β2χ
4β−1

2 w1 and

Ω1 = 2β2χ
4β−1

2 w2, so that from Eq.(15) we obtain

c2T =

∣

∣

∣

∣

1− p̄+ (2β − 1)χβ

1 + ρ̄+ (2β − 1)χβ

∣

∣

∣

∣

(48)

α = 2β2χ
4β−1

2

[

1 + ρ̄+ (2β − 1)χβ

(1− p̄+ (2β − 1)χβ)3

]1/2

. (49)

FIG. 2. We show the dependence of H as a function of ρ for
a radiation fluid (w = 1/3) within the original EiBI gravity
(dashed orange line) and for the functional extensions de-
fined by β = 1/3 (solid blue line) and β = 2/3 (solid red
line). We see that at low energy densities both recover the
usual GR result (dotted purple line). At high energy densi-
ties we find instead bouncing solutions (for M2

BI > 0) taking
place at ρb = −M2

BIM
2

Pl for β = 1/3 but at a slightly lower
density for β = 2/3, namely, ρb ≃ −1.049M2

BIM
2

Pl, while the
asymptotically Minkowski solutions (for M2

BI < 0) take place
at ρM = 3M2

BIM
2

Pl in all cases.

and, from the last equation, using the conservation law
(11) the explicit form of the friction term α̇/α is im-
mediately obtained. Note that these expressions reduce
to those of the original EiBI gravity, Eqs.(17) and (18),
when β = 1/2.

In Fig. 2 we have numerically integrated and plotted
the evolution of the Hubble factor as a function of the
density ρ assuming radiation, w = 1/3, for the functional
extensions defined by β = 1/3 (solid blue) and β = 2/3
(solid red), compared to the original EiBI gravity solution
(β = 1/2, dashed orange) and the GR behaviour (dot-
ted purple). There we observe the recovery of the GR
solution at low energy densities, while for high energy
densities we find instead the same two kinds of solutions
as in EiBI gravity. On the one hand we have bouncing
solutions (M2

BI < 0) which, as it can be explicitly veri-
fied from inspection of the different branches of solutions,
correspond to ρb = −M2

BIM
2
Pl for those extensions with

β ≤ 1/2 (for these cases χ vanishes at the bounce) but to
ρb < −M2

BIM
2
Pl for those with β > 1/2. In particular, for

the β = 2/3 case depicted in this plot, this density reads
explicitly ρb ≃ −1.049M2

BIM
2
Pl. On the other hand, we

find the asymptotically Minkowski solutions (M2
BI > 0),

which in these extensions occur at ρM = 3M2
BIM

2
Pl re-

gardless of the value of β.

In Fig. 3 we also employ the functional extensions
β = 1/3 (solid blue) and β = 2/3 (solid red). In
these cases, at the bouncing solution (corresponding to
ρb = −M2

BIM
2
Pl for those extensions defined by β ≤ 1/2

but to ρb < −M2
BIM

2
Pl for those with β > 1/2), both the

propagation speed c2T (left panel) and the friction term
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FIG. 3. Left panel: We show the behaviour of the propagation speed, c2T (in units of |MBI|) described by Eq.(48) for the
functional extensions defined by β = 1/3 (solid blue) and β = 2/3 (solid red). The dashed orange line shows the behaviour
for the original EiBI gravity. For these extensions c2T diverges at the bouncing solutions but vanishes at the asymptotically
Minkowski ones, like in the EiBI case. Right panel: We show the behaviour of the friction term, α̇/α, (in units of |MBI|)
described by Eq.(49) for the functional extensions defined by β = 1/3 (solid blue) and β = 2/3 (solid red). The dashed orange
line shows the behaviour for the original EiBI gravity. In this case, for the bouncing solutions the friction term diverges (like
in EiBI case), but for the asymptotically Minkowski one it becomes finite for the case β = 2/3, i.e., α̇/α ≃ −1.959|MBI| at
ρ = 3M2

BIM
2

Pl. In the inset plot we also show the normalisation factor of GWs for EiBI and for the two same values of β above.

α̇/α (right panel) diverge, which is the same behaviour
as in the standard EiBI gravity (dashed orange). On the
other hand, for the asymptotically Minkowski solution,
ρM = 3M2

BIM
2
Pl, the propagation speed c2T vanishes in all

cases, while the friction term α̇/α vanishes also for those
cases defined by β ≤ 1/2, but is finite for those corre-
sponding to β > 1/2 (for the β = 2/3 depicted in this
plot it takes the value α̇/α ≃ −1.959|MBI|. These results
imply that, like in the standard EiBI gravity (β = 1/2,
dashed orange curve), tensorial instabilities have much
less dramatic effects in the asymptotically Minkowski so-
lution than in the bouncing one.

B. Elementary symmetric polynomials

Let us now consider an extended version of the Born-
Infeld theory with similar solutions as those above, but in
which the instability of the tensor modes for the asymp-
totically Minkowski solution is avoided, while the diver-
gence for the bouncing solution remains. Such an exten-
sion was considered in [23] inspired by the massive grav-
ity potential interactions and consisted in extending the
EiBI action to all the elementary symmetric polynomials
of the matrix M̂ . The cosmology of the first polynomial
was already studied in [23] where a de Sitter phase at high
densities was identified and used in [24] to develop an in-
flationary phase supported by a dust component. Here
we will focus on the third polynomial which, as we will
show, has non-singular solutions analogous to the ones

discussed above for the EiBI model6. Thus, the action
that we will consider is given by

S3 =
M2

BIM
2
Pl

18

∫

d4x
√−g

(

[M̂ ]3−3[M̂ ][M̂2]+2[M̂3]−λ
)

(50)
where [·] stands for the trace of the corresponding matrix
and the normalisation has been chosen so that we recover
GR at low curvatures. We will additionally generate a
cosmological constant which can be cancelled by choosing
λ = 4/3. We will assume this value in the following and
consider the cosmological constant as part of the matter
sector. The metric field equations in this case are given
by

3M2
1

M0
+M3

2 = 4 + 3ρ̄, (51)

2M0 +M1 +M0M
2
1 = 4− 3p̄. (52)

The solutions of these equations are more complicated
than in the EiBI case. In particular, we find four dif-
ferent branches of solutions. A detailed treatment of
such solutions is beyond the scope of this paper and we
will restrict to the branch that is continuously connected
with GR at low energy-densities. The existence of this
branch is guaranteed by the fact that our action reduces
to Einstein-Hilbert in the regime of small curvatures.

6 The first two polynomials do not exhibit these solutions for the

simplest matter sources and the fourth polynomial is nothing but

the EiBI model, which is why we focus on the third polynomial

here.
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FIG. 4. Left panel: We show the modified Friedman equation (blue) for the theory described by the action (52) and in the
presence of a radiation fluid (w = 1/3). We can see the same qualitatively behaviour as in the EiBI theory (dashed orange
line) and, thus, analogous non-singular solutions at high densities, i.e., a bounce for M2

BI < 0 and an asymptotically Minkowski
solution for M2

BI > 0. In both solutions, the maximum allowed density is slightly smaller for the EiBI theory. At low energy
densities we recover the usual GR result (dotted purple line). Right panel: We show the behaviour of the propagation speed
(red solid), the normalisation factor (light-green dashed) and the friction term normalised to |MBI| (dark-green dotted) for the
evolution of the GWs in the theory described by (52). We can see an analogous behaviour to the EiBI theory near the bouncing
solution, occurring in this case at ρ ≃ −4/3M2

BIM
2

Pl. In the asymptotically Minkowski solution at ρ ≃ 3.915M2

BIM
2

Pl, c
2

T and
the friction term seem to vanish at first sight, very much like in the EiBI model. However, a closer look at their behaviour
near that solution, shown in the inset plot, reveals that they are actually non-vanishing. Furthermore, the normalisation factor
tends to a finite value α ≃ 5.248.

The Hubble expansion rate takes the same form as in
(12), but now M0 and M1 are the solutions of (52) and
the components of the deformation matrix relate to those
of the fundamental matrix M̂ by

Ω0 =

√

M0

27M2
1

(

2M0 +M1

)3
, (53)

Ω1 =

√

M2
1

3M0

(

2M0 +M1

)

. (54)

The dependence of the deformation matrix on the den-
sity and pressure of the matter source is determined by
the metric field equations given in (52). The explicit ex-
pression is not very illuminating in this case so we will
not reproduce it here. However, the modified Friedmann
equation giving the Hubble expansion rate as a function
of the density and pressure can be easily plotted. Since
the aim of the present work is not to perform an ex-
haustive analysis of this type of cosmological solutions
for this theory, but rather explore the behaviour of the
GWs around non-singular solutions we will focus on the
case of a radiation dominated universe and, as explained
above, we only consider the branch of solutions contin-
uously connected with GR. For that case, we plot the
Hubble expansion rate as a function of the density in Fig.
4, where we can see that this class of Born-Infeld grav-
ity exhibits the same non-singular solutions as the EiBI
model, i.e., we have an asymptotically Minkowski solu-
tion and a genuine bouncing solution. This shows once
again that these solutions are typical of Born-Infeld in-

spired gravity theories. The two values of ρ at which the
Hubble expansion rate vanishes are ρb ≃ −4/3M2

BIM
2
Pl

and ρM ≃ 3.915M2
BIM

2
Pl for the bouncing and the asymp-

totically Minkowski solutions respectively.
The evolution of the GWs near these solutions is again

determined by the behaviour of the propagation speed
and the friction terms, which in this case are given by

c2T =

∣

∣

∣

∣

M0

3M2
1

(

2M0 +M1

)

,

∣

∣

∣

∣

(55)

α =
M2

1

M0
. (56)

The dependence of both the propagation speed and the
friction term is shown in Fig. 4. In that figure we
can clearly see that the pathological behaviour of the
GWs in the bouncing solutions is also present in this
theory, i.e., both c2T and α̇/α diverge. However, the be-
haviour near the asymptotically Minkowski solution is
somewhat improved. While the EiBI theory gives van-
ishing friction term and c2T for those solutions, the the-
ory considered here gives a small but finite value for
both terms. In particular, we find c2T ≃ 5.4 × 10−3 and
α̇/α ≃ −2.6 × 10−2|MBI|. This contrasts with the find-
ings in the EiBI model and the power law extensions
discussed in the previous section, where the vanishing of
c2T in the asymptotically Minkowski solution seemed a
quite general feature. This suggests an intimate relation
between the EiBI determinantal structure and the van-
ishing of c2T for the asymptotically Minkowski solutions.
For our case here, the Fourier modes of the canonically
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normalised GWs, hcij =
1
4

√
αMPlhij , have the dispersion

relation

ω2
k = c2Tk

2 +m2
eff (57)

where meff ≡ 1
2 α̇/α ≃ −1.3 × 10−2|MBI| is the effective

mass generated by the time-dependent normalisation fac-
tor

√
α. We thus see that the GWs can be straightfor-

wardly quantised with the natural Minkowski vacuum
imposed in the asymptotic past. Let us notice that,
since α̇/α is approximately constant, the evolution re-
sembles that of a quasi-de Sitter universe. The differ-
ence is that, while in the usual inflationary scenarios the
Hubble expansion rate is positive and leads to an ampli-
fication of GWs, in our case the effective Hubble is nega-
tive (see the negative values of the friction term near the
Minkowski phase in Fig. 4) so that the amplitude of the
non-canonically normalised GWs undergoes an exponen-
tial suppression |hij | ∝ emeff t.

VI. CONCLUSIONS

In this work we have revisited the issue of tensor in-
stabilities for non-singular cosmological solutions within
the framework of Born-Infeld inspired theories of gravity.
We have briefly reviewed the existence of bouncing and
asymptotically Minkowski solutions in the EiBI model
and the appearance of instabilities in the GWs sector for
such solutions. We have re-obtained known results in
a slightly different approach that allows an apparent un-
derstanding of these instabilities without even solving the
background evolution. We have discussed how GWs are
sensitive to a different geometry from that to which mat-
ter fields couple minimally and it is precisely the singular
behaviour of the metric seen by GWs what causes the
pathologies, even if the matter fields see a perfectly regu-
lar geometry. We have reduced the properties of the GWs
to the behaviour of the anomalous propagation speed, the
normalisation and the friction term generated by the de-
formation matrix relating the two geometries. The fact
that the bouncing solutions give rise to divergences in
the propagation speed and a vanishing normalisation ex-
plains the pathology of the GWs evolution at the bounce
as a strong coupling problem. On the other hand, the
asymptotically Minkowski solution leads to a vanishing
value for the propagation speed, what implies a much
milder type of instability which, in fact, could be resolved
by including higher derivative terms, in analogy with the
ghost condensate model. This has been briefly discussed
at the homogeneous but non-linear level, where we have
seen that the bouncing solutions result in a divergence
of the shear at the bounce, while it behaves smoothly in
the asymptotically Minkowski solution.
A remarkable property of modified gravity theories

within the metric-affine formalism is the sensitivity of the
background cosmology to the sound speed of the matter
source. In GR, only the equation of state parameter is
relevant so this represents a very distinctive feature. We

have thus studied the potential impact of this new pa-
rameter on the non-singular solutions and the possibility
of regularising the GWs behaviour. We have found that
such a parameter does not affect the anomalous propaga-
tion speed of GWs and, therefore, the presence of a non-
trivial sound speed for the matter sector supporting the
non-singular solutions cannot regularise the pathological
behaviour of GWs. Another possibility is that the sound
speed can generate new non-singular solutions and these
could be free from instabilities. Unfortunately, we found
that such solutions must rely on a divergent sound speed,
so the physical viability of such solutions concerning the
perturbations of the matter sector is jeopardised. This
shows that new non-singular solutions with no instabili-
ties, both in the GWs and the matter sector, if they exist,
they must be supported by contrived matter sources. In
particular, sources that can be described by perfect fluids
can hardly achieve it.
After studying the tensor instabilities within the EiBI

theory, including the non-trivial effects of the matter sec-
tor sound speed, we have considered some extensions
of this theory, in particular power law and elementary
symmetric polynomials extensions, where the same non-
singular solutions can be found. We have seen that
the power law extensions exhibit similar properties to
the EiBI theory, i.e., the bouncing solutions come in
at the expense of divergent propagation speed and fric-
tion terms for the GWs equation, while the asymptoti-
cally Minkowski solutions lead to a vanishing propagation
speed. The vanishing or not of the friction term depends
on a new parameter defining a particular theory. On the
other hand, although the same pathologies are present
for the bouncing solutions in the elementary symmet-
ric polynomials extension, the asymptotically Minkowski
solutions presents a somewhat improved behaviour since
both the propagation speed and friction terms are non-
vanishing. This allows to have a well-defined vacuum
state for the GWs in the asymptotic past without the
need for higher derivative terms.
In order to summarise, we could say that the bounc-

ing solutions for the class of Born-Infeld inspired theories
studied throughout this work are prone to the presence
of severe tensor instabilities. Our findings are in no way
a definite no-go result for the existence of fully stable
bouncing solutions within these theories, but they show
that the simplest realisations are not possible. On the
other hand, the branch of asymptotically Minkowski so-
lutions is less prone to instabilities and, as we have shown,
it is less difficult to find stable solutions for them.
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