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Viability of bouncing cosmology in energy-momentum-squared gravity
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We analyze the early-time isotropic cosmology in the so-called energy-momentum squared gravity
(EMSG). In this theory, a T),,7*" term is added to the Einstein-Hilbert action, which has been shown to
replace the initial singularity by a regular bounce. We show that this is not the case, and the bouncing
solution obtained does not describe our Universe since it belongs to a different solution branch. The
solution branch that corresponds to our Universe, while nonsingular, is geodesically incomplete. We
analyze the conditions for having viable regular-bouncing solutions in a general class of theories that
modify gravity by adding higher order matter terms. Applying these conditions on generalizations of
EMSG that add a (7, 7**)" term to the action, we show that the case of n = 5/8 is the only one that can
give a viable bouncing solution, while the n > 5/8 cases suffer from the same problem as EMSG, i.e., they
give nonsingular, geodesically incomplete solutions. Furthermore, we show that the 1/2 < n < 5/8 cases
can provide a nonsingular initially de Sitter solution. Finally, the expanding, geodesically incomplete
branch of EMSG or its generalizations can be combined with its contracting counterpart using junction
conditions to provide a (weakly) singular bouncing solution. We outline the junction conditions needed for
this extension and provide the extended solution explicitly for EMSG. In this sense, EMSG replaces the

standard early-time singularity by a singular bounce instead of a regular one.

DOI: 10.1103/PhysRevD.101.044058

I. INTRODUCTION

Recent cosmological observations provided us with
strong evidence for the accelerating expansion of the
Universe [1,2]. Trying to understand this acceleration in
general relativity (GR) one is led to two possibilities: exotic
matter content or a cosmological constant (A). Although
these possibilities can fit the observational data, they do not
provide us with a fundamental explanation of this accel-
eration. In addition to this large scale problem, GR predicts
its own doom at small scales through the occurrence of
spacetime singularities [3], which are expected to be cured
in a full theory of quantum gravity (or at least an effective
approximation of it). These issues have led to a plethora of
modified-gravity theories (see [4,5] for a review, and also
[6] for a review on the recent observational constraints). In
these theories, GR is seen as an effective field theory (of a
more general gravitational theory) that might get correc-
tions either at very large or very small scales.

Some of these modified theories have been shown to
replace the initial cosmological singularity that occurs in
GR by a regular bounce (see [7,8] for a review). Along
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these efforts, energy-momentum-squared gravity (EMSG),
as dubbed by its original authors, was proposed in [9]. This
theory modifies gravity by adding a 7, 7" term to the
Einstein-Hilbert Lagrangian; it is a special case of theories
that have a Lagrangian of the form f(R,T,,T") which
were first studied in [10].

Further efforts were conducted to study generalizations of
EMSG and their implications. Various cosmological models
of higher order generalizations of EMSG, which add terms
in the form (7, 7*)", were considered in [11] particularly
for the case n > 1/2 relevant to high density scales, while
the case n < 1/2 relevant to late time cosmology was
studied in [12]. The cosmological implications for the case
n = 1/2 were studied in [13], which is interesting since the
coupling in this case becomes dimensionless. Besides the
form (7,,7#)", a logarithmic generalization, dubbed as
energy-momentum log gravity (EMLG), was considered in
[14] where the term In (AT, T") was used to extend the
ACDM model to study viable cosmologies and to address
the tension in H measurements. Furthermore, phenomeno-
logical investigations were done in [15] using observational
data from neutron stars to constrain the free parameter in
EMSG, while in [16] low redshift data were used to constrain
(T, )" theories. In addition to these studies, linear
stability analysis was used in [17] to investigate two models
in f(R, T, T").

© 2020 American Physical Society
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In this study, we focus on the analysis of the early-time
cosmological behavior of EMSG and its generalizations,
particularly regarding the existence of regular bounces in
this class of theories. As a result, we show that the bounce
obtained in [9] is not viable, and that generic theories that
modify GR by adding higher order matter terms cannot
provide a viable regular bounce.

The structure of this paper is as follows. In Sec. II, we
review the EMSG theory and its field equations. In Sec. III,
we analyze the isotropic early-time cosmology of EMSG
showing that the bounce obtained in [9] is not viable. We
show that the correct solution-branch corresponding to our
Universe is also nonsingular but is not valid beyond a certain
point in time, i.e., past-geodesically incomplete. In Sec. IV,
we analyze the conditions for having a viable bounce in
theories that modify gravity by adding higher order matter
terms. We apply these conditions to (7,,7*")" generaliza-
tions of EMSG. In Sec. V, we outline the junction conditions
needed for extending the geodesically incomplete solutions
of EMSG and similar theories. Finally, we conclude with
summary and discussion of the results in Sec. VL.

II. ENERGY-MOMENTUM-SQUARED GRAVITY
The EMSG action can be written as

1 A1
SEMSG _/d4x\/ _g<2_K_R_;_§aTﬂvTﬂy> +SM, (1)

where k = 8zG, R is the Ricci scalar, A is the cosmological
constant and Sy = [ d4x\/—_ng with L,, as the matter
Lagrangian density. Here and thereafter, we use units where
¢ = 1 and the metric signature (—, 4+, +, +).

The extra term that makes this theory different from GR
is —%aT,wT””, where « is a free parameter in the theory
(with dimensions of inverse energy density) which can be
constrained from observations as was done in [15], and 7,
is the ordinary energy-momentum tensor defined as

;o 2 8(y7aL,) 2

V=

The factor of — %, while it can be absorbed into the
definition of a [18], is retained here for convenience. In
this case a can be matched with ? in the original paper [9]
where 7 was the free parameter in that case. While « could
be positive or negative, we will restrict ourselves to the
a >0 case since it has been shown to give a more
interesting behavior in early-time cosmology [9].

Now that we have introduced the action of EMSG, let us
turn to the question of how this action can be defined in the
first place; that is, how does the total action already contain
the energy-momentum tensor which is defined by varying
part of the total action (i.e., Sy;)? The main argument in
[9,19] is that one does not have to know anything about the
gravitational theory beforehand in order to define the

energy-momentum tensor, one only needs matter physical
variables, or simply the matter Lagrangian density L,,. In
other words, there is a well-defined way to construct 7, in
a given theory without gravity, and the 7, 7" term (which
is just a scalar function in the fields, their derivatives and
the metric) is added as a form of nonminimal coupling of
that theory to gravity.

EMSG is characterized by a density scale a~'; deviations
from GR should start appearing near that scale. Since the
theory has a characteristic density scale rather than an
energy scale, one can construct a length scale for physical
solutions that have a specific energy scale. For example, for
a charged black hole with a charge ¢, a characteristic length
scale would be # ~ (ag®)'/4, which is the length scale at
which the electromagnetic energy density would be com-
parable to a~'. The physical relevance of that length can be
solution dependent, but the interesting part is that if the
dynamics of the theory impose a maximum density ~a~!,
we get a minimum length ~7.

Let us now turn to the field equations. EMSG is
equivalent to GR coupled to an effective matter
Lagrangian; therefore the field equations are just the
Einstein equations but sourced by an effective energy-
momentum tensor, and so we have

G/w + Agm/ = KT%& (3)
where
" 1
T =T, — EaTng"p G + 0O, (4)
and
_ (T, 1) : 1
®l“/ = Tg’w = 2T;40'Tu - 2Lm Tﬂl/ —_ ETglw
oL,
_TTMD_4TPW' (5)

The details of variation of the extra term can be found in
Appendix A.

III. COSMOLOGY IN EMSG

Let us start by taking a closer look at the early time
cosmology in EMSG, which was studied in [9,15]. We will
work with a flat Friedmann-Robertson-Walker (FRW)
metric ds* = —di* + a(1)?5;;dx'dx/. We will also assume
a small positive cosmological constant as in the usual
ACDM model. Assuming a perfect fluid content, we have

T, = (p+ p)u,u, + pg,,. (6)

where p is the energy density, p is the pressure and u#
is the four-velocity of the fluid, which satisfies the con-
ditions u#u, = —1 and V,(u*u,) = 0. We can arrive at the
perfect-fluid energy-momentum tensor through different
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Lagrangian densities (L,, = p or L,, = —p), which does
not pose a problem in GR [20]. However, in EMSG the
Lagrangian density appears explicitly in the field equations
and thus the choice of the Lagrangian density affects the
dynamics. While there is no consensus on which
Lagrangian to use (see [21] for a detailed discussion),
we will stick to the choice of L,, = p to follow with the
EMSG literature.

For a perfect fluid with L,, = p, the effective energy
momentum tensor sourcing gravity can be written as

th;f - (peff + peff)”ﬂuu + PettGuvs (7)
where
1
pet = p = 5a(3p* +8pp +p?), (8)
1 2 2
Peit = P = 5a(3p" + 7). )

The effective density and pressure can be defined cova-
riantly as

Pefr = u!u’TeH, (10)
1
Deft =§<9"”+u”u”)TZ£f- (11)

The Friedmann equations are the same as in GR but with
the density and pressure replaced by their effective counter-
parts, thus we have
|

A«
H?> ==+ —pu, 12
3+3Peff (12)

a . A«
E:H"‘Hz :g—g(/’eff+3peff)- (13)

The remaining equation is the fluid conservation/continuity
equation, which comes from V# T;ff = 0, and of course can
be obtained from the above two equations. Again, this is
nothing more than the fluid conservation equation in GR
with the effective density and pressure, thus we have

. a
Peft + 3 E (peff + peff) = O’ (14)
which can be cast into an autonomous form as

Pet + 3(Pett + Petr) = 0, (15)

where the prime denotes derivative with respect to In a.

A. Two-component fluids

Before we attempt to solve the equations, it is worth
noting that because the effective density and pressure are
nonlinear in the ordinary density and pressure, dealing with
a multicomponent fluid here will be drastically different
than in GR. In particular, the conservation equation (15)
will lead to one equation for both fluids. If we have a two-
component fluid, with each component having a barotropic
equation of state in the form p = wp, then the conservation
equation (15) becomes

[1 = a(4w; + 3w 10, + 4w, + 1)py = a(3wi + 8wy + 1)py]p)
+[1 = a(dw; + 30,0, + 40, + 1)p; — a(305 + 8w, + 1)p,]ph
+3(w; + 1)py = 3aB3wi + 4o, + 1)pi + 3(@; + 1)p; = 3a(3w3 + 4w, + 1)p3

- 6(1(2&)1 + 36016()2 + 2(02 + 1)/71[)2 = 0

This is one equation for both components, but we should
have individual equations of motion for each component.
Just like for cases other than perfect fluids, each field has its
own equation of motion, and the conservation of the total
energy momentum tensor is satisfied automatically on
shell, i.e., it gives a sum of terms where each term vanishes
on its own when the respective equation of motion is
satisfied. The problem with fluids is that we do not get the
continuity or the Euler equations for each fluid component
directly through variation of the action [22]; instead, we get
those equations for the two fluids combined from the
conservation of the total energy-momentum tensor. Thus,
for a two-component fluid, we should expect to be able to
split the conservation equation into two equations: one
equation for each component. In GR, the split is straight-
forward since the conservation equation there is linear; in
our case, the splitting seems rather to be an ambiguous task.

(16)

|
We can break this ambiguity using the fact that the
Lagrangian is invariant under exchange of component
labels, i.e., p; <> p, and p; <> p,. Given this symmetry,
we should expect that the individual-component equations
are mapped to one another under the exchange of labels.
Applying this argument on (16), the individual equations
for components 1 and 2 respectively are

[1—a(4w, +3w,0, +4a, + 1)p; — a(3w7 + 8w, + 1)py]p)]

+3(w; + 1)p; = 33w} +4w, +1)p?

=3aw; 4+ 3w @, + 2w, + 1)p1p, =0, (17)

[1—a(4w; + 3w, + 4w, + 1)p; —a(Bw3 + 8w, + 1)p,]ph
+3(wy + 1)py = 33w} + 4w, +1)p3
=3a(20; + 3w @, + 2w, + 1)pp, =0, (18)
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which are interchanged under p; <> p, and w; < w,.
This result can be easily generalized to the case of an
n-component fluid by noting that the Lagrangian then
would be invariant under the interchange of the labels of
each pair of components, and the fact that the interaction
terms will still be quadratic in the densities. Thus, the
equation for the ith component in that case would be

(1 = a(3w? + 8w; + 1)p;)p} + 3(w; + 1)p;
-3a(3w? + 4w; + 1)p?

- aZ{(4a),~ +3ww; +4w; + 1)p;p;
J#

Now that we have an equation of motion for each fluid
component, it is important to note that these equations are
the ones that determine how the fluid density of each
component behaves with the scale a. For example, in GR
the solutions for matter and radiation are p,, ~a~> and
p, ~a~*, which tells us that radiation is the dominant
component in the early Universe where a is very small. In
our case, we need to solve Egs. (17) and (18) simulta-
neously for matter and radiation content, which can be
quite difficult analytically without resorting to some kind of
approximation. In Appendix B, we show that indeed
radiation will be dominant in the early Universe in EMSG.

B. Radiation domination

Before focusing on radiation, let us start by considering a
general one-component fluid in EMSG. In what follows,
although A can be ignored since we are interested only in
the early Universe, we will keep it for reasons to be clear
shortly.

For a one-component fluid with a barotropic equation of
state of the form p = wp, the effective density and pressure
in (8) and (9) become

1
Pett =P =5 (3@ + 8w + 1)ap?, (20)

1
Peft = WP — 5(30’2 + ap®. (21)

At this point it is worth noting that one can find values for @
such that the effective equation of state maintains the same
form as the original equation of state, i.e., Pt = @WpPqsr- It 1S
easy to see from (20) and (21) that these special values for
w satisfy the following cubic equation:

30 + 1 = 0(30* + 8w + 1). (22)

This gives the solutionsw = -l andw = 1/3 (w = -l isa
repeated root). Given this result, it would be interesting to
consider a dark energy (w = —1) fluid in EMSG, but in this
paper we will concern ourselves with a ACDM-like model

in EMSG with nonexotic fluids (i.e., only matter and
radiation). We note that these specific values for @ that
preserve the equation of state are nothing but a coincidence
in EMSG, and other values (if any) would appear in higher
order generalizations.

In general, p.s is not always single valued in p.; this is
due to the fact that (20) is not invertible over the entire
domain of p; however, we can put it in the form p.; =
werr(p)pere by dividing (21) by (20) to get wef as

w—1(Bw* + 1)ap

= . 23
et (0) 1-1(3e? + 8w+ 1)ap 23)

As we can see from (20), for values of @ that keep
3w? + 8w + 1 > 0, p is not a monotonically increasing
function of p and can be zero (or even be negative) for
p > 0; this feature is what makes this theory appealing,
since it opens the possibility of having a critical point
H = 0 at high densities [which can be seen directly from
(12)], similar to other theories, like loop quantum gravity
[23] or braneworlds [24] that have a Friedmann equation of
the form

H2~p<1— P ) (24)
Peritical

where in EMSG pgiical Would be O(a™).

If we look for a critical point H = 0 in EMSG, we will
need [from (12)] to have p. = — % which from (20) gives
the critical density as

K

1+\/1+2aA(3a)2+8w+1)

Peritical =

, 25
a(B3w* 4 8w + 1) (25)
where we have discarded the other solution as it leads to
p —% + O(“K—/}’) At the critical density, using the expres-
sion for p.s and pe; in (20) and (21), the acceleration
equation (13) becomes

i @+ )Got)
(Bw? + 8w+ 1)

X<1+\/1+2a%(3w2+8w+1)>. (26)

k(w+1)*Bw —1)
2a0(30” + 8w + 1)?

It is easy to check, given that we expect a~' 3> 2, that
H <0 for o > 1/3 as the second term in (26) dominates
and it is negative for those values of @. Therefore, the
critical point we found corresponds to a bounce only
for w < 1/3.

1. Bounce point and its viability

Let us now turn our attention to radiation (w = 1/3),
which has an effective density and pressure as
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Pett = Pr = 20p7, (27)
pr 2ap;

_Pr_2opr 28

Dett 3 3 (28)

At the critical point, from (25), the radiation density will be

1 A
=—11 1+ 8a—], 29
b= (15 148aY). 9

and as we see from (26), this gives H= % This was the
main reason of keeping A explicit up until this point, to
show that we can get H > 0 at the critical point due to
A > 0, which was an argument in [9] for the necessity of
having a positive cosmological constant in this theory.
It is worth noting, however, that if we had not ignored the
matter fluid component, it could have led to a similar result,
ie., H~p, >0 without the need for any cosmological
constant. In either case, one can conclude that the point
at which the density is as in (29) corresponds to a regular
bounce as was concluded in [9]. However, we will show
that this critical point does not correspond to a solution
that describes our Universe. To see this, let us solve the
conservation equation explicitly. From (27), (28) and (15),
we get the conservation equation for radiation as

(1 —4ap,)p; +4p, — 8ap; = 0. (30)

Notice that this ordinary differential equation (ODE) has a
regular singular point at p, = 4%17 we will discuss the
relevance of this issue later. Since this is an autonomous
ODE with respect to In a, it can be integrated directly to
give In a as a function of p,. Integrating with the condition
a(p,y) = ayg, where p,, is the cosmological radiation
density at the present time [25], and setting ag = 1, we get

<pr0(1 - 2apr0)> 1/4
a=\\—F———"—-—— .

pr(1 = 2ap,) GD)

This expression reduces to the usual a = (‘%)1/ 4 for low

densities (i.e., in the limit ap, — 0). Since a has to be real,
we must have

pr <5 (32)
Notice that having p,, < 2%1 is the main cause of this
constraint. The density at the critical point in (29) clearly
violates (32), and thus the critical point is unphysical and
there is no bouncing solution that corresponds to our
Universe. In a hypothetical universe where p,y > i the
requirement that a has to be real would have led instead to
pr> ﬁ and the critical point (29) would have corre-

sponded indeed to a bouncing solution in that universe.

In other words, EMSG gives a valid regular bounce in a
universe where the density is always higher than i

2. Radiation domination solution

Solving for p, in (31), we get

pi(@) = 1= (11 = 8apo(1 ~2ap)a).  (33)

We pick the negative branch because it gives the asymptotic
behavior of p, ~p,,a™* for relatively large a. Since we
want p, to be real, we must have a maximum density
Prmax = ﬁ corresponding to a minimum scale factor. We
can then write the solution as

pla) = (1-4/1= (22)). e

Amin = (8(1[),0(1 - 2(1,0,0))1/4. (35)

where

The existence of a minimum scale factor here comes from
the constraint p, € R rather than from the dynamical
solution a(r) as in the case of a bounce; this will lead to
geodesic incompletion as we will see shortly. One can
easily get a(¢) by plugging (34) in the Friedmann equa-
tion (12). An equivalent, but clearer, way is to notice that
since pogr = % Pefi» the conservation equation (15) becomes

P + 4per = 0; (36)

we can solve this with the already known condition that

Pr(amin) = 7=, Which gives us peg(amin) = g With the
latter condition, we get the solution
1 Amin 4
=— . 37
panta) =g (%2 )

Plugging (37) in the Friedmann equation (12), we get

ANk (Agin\?
H2:_ . min )
3 +24a( a ) (38)

We can clearly see now that there are no H = 0 critical
points for all real (physical) values of a. From now on, for
simplicity, we shall ignore the cosmological constant in the
early Universe; it has served its purpose now that we have
established that the critical point in (29) does not corre-
spond to a bounce. The Friedmann equation now becomes

a [k (amin)\?
H=—=+/—(""]. 39
a 24a<a> (39)
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We can conveniently define

Hmax = H(amin) = \/% (40)

Solving the positive branch of (39) with the condition
a(0) = apin, We get

a(t) = AminV 1 + 2Hmaxt’

This solution, which was found in [15] [albeit with a
redefinition of ¢ to match the standard solution of GR at
which a(0) = 0], manifestly cannot be extended for
t < ﬁ but more importantly, we cannot extend it for

t>0. (41)

t < 0 since that would lead to a < a,;, and then from (34)
the radiation density would become nonreal as we dis-
cussed before. This solution can be interpreted, in the spirit
of effective field theory, as EMSG breaking down as we
approach a,,;, and one would need new physics to describe
what is happening beyond that point. In this sense, a;, is
not interpreted as an absolute minimum scale of nature, but
the minimum scale at which EMSG is valid.

It is interesting to note that while p, diverges as t — 0, all
geometric quantities [represented by H(¢) and its time
derivatives] remain finite. This gives us the chance to
extend the spacetime beyond =0 by combining the
solution in (41) with its counterpart from the negative
branch of (39) using junction conditions at t = 0. We will
present this in Sec. V.

We conclude this section by reflecting on the issue that
prevented this theory from achieving a cosmologically
viable bounce, after all, it had a Friedmann equation
reminiscent of theories like loop quantum gravity and
braneworlds, so why is the case here different? The reason
is that, unlike those theories which modify only the
Friedmann equation, EMSG also modifies the conserva-
tion/continuity equation. The main issue is that, due to the
nonlinearity, the equation is modified in a singular way;
particularly, the singular point is at a lower density
(p, = 1) than the density at the critical point (29). This
causes our Universe to be in a solution region entirely
disconnected from the bounce point; we can see this from
the phase plot of the conservation equation (30) in Fig. 1.
We note that this problem is not unique to EMSG; it can
happen in any other theory that effectively modifies the
matter Lagrangian. We discuss the conditions for this issue
in the next section.

IV. BOUNCES IN MORE GENERAL THEORIES

Let us start with a more generalized theory than EMSG
that effectively modifies the matter Lagrangian but
keeps the geometric side as GR, so we would have a total
action like

3 1 1
L ! 111
| |
& ol : :
< | |
-1r | |
-
_3L ) ) ‘ ‘
0 0.25 0.5 0.75 1
pr ()
FIG. 1. Phase plot for Eq. (30) in units of a~!. The dots

represent fixed points, while the arrows represent the flow
direction in phase space. Region I represents the negative branch
of (33), while region II represents the positive branch. Region III
contains the bounce point, which is disconnected from the
physical region that describes our Universe.

S = / d*x\/=g (iR + Lmeff>- (42)

We assume FRW metric and a perfect fluid matter content
with a generic equation of state p = p(p). We will focus
only on a single-component fluid or a fluid with one
dominant component in the early Universe (which typically
should be the radiation). As in the case with EMSG, the
Friedmann equations take the form

K
H* = gpeff’ (43)

K

H+H = 6 (Pesr + 3Pefr)- (44)
It is useful to combine these equations to get H in terms of

Pett and pegr as

K

2

H (Pett + Peir)- (45)
We have ignored the cosmological constant for simplicity,
but the arguments below can be easily generalized by
absorbing the cosmological constant in the definition of ps
and p.. The conservation equation is the same as (14),
which can be written in terms of p as

p— —3H (Peff + peff) . (46)

dpert

dp
We want to analyze the conditions at which this theory
would give a cosmologically viable regular bounce. From

(43), (45) and (46), we see that the behavior of H, H and P
is controlled by only three functions: peg, perr + Perr and
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Pefr

0 PB
P

FIG. 2. An example profile for the effective density as a
function of the ordinary density p.

dZ—;"", which are all functions in p. So we can take p as the
basic variable that controls the phase space of this dynami-
cal system. We assume for simplicity that these functions
do not have more than one nontrivial zero; the arguments in
this section can be generalized otherwise. We also assume
that these functions are continuous and smooth as functions
of p; this assumption is important in order to avoid

curvature-singularity problems at finite values of p.

A. Bounce analysis

In order for this theory to have a bounce at some high
density pg, the usual bounce conditions of GR, H = 0 and
H > 0, must be satisfied at that point. These conditions
then imply the following from (43) and (45):

Peft |ﬂ:pB =0, (47)

(Peft + Pett)|p—p, < O. (48)

For cosmological viability, the low density behavior must
be the same as in GR, this implies

peff|p<<pB =p> 0, (49)

(/)eff + peff)|p<</1B ~p+p> 0. (50)

To reconcile the conditions (47) and (48) with (49) and
(50), each of p. and pogr + peor must have at least one local
maximum in the interval |p, pg[, Where py < pg is the
density observed at the present time. For simplicity we
assume that p.gr and pegr + pege €ach has only one maxi-
mum in that interval, so that their behavior as functions
of p is as follows: they start monotonically increasing, hit
a maximum, then they become monotonically decreasing.
A simple profile for these functions is shown in Fig. 2. This
behavior with (48) implies that p.g + pegr Must zero-cross
at a point pc < pg, or in other words

3pc < pp: (Pefi + Peir)pepe = O- (51)

Let the maximum of p. be denoted by p,. Thus from the
discussion above

dpesr
dp

=0. (52)

P=PA

dpa <pg:

Note that since p4 is a maximum, it is a zero of dg—:f with odd
multiplicity.

Let us now look at the structure of the phase space of our
dynamical system, which can be described from (45) and
(46) by the behavior of H and p as functions of p [26]. We
are interested in fixed and singular points. A fixed point of
the system is a point at which p = H = 0. If the system
starts at a fixed point it stays there forever (provided that the
system is at least Lipschitz continuous at the fixed point),
and if a system starts at a nonfixed point, it takes an infinite
time to reach a fixed point; the latter fact can be easily
deduced from the time reversal of the former one. We see
from (45) and (46) that the fixed points of our system are
only described by the zeros of p.g + pesr (and thus our
system is Lipschitz continuous at fixed points from our
assumptions on pei + pegr). A singular point is a point at
which either p or H diverges. H is well behaved from our
assumption about continuity and smoothness of p.¢ + perrs
so we only need to focus on singular points of p. By using
the auxiliary equations

p=Hp', (53)

=3(pefr + Petr)
L T (54)
Tdp

where p’ is the first derivative of p with respect to In a, we
see that (54) captures both the fixed and the singular points
of the system; thus, it is sufficient to turn our focus into the
sub-phase-space of (p’, p) for our analysis of these points.

Before proceeding, we need to show the following state-
ment: For an autonomous dynamical system (Lipschitz
continuous at fixed points) controlled by a variable p(?),
if p, is either a fixed point of the system or a singular point
with odd multiplicity, then the phase space is split at p,, into
two regions: p < p, and p > p,. Here split means that if the
system starts in the region p < p, it cannot reach—either
backward or forward in time—a point in the region p > p,
(in a finite time) and vice versa, and a singular point with odd
multiplicity means that p’ switches signs after crossing p.,
which can only happen if p’ has a pole at p, with odd
multiplicity.

Showing the above statement for a fixed point is very
straightforward: if the system starts in the region p < p,, it
takes an infinite time to reach p, let alone cross it and vice
versa. In the case where p, is a singular point with odd
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I1T

pPa PB

FIG. 3. A schematic example of the phase space (', p) for the
case pc < pa. The dots represent fixed points, while the arrows
represent the flow direction in phase space. The phase space is
split into three regions. Region I corresponds to our Universe,
while the bouncing solution is confined to region III which is
disconnected from our Universe.

multiplicity, it will act either as an attractive (sink) or a
repulsive (source) point in the phase space, which splits it
into two regions.

Now our goal is very simple: we want to see if there is a
solution connecting our present density p, to the bounce
point at pg. For this to happen, we need p, and pg to belong
to the same phase space region. In other words, we need the
interval [py, pg[ to be free from fixed or singular points.
From (51), (52) and (54), we see that if p, # pc, then we
have a fixed point at p- < pg and also an odd singular point
at pp < pg. In this case the bounce at pg is not cosmo-
logically viable since there are no solutions that connect it
to our present Universe density p,. Instead, we get either a
solution connecting py to pc if pc < pa as shown in Fig. 3,
which takes an infinite time to reach pc in the past, or a
solution connecting pg to pa if po < pc as shown in Fig. 4,
which, similar to the solution obtained in EMSG, would be
past-geodesically incomplete.

The only case remaining now is if p, = pc. We see from
(51), (52) and (54) that if py = pc, then the would-be poles
and zeros of p’ cancel out and p’ becomes free of any
splitting points in the interval |0, pg]. Therefore in this case,
pp 1s a cosmologically viable bounce.

While our analysis was concerned with bounces, we note
for completeness that the case p- < p,, corresponding to
region I in Fig. 3, describes a viable nonsingular initially de
Sitter solution. In this scenario, the Universe starts and ends
with fixed points.

To summarize the results, we have shown that in theories
that modify GR through effective modification of the
matter sector, in order to achieve the usual bounce con-
dition H = 0 and H > 0 at some high density pg, the theory
must have at least one nontrivial zero for each of p.g + pesr

and dﬁm at densities lower than pg. These points would
p

II

QU Ore

e

0 Pa pc Ps
P

FIG. 4. A schematic example of the phase space (o', p) for the
case pa < pc. The dots represent fixed points, while the arrows
represent the flow direction in phase space. The phase space is
split into three regions. Region I corresponds to our Universe,
while the bouncing solution is confined to region III which is
disconnected from our Universe.

segregate our Universe from the bounce point in phase
space, unless they coincide effectively making p’ free of
poles and zeros in the interval |0, pg]. Therefore, in addition
to the usual bounce conditions of GR, we must have

nontrivial zeros of p.s + pegr and dZ;"f coincident in the
interval ]0, pg] to obtain a viable bounce in these models.

B. Case of (7, T")"

We can now apply the result of our analysis on
generalizations of EMSG that modify the action by adding
aterm (T, T*)" which were studied in [11,12]. The action
for these theories (ignoring the cosmological constant) can
be written as

/d4x\/_< R—laz” (T, T™)" > +Sv.  (55)

where a~! is the characteristic density scale of this theory,
and we will concern ourselves with n > 5 ! theories, since
those are the ones that have relevant effects in the high
density regimes.

The effective energy-momentum tensor now becomes

1
Tftif = Tﬂzx 2 2n I(Tﬁ/)T” ) g/w +na2n_l(T0/)Tﬁp)n_l®ﬂw
(56)
where ©,, is defined as before in (5). For a perfect fluid

with a barotropic equation of state p = wp, the effective
density and pressure become

Peii =p—a?" " p?(1430?)"~ ((n—;>(1+3w2)+4na)>,
(57)
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1
Deft = PO — §a2n—lp2n(] + 3w?)". (58)

We can easily see that p.g satisfies our assumptions (47)
and (49) for w > 0 (which is the case we care about for the
moment at least), and it would have a profile similar to the
one in Fig. 2. From (57) and (58) we get

peit + Peir = p(1 + @) (1 = n(Bw + 1)~ p*!
x (3a? + 1)), (59)

dpesr _

dp 1= 2na2n—1p2n—l (1 + 3w2)n—l

X <<n —%) (14 30?) —|—4na)). (60)

Note that adding a cosmological constant A would not
change the latter expressions. Adding A is equivalent to the
following transformation:

A
Pett = Pett T —
K
A
Peft = Peft — <’ (61)

dp, . .
and pesr + pegr and d;ff are clearly invariant under such a

transformation.

By comparing the two expressions in (59) and (60), in
order to get the nontrivial zero of p. + pe to coincide
with the zero of dZ—;“’, we see that the only nontrivial value

for n that satisfies that condition is (assuming @ > 0)

_30)2—1—30)—1—2

e — 62
" 60* + 8w + 2 (62)

This value for n leaves the conservation equation unmodi-
fied from the one we know in GR (for a single-component
fluid with this particular value of w), namely

P +3p(1 +w) =0. (63)

For radiation (@ =1) that value is n =3,
(T,,T*)%8 is the only theory in this class that gives a
viable (radiation-dominated) bounce. By solving for the

nontrivial zero of p. in (57) with n :% and w = %, the

and hence,

density at the bounce in the n = % theory will be equal to
%. Further analysis of this model may be required to

ensure that it can reproduce other aspects of standard
cosmology; for example, it is important to check the
stability of this solution against inhomogenous perturba-
tions as it may lead to some instabilities similar to those
discussed in [28]. In particular, we note that while the n =
5/8 model avoids any singular behavior in the continuity

equation, it is very likely that the effective Euler equation
will have singular points due to the nonlinearity of p.g in p
and p.

It is interesting to note from (62) that for EMSG (n = 1),
we can have a bounce for a dust-only (@ = 0) universe.

Finally, we note for completeness that the case 1/2 <
n < 5/8 is the case corresponding to region I in Fig. 3
which provides a geodesically complete nonsingular sol-
ution that can describe our Universe. In these theories the
initial singularity is replaced by a de Sitter fixed point (at
t - —o0), as a result, the Universe is going to interpolate
between two fixed points one at a high density and another
at a low or vanishing density. It would be interesting to
study such theories in future works, particularly with the
interpretation of a~! as the Planck scale in that case.

V. JUNCTION CONDITIONS IN EMSG

As we recall, solving the conservation equation (30) and
the Friedmann equation (39) led to the following branches
of solutions for the scale factor:

a(t) = amin\/1 £ 2H oy,

and the following (independent) branches for p,:

po(a) = ﬁ (1 + .1 (“%)4) (65)

In Sec. III, we picked the positive branch for a to get a
solution valid for # > 0, and we picked the negative branch
for p, to get a solution that corresponds to p, — 0 as
a — oo. This led to a geometrically nonsingular solution,
albeit geodesically incomplete. In this section we will join
that solution with the other branch using appropriate
junction conditions in order to get a geodesically complete
solution, albeit with a curvature singularity at t = 0. Since
EMSG inherits the geometric side of GR, standard junction
conditions in GR will be utilized in this section; the reader
can be referred to [29] for a review.

Using the FRW coordinates, we can define a spacelike
hypersurface X at + = 0. This hypersurface now splits the
spacetime into two regions with # > 0 and ¢ < 0 respec-
tively. We can define the following useful notation for the
jump in a tensor A across X:

+£1>0, (64

[A] = A(0T) — A0"). (66)

Here, we have two solutions, one in the region where > 0
and the other is in the region where ¢ < 0; we would like to
join them at X. In order to achieve this smoothly, we need
two conditions. The first junction condition is

[g;w] =0. (67)
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The continuity of the metric here is a very important
condition as otherwise the Christoffel symbols would have
Dirac deltas, and the curvature tensors then would be ill
defined. The second junction condition is

K,,] = 0. (68)
where K, is the extrinsic curvature. This condition is
necessary for a smooth transition across X; however, a finite
jump in K, is sufficient for geodesic extension, but it will
cause a curvature singularity at X. This singularity has the
physical interpretation of having a surface energy momen-
tum tensor at X, which is given by

1

S;w = ([K;w] -

(K] = (Kl (69)

where K is the trace of the extrinsic curvature and 4,,,, is the
induced metric on .

We can now start joining the two solutions in (64) at Z,
we simply get

a(t) = dminV/ 1 + 2Hmax|t|' (70)

We can see that this automatically satisfies the continuity of
the metric condition (67). The Hubble rate then becomes

H
H(t) max

= ————sgn(?). 71
T 2H, an(7) (71)
We can see that the Hubble rate has a finite jump at r = 0.
For the FRW metric with our choice of Z, we only need to
focus on the spatial components of the extrinsic curvature
and the induced metric, which are given by

=a(1)%s (72)

hij = gi ijo

1

We can see that the extrinsic curvature picks a finite jump
from H, which we can calculate as follows:

[KU] = 2a3ninHmaX5i (74)

[K] = 6H na- (75)

Since we have a finite jump in the extrinsic curvature, we

get a surface energy-momentum tensor contribution (69) as
4,

Sij = —;aminHmaxéij. (76)

In GR, this surface energy-momentum tensor would be a

contribution to the ordinary energy momentum tensor;
however, in the case of EMSG, since the Einstein tensor

is sourced by the effective energy momentum tensor
instead, (76) is a contribution to the effective energy-
momentum tensor, i.e., we have a term like

T?]f'f|2 = 6(1)S;. (77)

This is a surface pressure term that is added to the normally
occurring p.; mentioned before. Therefore, the total
effective pressure is singular at X. Since the effective
pressure is singular at ¥ while the effective density is
finite (which can simply be shown from the Friedmann
equation), the singularity at X is a sudden singularity [30].
This type of singularities is known to be weak (and hence
geodesically extendible) according to Tipler and Krolak’s
definitions [31,32] as was shown in [33]. Furthermore, the
geodesic extendibility here would be the same as in the case
considered in [34] since a(¢) in both cases have the same
Puiseux expansion up to first order in ¢ (for a more detailed
account on the behavior of geodesics according to the
Puiseux expansion of the scale factor, see [35]).

Finally, the solution for the density in the region where
t < 0 can be either branch in (65). So the extended solution
for all ¢ can either be

(- (@)

or

) = (1= senn 1= (22) 7). 9)

where a(t) is given by (70).

It is important to note that the junction conditions in this
analysis depended only on two features of the solution;
namely, a(0) = a,;, and H(0*) = £H,,,,, rather than the
full behavior of a(r). These two features are also in the
(T, T*)" theories with n > 3, and thus they would have
the same junction conditions as in this analysis in terms of
amin and H,; the expressions for the latter parameters

depend on the choice of n of course.

VI. CONCLUSION

EMSG was first proposed as a theory that cures the initial
cosmological singularity, reminiscent of the behavior of
theories like loop quantum gravity. We have shown in this
work that the regular-bouncing solution one can obtain in
such a theory is not viable for our Universe. Instead, the
viable solution branch, while having no curvature singular-
ities, is only valid up to a certain point in the past. This branch
can be joined with its contracting counterpart using the
junction conditions outlined in Sec. V to get a fully extended
solution; however, the only way to achieve such an extension
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is by having a (weak) singularity at the junction. In light of
this solution, we see that EMSG can at best provide a
singular-bouncing solution, and thus the similarity to theo-
ries like loop quantum gravity is only superficial.

The singularity in the extended solution—or the geodesic
incompleteness in the nonextended one—suggests that
EMSG needs to be corrected at density scales close to a~!.
This means that EMSG should be interpreted as an effective
field theory, valid only at scales away from a~', and one
expects new (gravitational) physics to appear at scales at (or
beyond) a~!. While these new physics do not necessarily
have to be quantum, it is more natural to assume that new
gravitational physics arise at the Planck scale, and this
motivates the interpretation of a~! as the Planck density.

We have also seen that theories that modify GR by
effectively modifying the matter Lagrangian must satisfy
the stringent condition outlined in Sec. IV in order to have a
viable regular-bouncing solution. For the case of (7, 7*")"
generalizations of EMSG, only the n = 5/8 case satisfies
that condition. Aside from bounces, we have shown that
theories with 1/2 < n < 5/8 can provide a viable non-
singular initially de Sitter solution. It would be interesting
to construct arguments similar to those in Sec. IV for more
general theories that have a total Lagrangian of the form
f(R,T,,T") which would have a more complicated phase-
space structure.

While only studying the cosmological aspects of EMSG,
we have encountered singular points in the matter differ-
ential equations due to the nonlinearities introduced in the
theory; similar singular behavior can occur in any other
physical situation. These singular points can split the phase
space, similar to what happened in the cosmology of
EMSG, which can cause geodesic incompleteness.
Therefore, even for theories that satisfy the condition in
Sec. IV, which was obtained for the case of an isotropic
universe with perfect fluid content, they may not be valid
for all physical scenarios at scales close to their character-
istic density scale (a~' in the case of EMSG and its
generalizations).
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APPENDIX A: EFFECTIVE
ENERGY-MOMENTUM TENSOR

The ordinary energy momentum tensor is defined as

T, = _L(S(\/__—ng)’ (A1)
V=i og”

which gives

oL

Ty = LinGu = 2W:Z’ (A2)
and its variation with respect to the metric is
% = ~9oupeLm + 9op zgﬂ -2 85;2";6,, (A3)
=—9ou9puLm + 9op (%ngpw _%le> =2 9 jyzul(f;zw (A4)
= G Gop T = gwgpy> L, ~- %T,wgap -2 %- (AS)

If we have a theory with the following total action,

S = /d4x\/—_g<%R +L,+ F(Tl,pT"/’)>, (A6)

it will be equivalent to having an effective matter
Lagrangian as

Lm,eff = Lm + F(TapTgp)' (A7)

Thus, the effective energy momentum tensor will be
2 6(\/ _ng.eff)
V=9  6g*

g2 AT

Hv \/_—g S g;w

T = - (8)

=T, +F(T,,T")g,, —2Fp0,,, (A10)
where
OF
Fp = , All
"= o(r,,m7) (All)
and
o(1,,T"
o = M' (A12)
og
Now what remains is to calculate ©,, as follows:
c op 5T"/’
0, =2T,,T) +2T W (A13)
c cp 1
= 2T/m’Ty +2T Ego’/)g/w - g()'ﬂg/)b Lm
1 O’L
-=T -2—" Al4
3Tt =2 (A4
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oL,
99 g™
(A15)

1
=2T,,T;-2L,, <T/w - ETgW> -TT,, —4T"

where we have used the result of (A5) in the second line.

APPENDIX B: MATTER-RADIATION
FLUID IN EMSG

In EMSG, if we consider a matter-radiation perfect fluid
in FRW spacetime, we can get the individual conservation
equation for each component by applying the results in (17)
on radiation (w = 1/3) and matter (w = 0) respectively,
thus we get

Tap,
3

<1 —dap, - )p’r+4pr—8ap3—5apmpr=0, (B1)

7
<1_apm_ (;pr>plm +3pm_3ap3n_5apn0m:0- (Bz)

1. Matter domination

In the case of matter domination, the matter conservation
equation (B2) becomes

(1 =ap,)ph + 3pm —3ap;, =0 (B3)

= (1= ap,) (P + 3p) = 0. (B4)
This gives the same behavior as GR, namely p,, (@) =p,,0a >,
where p,,o is the present matter density and the present scale
factor has been set to unity.

The radiation conservation equation (B1) becomes

7
(1 - ”f’")p; +4p, = Sapup, =0, (BS)
which gives the solution
1— Zapmo 13/21
pr(a) = poa™ <%> . (B6)
—3®Pmod

In order for p, to be real valued, we must have
a > (Zap,)'/?. Therefore we must have a minimum scale

in this scenario, which is a = (Jap,,)'/

. Notice that p,
diverges as a — (ap,y9)"/?, while p,, remains finite. Thus,
as we get closer to this minimum scale, the radiation part
dominates, which contradicts our assumption that we are
working in the regime of matter domination. Therefore we
can conclude that this solution, which corresponds to a

matter dominating era, can only be valid at scales much

larger than (Zap,,)'/?. This gives us a hint that matter

dominates away from the early Universe in this theory.

2. Radiation domination

In the case of radiation domination, the conservation
equations for radiation (B1) and matter (B2) respectively
become

(1 —4ap,)p; +4p, — 8ap; = 0, (B7)
7apr /
1- 3 Pm + 3pm - S(Xﬂ,/)m =0. (BS)

These lead to solutions

3-Tap, 15/14 /1 —2ap,o 3/4 Py 3/4
P =Pmo\ 37— ) | (B9)
3=Tap 1 =2ap, Pro

p,:41a<1—1/1—<a‘;‘“1)4), (B10)

where @, = (8ap,o(1 —2ap,))'/*, and again we have

solved using the present values for matter p,, and radiation
Py While setting the present scale factor a( to unity. We
note that the use of present values as conditions in this
approximation is still justified since EMSG is expected to
coincide with GR at some point in the early Universe; after
that point the original equations (B1) and (B2) will
decouple anyway and reduce to their GR counterparts,
and hence any condition valid for solving the GR equations
after that point is also valid for EMSG, regardless of what
component dominates at that condition.

We see from (B9) that even at high radiation densities
(p, ~22), we have

pr\ ¥4
Pm ~Pmo\ — ,
Pro

which is the same behavior of matter as in GR. Therefore
the mere requirement that EMSG coincides with GR before
the end of the standard radiation dominated era, which is
required in order for EMSG to be cosmologically viable, is
sufficient for having early-time radiation domination in
EMSG. For example, the consistency of EMSG with GR
was checked in [15] where they constrained the parameter o
from neutron star observations; their constraint translates to
our definition for a (which differs from theirs by a factor of
—1/2) as

(B11)

0<a<107® erg™! cm?, (B12)
where we only quoted the @ > 0 part of the constraint as it
is the one relevant in our case. They then showed that under
the upper bound of this constraint, radiation cosmology in
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EMSG is consistent with standard cosmology up to
energy-density scales as high as 1073* ergcm™ and time
scales as early as 107* s. Given that, our result in (B9)
shows that matter density values would be the same as

those in GR (corrections would be extremely small due to
the tight constraint on «). This automatically means that
radiation dominates in the early Universe in EMSG as it
does in GR.

[1] A.G. Riess et al., Astron. J. 116, 1009 (1998).
[2] P. A. Ade et al. (Planck Collaboration), Astron. Astrophys.
571, A16 (2014).
[3] S. W. Hawking and R. Penrose, Proc. R. Soc. A 314, 529
(1970).
[4] T. Clifton, P. G. Ferreira, A. Padilla, and C. Skordis, Phys.
Rep. 513, 1 (2012).
[5] S. Nojiri, S. Odintsov, and V. Oikonomou, Phys. Rep. 692, 1
(2017).
[6] M. Ishak, Living Rev. Relativity 22, 1 (2019).
[7] M. Novello and S. P. Bergliaffa, Phys. Rep. 463, 127 (2008).
[8] D. Battefeld and P. Peter, Phys. Rep. 571, 1 (2015).
[91 M. Roshan and F. Shojai, Phys. Rev. D 94, 044002
(2016).
[10] N. Katirc1 and M. Kavuk, Eur. Phys. J. Plus 129, 163
(2014).
[11] C. V.R. Board and J. D. Barrow, Phys. Rev. D 96, 123517
(2017).
[12] O. Akarsu, N. Katirci, and S. Kumar, Phys. Rev. D 97,
024011 (2018).
[13] O. Akarsu, N. Katirci, S. Kumar, R. C. Nunes, and M. Sami,
Phys. Rev. D 98, 063522 (2018).
[14] O. Akarsu, J. D. Barrow, C. V. R. Board, N. M. Uzun, and
J. A. Vazquez, Eur. Phys. J. C 79, 846 (2019).
[15] O. Akarsu, J. D. Barrow, S. Cikintoglu, K. Y. Eksi, and N.
Katirci, Phys. Rev. D 97, 124017 (2018).
[16] M. Faria, C. Martins, F. Chiti, and B. Silva, Astron.
Astrophys. 625, A127 (2019).
[17] S. Bahamonde, M. Marciu, and P. Rudra, Phys. Rev. D 100,
083511 (2019).
[18] a was defined as the free parameter in this way in [12,15].
[19] N. Nari and M. Roshan, Phys. Rev. D 98, 024031 (2018).
[20] B.F. Schutz, Phys. Rev. D 2, 2762 (1970); J. D. Brown,
Classical Quantum Gravity 10, 1579 (1993).

[21] O. Bertolami, F. S. N. Lobo, and J. Paramos, Phys. Rev. D
78, 064036 (2008); V. Faraoni, Phys. Rev. D 80, 124040
(2009).

[22] When varying the action of a perfect fluid, one gets a set of
equations that imply particle number conservation and the
conservation of the energy-momentum tensor; see [20] for a
detailed analysis.

[23] A. Ashtekar, T. Pawlowski, and P. Singh, Phys. Rev. D
74, 084003 (2006); P. Singh, K. Vandersloot, and G. V.
Vereshchagin, Phys. Rev. D 74, 043510 (2006).

[24] Y. Shtanov and V. Sahni, Phys. Lett. B 557, 1 (2003).

[25] One might object to the use of p, here, but it is important to
note that, since EMSG has to reduce to GR while still being
in the radiation dominated era, Eq. (30) reduces to the
standard conservation equation for radiation (which is
effectively decoupled from other fluid components) where
pro can be used.

[26] Similar analyses can be done using H as the main phase
space variable, e.g., see [27].

[27] A. Awad, Phys. Rev. D 87, 103001 (2013).

[28] P. Peter and N. Pinto-Neto, Phys. Rev. D 65, 023513 (2001).

[29] E. Poisson, A Relativist’s Toolkit: The Mathematics
of Black-Hole Mechanics (Cambridge University Press,
Cambridge, England, 2004).

[30] J. D. Barrow, Classical Quantum Gravity 21, L79 (2004).

[31] E.J. Tipler, Phys. Lett. A 64, 8 (1977).

[32] C. Clarke and A. Krélak, J. Geom. Phys. 2, 127 (1985).

[33] L. Fernandez-Jambrina and R. Lazkoz, Phys. Rev. D 70,
121503 (2004).

[34] A. Awad, Phys. Rev. D 93, 084006 (2016).

[35] L. Ferndndez-Jambrina and R. Lazkoz, J. Phys. Conf. Ser.
66, 012015 (2007).

[36] J. M. Martin-Garcia et al., xAct: Efficient tensor computer
algebra for Mathematica, http://xact.es/.

044058-13


https://doi.org/10.1086/300499
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1098/rspa.1970.0021
https://doi.org/10.1098/rspa.1970.0021
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2017.06.001
https://doi.org/10.1016/j.physrep.2017.06.001
https://doi.org/10.1007/s41114-018-0017-4
https://doi.org/10.1016/j.physrep.2008.04.006
https://doi.org/10.1016/j.physrep.2014.12.004
https://doi.org/10.1103/PhysRevD.94.044002
https://doi.org/10.1103/PhysRevD.94.044002
https://doi.org/10.1140/epjp/i2014-14163-6
https://doi.org/10.1140/epjp/i2014-14163-6
https://doi.org/10.1103/PhysRevD.96.123517
https://doi.org/10.1103/PhysRevD.96.123517
https://doi.org/10.1103/PhysRevD.97.024011
https://doi.org/10.1103/PhysRevD.97.024011
https://doi.org/10.1103/PhysRevD.98.063522
https://doi.org/10.1140/epjc/s10052-019-7333-z
https://doi.org/10.1103/PhysRevD.97.124017
https://doi.org/10.1051/0004-6361/201935551
https://doi.org/10.1051/0004-6361/201935551
https://doi.org/10.1103/PhysRevD.100.083511
https://doi.org/10.1103/PhysRevD.100.083511
https://doi.org/10.1103/PhysRevD.98.024031
https://doi.org/10.1103/PhysRevD.2.2762
https://doi.org/10.1088/0264-9381/10/8/017
https://doi.org/10.1103/PhysRevD.78.064036
https://doi.org/10.1103/PhysRevD.78.064036
https://doi.org/10.1103/PhysRevD.80.124040
https://doi.org/10.1103/PhysRevD.80.124040
https://doi.org/10.1103/PhysRevD.74.084003
https://doi.org/10.1103/PhysRevD.74.084003
https://doi.org/10.1103/PhysRevD.74.043510
https://doi.org/10.1016/S0370-2693(03)00179-5
https://doi.org/10.1103/PhysRevD.87.103001
https://doi.org/10.1103/PhysRevD.65.023513
https://doi.org/10.1088/0264-9381/21/11/L03
https://doi.org/10.1016/0375-9601(77)90508-4
https://doi.org/10.1016/0393-0440(85)90012-9
https://doi.org/10.1103/PhysRevD.70.121503
https://doi.org/10.1103/PhysRevD.70.121503
https://doi.org/10.1103/PhysRevD.93.084006
https://doi.org/10.1088/1742-6596/66/1/012015
https://doi.org/10.1088/1742-6596/66/1/012015
http://xact. es/
http://xact. es/

