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Abstract: The compatibility between the de Sitter Swampland conjecture and Hotava-Lifshitz F(R)
theories with a flat FLRW metric is studied. We first study the standard f(R) theories and show that
the only way in which the dS conjecture can be made independent of R is by considering a power
law of the form f(R) ~ R". The conjecture and the consistency of the theory puts restrictions on y
to be greater but close to 1. For the F(R) theories described by its two parameters A and y we use
the equations of motion to construct the function starting with an ansatz for the scale factor in the
Jordan frame of the power law form. By doing a conformal transformation on the three metric to the
Einstein frame we can obtain an action of gravity plus a scalar filed by relating the parameters of the
theory. The non-projectable and projectable cases are studied and the differences are outlined. The
F(R) function obtained consists of terms of the form R with the possibility of having negative power
terms. The dS conjecture leads to inequalities for the A parameter, in both versions it gets restricted
to be greater but close to 1/3. For the general case in which y and A are considered as independent,
the action contains an extra term but we propose that the conjecture is still applicable. Once again
the non-projectable and projectable cases are studied. The F function obtained has the same form
as before, the consistency of the theory and the dS conjecture lead to a set of inequalities on both
parameters that are studied numerically. In all cases A is restricted by y around 1/3 and we obtain
A — 1/3if p — 0. Finally we consider the f(R) limit 4, A — 1 and we obtain consistent results.

Keywords: gravitation; Horava-Lifshitz theory; Swampland conjectures

1. Introduction

One fundamental aspect of any physical theory is the agreement that it must hold with experiment.
However, it has been known from the beginning that any approach to a quantum theory of gravity
would have severe issues with this aspect and string theory is not an exception. Decades have passed
since the first string theory was proposed. In that amount of time the theory has been improved vastly
leading to a framework with a vast scenario of possible realizations. One of the most controversial
issues that string theory possesses in this regard is the choice of a vacuum for the theory, since the
physical constants on any string theory come from vacuum expectation values for scalar fields, the
choice of such a vacuum is fundamental. However, at present none mechanism to choose dynamically
such a vacuum exists. Instead, there is a very big number of possible vacua that can be compatible,
the so called Landscape of string theory. If we have a full quantum theory of gravity, any model
constructed within it will lead to an effective theory in the low energy limit. However the opposite
is not in general true, and thus the idea that it should be possible to distinguish an effective theory
that can be completed to a correct quantum theory of gravity in the ultraviolet (UV) from those which
cannot is an important subject. The theories that can be completed in this sense are said to belong to
the mentioned Landscape. In contrast if an effective theory in the infrared (IR) cannot be completed in
this sense is said to belong to the Swampland. In order to pursue conditions on an effective field theory
containing gravity to be completed in the UV a set of Swampland conjectures have been proposed
recently [1-6]. They describe some behaviours found generically on string theoretic realizations
that seem to be key elements of a quantum gravity theory. Although features derived from string
theory models are used as guidelines, these conjectures are expected to be valid in a general sense
independently of string theory.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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There is a vast number of constructions in string theory aiming to describe a cosmological scenario
compatible with observation. For example from the inflationary point of view string theory have
many proposals for the inflaton field (see for example [7]). However, it has been found very difficult
to obtain a dS background with a complete construction on the higher dimensional theory. This
seemingly impossibility led to the dS conjecture that now claims that it is not possible to obtain
such a background [8-12]. There are other Swampland conjectures in this sense such as the Distance
conjecture, the Transplanckian Censorship conjecture, etc. but in this article we will focus exclusively
on the dS conjecture. When we only have one scalar field coupled to gravity as standard in inflationary
models, this conjecture is written as inequalities on the scalar field potential. However, it is known
that the dS conjecture is not compatible with the standard cosmological picture of an inflationary
universe driven by a scalar field that obeys the slow-roll conditions on General Relativity (GR) [13-15],
since those conditions are expressed in terms of the scalar field potential and they are the opposite
of the dS conjecture among other problems. There are various ways out of this inconsistency such as
considering Warm Inflation[16], Multi-field inflation [17] or variations of the gravitational theory such
as f(R) theories [18-20] among other proposals [21-25]. In this work we will be interested on studying
the compatibility of this conjecture with another modification of the gravitational theory known as
Hotava-Lifshitz F(R) theories.

It is known that GR must be the theory of gravity on the low energy regime. String theory of
course fulfils this condition. However, instead of modifying the theory of gravity at the fundamental
level to discover its quantum description, there is also the possibility of improving GR to obtain
such description in a closer way to the original theory. In this sense, inspired on the Lifshitz
scaling of condensed matter systems, Petr Hofava proposed to modify the Einstein-Hilbert action by
incorporating spatial higher-derivative terms compatible with an anisotropic scaling of space and time
variables [26-30]. These terms break the Lorentz symmetry in the UV but makes the theory power
counting renormalizable and thus it represents a better candidate to a quantum UV completion of
gravity. The IR limit of this theory was found to be troublesome but it led to new relevant cosmological
behaviours such as bouncing universes [31-33] or the appearance of a dark energy term as a constant
of integration [34] to name a few of them. This theory has been generalized in a number of ways
in order to improve the issues in the IR limit that the original theory has. For example in [35,36] an
extra U(1) field was added. It has also been proposed a generalization of such a theory in the same
way as to f(R) theories are a generalization of the standard Einstein-Hilbert action, this has led to
the Hofava-Lifshitz F(R) theories [37,38]. These theories describe new scenarios that do not appear
in standard f(R) theories and thus they are relevant to be further explored. In the present article
we perform an analysis of the compatibility of these theories with the Swampland conjectures. In
particular we are going to focus on the dS conjecture as explained before.

The outline of this article is as follows. In Section 2 we are going to summarize the way in which
standard f(R) theories are studied in the light of the dS conjecture. We will particularly focus on the
way in which this conjecture can be made independent of R. In Section 3 we present the F(R) theories
and in Section 4 we perform the full analysis of their compatibility with the dS conjecture. Finally in
Section 5 we present our final remarks section.

2. Swampland conjectures in f(R) theories

In this section we briefly overview the situation of the Swampland dS conjectures in the context
of f(R) theories. Our aim is not to be exhaustive but just introduce conventions and notation which
will be necessary in the further sections.

We consider the theory of gravity coupled to a scalar field, the dS conjecture was written originally
in the following form (first dS conjecture) [8-12]

|Vp| > ¢V, 1)
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where V is the scalar field potential, Vj is the derivative of the potential with respect to the scalar field
which we are considering to be unique and c is an order 1 constant. Later this conjecture was refined
to incorporate another possibility which is written as (second dS conjecture)

V4>¢ < —cV, 2)

where ¢ is another order 1 constant. Thus the dS conjecture is expressed now as the statement that
either one of the two inequalities, the first or the second dS conjecture must hold.

Let us give a general picture of how can we study the Swampland conjectures in the light of f(R)
theories [18]. These theories are a generalization of GR by considering the gravitational action in the
Jordan frame as!

5= [dv/=5f®), )

where f(R) is some well behaved function of the curvature scalar R and no matter component has
been considered. In this scenario it is thought that the action for GR is just the first term on a Taylor
expansion of the f function around a small curvature. These theories are of great interest since they
lead to many new interesting cosmological behaviours [39]. In order to transform this action into a form
suitable to investigate its compatibility with the conjectures we consider the equivalent action [39,40]

1
s=5 [dxy=glyr - U], @)

where ¢ = % = fr isjust an auxiliary field and U = Ry — f(R). Then we can perform a conformal
transformation in order to describe the dynamics in the Einstein frame in the form

Suv = ezq)guw )

with ¢ = 1 In fz. We then obtain the following action

IR 1., .o
s [dtxy/-3 [2 = 38VupVup — V(9)

which represents just the action of gravity plus a scalar field where the scalar field is given by

3
¢= \[zlner @)

Rfr — f

V(g) = T2 ®)
Let us remark that in the Einstein frame we have the action of gravity plus a canonically coupled scalar
field although in the Jordan frame we have not considered any matter contribution. This scalar field
originated in the process of getting to the Einstein frame by a conformal transformation and thus the
field and its potential are entirely defined by geometry. However since the dS conjecture is expected
to hold for any scalar field that is canonically coupled to gravity, we can apply the conjecture in this
scenario as well. We will not consider any matter content in the Jordan frame since as we will see by
considering only gravity we can use the conjectures to constraint the parameters of the gravitational

, (6)

with potential

1" Throughout this work we will use units where x = 87G = 1.
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theory and thus the allowed solutions.> We note from (1) that if the potential is negative the conjecture
is satisfied immediately. Therefore we are interested in the scenario where the potential is positive. In
this case from (8) we see therefore that we have to impose the condition

Rfg = f >0. )

And from (7) we also note that we need fr > 0. Using these definitions we can obtain the derivative of
the potential with respect to the scalar field as

AV dV dR dfg

36~ dRdfx dp (10)
With this setup the first dS conjecture (1) takes the general form
2f — Rfel = | 2e(Rfe— ) ay
and the second dS conjecture (2) is written as
f2 + fRr(RfR — 4f) <_z (12)

3frr(Rfr = f)

From these expressions the conjectures were studied in a general way in [18] finding the constraints on
the f function that makes it compatible with the conjectures. In [19] particular attention was putin a
function of the form f(R) = R!'*€ where € is a small number, it was found that the conjectures were
compatible with the region of € of phenomenological interest. Finally in [20] the first dS conjecture
was found to be in good agreement with numerical data.

We expect that in general (11) will lead to inequalities involving R. However since we want to
use the conjectures to constraint the theory in this article we will be interested in a scenario where the
conjecture could be made independent of R and thus valid for all values of R. We can achieve this by
imposing the condition

2f ~Rfel _,

Rfr - f '

where A is any constant that should be positive in order to fulfil (9). Let us remark that this is an

ansatz and therefore it is not the only way to fulfil (11), but it is the only way to fulfil it independently

of R. We have therefore two possibilities regarding the sign of the term inside the absolute value. If
2f > Rfg (13) leads to

(13)

f(R) = BRY, (14)
_ A2

where v = 457 with 1 < < 2. In order to have a well-defined scalar field and not ghostly gravitons
we require that fg > 0 and in order to have positive mass of the curvature fluctuations we also require
frr > 0[39]. The expression (14) fulfils both conditions for § > 0. Substituting this form in the first dS
conjecture we obtain that 7 is restricted to be

2+ \/gc

— = (15)

e 1+\/§c.

2 This remark is similar to the scenario in string theory where the action in the string frame has not a canonically coupled

scalar field and a conformal transformation is performed to the Einstein frame to obtain a canonically coupled scalar field.
The only difference is that in our scenario the field is absent in the Jordan frame and it is defined by geometry.
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In particular for ¢ = 1 this leads to ¢ < 1.45. Thus the conjecture leads to a restriction on the exponent
of the f function that can not be the GR value but it is restricted to be close.

For the case 2f < Rfr we obtain the same form but in this case v = % and thus 7y > 2. This
form can also fulfil the two conditions fg > 0 and frg > 0 for > 0. However in this range of values
7y the first dS conjecture can not be fulfilled.

On the other hand, substituting the form (14) into (2) we obtain that the second dS conjecture is

written as o2

which is independent of R but cannot be fulfilled for any value of . Therefore this form for the f
function is incompatible with the second dS conjecture. This is not a great deal since we only need to
fulfil one of the two versions of the conjecture.

Thus we conclude that in f(R) theories the only way to fulfil the first dS conjecture independently
of Ris to take f as a power term of R. The conjecture restricts the exponent of this function to be close
to the GR value and the second dS conjecture is never valid.

In the following sections we will describe the F(R) Hotava-Lifshitz theories and investigate if
a similar procedure as the one just described can be applied to them to look for the viability of the
Swampland conjectures.

3. F(R) Hotava-Lifshitz theories

This section will be devoted to briefly overview Hofava-Lifshitz theory of gravity in the context
of modified gravity. We will consider the ADM decomposition of spacetime in which we write the
metric in the general form

ds? = —N2d? + gf (dx' + N'dt) (dx' + N'd), (17)
where N is the lapse function, N’ the shift functions and 81(‘3) the three-metric. We note that the
Friedmann-Lemaitre-Robertson-Walker (FLRW) metric has this form with vanishing shift functions
and it is always possible to choose the lapse function to be equal to one.

In the Hofava-Lifshitz theory of gravity the metric is naturally written in an ADM form and the
action for the gravitational part can be written as [26-30]

Spr = % / d4xNy/g®N [KifKi]- AKZ 4 L(gl?f))] ) (18)

;)
the general scenario this term will contain the scalar curvature of the three-metric R®) and seven
constants accompanying higher spatial derivative terms written in terms of the Ricci scalar of the spatial
three-metric. If the detailed balanced condition is proposed this term is derived from a geometrical
action and the number of constants is reduced. However, for the flat FLRW metric which will be of
interest to us this term will always be zero since in that case the three-metric is just the scale factor
times the three dimensional euclidean flat metric. Thus in the following we will not be concerned with
the specific form for this term. As can be easily seen, the IR limit will be obtained in the limit A — 1

where Kj; is the extrinsic curvature, A is a parameter and £(g;;’) is a potential term for gravity. In

and it is obtained £( gzg?’)) — R©®). The lapse function appearing in the action can lead to different
versions of the theory depending on the variables in which it may depend on. If the projectability
condition is used, the lapse function only depends on the time variable and thus the hamiltonian
constraint is a global constraint contrary to the case in which the lapse function is allowed to depend
also in the spatial variables. Since we will deal with the FLRW metric we will choose N = 1 but in
general the global nature of the hamiltonian constraint leads to an integration constant and thus a
new term in the equations of motion absent in the other scenario [28,34]. Thus even though in both
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cases we can choose the lapse function to be 1 the equations of motion will be different. This will be an
important remark later on.

In [41] the Swampland conjectures have been studied when a nonlinear dispersion relation is
taken into account. Such feature comes naturally from HL gravity and its possible extensions (such
as [35]). However, for an FLRW flat metric the equations of motion are almost identical in all types of
HL theories as the ones obtained in GR and thus the problem of the incompatibility of the slow roll
criteria is still present. Therefore in the following we will consider a generalization of HL theory in the
same line as f(R) theories and investigate the compatibility with the Swampland conjectures.

As we can see from the form of the action (18) it is natural to generalize the HL theories in the
same way as the generalization leading to the f(R) theories described in the previous section. In this
case it has been proposed a more general action in the form

SE(r) = / d*x\/g®INF(R), (19)

where now R can be understood as a generalization of R which includes the new terms of spatial
derivatives which is proposed to have the form [37,38]

R= Kinij — AK? +2uV o (nPVyn¥ — n'Vynf) + E(gl.(f)), (20)
where 1 is a constant. The term containing y is usually omitted in the standard f(R) proposal since it
turns out to be a total derivative term. However it is necessary for these theories. As we can see for
the above definitions the limit A — 1,  — 1 of this theory will lead to the standard f(R) theory used
in the previous section. This theory was originally proposed in a series of papers [37,38] using the
detailed balanced condition. The resulting cosmological scenarios were found to describe new and
interesting behaviours for the flat FLRW metric such as solutions with two periods of accelerating
expansion. In [42] the Ekpyrotic scenario was studied for these theories. In [43] the detailed balanced
condition was abandoned. However for the flat FLRW metric, as we have pointed out earlier, the
equations of motion are the same. A hamiltonian analysis for these theories was performed in [44]
and the relation to general scalar tensor HL theories was investigated in [45]. An extension to include
a U(1) field was performed in [46]. However as in the latter case the equations of motion found for
the FLRW flat metric is the same as in the original scenario with or without the detailed balanced
condition. Thus, if we consider only the flat FLRW metric at the level of equations of motion, all the
versions proposed for the F(R) metric will lead to the same results. Therefore the following analysis
will be valid in all these scenarios.

Let us consider then a flat FLRW metric in the form

ds? = —df + (1) [(dx")? + (dx?)? + (dx®)?). (21)

With this metric we obtain from (20) the following result

R=(3—-9A+18u)H> + 6;1% (H), (22)
where H = %% is the Hubble parameter. In contrast the standard curvature scalar in this case is
> d
R =12H" + 6% (H), (23)

and thus the difference between both theories for this metric are just the appearance of the two
parameters u and A and thus at least for the flat FLRW metric the interpretation of R can be considered
as related to the curvature. However we will see that although both expressions differ only by constants
they will lead to very important differences.
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Considering only gravity the first equation of motion obtained through the hamiltonian constraint

is [37]
_ dF'(R C
F(R)—6[(1—3A+3V)H2+VH} F'(R) +6puH d(t ) —a—3:0, (24)
where H = ‘gj ,F = dR E and where C # 0 is an integration constant in the projectable version of

the theory which can be considered to represent dark matter for the way in which it appears in the
equations of motion when it takes positive values [34]. In the non-projectable version of the theory we
have C = 0. This is the only difference between both versions of the theory that will be of importance
to us. Varying with respect the three-metric the second equation of motion is obtained [37]

dF'(R) o d’F'(R)

F(R) —2(1 -3 +3u)(H + 3H*)F'(R) +2(3A — ) H—. 7

=0. (25)
As stated before we note from these equations and (20) that the limit in which we can recover the
standard f(R) theories is j, A — 1. If we put an ansatz of the form H = H in the above equations
and squared or cubic polynomials form for the F(R) function the cosmological solutions describe
exponential acceleration for two different periods [37,38]. This behaviour is exclusive of these theories
since it is removed in the mentioned limit. This is one of the reasons that shows the importance of
these kind of theories.

Before continue let us remark an important point. The Swampland conjectures were proposed
originally in theories with Lorentz invariance. However HL theories, as well as their generalizations,
break this invariance in the UV so one may worry about the applicability of the conjectures to these
kind of theories. If we apply the conjectures and find that they are incompatible we may conclude
that Lorentz invariance is a key requirement of the conjectures. However in the next section we will
discover that the conjectures are indeed compatible with these theories and they actually lead to some
expected behaviours. Thus we can support the idea that the conjectures may be applicable to more
scenarios that originally thought considering our results as one indication a posteriori supporting this
idea. In [25] the compatibility of the conjectures with a cosmologcal setup with explicit breaking of
Lorentz invariance was studied with positive results as well.

4. Swampland conjectures for F(R) theories

In the same way that we need to perform a conformal transformation to the f(R) theory in order
to obtain an action of GR plus a scalar field in the Einstein frame, we will perform a conformal
transformation in the three-metric of the above theories and then we will be able to study the
compatibility with the Swampland conjectures. Let us start by considering the action

S = % / d*x\/¢®N [RF(R) - U], (26)

with U = RF/(R) — F(R). This action is equivalent to (19) with an auxiliary field. Then we perform a
conformal transformation only on the three-metric of the form

g =g, (27)

and choose N = 1 and N’ = 0 as in the flat FLRW metric, which leads to the action in the Einstein
frame [38,43] given by

V[ u o (=i - 1,34 ~(3 .
i B) |KIK:: — \K2 _ -2 0r 1]
Z/d x\/8 {K Ki; — AK +( 5+5 ) S

+(3-% 2”) (g2 —2v(@)|, @9
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with 2 RF' —F

b= -InF'(R p) = —
In order to eliminate the term that combines the metric with the scalar field and to obtain a canonically
coupled scalar field (that is that it appears as in standard scalar theories) we choose

1
p=A- s (30)

Thus we perform the redefinition of the scalar field as

o= af — %"‘ InF'(R), 31)
where
3 94 9 /3(BA—1)
B \/4 r T2 " 2 (2
then we finally obtain in the Einstein frame the action in the following form
KUK;; — AK? — E(e’ﬁr’g.(.?’)) 2
_ 4 ~(3 1 ij ¢ B
S_/d 21/ . +2 —vig)|. (33)

Moreover in the Einstein frame we obtain an action of gravity plus a canonically coupled scalar field.
We note that we do not obtain the HL theory of gravity since in this case there is no higher derivative
terms of the scalar field, however since the general form is the one of gravity plus a scalar field we can
use this action to investigate the compatibility with the Swampland conjectures of the F(R) theories.
We do not worry that the gravity part of the action is not GR since we only need to describe a theory of
gravity. For example in [23] the conjectures are studied with a Gauss-Bonnet term in the action. We
note that since we made the choice (30), we can no longer recover the f(R) theories in any limit. We
first study this case since this simplification allows a complete analytic analysis. The general scenario
where this special choice is not required will be studied in Subsection 4.4 .
With this set up and using (10) with R, the first dS conjecture (1) is given in the general form

ILX;IJL%RF"F'—FN’ (34)
which can be written as
|F| > %(RF’—F), (35)
and the condition for the scalar field to be positive is
RF —F >0. (36)
On the other hand the second dS conjecture takes the general form
Vi _ 0 (PP -F'F & @7)

V 42 F'(RF' —F)

We note that similarly as what happened with the f(R) theories the way in which the above
expressions are to be independent of R is by considering F(R) as some power of R. However, since
these theories have not been studied as extensively as the f(R) theories we will proceed in a different
way. Instead of choosing some form for the F function, we will use the system of equations of motion
in the Jordan frame with an ansatz for the Hubble parameter which is of cosmological interest and
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then construct the F(R) function. Finally we will check if this function can fulfil the conjectures at the
same time that leads to cosmological interesting solutions.
Choosing (30) the system of equations of motion (24) and (25) takes the form

_ dF'(R) 2 d’F'(R)
F(R)+2(3A—1)H I + §(3A -1) TR 0, (38)
.
F(R) —2(3A — 1)HF'(R) +2(3/\—1)Hdpd(tR) - a% 0. (39)
With this choice we also obtain
R = (30 —1)(3H% +2H). (40)
From (38) and (39) we can obtain
>, - P 3C
ﬁF (R)+3HF'(R) + m =0. 41)

Thus, the general procedure will be to use this system of equations to construct the F(R) function with
an interesting cosmological behaviour. Since the constant C will change the possible solutions we will
consider separately the two different scenarios, namely the case in which it can be eliminated, that is
the non-projectable case and the case in which it has to be different from zero which is the projectable
case.

4.1. Non-projectable case

Let us begin firstly with the non-projectable case in which C = 0. We could start by proposing
the simplest ansatz of cosmological interest, namely a constant Hubble parameter which describes
a universe with an exponential acceleration ideal for an inflationary era. With this proposal in [37]
it was shown that these theories could result on a solution with two different periods of accelerated
expansion. However with the reduced system of equations (that is after choosing the value of y) this
proposal will lead us to a vanishing value for the F function. Therefore we will propose instead an
ansatz that describes an accelerated expanding universe but in the form of a power law with the time
parameter, that is we propose that the scale factor in the Jordan frame has the form

a(t) =t", (42)

where 7 is a constant that will be considered as positive. Thus the Hubble parameter is H = n/t. With
this ansatz using Eq. (40) we obtain that R is related to the time variable as

R (3/\—1):;(311—2). 43)

We note from (31) that we must always have 3A > 1 in order to have the scalar field properly defined.
We will generally be interested on values of # that describes accelerating expanding universes and
therefore from the above we note that considering positive values for R we obtain the condition
3n —2 > 0. We note from this expression that R grows inversely with time with a behaviour similar to
what we could expect of the curvature. In this scenario Eq. (41) is written as
2 & i 'R
t ﬁF (R) —3nF'(R) =0, (44)
which leads to the solution
F/(R) = 1t 4ot (45)
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where ¢; and c¢; are integration constants and

zxi:%[lim]. (46)

The other equations on the system are immediately satisfied. Using (43) we can find the form of F as a
function of R, we obtain in this way

Aq Az g
N TR (47)

where we have defined the positive constants

F(R) =

1 1 3
ﬁ+:%—121[\/1+12n—3] >0, 5,21—%21[\/1+12n+3} >50 @)

The last inequality follows from the condition 3n — 2 > 0 in both cases and we have also defined

=c — 1)n(3n —2)]P+H1 = € .
Ay =c1[(BA = 1)n(3n —2)] ;A (A Dn(n 2P (49)

We note that our general solution contains two terms of powers of R and thus we expect that it can
fulfil the dS conjecture for any of the terms taken independently. The condition to have a non-negative
potential for the scalar field in the Einstein frame (36) in this case takes the form

_ Ay 1 _ 1
RF—F=_1(1+—)+ARF-(1-—] >0 50

w145 )+ (1) 0
Furthermore from (48) we obtain that

1+i7\/1+12n+1>0 1_i7\/1+12n—1>0
B+ Vif+12n-3" 7 B- Vi+12n+3
Thus the condition (50) can be easily fulfilled by taking positive values for the integration constants c;
and ¢;. In this case we obtain

(51)

Fl=|— - A2pp | (52)
B+RP+ B
Since there is a minus sign in the first term the F function cannot have a definite sign for all values of
R, and thus we cannot fulfil the dS conjecture for all values of R if we consider both terms at the same
time as we anticipated. Thus let us consider each term separately.
First let us consider the positive power factor on F(R), that is we choose ¢c; = 0 and ¢; > 0, then
the first dS conjecture (35) leads to

1 <AL 1 + 16

3 3 2(V1+12n—-1)2
In the other case if we consider the negative power factor on F(R) by choosing ¢; > 0 and ¢, = 0 the
conjecture leads to

(53)

! <AL ! + 16 (54)

3 3 2(V1+12n+1)2
In both cases the condition (36) is satisfied. Thus the dS conjecture leads in both cases to an
inequality for the HL parameter A. We also note that the faster we want the expansion to be, that is
the bigger the value of 7, the closer we get to the value A = 1/3. Thus in order to fulfil the conjecture
independently of R and to have a fast expansion, we obtain that A must be bigger but close to 1/3 and

thus away for its IR limit value. We also note that since in both cases the first dS conjecture leads to a
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region of validity for the A parameter and neither . nor f_ in (47) depend on A, the form of the F(R)
function is not constrained by the conjecture, it only depends on n, and thus we have the freedom to
choose any positive values of interest for these terms, in contrast to the standard f(R) case.

On the other hand, the second dS conjecture (37) in this case is written in general as

Yo
14
56 —1]° 5 A 1 58—
9 [Rﬁﬁlﬂ + ApRP- 1} - [—mfgm + /%Rﬁ*} {_ %(5:52 L As(B- —1)RF- 2}
T A(pi11) R6— 1 T L
« [—%ﬁﬁ + Ay (B— — 1)RP 2} {RTL <1+ﬁ—+)+A2R5 (1—?_)}
< —c. (55)
Taking the positive powers of R, that is taking ¢; = 0 this leads to
9 1 ~
W(p 12 = ¢ 6)

which can never be fulfilled because the term on the left hand side is always positive. Taking now the
negative powers of R, that is taking c, = 0 we obtain the condition

9 1 ~
mi(ﬁ_;'_ T 1>2 < —¢, (57)

which again is never fulfilled. Thus we obtain that the second dS conjecture is never compatible with
the obtained F(R) function.

In summary, we have obtained that in these theories we can describe universes with a power law
scale factor that describe expanding universes in the Jordan frame and this behaviour leads naturally
to power law terms for the F(R) function. In the Einstein frame we obtain a scalar field in which we
can apply the Swampland conjectures. The first one of the dS conjectures can be fulfilled for each term
on the solution of F independently of R leading to an inequality for the HL parameter A which is in
agreement with the difficulties of achieving this scenario in GR since it leads us to the opposite limit of
GR that is it leads us to the UV limit A — 1/3 for rapidly expanding universes. We also obtain that the
second dS conjecture can never be valid for this form of the F(R) function.

Finally we would like to explore what is the behaviour described by these solutions on the Einstein
frame where we have the scalar field coupled to gravity. For this we note that since both frames are
related by the transformation (27) in the Einstein frame we also have a flat FLRW metric, but now the
scale factor is given by

ﬁ(t) —_— [Clt%(l+\/1+12n) + Czt%(lfx/l+12n)}l/3 ) (58)

Let us consider each term separately as previously done. For the negative powers of R we choose
¢1 = 1 and ¢y = 0. Thus the scale factor is

at) = pe6nr1evIFin] _ 40, (59)

We note that 0, does not depend on A and therefore the result (54) derived from the dS conjecture will
not restrict the range of values that it can take. We obtain in this case that the exponent will always be
positive, and thus the universe will always be expanding.
On the other hand, for the positive power term of R we choose ¢; = 0 and ¢; = 1. Thus the scale
factor is given by
at) = pol6n+1-VI+ian] _ 46 (60)
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Once again 0_ is independent of A and always takes positive values describing expanding universes.
It can be shown that in general
0 <n <64. (61)

Thus, for negative powers of R in F we have in the Einstein frame a more rapidly expanding universe
than in the Jordan frame for ¢t > 1. On the contrary, for positive powers we have an slower expanding
universe. For small time values ¢ < 1 this behaviour is flipped and the fastest expanding universe
corresponds to positive powers of R. We show the behaviour just described for n = 2 in Figure 1.

a(t)

6"

5

4 —_— "

3 — %
—_— t6_

t

[h] o5 10 15

Figure 1. Scale factor with n = 2 in the Jordan frame (Red curve) and in the Einstein frame with
negative powers of R in F (Blue curve) and with positive powers (Black curve).

4.2. Projectable case

Let us consider now the projectable case in which we take C # 0 in the system of equations
(38)-(41). We are going to propose the same ansatz as before that is the scale factor as a power law on
the time variable. Thus Eq. (43) is still valid. In this case Eq. (41) leads to

a2, o 3n_, 3C

-—F(R) - 5F(R)+ =+—~% =0. 62
dt? (R) t2 ( )+2(3/\—1)t3n (62)
The solution of this equation consists of the homogeneous solution (the same as before with C = 0)
and a particular solution, in this form we obtain the solution

3C 2—3n

2BA—1)(9nZ —12n+2) ' (63)

F'(R) = cit*" + ot —

where we note that we must exclude the possible roots of the polynomial 9n% — 12 + 2, which are
n & 0.1952,1.138. In this case the function F(R) takes the form

5 A1 A 5 53
F(R) = ——- ZZRP- — ACR/Z 64

where we have defined

C
Ae= : 65
© 7 BA—1)n(9n2 — 121 1 2) 2(3n — 2)(3A — 1)PV2 ! (65
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The condition for the positivity of the scalar field potential (36) leads in this case to
_ Aq 1 - 1 S 3n—2
RFF—F= (14— |+ AR (1-—)-A R3”/2<>>0. 66
i () raett (12 50) ac 7 0

Since Egs. (51) hold we note that in order to fulfil this condition for all values of R we need Ac < 0,

C T EPE) .
thus 5>—5—5 <0. Therefore we have two possibilities:

e C>0and % <n< 22
e C<Oandn > 22,

We note that in this case

F(R) = ’ A Aaps AcR3/2], (67)

B+RP+ B
Since the last term will always be present, if we take ¢, = 0 the function F will not have a definite sign
for all values of R and thus it will not fulfil the dS conjecture for all values of R. Thus we will consider
only the positive power and take c¢; = 0. In this case we could fulfil the dS conjecture for all positive
values of R but not independently of it as we have stated before. The first dS conjecture in this case

A,RP- {ﬁl — % (1 — ﬁl)] — AcR3/? {1 — 2“(3’2_2)} > 0. (68)

Moreover we note that in order to fulfil this inequality for all values of R we must ask each term within
square brackets to be positive, in this form we obtain the two inequalities

leads to

1 16
A< s+ P 69
3 2(V1+12n—1)? (69)

1 4
AL+ 5———. 70
<3t c2(3n —2)2 70)

We note that (69) is the same as the one obtained in the non-projectable case (53). However since both
inequalities are on the same parameter, we only need to impose the stronger one. It turns out that
(69) is more restrictive than (70) only if n < 2*_0’—‘/2 ~ 1.138. Thus for most of the values of n the dS
conjecture will be satisfied by (70) for every value of R. Then, considering C # 0 leads us to a stronger
condition for the parameter A for most cases.

From (64) and taking c¢; = 0 we note that in this case

F = A2R‘B_71 — 3Tlllzqcl_{37y171, (71)
F" = Ay(B— —1)RF-72 — %"(371 —2)AcR*2. (72)

Thus since —Ac > 0 we have F” > 0 for all R > 0. However we have from these expressions that

(F/)2 —[F'F = /"2%1—{2,6—2 4 %A%Ran_z

+ ArAc [—3n + 23; (3”2 2
which does not have a definite sign for all values of R. Therefore the second dS conjecture (37) can not
be studied in general for all values of R in this case.

In summary in the projectable case the first dS conjecture can still be fulfilled for all positive
values of R but not independently of it. The conjecture also leads to an inequality for the A parameter
and for most values of 7 this condition is more restrictive than the non-projectable case.

) + (B _1)] RI/2HP--2 (73
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Once again the metric in the Einstein frame will also be a flat FLRW metric. In this case taking
¢» = 1 the scale factor will be

1
— o | A a-vIFI) _ 3C 2-3n|° 74
=t 26A— D)9 —12n+2)" ‘ 74)

Thus in the projectable case the scale factor has a dependence on A and the dS conjecture leads to a
lower bound for it. Since both terms are positive, the universe is always expanding. In Figure 2 we
plot this scale factor choosing A = 0.39, c = 1 and n = 2 for different values of C. Since n = 2 in order
to fulfil the conditions mentioned we need to take negative values for C, thus we write C = —|C|. We
see that the effect of projectability, that is of values for |C| different than zero is that as |C| increases,
the scale factor increases, making the expansion faster.

a)
12
10

r — |C|=0
8,

: — |CI=10
of — |C|=100

[}1!]7‘”1””2‘“3“‘4““5t

Figure 2. Scale factor in the Einstein frame for the projectable case with A = 0.39,c =1, n = 2 and
choosing C = —|C| for |C| = 0 (Black curve) (Non-projectable case), |C| = 10 (Green curve) and
|C| = 100 (Brown curve). In all cases we have expanding universes.

Finally let us note from (64) that taking ¢c; = 0 and ¢, = 1 we have two terms of positive powers
of R. Thus we could hope to write this function in a form that resembles an approximation of an
Einstein-Hilbert term plus corrections. We also note from the dS conjecture inequality (69) that if n is
close to its limiting value 2/3 we can have access to the IR limit A — 1. Thus let us study what form
do our solutions take for n close to 2/3. We write

"= %(1 +e), (75)

with € << 1. In this case we can take C > 0 and the most restrictive inequality is (69). From (64) taking
¢1 =0, cp; =1 and (75) we obtain

3C pe+1
4(1 +€)|1 — 2€2|(4€)¢(3BA — 1)e+!
4 _
(v/9F8e+3) /4
t . (\/9+8671)/4R - (76)
[V9+ 8¢ + 3] [ge(e +1)(3A — 1)}

F(R) =

For € << 1 we can make the approximation [19]

o0 VD V(D
Rire =y SRR L 2y eRIn(R). 77)

|
=0 14
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Thus we obtain 3c
F(R) ~ R+ FE.(R), 78
(®) 4(1+€)|1 —2€2|(4€)€ (31 — 1)etl +Fe(R) 78)
with the correction term
5 3Ce _
F(R) = RInR
R = AT on 2@ — e i
4 _
+ ( 9+8€_1)/4 R(V9+8€+3)/4. (79)
[Vo+8e+3] [4e(e+ (3 -1)| "
Consequently the scale factor in the Einstein frame (74) takes the form
1
2 1 3C 1173
a(t) = t3(1+€) — . 80
a(t) A1) T ABA — 1)1 = 2e7] P¢ (80)

In this case we can take values of A greater than 1 and the resulting universes are always expanding.
However let us point out a subtle issue with this IR limit. From (40) we obtain

lim R = 6H? + 4H. (81)
A—1

We note that this value does not coincide with the GR value of R (23). Thus since we chose y = A — %
the A — 1 IR limit does not correspond to GR. In order to perform a correct GR limit in Subsection 4.4
we are going to avoid this choice and consider the conjectures in the general case.

4.3. Constraints on A

As we have shown in the previous subsections, in the particular case (# = A — 1/3) the
first dS conjecture leads to constraints on the A parameter in both the projectable as well as the
non-projectable case. In order to visualize in a graphical form these constraints we plot in Figure 3 for
the non-projectable case the upper values (53) and (54) for different values of n. We note that values
of A bigger than 1 are allowed only when # is small but as n grows the allowed region is reduced
in both cases. In general we note that for positive power terms in the F(R) function the allowed
region is bigger than for negative power terms. For the projectable case we show the behaviour of the
corresponding upper bound coming from (69) and (70). We choose the most restrictive constraint as
we vary n. It is shown that for small values of n the constraint is the same as the one obtained in the
non-projectable case. However when # is big enough, the constraint coming from this scenario is more
restrictive and thus the allowed range of A gets smaller and decreases inversely with n. In all cases we
choose c = 1.
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A
4
3

- — Non-proyectable y>0
I — Non-proyectable y<0
2,

Projectable y>0

o
[h!] 1 2 3 4 5
Figure 3. Allowed values for A in agreement with the dS conjecture with ¢ = 1. The black horizontal
line indicates the lower bound 1/3. For the non-projectable case we have F(R) ~ R7. The upper
bounds for the non-projectable case are shown when v < 0 (Blue curve) and when y > 0 (Red curve).
For the projectable case we have the additional term in F(R) with C # 0 and «y > 0. The corresponding
upper bound is shown as well (Yellow curve).

4.4. The general case

In the general scenario in which we consider # and A as independent parameters the action has
the form (28) and the scalar field is defined by (31). We note that in general we do not have an action
that can be divided into a sum of an action for gravity plus the action of a scalar field because of the
third term in the action that combines the metric with the scalar field. However we do have an explicit
definition for a scalar field with the correct form of the kinetic term in the action as before and we also
have a definition for its corresponding potential. Thus we propose that the dS conjectures are still
applicable for this action. A similar scenario was presented in [24] were the conjectures were studied
with an scalar field that is non canonically coupled to gravity as well.

In order to have a correct definition of the scalar field we need the parameter « defined in (32) to
be a real number which leads to

A< % +2u. (82)

From the system of equations (24) and (25) we obtain
d?F 3A—1-3u dF' 3A-1 C

- - / - =
ot . H— + . HF * 2 0. (83)

We are going to consider p > 0 and A > 0, use the same ansatz for the scale factor in the Jordan frame
as before, that is a(t) = " and consider the non-projectable case (C = 0). Thus the latter reduces to

t2d2F’ N 30 —1-— 3yntdi’ _(BA=1)n

F' =0. 4
dt? U dt 1 0 ®4)
With this ansatz from (22) we obtain
_ D
R= 5, (85)

with D = 3n[n(6p +1—3A) — 2u]. As a result, we can still interpret R as related to the curvature.
In the particular case we considered only positive values for R which led us to a lower bound for n


https://doi.org/10.20944/preprints202309.0672.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 September 2023 doi:10.20944/preprints202309.0672.v1

17 of 25

compatible with expanding universes. For consistency and later convenience we will also ask in the
general case for positive values of R, consequently we obtain the condition D > 0 which leads to

1 2u(Bn—1)

AL o+ —F7F7—7, 86
<3+—3, (86)
from where we obtain n > 1/3. Thus, as a result of considering only a correct definition of the scalar
field and positive values for R we have obtained upper bounds for A. Now let us proceed as in the

particular case by solving (84) and construct the F(R) function. The general solution of (84) is

F'(R) = c1t%* + ot~ (87)
with
1
Ji—z[3n+1—Bi\/(B+1—3n)2+12n . (88)
where we have defined 31— 1
B=2"""u. (89)
M

Using (85) we can integrate the latter expression to obtain

C1D§+/2 C2D5’/2_

F(R) = = R7-
(R) = -2+ 2k, (%0)
with ¢; ; constants of integration and
Ot o_

The condition for the scalar field potential to be positive in this case takes the form

RF' —
R7+ T+

" Do+/2 1 " 1
F= (1 + ) +cD* /2R~ (1 - ) >0, (92)

which is the same as in (50) with B+ substituted by +. Therefore, in order to fulfil this condition for
all values of R we ask each term to be positive. We choose ¢; > 0 and ¢, > 0 and we are left with the
conditions 61 > 2 and é_ < 0. The first condition is fulfilled with (86) whereas the second leads to

A > (93)

Q| =

From (86) and (93) it can be proven that we always have v+ > 0 and therefore the F(R) function in the
general case (90) always consists of a negative power term of R and one with positive exponent. The
negative power term has a negative coefficient whereas the posite power term has a positive coefficient
as in the particular case studied before.

Thus, in the general case we have 3 inequalities (82), (86) and (93) that constraint the values of A.
Since the three are constraints on the same parameter it suffices to take the most restringent one, then

these inequalities lead to

1 1 2u(3n—1)
s<A<z+o— (94)

We note that the closer y is to zero, the closer A gets to its limiting value 1/3. We also note that
p # 0 in order to correctly fulfilled the inequalities and therefore the simpler version of F(R) theories
that do not take into account this term are inconsistent with this conformal transformation and thus
the generalization of [37] is needed.
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The first dS conjecture has the form (35) with the F(R) function (90). In order to fulfil this
conjecture independently of R we take once again each term separately. For the negative power term
we take ¢ = 0 and the conjecture leads to

—B 12
?’V(6”)[\/(B+1—3n)2+12n+3n+1—3]<- (95)
" c
On the other hand for the positive power term we choose c; = 0 and the conjecture leads to
37”(67:1_3)[\/(B+1—3n)2+12n+B—3n—1]<162. (96)

In general both expressions (95) and (96) lead to a region of validity for the A parameter in terms of
# and thus we can compare the resulting bounds with (94) to investigate the region of compatibility.
However the expression are complicated to solve analytically and thus we carry out a numerical
analysis.

For the negative power term upper and lower bounds coming from (95) are found numerically.
In Figure 4 these bounds are shown for n = 2, ¢ = 2 and varying the y parameter. We also show the
upper and lower bounds coming from (94). We note that in order to fulfil both expressions, we need
the upper bound from (94) to be bigger than the lower bound from (95) and thus y is bounded from
above and consequently the allowed values of A increase as y increases but not above a maximum
value. For smaller values of n or bigger values of ¢ the restriction on y is more severe and A gets closer

to1/3.

20

15k e Lower Bound dS Conjecture

' e Upper Bound dS Conjecture
e Upper bound from Eq.(94)

1ol » Lower bound from Eq.(94)

05

[h!] 02 04 Y 08 o M

Figure 4. Allowed values for A in the non-projectable general scenario for the negative power term in
F(R) for n = 2 and ¢ = 2. The lower and upper bounds from the dS conjecture are shown with the red
and blue curve respectively. The lower (A = 1/3) and upper bound coming from (94) is also shown
with the green and black curves respectively. The allowed values of y is restricted to the region when
the red curve shows smaller values than the black one.

For the positive power term in F(R) we find with a numerical analysis that for small values of u
(96) leads to an upper bound for A that is bigger than the one coming from (94) and thus the conjecture
is satisfied as a consequence of (94). On the other hand, for values of u big enough (96) leads to two
regions of validity, one is an upper bound which is smaller than (94) and one is a region with an
upper and lower bounds bigger than (94) and therefore inconsistent. Thus, for big values of y the dS
conjecture is more restrictive than (94). In any case, both upper bounds grows with y and thus, in this
scenario we can have access to bigger values of A. It only gets restricted to be close to 1/3 if y is small
enough. In Figure 5 we show this behaviour for n = 2 and ¢ = 1. For smaller values of n or bigger
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values of ¢ the region where the dS conjecture is more restrictive than (94) is found for smaller values
of u.

e Upper bound from (94)

sk * Lower bound from (94)
e Upper Bound dS Conjecture
10

P P A A A L
[h!] 0.2 04 0.6 08 10 12 14 l’l

Figure 5. Allowed values for A in the non-projectable general scenario for the positive power term in
F(R) for n = 2 and ¢ = 1. The lower (A = 1/3) and upper bounds from (94) is shown with the green
and red curves respectively. The upper bound from the dS conjecture is shown with the blue curve. For
big enough values of u there is two allowed regions, we show only the lowest upper bound since the
other region is inconsistent with (94).

The second dS conjecture leads to (55) with 4 instead of -+ and thus for the positive power term
we have (56) with _ and for the negative power term we have (57) with .. Therefore, the second dS
conjecture is never fulfilled in the general scenario as well.

In the general case the metric in the Einstein frame will also have the FLRW form with the scale
factor given by

at) = t" [c1t5+ + et (97)

:| 1/3
Thus, for the negative power term we choose ¢; = 1 and ¢ = 0 and the scale factor takes the form

at) = 1%, (98)

with

1
9+:6{9n+1B+\/(B+13n)2+12n} (99)
Similarly for the positive power term we choose c; = 0 and ¢, = 1 and the scale factor takes the form
at) =%, (100)

with

6_:2{9n+1—3—\/(3+1—3”)2+12”} (101)

In the general scenario the scale factor will depend on A and y and therefore the inequalities (94) and
the region coming from the first dS conjecture will restrict it. Moreover it can be proven that we always
have 6+ > 0 and thus we always have expanding universes.

Thus, the general scenario is similar to the particular case, that is, in order to have a properly
defined scalar field and to fulfil the first dS conjecture A gets restricted in terms of y around 1/3 and
the resulting description in the Einstein frame are expanding universes. For the positive power term
however we can have access to bigger values of A by increasing the values of  which will be important
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to consider the limit A, 4 — 1 of interest in the following. In this case we also obtain that the second dS
conjecture is never fulfilled.

Furthermore, the general scenario allows us to correctly perform the limit 4, A — 1 which as
stated before should correspond to standard f(R). In this limit (82) and (93) are automatically satisfied
whereas (86) leads to n > 1/2. The fist dS conjecture will correspond to upper bounds for 7.

For the negative power term (95) leads to ¢ < 0.87 which is inconsistent with ¢ being an order 1
constant. For the positive power term (96) leads to

V3 [ c+V3
<n<c<2c\@

The biggest upper value is obtained in ¢ = 1 and corresponds to approximately 17.66. Using (88) we
obtain for the allowed values of the exponent in the F function to be

N~

) ,  with  1<c<346. (102)

Vlpryp =125 <y <y |, _1765 = 1.866. (103)

The allowed region (103) must be compared to the one obtained in the standard f(R) case (15). The
lower bound from (103) comes from the dependence of 6 on n and the condition n > 1/2 coming from
(86). Since the system of equations (24) and (25) reduces to standard f(R) in the limit y,A — 1, C — 0,
after proposing the ansatz a(t) = t", the same form of the f function (90) should emerge and thus,
after imposing D > 0 in the standard f(R) theories we will obtain the same lower bound. The upper
bound in contrast is different. This comes from the fact that although in the Jordan frame the F(R)
theory recovers standard f(R) in the mentioned limit, the transformation to the Einstein frame for
F(R) theories is only on the three-metric (27) whereas in standard f(R) the conformal transformation
used is in the complete 4-metric (5). Thus the resulting scalar field and scalar potential are different
and therefore the first dS conjecture has a different form. It is interesting however that even though the
analytic form of both upper bounds are different, their maximum value are not too far. In standard
f(R) we get approximately 1.45 whereas in F(R) we get approximately 1.866. Thus F(R) theory allows
a bigger region for the exponent although it is still not too far from 1. Therefore in the limit y, A — 1
the F(R) theories lead to a consistent result with the standard f(R) theories, that is, the power of
R — R gets restricted to be bigger than 1 (actually bigger than 1.25) but not too big, smaller than
approximately 1.866. From (101) we obtain that in this limit the scale factor has the form (100) with

1
3 < 6 < 17.083. (104)
Thus, there is enough room for accelerated expansion in the Einstein frame.

Finally, let us study the projectable case. Since the obtained form for the F function has the same
form as the one obtained in the particular case, it only changes the specific form of the exponents, the
projectable case can be treated as it was done in Subsection 4.2. In this case the F function is written as

- ClDf+/2 D" 2 R7- — = R31/2. (105)
T+ R+ T- 3un(18n2 — 15n + B — 3nB + 2)D31/2-1

F(R) =

The condition for a positive potential is written analogously to (66) and it can also be fulfilled for all
values of R by taking the coefficient for the new term to be positive and n > 2/3. Once again we take
c1 = 0, then the first dS conjecture is written with two terms as in (68) and thus in order to fulfil the
conjecture for all values of R we obtain two inequalities. The first is the same as in (96) whereas the
second is

1
A>~+2u—

3 (106)

(3n—2)2¢2"
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Thus we obtain an extra inequality that has to be taken at the same time with (94) and (96) but now it is
a lower bound for A. In Figure 6 we show the bounds shown earlier for (94) and (96) but we now add
the bound coming from (106) for n = 2 and ¢ = 1. We note that in order to fulfil the complete system
of inequalities there is an upper bound for u and thus A gets restricted once again to be close to 1/3.

e Upper bound from (94)
08 « Lower bound from (94)
e Lower bound proyectable case

06 e Upper Bound dS Conjecture

04

=

[h!] ' ' 011 ' o ' 02 ' ' 0‘3 S O‘A ] ' ' 05 ' ' 0.‘6 IJ

Figure 6. Allowed values for A in the general scenario with proyectability for n = 2 and ¢ = 1. The
lower (A = 1/3) and upper bounds from (94) is shown with the green and red curves respectively.
The upper bound from the dS conjecture is shown with the blue curve. The lower bound from (106) is
shown with the black curve. The allowed values for y is restricted to the region when the black curve
gives smaller values than the blue or red curves.

In the f(R) limit (106) reduces to
2

1
n<—+z, 107
5 3 (107)
the upper bound gets it maximum value at ¢ = 1 and corresponds to approximately 1.244. Thus in the
proyectable case, the upper bound on # is more restrictive than in the non-proyectable case, this leads
to

=1.295 <y_ < 7| , = 1.407. (108)

- |n:2/3 n=124

Thus we get bounds that are even more restrictive than standard f(R) in this case. However, the form
of the F function has an extra power term with a exponent of 3n/2. If we take small values of n around
2/3 we can write this function as GR plus correction terms as in (78) (the only difference will be the
coefficients of each term and the exponent of the second term in (79)) since in this case we can obtain
consistently R — R in the mentioned limit.

5. Final Remarks

In the present article we have presented an analysis of the compatibility of the Hofava-Lifshitz
F(R) theories with the Swampland conjectures, focusing on the dS conjecture and using a flat FLRW
metric.

We first presented the analysis for the standard f(R) theories which was previously done. In
the Jordan frame we had the f(R) action and we needed to perform a conformal transformation to
the Einstein frame where it was obtained an action of gravity plus a canonically coupled scalar field.
It was in this frame where the Swampland conjectures could be applied to the scalar field which is
defined in terms of the f(R) function. We particularly focused on the way in which the dS conjecture
can be made independent of R. It was found that the only way in which such scenario can be obtained
is when the f function is a power term on R. With this form the dS conjecture and consistency of the
theory led to conditions on the power of R that has to be greater than 1 (consequently not GR) but close
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to it since the upper bound was found to be around 1.45. In this scenario the second dS conjecture
could never be fulfilled.

We then moved on to study the Hofava-Lifshitz F(R) theories that represent a generalization to
the HL gravity theory in the same way as standard f(R) theories generalize GR. The analysis was
performed using a flat FLRW metric and thus it is valid for all the different versions of this theory
and its generalizations whose equations of motion for this metric are the same. In order to obtain
a scalar field in the Einstein frame it was also performed a conformal transformation but this time
only on the three metric as it has been previously established. In this sense it can be obtained a scalar
field and its corresponding potential in terms of the F(R) function. From this it was easily seen that in
order to fulfil the conjecture independently of R we would also need a power term in the F function.
However the general strategy was to propose an ansatz for the scale factor in the form of a(t) = ",
consider positive values of R and then use the equations of motion to construct the F function and
finally investigate the compatibility with the dS conjecture. However, in the Einstein frame the action
contained an extra term that is written in terms of derivatives of the three-metric and of the scalar field.
This term could be eliminated with an appropriate choice of the parameters of the theory, putting y in
terms of A and thus staying with only one parameter left.

We first studied this particular case that allowed us to have an action of gravity plus a scalar field
canonically coupled and thus be able to apply the dS conjecture. The projectability condition of the
F(R) theory was found to be relevant, since it adds an extra term in the equations of motion. We first
studied the non-projectable case in which this term can be ignored. In this case the F(R) function was
found to consist of two power terms, one with a positive exponent and positive coefficient and one
with a negative exponent and negative coefficient. In order to fulfil the dS conjecture independently
of R we studied each term separately. In both cases the conjecture led to upper bounds for the A
parameter around its UV value of 1/3, the faster the expansion, the closer A got to this extreme value.
In this case the second dS conjecture was also never fulfilled. In the projectable case there is an extra
positive power term in the F function and thus the conjecture could not be fulfilled independently of R.
However it could be fulfilled for all positive values of R, the conjecture led to another upper bound for
A which makes it closer to 1/3, we showed these upper bound for the two cases in Figure 3. In this case
the second dS conjecture could not lead to a result for all values of R. In both cases the metric in the
Einstein frame had the same flat FLRW form and it is always expanding. In the non-projectable case
the scale factor only depends on # and we showed the general behaviour in Figure 1, it is found that
for t < 1 the most rapidly expanding universe is the one with the positive power term and the least
one is the one with the negative power, however for ¢ > 1 the situation is reversed. For the projectable
case the scale factor got a dependence on A and thus it is subjected to the dS conjecture, in Figure 2 we
showed this behaviour. It was found that the scale factor increases as |C| increases.

Finally we proposed that in the general scenario in which y and A were considered as independent
parameters and the action could not be put in the form of gravity plus a scalar field, the dS conjecture
can still be applicable since we do have a well-defined scalar field and its corresponding potential.
By doing the same procedure as before we considered the non-projectable case and found the same
general form for the F function but the exponents were found to depend on y and A. In this case there
were more inequalities to consider in order to have a correct description in the Einstein frame which
led to upper bounds for the A parameter in terms of the y parameter. If y — 0 these bounds made
A — 1/3. The dS conjecture could be studied in general for each term on the F function and led to
regions of validity in terms of A and y but in order to find regions of compatibility of both expressions
we had to rely on a numerical analysis. In Figure 4 we showed these bounds for different values of
u for the negative power term. It was found that in order to fulfil both inequalities an upper bound
for i appeared, and thus A got restricted around 1/3 as well. These upper bounds were found to
become more restrictive as n decreases or ¢ increases. However in Figure 5 we showed these bounds
for different values of u for the positive power term. In this case the bounds of A could get bigger as u
increases. Thanks to this behaviour it was possible to perform the f(R) limit #, A — 1. In this limit
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it was found that the only possible form of F(R) compatible with the dS conjecture was a a positive
exponent which has to be greater than 1.25 and less than around 1.866. The lower bound came from the
specific ansatz used and can arise in the standard f(R) case as well. The upper bound on the contrary
is different since the conformal transformation used in this case is only in the three-metric, however in
general we can say that it is in agreement with the f(R) case studied before since the numbers are not
too far apart. Since the F function has the same general form as in the particular case, the projectable
version could be studied in the same way and it led to the same form as in the particular case. Once
again the dS conjecture could be valid for all values of R but not independently of it. In this case we
obtained a new lower bound for A that originated an upper bound for y and those A got restricted
once again to a region not far from 1/3. This behaviour was shown in Figure 6. The f(R) limit could
be studied in this case as well and we obtained a more restrictive condition on n which could allow us
to write the f function as a GR term plus corrections.

In summary our results show that by assuming that the dS conjecture holds we have obtained
restrictions on the parameters of the F(R) theories that are in general agreement with the UV behaviour
of the theories. Thus we can conclude that our results support the idea that the dS conjecture may be
encoding key aspects of quantum gravity. We also point out that since these theories break Lorentz
invariance in the UV but we are still obtaining consistent results, the dS conjecture are found to be
applicable to theories without general covariance a posteriori (as was also considered before in [25])
and thus they may be in fact more general than originally thought.

Finally, let us mention a possible scenario to extend this work in the future. The metric of most
interest in building cosmological models is the flat FLRW metric. It is in this metric that the description
of an inflationary universe with a scalar field in GR is usually performed and where the dS conjecture
is not fulfilled. That is the main reason that we used it throughout this work. However, it would be
interesting to use a closed or open FLRW metric or even other anisotropic metrics that will lead to
different equations of motion between the different versions of the Hofava-Lifshitz F(R) theory and
thus they will lead to different scenarios regarding the dS conjecture. This could be used in principle
to get a better sense on which version of the theory is the most useful using the dS conjecture as a
guideline.
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