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Abstract: In this article, we want to check four inflation models, namely, composite NJL inflation
(NJLI), Glueball inflation (GI), super Yang-Mills inflation (SYMI), and Orientifold inflation (OI),
with two conjectures of the swampland program: scalar weak gravity conjecture (SWGC) and strong
scalar weak gravity conjecture (SSWGC) since all these models violate the dS swampland conjecture
(DSC) but are compatible with further refining de Sitter swampland conjecture (FRDSSC) through
manual adjustment of free parameters of the mentioned conjecture. We want to study the simulta-
neous compatibility of each model with these two new conjectures. Despite being consistent with
(FRDSSC), we find that all models are not compatible with the other conjectures of the Swampland
program in all regions, and these conjectures are only satisfied in a specific area. Moreover, due
to the presence of constant parameter (¢) in the higher orders derivatives, the (SYMI) and (OI)
among all the models are more compatible with all conjectures of the swampland program. These
models can provide a more significant amount of satisfaction with all of them. They can be suit-
able and accurate inflation models for a more profound examination of universe developments.
We determined a particular region for these models is compatible with (FRDSSC), (SWGC), and
(SSWGC) simultaneously.

Keywords: further refining the de sitter swampland conjecture; inflation models; scalar weak gravity
conjecture; strong scalar weak gravity conjecture

1. Introduction

Swampland program has recently been presented to evaluate and prove string theory
to investigate effective low energy theories related to quantum gravity. In recent years,
many efforts have been made to develop the theory of everything, and perhaps string
theory is one of the most well-known theories in this route. Since, the string theory is
explained very clearly, we can expect various consequences from it in cosmology. As
a result, a wide range of ideas and structures in the literature takes an in-depth look
at the cosmological implications of string theory [1-4]. In string theory, many possible
vacuums are created, which are one of the exciting aspects of the theory’s cosmology;
the set of these also forms the string theory landscape. The important question in this
regard is which of the effective low energy theories can be compatible with the string
theory [1-4]. Therefore, the swampland program was introduced. This program includes
many conjectures, including weak gravity conjecture (WGC), dS and AdS conjectures,
SWGC, SSWGC, TCC, etc. [1-3,5-15]. The collection of effective low-energy theories
compatible with quantum gravity lives in the landscape. A broader area surrounds the
landscape, and the set of theories incompatible with quantum gravity is placed in this area,
referred to as the swampland. Many researchers have accepted string theory as a theory
that determines quantum gravity. Therefore, effective low-energy theories compatible with
these swampland conjectures are aligned with quantum gravity, which can be of great help
in finding a solution to advance this great question that has occupied researchers for years,
namely, quantum gravity. So far, much work has been examined about the swampland
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program in literature; see Refs. [1-39] for further study. The swampland program has
played an important role in finding phenomena consistent with quantum gravity. It has
been used in various parts of physics, including black holes, inflation, and dark energy.
Recently, many improvements have been made in the swampland program, which can be
used to solve many cosmological problems. Among them, we can mention the de Sitter and
refined de Sitter swampland conjecture that it is possible to find models compatible with
quantum gravity by using the derivative of scalar field potentials [40,41]. We investigate
the four-dimensional theory of a real field ¢’ coupled to gravity, whose dynamics can be
controlled using a scalar potential V(¢/) and whose action is as follows [41,42],

1 1 i ;
S = AD d4x\/jg[—2M§R + nghijaygolavqo’ -V 1)

where ¢ is the matrix metric in the four-dimensional space, M}, is the Planck mass, R is the
Riemann curvature in the four-dimensional space, and };; is the metric of the field space.
Therefore, we examine different phenomenological models, such as inflation, described
by action (1). Among the conjectures of the swampland program used to investigate
cosmology are the de Sitter and refined de Sitter swampland conjecture, which state that
the effective theories of quantum gravity placed in the landscape must satisfy at least one
of the following constraints [43,44],
YV > LV, min(V,ViV) < -2
M, PO My

1% @)

The above equations for the V' > 0 can be rewritten in terms of the slow-roll parameters
as follows,

V2ey >c, or ny<—c 3)

where c1 and ¢; are both positive and order of one, i.e., c; = ¢; = O(1). Moreover, the left
side of Equation (2) is related to the main swampland conjecture. Recently, David Andriot
and Christoph Roupec combined the two of the de Sitter swampland conjecture and refined
and formulated them, which is called further refining de Sitter swampland conjecture.
It states that an effective low-energy theory of quantum gravity that consider the action
Equation (1) must satisfy the following relation [41,42],

l i Ava
wherea+b =1,a,b > 0,9 > 2. a, b, and q are its free constant parameters that create
a restriction for this conjecture. Many inflationary models have been investigated using
this conjecture. The advantage of this conjecture over the old conjecture is that, unlike
the refined dS conjecture, it does not sound inconsistent with the slow-roll single-field
inflationary models [42]. One of the other important conjectures of the swampland program
is the weak gravity conjecture WGC, which states that gravity is the weakest force. In
addition, Palti generalized the WGC and showed the scalar field forces are stronger than
gravity [45,46]. Considering a particle i with mass m coupled to a light scalar ¢ whose
mass is a function of the scalar, in that case, the scalar weak gravity conjecture (SWGC)

states that the intermediate force is stronger than gravity, and assuming m? = V' = 3%,
we have the following condition for SWGC,
Vv (2))2
(V(3) )2 > ( ) (5)

= 2 7
MP

where the power number in the parentheses means the order of the derivative relative to
@. Moreover, Eduardo Gonzalo and Luis E.Ibafiez suggested a strong version of SWGC,
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i.e., SSWGC [47] which expresses that the potential of any canonically normalized real
scalar V() must satisfy any value of the field restriction:

(6)

In this article, we are trying to test the considered inflation models with SWGC
and SSWGC conjectures to find the model compatible with quantum gravity. Therefore,
according to all the above explanations, we organize the article.

In Section 2, we overview the inflation models such as (NJLI), (GI), (SYMI), and (OI) in
four subsections. In Section 3, we challenge these inflationary models with two conjectures
of the swampland program, i.e., the SWGC and SSWGC. We will discuss the compatibility
or incompatibility of each model with mentioned conjecture and determine the consistent
regions. We compare the results with each other. Finally, we describe the outcomes in
Section 4.

2. Overview of Inflationary Models

In this section, according to [5], we briefly introduce four inflation models composite
NJL Inflation (NJLI), Glueball inflation (GI), super Yang-Mills inflation (SYMI), and Ori-
entifold inflation (OI). We review the results of each model’s compatibility with the two
swampland conjectures described in [5]. Then, in the next section, using the potential of
each model, we will check other important conjectures of the swampland program, namely,
(SWG) and (SSWG). Finally, we will introduce the results thoroughly, and the best model
that has the most compatibility with all conjectures presented as well as the best inflation
model to examine the universe development.

2.1. Model I: NJLI

The action expressing the inflationary model that the inflation has a non-minimal
coupling with gravity is defined as follows in Jordan’s framework [5,48],

1 1 R v?
Sy = /d‘*x,/—g( — 5 MR + 580, 90,¢ - % {fpz - 7} - VI((P)>

. . @)
_ 2 2 4
Vi(e) = T M9 T EM) /
where (v) and (¢) specify vacuum expectation value and inflation field. Moreover, the index
(J) shows the Jordan frame. The action, as mentioned earlier, can be transformed into an
Einstein framework by applying conformal transformation with a new canonical normal-
ized field as a minimally coupled form. Hence, this conformal transformation is expressed
in the following form [48,49],

_ 2 2/2
S = Vg = (1 + W)guv' 8)
]

The action in Equation (7) is rewritten in Einstein’s framework, where the index (E) is
the characteristic of Einstein’s frame,

2
se = [ x5 (- iR S0 (@04 S0 -ute) o)
p

where
2 2
(55
U(g) =Q V()

(10)
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. 202 2
S = /d4xm<;M§R+o—2 14 38R 0/0) 2

According to [5] by introducing a new canonically normalized scalar field, we will have,

1 1,dx.2
28" ux(9)oux(e) = 5 (50) 8" 9ugdu, (11)
where
Xy _ Jo-s(cp . 659
(Gg) = \/Q (0 +W). (12)

In the limit ¢ (p2 < M2, that is, the small field values, the potential for the new field

becomes the original field, which is not valid for the &¢? > M;% Therefore, the field
solution (¢) is rewritten according to the new field yx in the following form [5,48],

My X
~ —L ex . 13
9= JE P ( VoM, ) (13)
Thus, the effective potential is also expressed as follows,
)\M4 ZX -2
U(x) ~ —2F (1 +exp | — ) . 14
X)) = 5 2 p [ 7 Mp] (14)

The authors in [5] challenged this inflationary model according to one of the conjec-
tures of the swampland program. It was found that the model is in strong tension with dS
swampland conjectures because C; = C, # O(1) [5]. Therefore, they checked the model
with another conjecture: further refining dS swampland conjecture. By manually adjusting
the parameters of the mentioned conjecture, namely, a, b and q, they showed that the
mentioned model is compatible with it. In the next section, we will examine this model
with other conjectures of the swampland program, i.e., (SWGC) and (SSWGC), and explain
the results in detail.

2.2. Model 1I: GI

We provide a brief description of this model. According to [5], the action of the
corresponding model is expressed in the following form, where the model has a general
non-minimal coupling to gravity [50,51],

M3+ EA*(9/ o)?

5:/d4x\/?g<— > R+LG1>, (15)

where,

Lor = ¢ %/20,90" ¢ — gln( v )

AT
pe= ()’ 0o
do = 4V2A,

which A is called mass scale, and parameter ¢ characterized the coupling to gravity, respec-
tively. According to the above explanations, the action in Einstein’s frame is rewritten as
follows [5,50,51],

A

(Po)zaurpa”rp - 0“%1) (17)

2
leM;
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where O = (Mp + {A%(¢/do)?) /M5, According to § # 0 and the large field limit,
the mentioned equation is reduced to Q% ~ &A?(¢/¢o)?/ M%, and the potential is calcu-
lated [5,50,51],

Var = 2A%(¢/¢o)* In(¢/ o) (18)

where ¢y = 4+/2A. According to the definition, we will consider a canonically normalized
field x associated with (¢),

1 1.d
28" x(9)x(9) = 5 (30)°8" 910 (19)
where
1.dx\2 2 3EEN2(p/ o) 2] (A2
5(%) =0 {H 16M2 Q ]<¢0) 20)

By considering a condition as x & In ¢, the potential reduces to Q~*Vgy o« In ¢ [5,50,51].
Hence, we will have the following equation with respect to the canonically normalized field,

1 1
Sg = /d4x\/—g< - EM’Z’R + Eg””ayxavx - UGI(X))r (21)
where

Uci(x) = Q *Vai(g). (22)

The potential of this model in Einstein’s frame is rewritten in terms of field (¢) accord-
ing to [5], slow-roll analysis and the large field regime N2ZA2(¢/¢p)? > M%,,

2My, ¢ ’3
Uci(¢) z In (4)0) @)
Similar to the previous situation, the authors in [5] concluded that this model is
incompatible with the dS conjecture and does not satisfy it. Then they applied FRDSSC to
this model and proved complete compatibility between the model and this conjecture by
manually adjusting the free parameters. We will also challenge this model with two other
conjectures of the swampland program and describe the results in detail.

2.3. Model III: SYMI

We also briefly explain this model; see [5] for further study. The action in Jordan’s
frame for this model is generally expressed in the following form according to the non-
minimally coupled gravity structure [50],

MZ NZ AZ 2
S] — /d4x /_g(_ + CCZ (¢/¢0) R+LSYM> (24)
where
NZ o pv2/3 au AN oz @ ¢’
Lsym = =—=(99") 0,93 g" — == (99")*In (3) In (15)
P _ (D3
A3 (%) (25)

2
¢o = 3NC(&)1/2A.
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In the above equations, « is a constant parameter, and A is the mass scale. We also
focus on the real part of the inflation field, i.e., (¢ = ¢") [5,50]. The above action is rewritten
in Einstein’s framework [50],

1
Sg = /d4x«/—g<— §M§R+

X (;\O)zauﬁbayﬁb - Q_4VSYM>

9N,

30—2 [1 n aNZE?
4

2
3M;

a2p2(L)?
$o 26)

Assuming & # 0, Q02 ~ N2ZA2(¢p/po)?/ M%, and according to the explanations in [5],
we will have

Vorn(9) = a2 At (£ 12 (2) @)

By introducing a canonically normalized field related to the ¢ through the
following relations [5],

1 1.d
289D () = 5 (30)°8" 210 28)
where
1,dx\2 9N?__, aNZE2 o, o 2], A2
2lag) = @ [” a0 A ](qbo) )

Thus, we can rewrite the action in Einstein’s frame in terms of the canonically normal-
ized field as follows,

1 1
Sp = /d4x\/—7g( - EM%’R + 58" uxdux — USYM(X)> (30)
where

Usym(x) = Q *Veym(x) (31)

According to [5] and slow-roll analysis of the potential, also taking into account

the large field regime N2ZA2(¢/ ¢0)2 >> M), the model’s potential in Einstein’s frame is
calculated in terms of the field ¢ [52],

4a M
Usym(p) = N—ng—zplnz (%). (32)
The authors showed in [5] that this model, similar to the previous models, violates
the dS swampland conjecture and agrees and is compatible with FRDSSC. Therefore,
in this article, we challenge this model concerning other conjectures of the swampland.
So we can introduce the best model that is more compatible with all conjectures of the
swampland program.

2.4. Model IV: OI

To introduce the final model, we start by expressing the action in the Jordan frame by
considering non-minimal coupled to gravity; hence, we have [50],

M2 + N2ZA2 (L)

S]:/d‘lx\/—g(— > $o R—i—LOI) (33)
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where
Lot = — 2 (pgt) 2133, gan gt — HOINE (41215 1n(£)1n(£) - B
o1 Xor1 # 9 A3 A3
P _ (P 34
A3 - ((PO) ( )
2
$o = 3Nc(;)1/2/\

where M is a mass scale, 8 = O(1/N,) and ¢ = ¢, the above action in Einstein’s frame is
in the following form.

1 9N? aNZE? $ 2\, A2
o fo e s i)

X Do — Q—4VOI}

Here, taking into account conditions such as ¢ # 0 and with respect to [5], we will
have,

Vor(¢) = 4wN3A4(%)4 {ln%;’o) - ﬁ} (36)

It is possible to introduce a canonically normalized field related to the ¢ with respect
to the following equation,

1 1, dx.2
28" 0ux(@)ovx(9) = 5 (55)" 8" 0u92ut, (37)
where
1odx2 _ 9NZ 5 aNZg> o 0 2\ (A2
2 = 0 (1 e A () (38)
According to the canonically normalized field, we have,
1 1
Sp = /d4x1/—g< — EM%,R + 58" uxdux — UOI()()> (39)
where
Uoi(x) = QO *Voi(9) (40)

Like the previous models, assuming conditions such as slow-roll analysis of the

potential, the large field regime N2ZA?(¢/ <p0)2 > M?, and according to [5], the final
model potential is also calculated in the Einstein frame as follows,

M4
Uoi(9) = 3z |1 ()~ 5] @

Like the previous models, this final model satisfies the FRDSSC while it is inconsistent
with the dS swampland conjecture. Hence, we face four models in different structures, all
of which violate the dS swampland conjecture and satisfy FRDSSC. Therefore, we challenge
all these models with other swampland conjectures to introduce a model compatible with
all conjectures of the swampland, which can be considered a suitable model for further
investigations of universe evolutions.
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3. SWGC and SSWGC on Inflation Models

In this section, we apply the SWGC and SSWGC of the swampland program to the
mentioned inflation models. Considering that all mentioned models satisfy the FRDSSC, we
intend to choose the best model with the highest compatibility with all of these swampland
conjectures through further investigation. We will also explain the results in detail.

3.1. Model I

According to the SWGC and SSWGC in Equations (5) and (6) and using the potential
of Model I (N]JLI) in Equation (14), we will have, putting M, = 1,

2x
UM () = - 0, (42)
s (14eve)d
20 eve 2
_ eve X
UP () = S ———4— (-2 +e), 43)
& (14 eveys
4N eV (4= Tevs 4+ oV
UG () = 2@ Te R tet) (44)

- 3V6g? (1 +e%)5

A 2x A o
@) —8Aeve" (—8+33eve —18eve +eVe)
1+eve

Now, we put the above equation in the SWGC Equation (5). So, we obtain the following
relationship,

. (45)

8x
—ez)( —(24ev6 7ef6)2+§(477e\/5 +eve)2| >0 (46)
94 (1 + ¢ e )10

The above relation is greater than zero if the following condition is met,

2 A 14 2% 8
(%+1)ef—(%+l)ef—l—(%+2)20 (47)
2x

Now, we use the change of variable y = e V6. A2nd degree equation is obtained in
the following form,

2 14 8
=(—+1D)P—(—=+1Dy+(—=+2)>0. 48
f) =+ 1y - (e +Dy+ (7 +2) (48)
First, we obtain the points where the function f(y) = 0. We also calculate its minimum
point. So, we will have,

a
fly) =0 — (y =1.129,y = 2.568) J;(yy) =0 — Ypin = 1.849, f (Ynin) = —0.941. (49)
Since, the minimum point is negative, f(y) has a negative value in the interval 1.129 <
y < 2.568, so the SWGC is not satisfied in this range. We see that the SWGC is met in the
X < 0.148 and x > 1.154. Next, we check the SSWGC in Equation (6). So, we will have,

47?2 exp (8—’(6) 2 4y 8y
2764 (1 + exp (2£))10 20_88eXp(%)+996Xp(%)_eXp(%)_weXp(\@() =0 0)
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The above relationship is established if that,

2x 4x 8x
) +99exp (=) —exp (—=) — 10exp (V6x)| > 0.
7 p(g) —er(7) p(Vex)| >

As a result, we will plot a figure to check it. From the Figure 1, we find that when
X < 2.068, F(x) > 0, SSWGC is established. Therefore, comparing the two conjectures, we
can see that these two conjectures can be satisfied when 1.154 < x < 2.068 and x < 0.148.

F(x) = |20 —88exp (

L e L A s s o L B e e N e e s

200 -

-200 -

400l o
0

Figure 1. F(x).
3.2. Model 11

We go through a similar process for all models to determine their compatibility with
the mentioned conjectures. Therefore, with respect to the Equations (5) and (6), also the
potential of model II (GI) in Equation (23), one can calculate,

2

Ug;(¢) = 2 (51)

2
Ue1(0) = ~zz (52)

3 4

Ugr (Qb) = §2¢3 (53)

12
Uei(9) =~z (54)
Now, we first consider the SWGC. By putting the above relation in the Equation (5),

one can obtain s

At ) 20 (55)

According to the above relation, the SWGC is satisfied when ¢ < 2. Next, we examine

the SSWGC,
4

&2¢0 (2-¢%) =0 (56)
According to the above relation, when ¢ < V2, the SSWGC will be satisfied.
Therefore, both (SWGC) and (SSWGC) are satisfied by sharing two conjectures, when

¢ < V2.

3.3. Model I11

We apply the conjectures to model III (SYMI), so with respect to Equations (5), (6)
and (32), we have
S ¢
sym(@) chéch( (4)0))
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8
Usym(¢) = NCT%Z“ —In (%)) (58)
8

ugYM(‘P):W‘;&(_?H'zln(%)) (59)

4 _ 8w B £
uSYM(¢) = 7Nc2§2474 (11 61In (4)0)) (60)

First, we consider SWGC. So, one can obtain,
640 lia ¢2_2_¢2}

NigigaF®) >0, Fg) = [(3 2 (L) =2 (D)7 e

Next, we discuss the SSWGC and reach the following equation,

G20, @)= [+ -m(L) re-Pm (L) @
NZggs - $o ¢’ |

In order for the two conjectures to be met, they must be F(¢) > 0 and G(¢) > 0. We
need to find their common points to see in which interval of ¢ these conjectures are valid.
Since, F(¢) and G(¢) are complex relations, we are trying to examine using the plot to find
the points compatible with these conjectures.

According to the above plots, both functions are positive for different ¢ in different
ranges, and both conjectures are valid in these ranges. As seen in the above figures,
for ¢ < 2.37, two curves meet the ¢ axis at only one point, and the two conjectures are
compatible only in one interval. For example, in Figure 2a in the range of ¢ < 6.141 and for
Figure 2b in the range of ¢ < 7.184, the two conjectures are compatible. If for ¢y > 2.37, two
curves intersect the ¢ axis at three points, in this case, these two conjectures are compatible
in the two regions. For example, in Figure 2c, the two conjectures are not compatible in the
intervals of ¢ < 2.701 and 5.142 < ¢ < 7.822. We can also find that when ¢ takes different
values, we have various allowed ranges and regions.

[
(a) (b) ()
Figure 2. (a) ¢ = 2, (b) ¢g = 2.37 and (c) ¢g = 2.6.

For ¢9 = 3, which is shown in Figure 3a, two conjectures are satisfied between
¢ < 2394 and 6.556 < ¢ < 8.948. Moreover, two conjectures are met for ¢9 = 4 in
the range of ¢ < 2.141 and 9.559 < ¢ < 11.675. The potential structure for the fourth
model Equation (41) in Einstein’s framework is similar to model III in Equation (32).
Since, the SWGC and SSWGC of the swampland program are proportional to the derivatives
of higher orders, as is apparent in the Equations (5) and (6). Therefore, for the fourth model,
the same results as model III are obtained, and thus the last two models satisfy the FRDSSC,
SWGC, and SSWGC, respectively. Thus, these two models are more compatible with
the swampland program, which is somehow related to quantum gravity. They can be
considered desirable models to investigate the universe’s evolution. They are considered
favorable inflation models in terms of string theory structure. This way, other cosmological
applications of these models can be investigated more profoundly and compared with the
latest observable data.
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4. Concluding Remarks

In this article, we want to check four inflation models, such as composite NJL Inflation
(NJLI), Glueball Inflation (GI), super Yang-Mills Inflation (SYMI), and Orientifold Inflation
(OI), with two conjectures of the swampland program: scalar weak gravity conjecture
(SWGC) and strong scalar weak gravity conjecture (SSWGC). Since all these models violate
the dS swampland conjecture(DSC) but are compatible with (FRDSSC) through manual
adjustment of free parameters of the mentioned conjecture. We studied the simultaneous

compatibility of each model with these two new conjectures. Despite being consistent
with (FRDSSC), we found that all models are not compatible with the other conjectures
of the Swampland program in all regions, and these conjectures are only satisfied in a
specific area. In addition, due to the presence of constant parameter (¢p) in the higher
orders derivatives, the (SYMI) and (OI) among all the models are more compatible with all
conjectures of the swampland program. They can provide a more significant amount of
satisfaction with all of them. They can be suitable and accurate inflation models for a more
profound examination of universe developments. We determined a particular region for
these models are compatible with (FRDSSC), (SWGC), and (SSWGC) simultaneously.
We can ask some questions, such as: What are the consequences of these conjectures
for other models and theories? Are there inflationary models that satisfy all conjectures

in all regions? Is it possible to extend these conjectures to be consistent with any of the

inflationary theories be compatible? We have left the examination of these questions to

future work.
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