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Abstract On the one hand, Andriot and Roupec (Fortsch 3.1 Higgsinflationmodel . . . . .. .. ... ... 3
Phys, 1800105, 2019) proposed an alternative refined de Sit- 3.2 Palatini Higgs inflation . . . . . ... ... .. 4
ter conjecture, which gives a natural condition on a com- 3.3 Higgs-Dilatonmodel . . . ... ... ... .. 4
bination of the first and second derivatives of the scalar 4 Conclusions and discussions . . . . . ... ... .. 5
potential (Andriot and Roupec 2019). On the other hand, = References. . . . .. ... ... ... ... ...... 5

in our previous article (Liu in Eur Phys J Plus 136:901,
2021) , we have found that Palatini Higgs inflation model
is in strong tension with the refined de Sitter swampland
conjecture (Liu 2021). Therefore, following our previous
research, in this article we examine if Higgs inflation model
and its two variations: Palatini Higgs inflation and Higgs-
Dilaton model (Rubio in Front Astron Space Sci, https://doi.
org/10.3389/fspas.2018.00050, 2019) can satisfy the “fur-
ther refining de Sitter swampland conjecture” or not. Based
on observational data (Ade et al., Phys Rev Lett 121:221301,
2018; Akrami et al., Planck 2018 results. X. Constraints on
inflation, arXiv:1807.06211 [astro-ph.CO], 2018; Aghanim
et al., Planck 2018 results: VI. Cosmological parameters,
arXiv:1807.06209 [astro-ph.CO], 2018), we find that these
three inflationary models can always satisfy this new swamp-
land conjecture if only we adjust the relevant parameters a,
b = 1 — a and q. Therefore, if the “further refining de Sit-
ter swampland conjecture” does indeed hold, then the three
inflationary models might all be in “landscape”.
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1 Introduction

The swampland program is a very interesting development
for the phenomenology of quantum gravity theories, since it
connects to bottom-up approaches, and to questions regard-
ing effective field theories and their UV completions [1].
In recent years, papers have proposed the “refined de Sitter
swampland conjecture” criteria considering the derivative of
scalar field potentials, such as [7]. If we consider a four-
dimensional (4d) theory of real scalar field ¢’ coupled to
gravity, whose dynamics is governed by a scalar potential
V(¢7), then the action can be written as [1]

M? 1 . 4
S = f\/|g4| (TPR4 - Ehijau¢’aﬂ¢f - v) , (1.1)
4

where M, is the Planck mass, h;; is the field metric and R4
is the 4d Riemann curvature.

The refined dS swampland conjecture states that an effec-
tive theory of quantum gravity, i.e., not in the swampland,
should satisfy one of the following two conditions [1,7]:

C1

VV|>—.V, 1.2
IVV] = M, (1.2)
or

. 2
min(V;V;V) < _M_,% -V, (1.3)

where ¢ and ¢, are both positive constants of the order of 1.
(1.2) corresponds to original “swampland conjecture”. If we
introduce two “slow-roll” field inflation indices [1,2]:
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1 (V>

€y = E (7) , (1.4)
V//

o= (1.5)

where V is the potential energy in the action (1.1), then the
refined swampland conjecture (1.2) and (1.3) can be rewritten
for V. > 0Oas[1]:

V2ey >c¢1 or ny < —c3.

However, the formulation of the refined swampland conjec-
ture is peculiar: it is given by two distinct conditions (1.2) and
(1.3) on two different quantities ey and ny [1]. One of the rea-
sons for this formulation is the derivation of this conjecture
proposed in Refs. [1,7], where condition (1.2) is derived in a
weak coupling, semi-classical regime, while condition (1.3)
is defined by the requirement ny > —1. Therefore, there
exists a separation between the two conditions and quantities.
As a result, this formulation cannot provide any information
on both quantities simultaneously [1].

Due to the above discussion, David Andriot and Christoph
Roupec proposed a further refining de Sitter swampland con-
jecture which suggested that a low energy effective theory of
a quantum gravity that takes the form (1.1) should verify, at
any point in field space where V > 0 [1],

q i v
Y, IVV]| —aMzmm(V'V'/V) "
P V P —

(1.6)

Vv

with a+b=1, a,b>0 g>2. 1.7)

In terms of the slow-roll parameters, the conjecture can be
rewritten as [1]:

Qev)? —any > b. (1.8)

Now we will turn our interest to inflation of universe. Infla-
tion is a well-established paradigm which is able to explain
the flatness, homogeneity and isotropy of the universe and
the generation of the primordial density fluctuations seed-
ing structure formation [3]. Inflation includes a period of
vacuum-dominated accelerating expansion in the early uni-
verse, and eventually ceases in a period of reheating and
transition to a radiation-dominated hot big bang cosmology.
The vacuum dynamics can be generally modeled using one or
more scalar order parameters ¢ such that the potential energy
of the field dominates over the kinetic energy [3].

In this article we mainly focus on Higgs inflation model
and its extensions to examine if these models satisfy the
further refining swampland conjecture or not. On the one
hand, Higgs inflation model owns important phenomenolog-
ical meaning. Higgs field has been discovered in nature, and
is proposed to be the only scalar field in the Standard Model
[3,8]. The Higgs inflation interprets the Higgs as the inflaton
[8], where the Higgs field has a nonminimal coupling to grav-
ity [3,8]. This inflation scenario can explain the dark energy
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problem and allow primordial black hole production (PBH)
[8]. On the other hand, in our previous research, we have
found that one of the extensions of Higgs inflation, Palatini
Higgs inflation, is in strong tension with the refined de Sitter
swampland conjecture [2]. Considering the important theo-
retical meaning of swampland conjecture and phenomeno-
logical meaning of Higgs inflation model, we intend to find
a new swampland conjecture which Higgs inflation model
and its extensions can satisfy. Several variations and exten-
tions of Higgs inflation model have been suggested [9-11].
However, in this article, we restrict ourselves to those pro-
posals that are more closely related to the minimalistic spirit
of the original scenario [3]. In particular, we consider Palatini
Higgs inflation and Higgs-Dilaton model.

The article is composed as follows: in Sect. 2, we briefly
review Higgs inflation model and its two extensions. In
Sect. 3, we examine if these inflation models can satisfy the
further refining dS swampland conjecture. In Sect. 4, the
results we have obtained are discussed.

2 Higgs inflation and its extensions

In Sect. 2, we briefly review the Higgs inflation model and
its two extensions: Palatini Higgs inflation and Higgs-Dilaton
model [3].

2.1 Higgs inflation model

The total Higgs inflation action [3,12]
M2

S = v/d“xa/—g |:TPR+$HTHR+LSM:|, 2.1
contains two dimensionful parameters: the reduced Planck
mass M, = 2.435 x 10'® GeV and the Higgs mass expec-
tation value vgw =~ 250 GeV responsible for the masses
within the SM Lagrangian density Lgy [3]. At the large
field value, the Planck mass plays an important role for infla-
tion [3,8]. In the unitary gauge, we can write Higgs field as

H =0,/ /2 [3]. Then the action (2.1) can be rewritten
as

2 2
M2 +&h

S = /d“x./_—g [ S R- %(ah)2 — U(h):| ., (2.2)

with
Ao 2 2
Uh) = S0% = v}y (2.3)

the symmetry breaking potential in the Standard Model [3,8].
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It is convenient to reformulate action (2.2) in the Einstein
frame by a Weyl transformation g,, — ©g, with [8]:

h? M

O l'=1+— = (2.4)

Then in the Einstein frame, action (2.2) can be rewritten as
[3,8]:

/d“x«/ [ PR—;MzK(G)(E)@)z V(@):|,

(2.5)
which contains a non-exactly flat potential [3]:
) MF VEw 2
Ve)=UO®)O = —=[1-|1+-=~]0], (2.6)
4 FOo
and a non-canonical kinetic sector [3]
1 1 —6|a|®

K(®) = , 2.7

(®) 4|a|®2< 1-0 ) 2.7)
where

___5 (2.8)

1+ 6&

2.2 Palatini Higgs inflation

In Higgs inflation model, the action is minimized with respect
to the metric. This procedure implicitly assumes the exis-
tence of a Levi-Civita connection depending on the metric
tensor and the inclusion of a York-Hawking-Gibbons term
ensuring the cancellation of a total derivative term with no-
vanishing variation at the boundary [3,13,14]. One could
alternatively consider a Palatini formulation of gravity in
which the metric tensor and the connection are treated inde-
pendently and no additional boundary termis required [3, 15].
To see this explicitly, we consider the action (2.2) with
R = gM"R,,(I", 0T") and I' a non-Levi-Civita connection.
Performing a Weyl transformation g,,, — ®g,,, in the Ein-
stein frame and a field redefinition [3,15], then at ¢ > vpw,
the action can be rewritten as [3]

/ d*xy/—g [ "R——(Bcb) —V(¢>)} 2.9)
with
V)= LFY$), Fig) = Footanh<“_¢> (2.10)
4 Mp

More details can be found in Ref. [3].
2.3 Higgs-Dilaton model

The existence of robust predictions in (non-critical) Higgs
inflation is intimately related to the emerging dilatation sym-

metry of its tree-level action at large field values [3]. The
uplifting of Higgs inflation to a completely scale-invariant
setting was considered in several articles [16—-20]. In the uni-
tary gauge H = (0, h)T /+/2, the action of the graviscalar
sector of the Higgs—dilaton model takes the form [3]:

2 2
sz/d“xJ_—g[éhh +5XX,R_%(ah>2

1 2
> =500 —V(h,x)],

(2.11)
with

U, 0 = 502 x4 2.12)
a scale-invariant version of the Standard Model symmetry
breaking potential and o, 8 positive dimensionless parame-
ters [3,17-20].

Performing a Weyl rescaling g,, — M127 /(Enh? +
&x x?) g and a field redefinition, then the action in the Ein-

stein frame can be obtained [3]

2
/d“xf[ PR— %MZK(())(()())Z —O@OP)’ — U((~)):| )
(2.13)

It contains a potential

AM3 (14 6a\>
U@©) = Uo(1 - 07, Up="" <—+_ ") . 214
where
a=_ c‘zza(l—é—h), (2.15)
1 4 6§ &y
and a kinetic sector for ® field
K@©) = — ¢ 1=6lae (2.16)
T 4]a|®? \ja|® —¢ 1-0 ) '
which contains two “inflationary” poles at ® = 0 and

® = c¢/|a| and a “Minkowski” pole at ® = 1 [3]. The
“Minkowski” pole does not play a significant role during
inflation and can be neglected for all practical purposes [3].

3 Examine for the further refining dS swampland
conjecture

In this section, we intend to examine if Higgs inflation model
and its two extensions satisfy the further refining dS swamp-
land conjecture. In this section, we will take M, = 1.

3.1 Higgs inflation model

For the scalar potential V (¢), we can define two parameters

_ [dV(@)/dg]

v 3.

@ Springer
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and

d*V(¢)/d¢?
, = LV (32)

Considering Egs. (1.4) and (1.5), we have

Fi =2y, F,=ny.

In the slow-roll region, F1 and F> can be written in terms of
the spectral index of the primordial curvature power spectrum
ng and tensor-tensor-ratio r, namely [8],

(3.3)

r
Fl = ,/26‘/ = \/g’ (34)
ng— 14 3r

At the tree level, the Higgs inflation model predicts that [8]

ns >~ 0.965, and r =~ 0.003, (3.6)
which are consistent with the observational data [8]

ng >~ 0.965 £0.004, and r < 0.06. 3.7
Inserting (3.6) into (3.4) and (3.5), we obtain that

F1 =0.0194, F, =—0.0169. (3.8)

Considering the refined dS swampland conjecture (1.6), we
have

c1 <£0.0194, or c; <0.0169. (3.9)

However, ¢; and ¢ are both not O(1), which means that
Higgs inflation model is in strong tension with the refined de
Sitter swampland conjecture.

Then let us examine if the model satisfies the refining de
Sitter swampland conjecture. According to Eqgs. (1.7) and
(1.8), we have

(26‘/)% —any >1—a, q>2. (3.10)
Inserting (3.8) into (3.10), we have
0.01947 4+ 0.0169a > 1 — a, (3.11)
namely, if only a could satisfy the condition

(1-0.0194%) <a <1, q>2, (3.12)

1.0169
then the further refining de Sitter conjecture can be satisfied.

3.2 Palatini Higgs inflation

In our previous research [2], we have found that if we use the
recent inflationary data of Cosmic Microwave Background
radiation [4-6], then the Palatini Higgs inflation model can-
not satisfy the refined de Sitter swampland conjecture [2].
According to Ref. [2], we have determined that

1.191 x 107% < F; <9.823 x 107%, F, ~ —0.019, (3.13)

@ Springer

then we have found the upper bound of ¢ and ¢, are

c1 <9.823 x 107%, ¢, ~0.019, (3.14)

However, neither ¢ nor ¢ is positive constant of the order of
1 [2], therefore, the Palatini Higgs inflation model is in strong
tension with the refined de Sitter swampland conjecture [2].
Then in this article, we intend to explore if this model can
satisfy the further refining dS swampland conjecture.
Combining Egs. (3.4), (3.5) and (3.10), then we have

Fl —aF, >1-a. (3.15)

If we take the upper bound of F; = 9.823 x 107 % and F> =
—0.019, then we obtain that

(9.823 x 107%)9 > 1 —1.019a. (3.16)

When a = 0.981, 1 — 1.019a = 0. We can examine that
when a < 0.981, we can always find a ¢ whose value is
larger than 2.

Similarly, if we take the lower bound of F; = 1.191x107°
and F>, = —0.019, then we obtain that

(1.191 x 107%% > 1 — 1.019a4. (3.17)

We can also examine that when a < 0.981, we can always
find a ¢ whose value is larger than 2.

Therefore, we can conclude that if we use the recent infla-
tionary data of Cosmic Microwave Background radiation [4—
6], we can always find the appropriate values of a and ¢ so
that the Palatini inflation model can satisfy the refining dS
swampland conjecture.

3.3 Higgs-Dilaton model

Now we will turn our interest to Higgs-Dilaton model. From
(2.14) we have

U'(®) = 2Uy® — 2,
U"(®) = 2Up > 0.

(3.18)
(3.19)

In this article, we only consider the case of 0 < ® < 1. In
particular, the two inflationary poles ® = 0 and ® = IZTI
Since U(®) > 0 and U”(®) > 0, the second criteria of the
refined dS swampand conjecture cannot be satisfied.

Firstly, we will examine if the Higgs-Dilaton model satis-
fies the original dS swampland conjecture or the first criteria
of the refined dS swampland conjecture.

At® = 0, U(0) = Uy, |U'(0)] = 2Uy, then |U’'(0)| =
2U(0). 2 is a number of order of 1, therefore Higgs-Dilaton
model satisfies the original dS swampland conjecture or the
first criteria of the refined dS swampland conjecture at ® = 0.

2
AL® = ¢/lal, Ute/lal = Uo (1 - ) . U'te/lal) =

la

2Uy (é‘ — 1). In order to satisfy the original dS swampland

lal
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conjecture, we need |U'(c/|a)| > c¢1U(c/|a), namely,

ali=£) <2
la|

To ensure that ¢ is a parameter of the order of 1, then we
obtain 0 < ¢/|a| < 2. Therefore, if only 0 < ® < £, the
Higgs-Dilaton model could satisfy the original dS swamp-
land conjecture or the refined dS swampland conjecture.
Secondly, we will examine if the Higgs-Dilaton model
satisfies the further refining dS swampland conjecture.
Combining Egs. (1.7), (1.8), (3.17) and (3.18), we obtain
that if the model satisfies the further refining dS swampland
conjecture, then it must obey the following inequality

< 2 >q 2a
— > 1
1-0 (1_@)2—

Forg >2,(1-0) < (1 - ©)2, therefore for g > 2 and
a < 1, the inequality

2 \? 2a
— > 0.
1-0 (1 —-0©)2

can satisfy naturally. Therefore, for the Higgs-Dilaton model,
we can always find appropriate a and ¢ to satisfy the further
refining dS swampland conjecture.

(3.20)

—a>0.

(3.21)

(3.22)

4 Conclusions and discussions

In Ref. [1], the authors proposed a conjecture that a low
energy effective theory of a quantum gravity that takes the
form (1.1) should satisfy the following relation at any point
in field space where V > 0 [1],

q ; RV
M IVV]| _aMzmm(V,VjV) "
Py p v -

with a+b=1, a,b>0 ¢ >2. “.1)

In terms of the slow-roll parameters, the conjecture can be
rewritten as [1]:

Qev)? —any > b. (4.2)

In our previous work [2], we have found that Palatini infla-
tion model is in strong tension with the refined de Sitter
swampland conjecture [2]. However, Higgs inflation model
has important phenomenological meaning [8]. Therefore, we
intend to explore if Higgs inflation model and its two varia-
tions: Palatini Higgs inflation and Higgs-Dilaton model can
satisfy the further refining swampland conjecture or not.
Based on recent observational data [4-6], we find that
these three inflationary models can always satisfy this new
swampland conjecture if only we adjust the values of three
relevant parameters a, b = 1—a and g. Therefore, we suggest
that if the “further refining de Sitter swampland conjecture”

indeed holds, then the three inflationary models might all be
in “landscape”.

In fact, according to our analysis, the refining de Sitter
swampland conjecture is too “loose” for the three inflationary
models. In other words, we cannot determine the upper and
lower bounds of the three parameters a, b = 1 —a and g using
this new swampland conjecture. It is thus natural to explore
other swampland conjecture in string theory to constrain the
range of these physical parameters in the future work.
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