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It is challenging to construct explicit and controllable models that realize de Sitter solutions in string
compactifications. This difficulty is the main motivation for the refined de Sitter conjecture and the trans-
Planckian censorship conjecture which forbid stable de Sitter solutions but allow metastable, unstable and
rolling solutions in a theory consistent with quantum gravity. Inspired by this, we first study a toy de Sitter no-
scale supergravity model and show that for particular choices of parameters it can be consistent with the refined
de Sitter conjecture and the trans-Planckian censorship conjecture. Then we modify the model by addingrolling
dynamics and show that the theory can become stable along the imaginary direction, where it would otherwise
be unstable. We extend the model to multifield rolling and de Sitter fields, finding the parameter space where
they canbe compatible with the refined de Sitter conjecture. The modified models withrolling fields can be used
to construct quintessence models to accommodate the accelerating expansion of the Universe.
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L. INTRODUCTION AND MOTIVATION

In recent years, the search for de Sitter (dS) solutions in
superstring and supergravity theories has intensified' due to
two pivotal observations. The first one is the discovery of the
accelerating expansion of the Universe due to nonvanishing
vacuum energy [10,11]. The second one is the observational
support for inflationary cosmology [12]. According to the
latter observation, it appears that the Universe underwent an
early epoch of near-exponential quasi-de Sitter expansion
driven by an inflaton field energy that was large in
comparison with the electroweak scale of the Standard
Model, but still hierarchically smaller than the Planck scale.

Nevertheless, it has been challenging to construct
explicit and controllable models that realize de Sitter
solutions in string compactifications [13-28]. This diffi-
culty is the main motivation for the proposal of the refined
de Sitter conjecture (RASC), [29,30] (see also [31]). In
particular, the RdSC constrains the scalar potential of the
low energy effective field theory (EFT) and rules out the
existence of dS minima, nevertheless, dS maxima are
allowed. Namely, the scalar potential V of a consistent
EFT must satisfy either
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P

where the constants ¢, ¢’ are order one positive constants. In
our work we refer respectively to Eqs. (1) and (2) as the first
and second de Sitter criteria. They are referred with that
terminology in the literature or also with the name
conjectures. Eqgs. (1) and (2) imply that stable de Sitter
vacua do not exist, however, unstable vacua or rolling dS
solutions can exist. On the other hand, the trans-Planckian
censorship conjecture (TCC) [32], another swampland
conjecture related to dS background, puts an upper bound
on the lifetime, 7, of a dS solution. In particular, besides
unstable and rolling dS solutions, it allows for metastable
dS minima with limited lifetime. If we call H s, the Hubble

rate at the end of dS phase, given by H ~ \/V/ 3M3, then
the TCC implies

1. M
T<—In—"C. (3)
Hy Hy

Hereafter we work in Planck units, hence Mp = 1. If the
above bound, Eq. (3), is applied to the scalar potential, V,
then dS extrema are forbidden in asymptotic regions
of moduli space; however similar to the first dS criteria,
Eq. (1), rolling dS solutions are allowed for a fixed value of
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¢ = 4/2/3. On the other hand, in the bulk of moduli space,
the TCC allows dS critical points (both minima and dS
maxima) as long as their lifetime is bounded.

Some studies indicate that within the swampland program
there is web of conjectures instead of a list of conjectures,
i.e., the conjectures are related to each other (see for instance
[33]). As already pointed out, the TCC implies the RdSC in
the asymptotic region of the moduli space. Besides, the TCC
fixes the universal order one constant of the RASC bound of
Eq. (1). Furthermore, there is an interesting coincidence
between the TCC lifetime of a dS solution and the scram-
bling time of a black hole [32]. The upper bound on the
lifetime, indicates that the dS vacuum is not a thermal state.
Namely, there is not enough time for the perturbations to get
thermalized with the state. The TCC condition can also be
seen as a bound on the growth rate of the entropy [34-36].
The latter in particular indicates a deep connection between
the TCC and a principle of quantum gravity. We recall that
the dS state is a state with finite entropy and, depending on its
natural scale (its Hubble rate), there is a bound on how fast it
can be saturated with microstates. There are indications [37]
that the UV/IR decoupling limit of effective field theories
(without gravity) might not be working in the presence of
gravity. In this sense, the TCC bound offers a way to test the
IR cutoff (the Hubble scale) and the UV cutoff (the Planck
scale) of a theory. This is because the TCC is a concrete
example of the UV/IR nondecoupling effects, hence offering
a way to understand a theory in terms of a principle of
quantum gravity. All these arguments lead us to apply the
TCC besides the RdSC in our present bottom-up study.

Although a priori there is no no-go theorem, it is not clear
whether string theory admits dS solutions. The RdSC
belongs to the swampland programme that aims at determin-
ing the list of criteria an EFT must admit to be embedded in a
theory of quantum gravity. Namely, not every quantum field
theory admits an ultraviolet completion when quantum
gravity is considered. For bottom-up model building, the
list of swampland conjectures helps to construct consistent
models that can possibly descend from string theory.

In [38], and then in [39] for particular cases, de Sitter no-
scale models have been constructed by building de Sitter
plateaus from the combination of Minkowski solutions.
These scenarios have been then subsequently and exten-
sively applied to construct inflation models, [40—43]. No-
scale supergravity models avoid technical problems of
generic supergravity theories and thus are useful for
making realistic calculable models. One may wonder if
no-scale supergravity models which have dS vacua admit
the swampland conjectures and thus can be derived from
strings or not, in which case belonging to the swampland.
Recently in [44] the RASC were rephrased in the context of
N =1 supergravity chiral multiplets. In particular for a
positive potential V > 0 the first criterion of RdSC, Eq. (1),
implies

KI.7 _
w > %2, (4)

where K" is the inverse of the Kihler metric and I runs
over all scalar components of chiral superfields. In this
paper we use the proposal of [44], which offers an escape to
Eq. (4), for models with de Sitter vacua by modifying the
theory with the addition of rolling dynamics. This proposal
adds an exponential dependence on the rolling field to the
original scalar potential, V,, such that the full scalar
potential becomes V=e¥ Vo, with 1 constant. Then 1%
can be consistent with Eq. (4) (with the appropriate
replacement V — V) for some choice of parameters.
Using the above approach, we find that the modification
of adding a rolling dynamics, opens up the region where the
models survive the swamp. We also find that for some cases
these theories can be used for quintessence [45].

The paper is organized as follows: in Sec. I we present the
statement of the refined de Sitter conjecture in the context of
[44], then we identify the necessary conditions for the a-
supergravity/no-scale supergravity theories to satisfy Eq. (2)
and the trans-Planckian conjecture, Eq. (3). In Sec. III we
study how adding an exponential factor to the a-supergravity/
no-scale models widens the parameter space to be compatible
with Egs. (1) and (2). In Sec. IV we study multifield models,
containing more than one rolling field or more than one de
Sitter field. In Sec. V we talk abouthow the models we present
can be used as quintessence models. In Sec. VI we conclude.

II. NO-SCALE MODELS WITH UNSTABLE
DS VACUA

A. No-scale de Sitter models

Stable supergravity theories parametrizing a symmetric
geometry [46,47] have provided the basis to construct a
broad class of superconformal inflationary models with a
universal observational prediction for the spectral index of
n, = 1-2/N and r = 12/N?, as favored by the Planck data
[48], where N is the N-folds necessary for inflation. This
class of models has been generalized through the intro-
duction of the parameter «, inversely proportional to the
curvature of the inflaton K&hler manifold in the limit of
sufficiently large curvature (o small). As mentioned in the
introduction, a construction of this kind of models as a
deformation of no-scale models was constructed by build-
ing de Sitter plateaus from the combination of Minkowski
solutions [38,39]. These models have been then further
developed and analyzed in [40-43] using the following
Kihler potential and superpotential

N
K=-3 Z a; ln((.bi + 4_51')7 (5)
i=1

w=a(TT# - T]ot"). G

i=1 i=1
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where i runs over N no-scale chiral superfields, «; > 0, a is
an arbitrary constant and

~

n; _3 a+) for Y rr=1 SZ:Z—’Z (7)
=\ = i

i=1 j=1"J
The scalar potential

V=e9(X-3), X=GKIG,, (8)

where K is the inverse Kihler metric and G =K +1In|W|?;
has an extremum, VV = 0, along the real direction (i.e.,
¢; = ¢;) and becomes a constant in that direction [40]

V =3a2223 200, )

In [40] it was noted that in order to render the theory stable
a quartic term could be added to the Kihler potential in the
following way

3
K= _3Zai In[¢; + b; + bi(d; — $:)*].  (10)

such that the imaginary direction is stabilized and hence the
full potential (that is when taking into account real and
|

imaginary terms) can remain de Sitter and hence bounded
from below.

B. Refined de Sitter conjecture in no-scale models

The potential of Eq. (9) is positive and hence it is a dS
solution, being constant along the real direction, cannot
satisfy the first criterion of RASC, Eq. (1), since the
constant ¢ appearing there cannot be zero. In the following,
we study a simple single field no-scale model and show
that the instability along the imaginary direction makes
the model compatible with the second criterion of RASC
(2). The Kihler potential and the superpotential of the
model are

K=-3aln(p+ ).
W =a(¢p™ —¢"), (11)

where @ > 0 and n,. =3/2(a++/a). The scalar potential is

V=a(¢p+) " — " P(X-3).  (12)

where

X =G,KG; = Ja

[_(¢n_ _ ¢n+> 4 (9p+4) (n_¢n_—l _ n+¢n+—l)“_(__n_ __CZ’nJr) 4 (¢;j5) (n_q_sn_—l _ n+q_5n+—l)} (13)
3a(¢n, _ ¢n+)(¢n, _ ¢11+)
I
We compute the eigenvalues of the squared mass terms of b=, (18)

the scalar field ¢ using the following expression for the
Hessian

J AAVAVA K™V, Y,V (14
 Lkignvv, v kivyvy L

where V,V,V = 0,0,V — Fé‘j@kV and the Christoffel sym-
bols are

y 2

¢ _
l“(;5 (15)

o ==
P+

bp
In general V; can be simply calculated from

9V =V;=e%Gi(X -3) + X, (16)
for our case it reduces to

9V = =3[a*(=1 + 3a)p~23Vara)/2
X &—1—3(\/5+a)/2(¢ _ (Z)((ﬁ + (;5)1—3(1]’ (17)

which vanishes for

making evident that the no-scale potential V is flat along
the real direction. The first panel of Fig. 1 shows this scalar
potential for @« = 1, where we compare it to the case when
the imaginary direction of ¢ has been stabilized using
Eq. (10), second panel of Fig. 1. The Hessian, Eq. (14) for
¢ = ¢ acquires a simple form because we have just one
pair of fields and hence K*?V;V,V = K??V,V V. Also
the elements above and below the diagonal are equal when
¢ = ¢, as expected from the form of the potential hence
producing one zero eigenvalue. The nonzero eigenvalue
then is just the trace of the Hessian, corresponding to the
squared mass along the imaginary direction of ¢

) 22—3aa2
Mg =

L VT (N = (14 gV (19)

It is well known that for o < 1 there is an instability for
any field value (e.g., [42]), while for @ > 1 the nonzero
eigenvalue is negative for

We note that with the substitutions of {=2¢,4 =2"-aand
Ay = 27" a, we recover the result of Eq. 23 of [42].
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FIG. 1.

First row: comparison of the scalar potential, V(¢) (left) of Eq. (12), to the potential V(¢) but with

K =-3>3a;In(¢; + ¢; + bi(¢; — ¢:)*), Eq. (10), which stabilizes the imaginary direction. Second row: the potential V(x + ic)
for x and the canonical field ¢. The direction x gets fixed to » in order to work with a canonical field, ¢. For all cases we used a = 1.

{\/&—1}ﬁ<¢<[1+ aﬁ (20)

1+ Va Va-1

In order to turn the imaginary component into canonical
form, we need to stabilize the flat real direction. It can be
done, for instance, through modifying the Kéhler potential
(see [43] for a review) of the model Eq. (11) by

(¢ + ¢ —2b)*
f] 2D

which stabilizes the real component to ¢ = ¢p = b, and
provides a way to work only with one canonical field, o,
proportional to the imaginary direction (see Appendix A):

[3a

The theory of Eq. (11) can be extended to include more
fields and stabilize the real directions with the same
procedure. With the addition of Eq. (21) the scalar potential
has the same form of Eq. (12). Note that when fixing the
real part to b all the dependence inversely proportional to L

K =-3aln [¢+(}5+

in Eq. (21) vanishes from the potential and their subsequent
derivatives, as can be seen from Eq. (12), the form of the
first derivative, Eq. (17), and of the second derivatives of V,

9,0,V =V
=e%[G;(Gi(X-3)+X;)+G;5(X-3)+X;; + G, X;],

9,0,V=V,
=e[G;(Gi(X-3)+X,)+G;;(X-3)+X,;+G,X].

(23)

It is clear from these expressions that up to the second
derivatives in ¢ or ¢, G (e.g., G;;) and X preserve the
property of the Kihler potential in Eq. (21) to reduce to
Eq. (11) when ¢ = ¢ = b. In the third panel of Fig. 1 we
compare V as a function of V(x+ic) to the model
described by Eq. (73) where the real direction has not
been fixed (first panel) and to the case where the imaginary
direction has been stabilized (left panel). We have chosen to
plot V(x + ic) as we can clearly see the behavior when
¢ = ¢ = b. In Fig. 2 we plot the potential V as a function
of ¢ for values of @ which are perfect squares modulo 9,
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FIG. 2. The scalar potential, V (o), of Eq. (12) with the Kihler potential of Eq. (21) with the stabilization for (Re[¢]) = b =1, as a
function of the canonical field 6 = \/3a/2y/b. We have chosen values of a which are perfect squares modulo 9. Values for a < 1, left,
give de Sitter maxima, while values for a > 1, right, can admit de Sitter minima.

where we can see the transitions from maxima to minima:
values for @ < 1 give de Sitter maxima, while values for
a > 1 de Sitter minima.

For the case of having a = %, n an integer, using
Eq. (19), then the second criterion of the RdASC, Eq. (2),

can be written as —m%m[ 4 /V —c >0 or equivalently
[%—1]b2”+[i—§+2—3c’]b”+%—1 > 0. For n >3 we
find that this bound can be satisfied for » such that

942 =3¢'n?/24n2/ (2-3¢'/2)(18/n*=3¢'/2)
n?—9
when ¢’ < % < %. For n < 3 instead it can be satisfied for

a_<b'<a, with aL=

all values of b if % <d < % Finally for the special case
n = 3, the bound is satisfied for all values of b if ¢’ < %.

C. Trans-Planckian conjecture in no-scale
de Sitter models

The TCC implies that a de Sitter phase has a limited
lifetime. In the case of a potential with de Sitter maximum,
the field can sit on that critical point if the negative
curvature, second derivative of the scalar potential, is
bounded from below. Specifically, close to a local maxi-
mum if there is field range 0 <o < Ac where
[V"| <|V"| x> defining V" = 92V, the TCC is satisfied
if either of the following conditions are satisfied [32]

722 (VoVimin) /4 In'/2 | /52
A <2 V'"‘", (24)
$V(0) = [V jpax In? 4 /3~
1" 2 ]
|‘§/ |max Z g ; - . (25)
mn ln Vmin

In the above equations |V”| ., i the maximum curva-
ture and Vi, is the minimum value for the potential in that
field range. The second inequality is similar to the second
criterion, RdSC (2), with a prediction for ¢’ up to a

logarithmic correction and thus it is a milder constraint.
For the dS no-scale model we are considering and for the
single field range, the inequality Eq. (24) implies that

2
(VO Vmin ) 3/411’1 1/2

3\/7.7'- Vmin

2 3
- |: min |V//|max :|o_ > 0. (26)

3 min

For a < 1 the expression in the square bracket is negative
and the bound is satisfied for any value of ¢. In order to see
that, we note V;, < Vy and |V”| .. > |V(],

-

2 3 2 [3
Vll Zvy, — V// 1 2
3 m1n | ’max Vmin < 3 0 | 0| n VO
h=3Ve
= 23-3ag? [1 - (1+ Va2 — a1 - b3Va)?)

X ln2(21_37aa)] . (27)

where in the second line we have used Eq. (19) which can
be written in the form

_3\/&
_ _22—3aa2 b
a

Vom0 =
x [(14 b3Va)2 —a(1

— V2] (28)

For o < 1 the above expression is negative for values of b
that make the potential unstable. For @ = 1, the above

expression is negative for a < \/ie?_% or a > \/ie%i inde-
pendently of b, as can be seen from the left panel of Fig. 3.
We recall that for all phenomenological purposes a < 1.
For a > 1, the analytical computation is involved as can be
seen from the right panel of Fig. 3. Numerical inspection
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Evaluation of the TCC for a = 1, left plot, and @ = 25/9, right plot. The blue regions indicate values of b and ¢ which are

compatible with the TCC bound when V > 0. The orange region indicates values for which V < 0. For both plots we have used a = 0.1.
Note that for the case of a = 1 the value of b can extend for all values along the real line.

then give us for this case the values of ¢ and b that are
compatible with the TCC bound, Eq. (26). The TCC
conjecture also allows the existence of de Sitter potentials
with metastable minima as long as these minima are not
positive or if positive by allowing quantum tunneling. This
allows sufficiently short-lived transient quasi-dS like
phases. We note that potentials with negative minima could
be constructed from the kind of models of the right-side
panel of Fig. 2, with addition of other fields that render the
minima negative.

III. NO-SCALE MODELS WITH ROLLING
DYNAMICS

In this section, we first add a rolling field to our minimal
model, then we obtain the conditions for finding extrema,
point out in which cases there can be a stable minimum,
without the addition of a quartic term in the Kihler
potential. Then we point out in which cases instead we
can be in agreement with the first criterion of the
RdSC, Eq. (1).

Following the approach proposed in [44], we modify the
Kihler potential and the superpotential of our basic dS no-
scale model as follows

N
K=K- Z G I0(x + Tm)s (29)
m=1
M B _
W=W H (CO,m + C‘l,m)(mpm(l/2 + Czn)(um,Z/Z + - ) (30)
m=1

Here m runs over the number of rolling chiral superfields,
qm > 0, ¢y, are arbitrary constants and the powers p,, ;
satisfy p,,, < 0. The function invariant under Kihler
transformations G = K + In |[W|? of the modified model
is given by

M

(m 16O 4 el 2l |2>
Hm =+ )™

m=1

(31)

where additional chiral superfields y,, are included to
provide an escape to the RASC for positive scalar poten-
tials, Eq. (4). The addition of these chiral superfields solves
at the same time the instability of K at Im ¢ = 0, for which
V has a maximum, Eq. (5) without additional quartic terms.
The scalar potential for this model can be written then as
follows

 N+MN+M i
- eG< &, k1¢, - 3)
I=1,J=1
A N,N R MM
_ eG( Gk7G, - 3) + eG( cmf«nh@ﬁ>
m

where [ =i, m runs over all chiral superfields, indices
i,j=1,...,N are for the de Sitter fields, indices m,n =
1,..., M are devoted to the rolling fields, k" is the inverse
of the Kihler metric (which is block diagonal) K 7=
9;0;K and G, = 9,G, analogously for its Hermitian
conjugate. The parameter X is defined as

X Gmk’nﬁéh — Gmk}ﬂﬁéﬁ’

(33)

where the expression after the equal sign follows from the
decomposition in Eq. (31) and G,, = G,, since only G
depends on the “rolling” fields y. For the rest of this section
we assume just one rolling field y. The potential V is
minimal in the y plane for Im[y] = 0, therefore we consider
only the real part of the scalar field
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A

r=X

(34)

Vke[;(] :

The extremization condition of the new scalar potential,
V, is

81",\/ eé(aiv—l—y@iec)

€% (0,V +y8;(eX|W[?)) = 0. (35)

This equation can be satisfied in two ways. One way is
requiring both terms to cancel independently, since
0;V =0 and 0,V = 0 are the conditions for the minimum
of the original theory this can be easily satisfied and hence
the term O;(eX|W|?) should be satisfied independently. The
other way is to achieve a cancellation with both terms.
In the case of finding solutions where W =0, the
solutions for 0,;V, Eq. (16), can be written as follows

O,V = KWK (WK, + W,K; + W;;) + KI',W|]
= 0. (36)

When the addition of the rolling field does not change the
minima of the no-scale field in the supersymmetry breaking
vacuum, then the no-scale field is stabilized and the only
dynamics comes from the rolling field, as it has been
emphasized in [44]. For the second term in Eq. (35) we
have

0i(eX|WP?) = eXW(WK; + W), (37)
for which we have two solutions for a vanishing term

W,

W=0 or D,»W:Ki—i—W’:O, (38)
analogously for their Hermitian counterparts. The first
solution in Eq. (38) can be satisfied in general, while
the second solution just holds for certain values of a. We
choose the first one, so we have at the extrema

N _ N B
[Ta =119 (39)

where nontrivial solutions (for which n;, # n;_) exist, as
we will see in the next sections, hence

KW T g =0

i

ai(eK|W|2>|Hiv:1¢;l,'+= N ¢n,-— — O (40)

=11

Finally, we note that the evaluation of V at the extrema for
the no-scale fields implies

K"9,Vo;V K9, V0,V
vk,

=y, (41)

where we have used 9;V = 0. We observe that the rolling
behavior in this no-scale supergravity puts the model out of
the swamp given that 2y > ¢2. Itis interesting to note, as the
superpotential is vanishing in the vacuum, that we get a
supersymmetry breaking vacuum with positive vacuum
energy for any value of y. This can be seen by expanding
the scalar potential V into pieces of the original model and
the pieces coming from the rolling field

V =eCeK|WR(X -3+7)

i N
= e (S WP+ (r-3WE). @
i=1

from which it follows that at the extrema of the complete
model the dependence on y disappears when W = 0

N
V=eC <eK Z |D,-W|2>
i=1

A. The minimal model

(43)

ext

In this section we study the minimal model including a
no-scale chiral superfield plus a rolling superfield.

1. Existence of extrema

We start with the simplest example including one no-
scale chiral superfield and one rolling chiral superfield. The
Kihler and the superpotential are as follows

=3aln(¢ + $) — gIn(y + 7).

K =
W =a(g" —¢" x>, (44)
where a,q > 0,p <0, a is an arbitrary constant and
n, =3/2(a+ \/a). The full scalar potential, V, is as in
Eq. (32), V, the no-scale potential is given in Eq. (12) and
G is

G =In[(2 Re[y])~[x["], (45)

For the second term Eq. (35) the extremization conditions
of Eq. (40), for the nontrivial solution (that is n,_ # n;,),
and for an arbitrary value of a reduce to

¢‘ext = q_ﬁlext = 17 (46)

which is in agreement with the condition for finding the
extrema of the original theory, Eq. (18), but restricts the set
of possible values for the extrema. If we instead consider
the Kihler potential of Eq. (21), this can automatically fix
¢ = ¢ =1 by choosing b = 1 as explained in Sec. II.
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2. Stability condition

We study the stability of the vacuum by considering the Hessian matrix

KJLVIV]:\A/ KLMgMIvaJ‘A/ (47)
KLgMy, V.V KILV;V,V,
where I = ¢,y and V;; = V,V,V = 9,0,V — K0, V. For the no-scale extremization where 9,V =0and e ~[W*=0
we find that
Vil = (0,9)(04V) +7e%e%(G4G,) = 0, (48)

similarly for any other mixed component and its Hermitian conjugate. The no-scale components do not mix with the rolling
field, thus the mixed Christoffel symbols are vanishing. Therefore, we can write the Hessian matrix as

K"V, 0
” 0 K2V
P b oy 0
0 KZgix V.

from which we can see that it is equivalent to look for the
eigenvalues, which need to be positive for the stability of
the scalar potential, of the following block-diagonal matrix

o ]
H= .
0 H,

Each of the blocks in Eq. (50) contain only information
from one field:

TV, Vv
det[H,y] = det [KM[ " ""””,

(50)

Vis Vs
‘A/ xx A)()(

det[H,] = det | K¥ . , (51)
V” 74

also, due to having only one field in each sector, and
K% = K99 K% = K2 the factor of the Kihler metric
factors out. We therefore can look independently for the
eigenvalues of the submatrices H, and H,. The second
derivatives of the scalar potential, Eq. (32), at the local
extrema are given as follows

=e (8¢8¢ ) + ]/eé(quqg + G¢G¢) (,(/8(,5
=e (2 3 % 6a? )
= ¢0(=27% x 642 + 273% x 9yaa?),
V(/)(/) =e (8 &,, )+ J/eG(KJ,,/‘, + GJ,G(],) —Fgala(],f/
= ¢0(273 x 6a?), (52)

K934V 0
0 kﬂg)?x ‘A/u
B , (49)
0 K% V)()( Pt

where €€ is given in Eq. (45) and the Christoffel symbols in
Eq. (15). We note that eGGd,G[;S # 0. Finally, the eigenval-
ues of the Hessian H, at ¢p = ¢ are

A =eC [9 x 27302 gy] = 3 x &0 x 22342y,

4
dy = el [3 X 273%q% (=4 + 3ay)]
— eG X 22—3aa2 <_

Therefore, the stability condition for having a de Sitter
minimum implies

§+ 3}/). (53)

3ay > 4. (54)

This shows that adding a rolling dynamics, without adding
a quartic term in the Kihler metric to stabilize the
imaginary part, Eq. (10), also provides a way to stabilize
the potential. In case presented in this section, the eigen-
values of 1; and 4,, Eq. (53) can be both positive for
suitable values of a and y.

3. Assertion of the refined de Sitter conjecture

Now we check whether the modified no-scale model
obeys the first criterion of RdSC, Eq. (1), or not. We first
compute the parameter y, from Eq. (33)
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v = G,K*G, |Im)(=0

1 p\? _ _
=— [qzlﬂfl2 + <§> i +x*+aplx +x)2]
QI){| Imy=0
2
q
where
p q p q
G =——-——, and G, =—————, (56)
Ly xtx L2 oyt
and K** is the inverse of the Kihler metric
q
K, = . 57
T+ ) 7)

The first criterion of RASC, Eq. (1), in the form of Eq. (4), is
satisfied if

V2(p +q)
V4

Along the real direction, we have

>c=0(1). (58)

O = |yp| P2y + 7)1 = (Rey)~(Pt49) = V2 (59)

where ¢ is the canonically normalized rolling scalar field.
Finally, we note that if the first criterion is violated, the
second criterion of the RdSC, Eq. (2), can be satisfied if
there is an instability. In fact, the second mass eigenvalue is
negative for 3ay < 4. Given that V = 12a% x 273%¢V2%" in
the real field direction, the second criterion of the RdSC,
Eq. (2), requires that

3ay <4 —ac'. (60)

Since we computed the Hessian for noncanonical fields, but
kept the Kihler metric in Eq. (47) we can evaluate the
second criterion, Eq. (2), involving the fields ¢ and y,
without the need of using canonical fields.

4. Superpotential with two terms in the expansion
of the rolling field

Now we modify the superpotential Eq. (44) of the
minimal model to take the following form

W= (@ =y +ay ) (o)

From Eq. (31) we compute
e = (r+ 1) Nay " + a2, (62)

where

P1+4q (p2 = p1)as
G, = — — , 63
g 2t lagy P+ ay) (©3)

to finally get

p1+q)*
_(pita)
q
a - a -
i 2(P2—p1) (2p(lzz )/2191) +2(py +q)
q ay\PmPs 4 a,
1

X alx(pZ_pO/z + a2 ’ (64)

From Eq. (64) we observe that as far as /2y > ¢ the RdSC,
in the form of Eq. (4), can be satisfied.

IV. NONMINIMAL NO-SCALE MODELS
A. 2+1 model

Next, we consider a no-scale supergravity with dS
vacuum generated by two chiral superfields ¢; and add
one rolling superfield y, we refer to this construction as the
2+ 1 model. The Kihler and the superpotential are as
follows

K = =3a;In(¢ + ¢,) — 3z In(¢hy + )
—gqIn(y +), (65)

W= adi b - g a et (60)

where a;,g > 0,p <0, a is an arbitrary constant and
n; are given in Eq. (7). From Eq. (39) and demanding
n;. # n;,_, we have

Py = dy =1, (67)

where 7y, r, are arbitrary constants satisfying r? + 13 = 1.
We note that we cannot have both 9; W and 0, W simulta-
neously vanishing as supersymmetry is spontaneously
broken and the scalar potential is lifted. However, one of
them can vanish for special case of ry =0 and r, = 1, or
vice versa. Moreover, we observe that the above solution
Eq. (67) satisfies Eq. (36). Similar to the minimal model,
the Hessian matrix can be brought to a block diagonal form,
Eq. (50), where now

Klif/” K”g”f/n Kﬁvl’ Kliglif/lz
1y = KngII,:H 1{11‘721 Kﬁg,livii KH‘A/TAz
K2g2Vyr KPgy5Vy  K2Vys K295V
K205 K205 K242055  K2Vs

(68)
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and H, is as in Eq. (51), therefore the problem reduces to analyzing the 4 x 4 H; matrix of Eq. (68). Analogously to
Eq. (52) we need to compute the second order derivatives of V with respect to ¢, and ¢,: \7(/,1_4;]_ = 8,-8jeG(V +7e%) =

eGaia (V + yeY). These derivatives are given in the Appendix B. We find that the eigenvalues are given as follows

)«1 - 0,
Gy 12 x 273 @4 %) g2 (31 2ay + 3ria, + s*ayan(y — 3)) (rBay + riay) 69
M s*aiad ’ (69)

where s has been defined in Eq. (7), which requires
3r3a; + 3ria, + s*ajap(y — 3) > 0, (70)
while the other two eigenvalues are of the form
e Gl =A+ VB, (71)
where A and B are independent of ¢; and ¢,. In Fig. 4 we
plot the possible values of @; and a, for the special case of

y=2and ¢’ =1 with r, =r, = \/LE that are compatible
either with the RdSC or the stability condition.

B. N +1 model

We generalize to the case of N de Sitter case plus a
rolling field with the following general Kihler potential and
superpotential

N
K=-3> a;In(; + d;) — qIn(y +7)
i=1
— K—qln(y +7), (72)
N

N
w=a(T[or -TL# Jerr =wrroe (3
i—1

i=1

4
31

a 2 [ Refined Conjecture
1 Stability
0,

FIG. 4. Parameter space of a; and a,, for the 2 4+ 1 model for
the special case of y =2 and ¢ = 1 with r; = r, = %, that can

be either compatible with the RdSC or the stability condition.

In this case, local supersymmetry breaking vacua exist
when for some fields Eq. (39) is satisfied (leading to
W = W = 0), which can be put in the form

N N

or =14 =1 (74)

1 i=1

l
where ry, r, are arbitrary constants satisfying > N | r? = 1.
We note that we cannot have ;W simultaneously vanishing
for all i. However, some of them can vanish for special
values of r;. As with the previous examples this solution
automatically satisfies 9;V = 0, Eq. (36), which requires
¢ = ¢. The part of the Hessian regarding only ¢; fields
does not mix with that of y;, hence as in the previous case
the total Hessian is block diagonal, Eq. (50), where

VtM)l V¢|($z V¢1¢N
V¢z§51 V¢z(,752 oo V¢2¢N
Ve, Viiy

and H, is as in Eq. (51), therefore the problem reduces to
analyzing the 2N x 2N 'H 4, matrix, which in principle is not
block diagonal itself.

V. APPLICATION TO QUINTESSENCE MODELS

Current data indicates that the universe is dominated by
dark energy, therefore if Eq. (1) is satisfied, this implies that
this cannot be the result of a positive cosmological constant
nor can be described by a state at the minimum of a
potential with positive energy density. In such a case we can
invoke quintessence models, which are described by rolling
fields. It is known that exponential potentials of the form
V = Vye* [45] and

V(y) = Ve + Vyeh?, (76)

with varying A; parameters [49] that can fit well the
constraints based on supernovae type la (SNela), cosmic
microwave background (CMB) and baryon acoustic oscil-
lations (BAQO) data (see [50] for an alternative conclusion).
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For the case of one rolling field y, and hence only one term
in Eq. (76), V(y) = V,e*, the variable A is constrained to
be 1 = ¢, which is the constant appearing in Eq. (1), and
must satisfy 4 < 0.6. In [44] the mechanism that we use in
this work to satisfy the RASC was applied to uplift a
vacuum to a de Sitter vacuum that could be in agreement
with the RASC but it was concluded that the breaking of
supersymmetry needed for the de Sitter uplift cannot be
only caused by the quintessence field y due to the require-
ment y = ¢ > 3. In the models we present in Sec. III we do
not have such a requirement and hence even our minimal
model with one rolling field plus one de Sitter field could
be used as a quintessence model. In particular our result for
the minimal model for the constraint on y is compatible
with a value of 0.6.

The potential with two terms, Eq. (76), is in fact a kind of
freezing model associated with scaling solutions [51],
where the field equation of state scales as that of the
background fluid during most of the matter era. Here the
constants A; are constrained to 44 > 1 and 4, <1 [49]. In
the early matter era, the potential is approximated by the
first term in Eq. (76) while at late times the second term. In

[45] it was shown that the potential of Eq. (76) with 1~

A1 > /3 in the early universe and then switches to 1~
A, = ¢ = 0.6 at some recent point in the past. Together
these two stages approximate the boundary trajectory that
the dark energy equation of state, w(a) = @y + w,(1 — a),
where a is the scale factor normalized as a = 1 today, needs
to satisfy in order to be in agreement with SNela, CMB, and
BAO and the RdSC, Eq. (1), as shown in [45]. The no-scale
models that we study in Sec. III can easily accommodate
these requirements. We are aware about the difficulties in
constructing quintessence models in supergravity [52],
where either it is difficult to evade gravitational tests
or having the quintessence/supergravity models behave
like pure cosmological constants. Nevertheless, our
result is encouraging from the viewpoint of making
compatible a supergravity theory with the refined de Sitter
conjecture.

VI. CONCLUSIONS

In this paper, we used the refined de Sitter conjecture
(RdSC) and the trans-Planckian censorship conjecture
(TCC) to constrain the parameter space of some no-scale

3There is a current debate on the value of the Hubble constant,
[53,54] which may lead to a revolution in cosmology. Solutions
for this tension may even discard quintessence models, [55,56].
Nevertheless, one can obviously not rule out quintessence
models on this basis, as the model realized in nature resolving
the tension has not been established yet. In addition, there may
not even be a need for new physics as potential reconsiderations
of instrument calibration or data analysis may hold a key in
resolving the Hubble tension. For example, Cepheid calibration
reconsiderations can settle on a value in agreement with standard
cosmology [57].

supergravity models. Specifically, we have studied a toy
model of one field with no-scale Kihler potential and a
superpotential constructed from two Minkowski endpoints,
which yields a de Sitter scalar potential. It is well known
that for a particular choice of parameters, this model is
unstable along the imaginary direction, that is the second
derivative of the scalar potential is negative. But this is
exactly the kind of model that the RdSC allows and the
TCC can constrain. To check the compatibility with the
RdSC and the TCC we first added a quartic term to
the original Kihler potential to stabilize the real part of
the field, allowing us to work with one canonical field that
is proportional to the imaginary direction. Using this, we
have shown that for some choices of parameters the theory
can be compatible with the RASC and the TCC. This
analysis can be extended to the case of multifield theories
as well as to cases with metastable de Sitter vacua, where
the imaginary direction can also be modified via a quartic
term in the Kéhler potential. We think this kind of analysis
is important as no-scale models with Minkowski/anti—
de Sitter vacua generically appear as low energy limits
of string compactifications, but de Sitter vacua “have
not yet been rigorously shown to be realized in string
theory” [30].

To construct the second class of models we presented in
this paper, for which an effective dS background is obtained
from a rolling potential, we modified the Ké&hler and
superpotential of the simplest no-scale model we consid-
ered by adding the terms corresponding to the rolling fields.
We found that this modification alleviates the instability
and flatness along the imaginary and the real directions
without the need for quartic terms. The existence of the
rolling direction provides an escape from the swamp as the
first criterion of the RASC can be satisfied for suitable
values of parameters. Interestingly, we found that the height
of the potential is controlled by the no-scale parameters
while the rolling parameters make the model compatible
with the RASC. These models could be used to construct
viable cosmological models to accommodate the acceler-
ating expansion of the late Universe.
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APPENDIX A: CANONICAL NORMALIZATION

To evaluate the second criterion of the RdSC, Eq. (2), we
split the complex field ¢ into real and imaginary compo-
nents ¢ = x + iy, to have
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L= —Kwﬁﬂq’r(‘?”(])
3a
4[Re[g])?

With the Kihler metric of Eq. (21) we can fix the real part
to b, such that

[(0,x)(9¥x) +

(0u3)(0"y)]. (A1)

(Re[@]) = b.

Then we identify the canonical kinetic term of the fields y

and o:
e (o)

we would have

(A2)

(A3)

3a
20 aRelg PO (A9
1 3a0,y ~ [3ay
B ENT Ty T gy WY

But since the real part is fixed and acquires a vev, then our
effective theory will consist in only one field, o, with
canonical kinetic term £ = —19,60c.

APPENDIX B: DETAILS OF
STABILITY CONDITIONS

For the 2 + 1 model the second derivatives of V are as
follows

LKl 7 LKI‘A/I 4 x 273t @) g2(3r302 — 217y + 3yayayr?) ’

zKiVa V1= )

e e S alaz

1 Kot - L 4 x 273t ) g2 (52212 a, — 9rday oy — 31303) + 913 (e + Pay))
KV = ki = ’

kit = L gppa 1227 - e,

G e ! s*ay g

1~ P — 1_ K7, = 12 x 273+ @) 2 ) (3 ay + 3130y — 25%a o) b
G G statay g

1 en 1 o 12x273@t®) -1

_GK%V% :_GK%VZ — a;l"z( )¢2

e e s*ayhy
1 oom _ 1o, _ 12 x 273 @+ @) g2, (3r}a, + 3r3a; — 2520 0,) s

K202 = — K2V, S ,
et et stazai ¢

1 20 1 v 4 x 273 @t @) g2 (52(2rda; — 9rdaya; — 3r303) + 9r3(rla, + r3ay))
<K <KV = ) ’
e st

1 en 1 on  4x273@F®) 0231202 — 212a; + 3yanay r2)

—K3V3 = = K3V3 = - (B1)
e e S a20{1
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