
Eur. Phys. J. C (2015) 75:55
DOI 10.1140/epjc/s10052-015-3291-2

Regular Article - Theoretical Physics

Chaotic inflation in no-scale supergravity with string inspired
moduli stabilization

Tianjun Li1,2,a, Zhijin Li3, Dimitri V. Nanopoulos3,4,5

1 State Key Laboratory of Theoretical Physics and Kavli Institute for Theoretical Physics China (KITPC), Institute of Theoretical Physics,
Chinese Academy of Sciences, Beijing 100190, People’s Republic of China

2 School of Physical Electronics, University of Electronic Science and Technology of China, Chengdu 610054, People’s Republic of China
3 George P. and Cynthia W. Mitchell Institute for Fundamental Physics and Astronomy, Texas A&M University, College Station, TX 77843, USA
4 Astroparticle Physics Group, Houston Advanced Research Center (HARC), Mitchell Campus, Woodlands, TX 77381, USA
5 Division of Natural Sciences, Academy of Athens, 28 Panepistimiou Avenue, Athens 10679, Greece

Received: 24 November 2014 / Accepted: 24 January 2015 / Published online: 5 February 2015
© The Author(s) 2015. This article is published with open access at Springerlink.com

Abstract The simple chaotic inflation is highly consis-
tent with the BICEP2 experiment, and no-scale supergrav-
ity can be realized naturally in various string compactifica-
tions. Thus, we construct a chaotic inflation model in no-scale
supergravity inspired from Type IIB string compactification
with an anomalous U (1)X gauged symmetry. We introduce
two moduli T1 and T2 which transform non-trivially under
U (1)X , and some pairs of fundamental quarks charged under
the SU (N )× U (1)X gauge group. The non-trivial transfor-
mations of moduli under U (1)X lead to a moduli-dependent
Fayet–Iliopoulos (FI) term. The modulus T2 and the real com-
ponent of T1 are stabilized by the non-perturbative effect
from quark condensation and the U (1)X D-term. In particu-
lar, the stabilization from the anomalous U (1)X D-term with
moduli-dependent FI term is crucial for inflation since it gives
heavy mass to the real component of the modulus T1 while
keeping its axionic part light. Choosing the proper parame-
ters, we obtain a global Minkowski vacuum where the imag-
inary part of T1 has a quadratic potential for chaotic inflation.

1 Introduction

Inflation is a candidate to solve several problems in the stan-
dard big bang model, such as the horizon problem, flat-
ness problem, large structure of the Universe, etc. It is get-
ting closer to being verified based on the recent Planck and
BICEP2 observations [1,2]. Both experimental results sup-
port the single field inflation with scalar spectral index ns

around 0.96. However, the Planck results provide an upper
bound on the tensor-to-scalar ratio, r � 0.11 at 95 % C.L. [1].
The simple chaotic inflation model with quadratic potential
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V = 1
2 m2φ2 [3], whose r is out of this range, is disfavored.

In contrast, the Starobinsky model fits with the Planck data
very well [4–6]. Consequently, it was important to realize
the Starobinsky model from fundamental theories, such as
the supergravity (SUGRA) theory and string theory before
the BICEP2 results.

The no-scale SUGRA [7–11], which can be realized nat-
urally in various string compactifications [12,13], solves the
cosmological constant problem at the classical level. The
Starobinsky model was realized in SU (2, 1)/U (1) no-scale
SUGRA with Wess–Zumino superpotential [14,15]. Follow-
ing this development, the SUGRA extensions of the Starobin-
sky model have been revived [16–21] (for more details and
references, see [22]). Besides, the Starobinsky-like inflation
can be fulfilled in string theory as well [23,24].

Very recently, the BICEP2 Collaboration announced the
range of tensor-to-scalar ratio based on the observations of

CMB B-mode polarization, r = 0.20+0.07
−0.05 or r = 0.16+0.06

−0.05
by subtracting the dust contributions. Such large r signifi-
cantly changes the directions of the inflation model building.
The Starobinsky model is now disfavored by the BICEP2
results. Moreover, many inflation models from string theory
predict small r far below 0.01 and thus contradict with the
BICEP2 results [25] (The exceptional models are aligned
natural inflation [26], monodromy inflation [27,28] and M-
flation [29,30]). Interestingly, chaotic inflation is indeed
favored after the BICEP2 results, and since it has been stud-
ied extensively [31–51].

The no-scale SUGRA is equipped with a curved Kähler
manifold [7–11], which leads to non-canonical kinetic terms
for the fields along non-flat directions (without shift symme-
try). Normally, the fields with such a kind of kinetic terms
move too fast toward the minimum, and then no inflation can
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be triggered. Alternatively, through parameter tuning it is
possible to get a flat direction for inflation with very small r ,
such as in the no-scale Starobinsky model [14,15]. In short,
these potentials are either too steep or too flat to generate
chaotic inflation.

For chaotic inflation, the inflaton is preferred to be the
scalar with a flat direction on the Kähler manifold, while all
the other fields along the rest of the directions should be prop-
erly stabilized. The flat directions of the Kähler manifold are
guaranteed by the shift symmetries of the Kähler potential.
The scalar potential is also flat if the shift symmetry is not
broken by the superpotential. Thus, the shift symmetry was
employed to construct the chaotic inflation model in no-scale
SUGRA [35] (for a related study, see [42,52]). This work is
based on the SUGRA extension of the Starobinsky model, the
Kähler potential is of no-scale SU (2, 1)/U (1) type, and the
inflaton is the imaginary part of the modulus, which preserves
the exact shift symmetry. However, the real component of the
modulus is not stabilized during inflation since the masses of
the real component and inflaton are comparable around the
same scale. The point is that the shift symmetry is broken
by the superpotential explicitly, in consequence there is no
symmetry that can prevent the inflaton from obtaining heavy
mass.

Besides the shift symmetry, moduli stabilization is also
needed for chaotic inflation. The moduli can be stabilized
by the non-perturbative effects [53] via the KKLT mecha-
nism in an anti-de Sitter (AdS) vacuum, which is uplifted to
a metastable de Sitter (dS) vacuum by sets of anti D3-branes
where supersymmetry (SUSY) is broken explicitly. Burgess,
Kallosh, and Quevedo (BKQ) suggested that the uplifting of
the AdS vacua with spontaneously SUSY breaking can be
realized by the D-term associated with an anomalous U (1)X

gauge symmetry [54]. Nonetheless, the non-perturbative part
of the superpotentials in both KKLT and BKQ are not invari-
ant under anomalous U (1)X . The gauge invariant moduli
stabilization was proposed in Refs. [55,56] based on the
non-perturbative effect of hidden gauge symmetry. As the
D-term is positive semi-definite, it is useful to construct the
Minkowski or dS vacuum. The effects of the D-term on mod-
uli stabilization and dS vacua are also studied in Ref. [57,58].
Moreover, the F-term is widely used to uplift the AdS vacua.
In Ref. [59], the O’Raifeartaigh model with quantum correc-
tions is introduced to the KKLT scenario. The heavy fields
are integrated out while a light field is fixed at very small
value. Its F-term contributes to the vacuum energy and uplift
the AdS vacua obtained from KKLT. Similarly, the Polonyi
model can uplift the AdS vacua when combined with the
KKLT mechanism [60–62].

The anomalous D-term with moduli-dependent Fayet–
Iliopoulos (FI) term plays a special role in inflation. The FI
term depends on the real component of the moduli only, so
stabilization through such kind of D-term only gives heavy

mass to the real component while the imaginary or axion-like
part remains light. This is different from the stabilization by
the F-term or D-term with constant FI term, in which cases
both the real and the imaginary components appear in the
potentials and it is difficult to separate the masses between
the real and imaginary parts at different scales. Instead of
stabilizing the moduli directly, chaotic-like inflation can also
be obtained in no-scale SUGRA by minimizing a term com-
bining the moduli and matter fields [63–66], nevertheless,
the moduli are indeed not stabilized during inflation.

In this work, we will apply the shift symmetry of the mod-
uli to obtain chaotic inflation, where the inflaton is the cor-
responding axion-like field. In particular, the shift symmetry
is preserved in both Kähler potential and superpotential. So
it can be consistently gauged to form the anomalous U (1)X

as long as the gauge anomaly is canceled. The Kähler poten-
tial is inspired from the Type IIB string compactification,
where two moduli T1 and T2 are charged under the anomalous
U (1)X gauge symmetry. One of the moduli T2 is stabilized
by the KKLT mechanism in a gauge invariant way. The real
component of T1 is automatically stabilized by the D-term
associated with the anomalous U (1)X , while its imaginary
component remains light and is a natural candidate for the
inflaton. We choose the moduli stabilization scale at least one
order of magnitude higher than the inflation scale so that the
inflation and moduli stabilization can be separated into two
stages.

This paper is organized as follows. In Sect. 2, we briefly
review gauge invariant moduli stabilization based on non-
perturbative effects. In Sect. 3, we discuss the anomaly can-
celation of the anomalous U (1)X symmetry. In Sect. 4, we
show by combining the non-perturbative effects and the D-
term, all the moduli except the axion-like imaginary compo-
nent of T1 are stabilized. Choosing the proper parameters,
we get the Minkowski vacuum and a light axion-like field
with quadratic potential, which generates chaotic inflation in
the scale far below the moduli stabilization scale. We discuss
model building and then conclude in Sect. 5.

2 Gauge invariant moduli stabilization

In the KKLT proposal, the dilaton and complex-structure
moduli of Calabi–Yau compactification are fixed by the back-
ground NSNS and RR fluxes. Thus, there is only one Kähler
modulus, T , which is not fixed by the fluxes. The SUGRA
description of its low-energy effective theory is given by the
Kähler potential

K = −3 log(T + T̄ ) (1)

and the superpotential

W = W0 + Wnp, (2)

123



Eur. Phys. J. C (2015) 75 :55 Page 3 of 9 55

where the constant term W0 is obtained from the fluxes which
are used to stabilize the dilaton and complex-structure mod-
uli, and the non-perturbative term Wnp = Ae−aT is gener-
ated by the Euclidean D3-branes or alternatively by gaugino
condensation within a non-Abelian sector from a stack of
wrapped D7-branes. The generic F-term scalar potential is
given by

VF = eK (K i j̄ Di W D j̄ W̄ − 3W W̄ ), (3)

in which K i j̄ is the inverse of the Kähler metric Ki j̄ =
∂i∂ j̄ K . The potential of the modulus T admits a supersym-
metric AdS vacua where T is stabilized. There are several
ways to uplift the AdS vacua to dS vacua. In the original
KKLT proposal, the AdS vacuum is uplifted by anti D3-
branes, which generates a non-supersymmetric term in the
scalar potential,

V = VF + D

σ 2 , (4)

where σ = Re(T ), and D is a constant.
Instead of breaking SUSY explicitly, the AdS vacua can be

uplifted by the D-term in the BKQ proposal [54]. In general,
the D-term for the four-dimensional N = 1 gauged SUGRA
with Kähler term G = K (φ, φ̄)+ log(W W̄ ) is

VD = 1

2
Da Da, (5)

where the gauge indices are raised by the form [(Ref)−1]ab

with f the gauge kinetic function. The Da components are

Da = i Ki Xi
a + i

Wi

W
Xi

a, (6)

or

Da = i Ki Xi
a, (7)

if W is gauge invariant. Here, the Xi
a are the components of

the Killing vector Xa = Xi
a(φ)∂/∂φ

i ,
In the BKQ proposal, the Killing vector has components

X T = 2E
3 i and X Qi = iqi Qi . So the D-term is

VD = g2
YM

2
D2 = 2π

σ

(
E

σ
+

∑
qi |Qi |2

)2

, (8)

where g2
YM = 4π/σ , Qi are the matter fields which trans-

form linearly under the anomalous U (1)X with charges
qi , and the modulus T shifts under the anomalous U (1)X

and then is related to a field dependent FI term. That the
D-term should be non-vanishing (non-cancellability) is a crit-
ical assumption to uplift the AdS vacua. It was argued that
the matter fields Qi can obtain vacuum expectation value
(VEV) 〈Qi 〉 = 0, so the D-term is similar to the effect of the
anti D3-branes. The uplift of AdS vacua can also be done by
F-term (For example, see [67,68].).

As noticed in the BKQ proposal and Ref. [69,70], it is
not consistent to directly add the D-term in KKLT mecha-
nism. The modulus T shifts under anomalous U (1)X : T →
T + X T ε, where X T is the Killing vector generating U (1)X

transformation of modulus T . The non-perturbative term
in the superpotential Wnp is not gauge invariant: Wnp →
e−a X T εWnp. So a field dependent coefficient in the non-

perturbative term is required to cancel the factor e−a X T ε if
the shift symmetry can be gauged consistently.

A gauge invariant non-perturbative superpotential was
constructed in Refs. [55,56]. The expression Wnp = Ae−aT

in KKLT is replaced by Wnp = F(Qi )e−aT , in which F(Qi )

is a product of matter fields Qi . The F(Qi ) transformation
under U (1)X cancels the phase factor e−a X T ε so that the
new Wnp is indeed invariant under U (1)X . Such a kind of
superpotential, which originated from gaugino condensation,
has been studied in Refs. [71–74]. Specifically, the model
employs N0 fundamental quark pairs, (Qi , Q̄i ) under gauge
group SU (N )×U (1)X , and the U (1)X charges of the quark
pairs are (q, q̄). The quarks condense and form the compos-
ite meson fields |M |2 = |Mi |2, in which M2

i = Qi Q̄i for
i = 1, . . . , N0. Consequently, the effective superpotential
after the condensation is

Wnp = (N − N0)M
− 2N0
(N−N0) e

(q+q̄)N0T
(N−N0)δGS , (9)

in which the iδGS = X T and its value is determined by
the quantum anomaly cancelation conditions for SU (N )2 ×
U (1)X and U (1)3X , which will be discussed later. Obviously,
the above superpotential is gauge invariant. Opposite signs
are assigned for q + q̄ and δGS. The U (1)X D-term is

VD ∝
(

N0(q + q̄)|M |2 − 3δGS

2σ

)2

. (10)

This D-term is non-vanishing for σ < ∞ and its minimum
is located at 〈M〉 = 0. The non-cancellability assumption,
which is crucial for the BKQ proposal, now is realized in the
condensation mechanism. However, the non-cancellability
directly results from the fact that δGS/(q + q̄) < 0; by
introducing more fields charged under U (1)X , this non-
cancellability disappears.

The modulus T and the composite field M can be stabi-
lized by minimizing VF or the combination VF + VD. Based
on purely VF, the vacua are of AdS as usual, uplifting from
the D-term results in the dS vacua.

3 Anomaly cancelation of anomalous U(1)X

Anomalous U (1)X symmetry is obtained in the heterotic
string by gauging the shift symmetry of the axion–dilaton
multiplet S [75]. The gauge kinetic term is
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∫
d2θ f W 2

α , (11)

where Wα is the field strength of the U (1)X vector super-
field, and the gauge kinetic function is taken as f = S.
The gauge kinetic term contains two parts Re( f )F2 and
I m( f )F F̃ [76]. The second term has a non-trivial trans-
formation of S and plays a crucial role in gauge anomaly
cancelation through the Green–Schwarz mechanism in four-
dimensional spacetime [77]. The quantum anomaly of U (1)X

is canceled by the term introduced from the transformation
S → S + iεδGS. However, for the heterotic string case, the
anomalous U (1)X is very constrained. As argued in Ref. [75],
only the superfield S can be transformed non-trivially under
anomalous U (1)X , otherwise there will be unwanted mass
terms and tadpoles at tree level. The FI terms introduced by
S appear in the heterotic string at higher loop levels, so they
are expected to be much smaller than the tree-level poten-
tial. In consequence, they are not useful if a large D-term is
needed.

In Type IIB string compactification, generally there are
several moduli, Ti , from the Calabi–Yau space. The moduli-
dependent part of the gauge kinetic function is f = gi

aTi ,
where gi

a are positive constants. Anomaly cancelation is
determined by the component gi

a I m(Ti )Fa F̃a . Given the
moduli Ti transform as Ti → Ti + iδi

aε under U (1)a , the
anomaly cancelation requires

∑
gi

aδ
i
a = −
, (12)

where 
 is the coefficient of the gauge anomaly from the
fermionic contributions 
Fa F̃a . Specifically, for the U (1)3X
gauge anomaly, the above anomaly cancelation turns into

∑
gi

Xδ
i
X = − 1

48π2

∑
q3

m, (13)

in which qm are the charges of quarks, and a factor 1/3 is
attributed to the over-counting of the anomaly diagrams.

4 Chaotic inflation model building

From the above discussions, the anomalous U (1)X in Type
IIB string theory instead of heterotic string theory is pre-
ferred. In particular, in the Type IIA intersecting D6-brane
model building or its T-dual Type IIB D3–D7 brane model
building, we will not only have up to four anomalous
U (1) gauge symmetries, but also we have the hidden sec-
tor with additional gauge groups and exotic particles [78–
82]. Inspired by these string constructions, we consider the
following Kähler potential:

K = − log(T1 + T̄1)− 2 log(T2 + T̄2)

+
N0∑

i=1

(Qi Q̄i + Q̃i
¯̃Qi )+ SS̄ − (SS̄)2

�2
1

+ X X̄ − (X X̄)

�2
2

, (14)

where T1 and T2 transform non-trivially, Ti → Ti + iδi
GSε

under the anomalous U (1)X , the N0 quark pairs (Qi , Q̃i )

form fundamental representation of SU (N ) gauge sym-
metry with U (1)X charges (q, q̃). As proposed before,
the quarks Qi condense and form composite meson fields

Mi =
√

Qi Q̃i . The superfields S and X are neutral under

SU (N )× U (1)X , and the higher-order terms (SS̄)2/�2
1 and

(X X̄)2/�2
2 from quantum corrections are needed to fix S

and X at 〈S〉 = 〈X〉 = 0 during inflation. S is from the
O’Raifeartaigh model and used to uplift the AdS vacua in the
KKLT mechanism [59], while X provides the non-vanishing
F-term for inflation.

The kinetic terms of the fieldsφi ≡ (Ti , Qi , Q̃i , S, X) are
given by Lkin = Ki j̄∂μφ

i∂μφ̄ j̄ with the Kähler metric Ki j̄ ≡
∂2 K/∂φi∂φ̄ j̄ . From the Kähler potential in Eq. (14), fields
Qi , Q̃i , S, and X (at lowest level) have canonical kinetic
terms, while for the moduli Ti with no-scale type Kähler
potential, their kinetic terms are

L K = ∂μT1∂
μT̄1

(T1 + T̄1)2
+ 2∂μT2∂

μT̄2

(T2 + T̄2)2
. (15)

The gauge kinetic term consists of two parts, SU (N ) and
U (1)X . Here, we focus on the U (1)X due to quark condensa-
tions. The SU (N )2×U (1)X gauge anomalies are canceled by
the shifts of the gauge kinetic function fSU (N ) ∝ gaT2 under
the anomalous U (1)X . The gauge kinetic term of U (1)X is∫

d2θ(g1T1 + g2T2)W
2
α . (16)

The parameters δi
GS, g1, and g2 are free as along as the

anomaly cancelation conditions are satisfied. Here we take

δ ≡ δ2
GS = −δ1

GS, (17)

and g1 = 1, g2 = 2. The anomaly cancelation condition in
Eq. (13) gives

δ = − N N0(q3 + q̄3)

48π2 . (18)

The superpotential of the gauged SUGRA, first of all, should
be gauge invariant. If there is only one modulus transforms
non-trivially under anomalous U (1)X , then the formula of the
superpotential is strongly constraint by the gauge invariance.
There is only one choice W (T ) ∼ eaT , just the effective
superpotential from non-perturbative effects. However, by
employing two moduli (T1, T2) with Killing vector
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X T1 = iδa, X T2 = −iδb, (19)

the constraint is relaxed. The combination of the two moduli
δbT1 + δaT2 is automatically gauge invariant, and then any
function in terms of δbT1 + δaT2 is gauge invariant. This is
crucial to construct the gauge invariant superpotential.

We consider the following superpotential:

W = w0 + (N − N0)M
− 2N0

N−N0 e
N0(q+q̃)T2
δ(N−N0)

−μS + aX (T1 + T2 + s), (20)

where the first two terms (Wst) are for the gauge invariant
stabilization of modulus T2. The third term is to uplift the
AdS vacuum, while the last term (Win) is to generate chaotic
inflation, and s is a constant. Because of the axionic shift sym-
metry of the Kähler moduli, the perturbative terms in Win are
forbidden in the superpotential. There are two possible ways
to generate Win. First, the Kähler moduli appear in the super-
potential through the non-perturbative effects, which are of
the form ∝ e−ki Ti = 1 − ki Ti + · · · (higher − order terms)
for small ki . Assuming the coefficients satisfy k1 = k2 	 1,
we simply consider the constant and linear terms. As long
as the exponential term is coupled with the matter field X ,
we get the inflation term Win in (20). Therefore, the super-
potential Win, which realizes chaotic inflation after moduli
stabilization, can be considered as small ki 	 1 approxima-
tion of the typical non-perturbative effect. The superpotential
∝ e−aT is employed to realize natural inflation in the min-
imal supergravity [83–85]. Actually this small ki approxi-
mation corresponds to the well-known relationship that with
large axion decay constant (small ki in our model), the nat-
ural inflation gets close to the chaotic inflation. Second, we
can consider the flux compactifications, and there exist Käh-
ler moduli in the superpotential. For example, see [82] and
references therein.

For the moduli stabilization, we require that Wst be “hier-
archically” larger than the term Win. To be concrete, we will
takew0 
 2.0×10−3 in Planck units, while the parameter a,
which corresponds to the inflaton mass, is about 1013 GeV,
or ∼ 10−5 in Planck units. Therefore, the term Win has ignor-
able effect on the moduli stabilization. Conversely, once the
moduli are fixed, they are completely frozen out during infla-
tion.

Given T2 ≡ φ + iθ,M ≡ meiβ , and a = − N0(q+q̃)
δ(N−N0)

,

b = 2N0
N−N0

, the F-term potential is

VF = e2N0m2

4(T1 + T̄1)φ2

{
e−2aφ[4(N − N0)

2m−2b

×
(

1

2
a2φ2 + aφ

)
+ (N − N0)

2

2N0
b2m−2(b+1)

−2b(N − N0)
2m−2b + 2N0m2−2b(N − N0)

2]
+2N0m2w2

0 + 2w0(N − N0)m
−be−aφ

×(2aφ + 2N0m2 − b)cos(aθ + bβ)

+μ2 + a2|T1 + T2 + s|2 + · · ·
}
, (21)

in which the terms proportional to S and X are ignored.
The potential depends on the combination aθ + bβ. From
the potential (21), φ and m obtain non-zero VEVs. As both
T2 and M are charged under anomalous U (1)X , the U (1)X

gauge symmetry is spontaneously broken. For the axion θ and
the phase β, one of their linear combination is absorbed by
the massive U (1)X gauge field and becomes its longitudinal
component through the combined effect of the Stückelberg
and Higgs mechanisms, while another degree of freedom is
strongly stabilized by the potential (21).

From the potential (21), the term ∝ a2 is several orders
smaller than the KKLT terms and only has small correction
to the moduli stabilization. Its effect will be studied later.
The modulus T2 and meson M are stabilized by the KKLT
term, which gives an AdS vacuum. The AdS vacuum is raised
by the term ∝ μ2. In our model, taking N = 10 with only
one flavor of quarks, q + q̃ = −4πδ, the constant w0 =
0.002, the vacuum locates at φ0 = 8.2990,m0 = 0.0879,
and aθ + bβ = (2n + 1)π . To uplift the AdS vacuum to
a Minkowski vacuum, we require μ2 = 6.58 × 10−6. The
masses of the fields φ and m (after canonical normalization)
are mφ = 1.2 × 10−3 and mm = 1.3 × 10−4. Note that the
off-diagonal entry is much smaller and the Hessian matrix
is positive definite, we confirm that above vacuum is real.
The Kähler modulus T2 is stabilized in the region Re(T2) 

8.3 > 1 and even larger at the order 10 by taking larger
N , so the supergravity approximation is valid. However, the
moduli cannot be stabilized at much larger value. Otherwise,
the moduli stabilization is not consistent with the inflation
energy scale. For the two axionic fields θ andβ, the remaining
degree of freedom after symmetry broken is stabilized by the
vacuum condition aθ + bβ = (2n + 1)π . As an example,
taking the U (1)X gauge θ = 0, the phase β is stabilized at
(2n + 1)π/b with mass m2

β = 6.2 × 10−4.

The Hubble scale is around 5 × 10−5 for r 
 0.16. Thus,
the fields φ,m, and the remaining axionic field after the
U (1)X symmetry breaking can be stabilized during infla-
tion. Besides, the gravitino mass is 4.5 × 10−5, which will
not affect the inflation in no-scale supergravity. Moreover,
we present the potential for moduli stabilization in Fig. 1.

The D-term associated with the anomalous U (1)X is

VD = 1

2Re(T1 + 2T2)

×
(

δ

T1 + T̄1
− 2δ

T2 + T̄2
+ N f (q + q̃)|M |2

)2

. (22)

The D-term for another gauge group SU (N ) has already
vanished under the quark condensation |Qi |2 = |Q̃i |2. In
Eq. (22) the δ has opposite sign to the charge q + q̃ , the
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Fig. 1 F-term moduli stabilization in a Minkowski vacuum

above D-term is canceled by shifting the real component of
modulus T1 for any given T2 and M . This is completely dif-
ferent from the case with modulus T2 only, in which the |M |2
has the same sign with the modulus-dependent FI term and
non-cancellability is guaranteed. At the vacuum, the D-term
vanishes, and gives a large mass to the field Re(T1). So even
though we can gauge invariantly fix the modulus T2 and M ,
the D-term uplifting of the AdS vacua is not feasible.

The modulus T2 and M are fixed at 〈T2〉 = φ0 + iθ0 and
|M | = m0. For simplicity, we will take the U (1)X gauge
θ0 = 0. The real component of modulus T1 obtains a large
mass and is stabilized as well. For T1 = σ + iρ, the vacuum
locates at

σ0 = 1

2

(
1

φ0
+

∣∣∣∣q + q̃

δ

∣∣∣∣ N0m2
0

)−1

, (23)

with mass (before rescaling)

m2
σ = ∂2VD

∂σ 2

∣∣∣∣
σ0,〈T2〉,m0

= 8δ2

φ5
0

(1 − N0(q + q̃)φ0m2
0/δ)

5

5 − 4N0(q + q̃)φ0m2
0/δ

.

(24)

With parameters given before, m2
0 	 1, we have σ0 
 φ0/2

and m2
σ 
 8δ2/5φ5

0 . The physical mass of σ (after rescal-
ing) is about 2δ/

√
5φ1.5

0 , above 1016 GeV providing δ ∼
O(10−1). It is much larger than the Hubble scale, and then
the real component of modulus T1 is strongly stabilized dur-
ing inflation.

Here the moduli-dependent FI term plays a crucial role in
the moduli stabilization, as it is independent with the imag-
inary components of the moduli, we can safely stabilize the
real component while keep the axion-like imaginary compo-
nent light.

Figure 2 shows the D-term potential with stabilized T2,
where the quark condensation term is ignored. The fieldσ has

Fig. 2 Anomalous U (1)X D-term with unit δ2

8φ3
0

. The x axis is scaled

by φ0, and the quark condensation term is ignored. With non-vanished
m2

0 term the 〈σ 〉 will shift to the left and makes the minimum valley
steeper

a steep minimum at φ0/2, which is also the global minimum
as a result of the cancellability. Besides, the potential shows
run away tendency corresponding to the decompactification.

During inflation, the fields φ, m, θ , and β in (21) are
frozen out since one linear combination of them is absorbed
by heavy massive vector field and all the rest obtain large
masses. The potential is dominated by the inflation term
a2|T1 + T2 + s|2 as

VF|φ0,m0 = a2

8φ2
0σ
(ρ2 + (σ + φ0 + s)2), (25)

where the F-term coefficient e2N0m2
0 
 1 is ignored and the

U (1)X gauge θ = 0 is applied. The field σ is fixed at σ = σ0

by the D-term flat condition. To get a Minkowski vacuum
one requires s = −(σ0 + φ0). During inflation the inflaton
ρ is large, the inflationary potential couples with σ and thus
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gives a small correction to the σ stabilization. The overall
potential near the vacuum is

V = a2

8φ2
0σ
(ρ2 + (σ − σ0)

2)+ VD


 VI
σ0

σ
+ 1

2
m2
σ (σ − σ0)

2, (26)

where VI = a2

8φ2
0σ0
ρ2 is the inflaton potential. The VEV of

σ is shifted to σ 
 σ0(1 + VI /m2
σ σ

2
0 ). Consequently, the

inflationary potential will be slightly reduced by V 2
I /2m2

σ σ
2
0 .

Since VI ∼ 10−8 	 m2
σ σ

2
0 , this shift is ignorable, and so is

its effect on the inflaton potential.
From Eq. (26), we get the scalar potential for the only

unstabilized scalar ρ

Vin(ρ) = a2

8σ0φ
2
0

ρ2. (27)

And its kinetic term in Eq. (15) is

L K = 1

4σ 2
0

∂μρ∂
μρ. (28)

Redefining the field ψ ≡ ρ/
√

2σ0, the Lagrangian for the
canonically normalized field ψ is

L = 1

2
∂μψ∂

μψ + σ0

4φ2
0

a2ψ2. (29)

Chaotic inflation can be driven by a scalarψ with a quadratic
potential, which is well known to be consistent with the
BICEP2 observations, especially for the large tensor-to-
scalar ratio r 
 8

Ne
, where Ne is the e-folding number

of the universe scale expansion during inflation process.
To be consistent with the observations, the inflaton mass
is about mψ 
 1.8 × 1013 GeV. Therefore, the parameter
a = (2/σ0)

1/2φ0mψ ∼ 10−5 in Planck unit, as discussed
before.

5 Discussions and conclusion

In this work we have constructed the chaotic inflation model
in the no-scale SUGRA inspired from Type IIB string
compactification. The inflation models in no-scale SUGRA
generically give a small tensor-to-scalar ratio r < 0.01
[14,15,20–22], which are strongly disfavored by the recent
BICEP2 observations [2]. For a lot of stringy inflation mod-
els, they are realized from the string low-energy effective
actions, which are of no-scale type and obtain small r as
well [25]. The inflationary models with small r are driven
by the scalars which are non-flat directions on the Kähler
manifold. The potentials of the these scalar fields are either
too steep for inflation, or of plateau type with small r after
tuning. Therefore, as correctly noticed in [35], it is necessary

to employ the fields which are flat directions of Kähler mani-
fold. The Kähler potential is invariant under the shift of such
fields.

However, having only shift symmetry does not guaran-
tee inflation. The extra moduli except the inflaton should be
frozen during inflation to generate single field inflation. The
moduli can be stabilized by non-perturbative effects like the
KKLT mechanism. However, once the extra moduli are sta-
bilized, the inflaton, which has shift symmetry, also obtains
mass at the same scale and then destroys the inflation [35,83].
In short, the inflaton with shift symmetry in the Kähler poten-
tial does not have a light mass as expected. The point is that
the shift symmetry provided in the Kähler potential K is
broken by the superpotential W explicitly. To obtain a light
modulus, the shift symmetry should be kept in the whole
Kähler function G = K + log(W W̄ ).

If there is just one modulus T and an anomalous U (1)X

gauge symmetry, the only modulus-dependent superpoten-
tial, which is invariant up to a phase factor under shift trans-
formation, is e−aT . So this is just the effective superpotential
from the non-perturbative effects. However, it is impossi-
ble to get a quadratic potential for the chaotic inflation with
such a superpotential. In this work, we have solved this prob-
lem by using two moduli that transform non-trivially under
the U (1)X , so that we can construct a polynomial gauge
invariant superpotential. In string theory, the Kähler moduli
admit shift symmetry which prohibits such kind of polyno-
mial terms in the superpotential. However, the perturbative
term in our model can be obtained from the non-perturbative
effect Xe−k(T1+T2) under small k 	 1 approximation, in
which the higher-order terms proportional to kn (n � 2)
are ignored. This approximation is similar to the relationship
between the natural inflation and the chaotic inflation: with
increasing axion decay constant, the natural inflation gets
close to the chaotic inflation. The alternative way to generate
such term is to consider flux compactifications.

The KKLT proposal also needs to be modified for the
anomalous U (1)X , as in the initial case the non-perturbative
superpotential is not invariant under the anomalous U (1)X

[53]. This is solved by introducing a hidden gauge sector
SU (N ) gauge group [55,56]. The non-perturbative super-
potential obtained from the quark condensation is invariant
under SU (N )×U (1)X , and leads to the moduli stabilization.
It also solves the non-cancellability assumption in the BKQ
proposal [54]. The moduli stabilization in our work follows
this gauge invariant method, but with a different role for the
D-term to play.

In our model we have considered two moduli Ti trans-
forming non-trivially under anomalous U (1)X . It could be
obtained from Type IIB string compactification instead of
the heterotic string compactification since in the later case
only the dilaton superfield can be gauged under anomalous
U (1)X [75]. Besides, the Type IIB string compactification
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is also preferred as it allows FI term at tree level, the large
D-term is needed to stabilize the moduli at string scale. We
have stabilized one of the moduli T2 by the gauge invariant
non-perturbative superpotential. However, differently from
Ref. [56], our D-term vanishes at the vacuum.

The cancelation of the D-term fixes the real component of
another modulus T1, whose mass can be at least one order
of magnitude larger than the Hubble scale by changing the
U (1)X charges. Nonetheless, for the axion-like component of
T1, its mass is not affected by the D-term, and keeps light after
the moduli stabilization. While for the stabilization deter-
mined by the F-term or D-term with constant FI term, it is
very difficult to get a light mass after stabilization as all the
components interact with each other.
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