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ABSTRACT: We propose a natural inflation model driven by an imaginary or axionic compo-
nent of a Kahler modulus in string-inspired supergravity. The shift symmetry of the axion is
gauged under an anomalous U(1)x symmetry, which leads to a modulus-dependent Fayet-
Iliopoulos (FI) term. The matter fields are stabilized by F-terms, and the real component
of the modulus is stabilized by the U(1)x D-term, while its axion remains light. Therefore,
the masses of real and imaginary components of the modulus are separated at different
scales. The scalar potential for natural inflation is realized by the superpotential from the
non-perturbative effects. The trans-Planckian axion decay constant, which is needed to fit
with BICEP2 observations, can be obtained naturally in this model.
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1 Introduction

The recent discovery of the B-mode polarization by the BICEP2 Collaboration, if con-
firmed, provides further strong evidence on the inflationary paradigm for the early epoch
of the Universe [1]. The observed tensor-to-scalar ratio r is r = O.20f8:8g, orr = 0.16f8:82
without the dust contributions. One of the inflation models, which agrees with the BICEP2
results, is the well-known natural inflation [2, 3].

The motivation of natural inflation [2, 3] is to solve the flatness problem of inflation
potential at tree level, and remains flat against radiative corrections. The continuous shift
symmetry protects the flatness of inflation potential. To realize inflation, the continuous
symmetry should be broken to a discrete shift symmetry ¢ — ¢ + 27 f with f the axion

(or inflaton) decay constant, and the potential for natural inflation is

V(g) :A4<1j:cos<?>>, (1.1)

where A is the inflation energy scale around 2 x 10'® GeV or 102 Mp; for » = 0.16/0.20
with Mp; the reduced Planck mass (Mp; = 2.4 x 10'® GeV).

Axion is a “natural” inflaton candidate since it preserves the exact continuous shift
symmetry at perturbative level. Axions can be obtained from antisymmetric tensor fields
in string theory through spacetime compactification [4]. Considering the non-perturbative
effects, such as gaugino condensation or instanton effect, one can break such continuous
shift symmetry of axion to the discrete symmetry and then realize natural inflation in
string theory.

The challenge to natural inflation is the large decay constant f. To generate sufficient
large tensor fluctuations that are consistent with BICEP2 observations, the decay constant



f should be trans-Planckian f ~ O(10) in the Planck units [5]. However, in string theory
the axion decay constant cannot be larger than the string scale Mging [4, 6, 7], which
is about one order below the reduced Planck scale as required by the weak interaction
assumption. An effective large axion decay constant was realized by the N-flation [8, 9] or
the aligned axion mechanism [10]. In the aligned natural inflation [10], two axions with
small decay constants are carefully adjusted to form a flat direction for inflation, and then
one-linear combination of two axions can have the effective trans-Planckian decay constant.
Recently, there are many works proposed to realize large decay constant with multi-aligned
axions [11-14] or realize N-flation and natural inflation in string theory [15-21].

To obtain inflation in string theory or its low energy approximation-supergravity
(SUGRA), there is a general problem on the moduli stabilization. For single field in-
flation, all the scalars except the inflaton should be fixed during inflation. The well-known
KKLT mechanism based on F-term was proposed in [22], where the complex-structure
moduli are stabilized by the fluxes [23] while the K&hler modulus is stabilized through the
non-perturbative effects. The difficulty to realize axion inflation based on the KKLT mech-
anism is: once the real component of the Kahler modulus is fixed, its axionic component
obtains large mass as well and then destroys inflation [24, 25]. This problem can be solved
by considering the modulus-dependent FI term associated with anomalous U(1)x [26]. The
FI term only depends on the real component of modulus, which can obtain large mass from
D-term flatness. The axion is still light as it decouples from D-term.

In this work, we construct a natural inflation model in string-inspired SUGRA where
only one modulus couples to the matter fields. The shift symmetry of axion is gauged to ob-
tain anomalous U(1)x. The gauge invariant superpotential consists of the non-perturbative
term of modulus and various couplings among matter fields. All the matter fields are sta-
bilized by F-terms, and the vanishing D-term gives large mass to the real component of
the modulus. The axion is still light after modulus stabilization and its potential is given
exactly by eq. (1.1). Besides, the trans-Planckian axion decay constant can be obtained
naturally by taking the large condensation gauge group and numbers of U(1)x charged
matter fields (around 20).

This paper is organized as follows. In section 2 we provide the string-inspired SUGRA
structure for model building and show the anomaly cancellation of U(1)x. In section
3 the matter fields/modulus stabilizations based on the F-terms/D-term are discussed.
In section 4 we obtain the natural inflation potential after stabilizations, and the trans-
Planckian axion decay constant is realized from the non-perturbative effects with suitable
condensation gauge group. We conclude in section 5.

2 Natural inflation model building
We consider the following Kéahler potential
K = —In(T +T) + ¢ii + x;Xj + orPr + QQ + X1 X1, (2.1)

in which the indexes are ¢ = 1,2,---,m, 7 = 1,2,--- . m — 2, k = 1,2,3,4 and | =
0,1,2,--- ,m. The modulus T can be dilaton superfield or one of the Kahler moduli from



string compactification. The U(1)x charged matter fields (¢, x;, ¢r, @), which will be
generically denoted as zj, are introduced to construct gauge invariant superpotential and
cancel the gauge anomalies. The modulus T and matter fields z;, transform under U(1)x
as follows

T — T+ ide

, (2.2)
zn — zpet

in which the U(1)x charges ¢, are g4, = —y; = ¢ dop = (—1)kq, qgo = —2q. X; are neutral
under U(1)x and vanish during inflation, their F-terms are used to stabilize ¢; and ¢1 2
with non-zero vacuum expectation values (VEV).

The superpotential is

1
W =wo + a¢y e T 4 Xi(pip1 — A1) + Xo(p12 — A2)

(2.3)
+ c1(p1p4 + paip3) + mjpax; + 1Q-

Given ¢ = nbd, above superpotential is obviously U(1)x invariant. The first two terms
in (2.3) is similar with the KKLT scenario in a gauge invariant form [22]. The constant term
wq is from the complex-structure moduli stabilization. Different from the KKLT scenario,

the non-perturbative term agﬁl% e T is U(1)y invariant. The U(1)x transformation of
matter field gbi/ " qbi/ "eia/m cancels the phase factor e ™ from shift of the modulus
T — T +ied under U(1)x. Such kind of non-perturbative superpotential can be obtained
from the gaugino condensation with massive chiral superfields, which form representation of
the condensation group, such as SU(n) and can be integrated out in effective field theory.
The effective superpotential is guaranteed to be U(1)x invariant [27-29, 32]. Effects of
the gauge invariant non-perturbative term on moduli stabilization and inflation have been
studied in [30-35]. Furthermore, in this form the matter field ¢; has positive exponent,
and gives an analytic coefficient for the non-perturbative term, which makes the anomalous
U(1)x D-term cancellable. The D-term flatness is needed for modulus stabilization.

In eq. (2.3), we will have many other superpotential terms, for example, ¢;x;, etc,
which are allowed by the U(1)x symmetry but neglected. To solve this problem, we can
introduce a Z,, discrete symmetry under which ¢3, ¢4, X;, and @ transform as follows

03 = Wros, v — w ey, x; - Wy, Q = WwQ, (2.4)

with w” = 1, while all the other fields are neutral under Z,,,. Thus, superpotential will be

1
W =wo + agi e + Xi(gip1 — M) + Xo(p1p2 — A2)

(2.5)
+ c19192 + Mop3ps + mipax; + 05Q

With our numerical study assumption, we will point out that the superpotentials in both
eq. (2.3) and eq. (2.5) will give the similar inflaton potential. In general, we can have
the superpotential terms c,¢;p1 + ci1p1p2. Without loss of generality, we can make a
tranformation for ¢;/p9, and X;, and obtain the above superpotential since ¢; is only
coupled to one linear combination of ¢; and ps.



Gauge anomaly cancellation. The anomalous U(1)x plays a special role in the quan-
tum anomaly cancellation through the Green-Schwarz mechanism in four dimensional
spacetime [36]. The gauge kinetic term of U(1)x is

/d29fW§, (2.6)

in which W, is U(1)x gauge field strength. Here we take the gauge kinetic function
f = kxT. The gauge kinetic term contains two parts Re(f)F? and Im(f)FF. The first
term is U(1)x invariant, while the second term transforms non-trivially under U(1)x. The
shift of modulus T introduces an extra term idkx [ d*0W2, which cancels the anomaly
from charged fermionic fields and keep the theory anomaly free.

Ignoring the anomaly of condensation gauge group SU(n), we need to consider two
kinds of anomalies: the gravitational anomaly U(1)x and the cubic anomaly U(1)%. The
fermionic contributions are:

TrQZ:ZQZ:O7
z

(2.7)
Tr¢? =) gl = —6¢".

The gravitational anomaly is canceled without higher derivative terms R?. Anomaly can-
celation of cubic term U(1)% requires

1 1
kxd = — E S —L 2.8
X 4872 . L= = g2t (2:8)

As q = nbd, we have kx = nbq®/8n2.

3 Matter fields and modulus stabilization

In this model, the matter fields are stabilized by F-terms. Even though there is the KKLT
type superpotential in (2.3), it has nothing to do with modulus stabilization but provides
potential for natural inflation, actually, the real component of the modulus is stabilized by
U(1)x D-term.

The F-term scalar potential is given by

Vp = X (K9D;WD;W — 3WW), (3.1)

in which K is the inverse of the Kihler metric Kﬁ = BiajK and D;W = W; + K;W. The
complete expression of Vg is rather tedious, nevertheless, it can be remarkably simplified
after field stabilization.

3.1 Matter fields stabilization

For matter fields stabilization, we ignore the constant term and the non-perturbative term,
as they provide inflationary potential which is significantly lower than the matter fields
stabilization scale. Their effects will be estimated later.



Clearly the matter fields x;, ¢34, Q) and X; have global minimum at origin while extra
matter fields ¢; and ¢12 will get non-trivial VEVs. During inflation they will evolve to
the minimum rapidly driven by the exponential factor e of F-term scalar potential and
the large masses obtained from the matter couplings in eq. (2.3). Therefore the value of
superpotential during inflation is simplified as (W) = Wy = wp + agb%e‘bT. In eq. (3.1),
only these terms independent with x;, ¢3 4, Q and X; are non-vanishing. The non-vanishing
F-terms V, introduced by fields z are (multiplied by an overall factor )

e for T

_ _ _ 1 B _
Vi = (T + T2 0262 (616 e T+ 4 2a2bﬁ(¢1¢1)%6—b(T+T)

(3.2)
i oo 71 T T
+awaT+T(¢ (& +¢ € ) —|—WOW0,
o for ¢q:
a? -1 = 2a° — 1 =
V., = 7(¢1¢1)E—16—b(T+T) + 7(¢1¢1)Ze—b(T+T)
T (33)
+ ﬁwo(dﬁe_bT + dne ) + 1o Wo W,
o for ¢is1:
Voior = Gi>10i51WoWo, (3.4)
e and similarly, for ¢; and ¢s:
V<,01,2 = (9095)1,2W0W0- (3.5)

Above terms are proportional to a2, awg or wg . In this model, the parameters have orders
of a ~ wy ~ 107°, while ¢; ~ 1072 — 1072, therefore above terms are extremely small
comparing with the following F-terms.

For the superpotential in eq. (2.5), V7, Vy,, Vy,., are the same, while V,,, , become

le,z = |eWo + CI(P2,1‘2 . (3.6)

Note that in the above equation only the terms |clg0172|2 are relevant while all the other
terms are small and negligible, thus, all the rest discussions will be the same and we will
not repeat here.

The vanishing neutral matter fields X; provide F-terms |W, 2 in the scalar potential,
besides, ¢1 and @2 get mass terms from |W,,,|* and |W,,|?, respectively. Combining these

F-terms together we have
Vi, = KW 2 = (S lougr = WP + lorgn = 2P+ el ). 37
i

Of course there are numerous corrections containing ¢; and ¢ 2 in (3.2), (3.3), (3.4), (3.5),
however, they are either significantly smaller than (3.7) or can be canceled with each other.
The VEVs of ¢; are mainly dominated by the results obtained from (3.7).



Taking ¢; = 7;¢'%, the potential (3.7) becomes

Vi, = e |Wx|? = €K{ Z dio1—A1]* + 1373 — 2Xoriracos(01 +02) + A3 + i (rf + 7“%)}

7

2 GK{ Z |pio1r — M|+ rirs — 2harira + A5 + 1 (r] + 7’%)}

= eK{ D ldior — MlP 4 (rra — (o — ¢1))* + 1 (r1 = r2)* + 12X — C%)}-

(3.8)

The vacuum takes place at 61 + 0 = 2nm, while the direction 7 — 65 is flat. The mini-
mization of the potential in the bracket gives

r =To=7Ty)= AQ—C%7

) (3.9)
‘sz =T = 71

o

The orders of parameters are simply taken as 19 ~ 1072 and r? = 0.1 in following esti-
mations. Eq. (3.8) provides strong stabilization on the matter fields. For the condition
71 = ro, the mass of direction along (r1 — r2)/v/2 is 2¢1 ~ 1072 — 1072 > H, where H is
Hubble constant during inflation, therefore it is strongly stabilized as well. Besides, we get
a cosmology constant term Vo = ¢2(2\g — ¢3).

The anomalous U(1) x is spontaneously broken by VEVs of charged matter fields. The
phases of ¢; = rei® satisfy a; = 03, we take the U(1)x gauge 6o = 0 for simplicity. The
flat direction is absorbed by U(1) x massive vector field through the Higgs mechanism after
spontaneous symmetry broken.

It should be careful to consider above values as VEVs of these fields. Actually the

K can shift the non-zero

cosmology constant term Vj, together with the overall factor e
VEVs. Specifically, the first condition r1 = ro remains the same, while the results of ¢;
and 79 = \/ A2 — ¢ will be slightly modified.

In general, considering a field ¢ with mass mg and non-zero VEV ¢q, assuming its
Kihler potential is minimal, and the overall scalar potential V = e#* (%m%(qﬁ — ¢0) + Vo),
where 1} is the residual cosmology constant term after field stabilization or during inflation,

the vacuum is determined by

av 2

25 = ¢ (ma(9 = o) +mio(d — do)’ +2V09) =0, (3.10)
which gives a new VEV ¢ ~ ¢g — 2Vj¢o /mg. During inflation, the quasi-cosmology
constant provided by inflaton is Vo ~ 107% in the Planck units, mg is of order O(1072)
in our model, therefore the shift of matter fields is about A¢/¢g ~ 10~*. The vacuum
energy is reduced by 2VZ¢2/m3 ~ 10713, which is completely ignorable during inflation.

Therefore we can safely consider the values obtained in (3.9) are VEVs of these fields.
1
Besides, there is a coupling between ¢ and modulus 7" through a7 e T however, we will

show that the interaction is seriously suppressed by awg ~ 1072 and has ignorable effect
on ¢ stabilization as well.



3.2 F-term potential after stabilization

After field stabilization, the F-term potential is simplified. Besides an overall factor e,

it is
T (leﬁbl)i —b(T+T)
7 " T <¢{L€—bT + é{ie—b'f)] (¢1¢1)7—1 —b(T+T)

2a2 1 7 a 1 -1 5
# 20 e D 1 (o e 4 G bT)

V =(T+T)? [ 252 (1 oy ) m e (T +2a2b

+ abwo
(3.11)

32N d)+ (Z 62 + a2 + ipaf? - 2>W0W0-

Taking r3 < 72, we ignore the contributions from |p1 2|*WoWy. The parameters can be

simply taking as > |¢;|?
Couplings between modulus 7" and ¢; are shown in eq. (3.11), the dominant term is

= mr? = 2 so that the last term in eq. (3.11) vanishes.

1
g(T)p7 with g(T) ~ 1078, Ignoring the factor e, the potential of ¢; is approximate to

1 1
Vi, = 5md(61 =) + 9(T)oF (3.12)
in which m? ~ 107%. VEV of/qﬁl is shifted about A{¢p;) ~ g(T)r%/nm%r ~ 1074, and the
2,.2/n
energy is reduced by (2)722 ~ 107'2, which confirms that the non-perturbative effect

is ignorable for matter field stabilization.

3.3 Anomalous U(1)x D-term and modulus stabilization
The anomalous U(1) x D-term scalar potential is given by

1 2
Re(f)

Vp = (3.13)

where D = 1K, X* + i%X #. X7* are the components of Killing vector corresponding to
U(1)x isometries of the Kéhler manifold, which are

(XT X% XXi X¥k, XQ) (16, iqpi, —iqx;, (—l)kiqgok, —2iqQ). (3.14)

In this model the superpotential is gauge invariant, the D-term is simplified as D = i K, X*?
and it reads

T+T qZ!@I +QZ|X1|2 %> lonl* + 2¢|QP. (3.15)
k

After field stabilization, x;, ¢34 and @ have vanshing VEVs, the ¢ and @9 D-terms cancel
each other due to |¢1| = |2, and then the D-term is reduced to

T+T qzw —mgr?. (3.16)



The D-term potential is

2
\%5) ! < 0 —mqr2>

T %TR\T +T
i 1 , (3.17)
= | — — mnbr?
(nb)3Tx (QTR mnor ) ’

in which Tr = ReT and the gauge invariant condition ¢ = nbd and cubic anomaly U(l)g(
cancelation kx = nbg?/87? are used. The D-term vanishing condition gives (Tg) =
To = 1/2mnbr?. In the simplified case with mr? = 2, the real component of modulus
is Tp = 1/4nb.

4 Natural inflation potential

We have stabilized all the fields except the imaginary component of 7. Now the scalar
potential (3.11) becomes

1 1
V =2¢%b |a2rae o [ — + 3+ —
4n nr?
(4.1)
+nc (200 — &) + 3aw07"vlte_41ncos(b9)} ;

where 6 is the imaginary component of T'. To get global Minkowski vacuum the parameters
need to be adjusted so that

1

2 1 (1 1 1 _1
net(2hg — c3) + a*rne 2 <4n +3+ n7“2> = 3awgrne” in, (4.2)
and we get the scalar potential
V= 6abw062r%6_ﬁ (1 + cos(b9)), (4.3)

which is of the same form in eq. (1.1) with A* = 6abwge?r'/"e~1/*", Taking a ~ 5 x 1077,
wy ~ 6 x 107°, 2 ~ 0.1, b = 0.1 and n > 6, it gives the inflation scale A ~ 1072 in the
Planck units.

Before we consider 0 as our inflaton, a field re-scale is needed to get canonical kinetic
term, and this will affect the decay constant of 6.

The kinetic term of T is

1 1
L= Ot OT = g (OuTrd" T+ 0,6076) (44)

Defining 6 = v/2Typ, we get the action of inflaton

1 P
L= 5 #p(?“p + A4 (1 =+ COS(W)) s (45)

in which the D-term stabilization condition b7y = 1/2mnr? has been used. The axion
decay constant in this model is f = v/2mnr?. The VEV of matter fields r is smaller than



the Planck mass. Without uplift from parameters m, n, the axion decay constant f cannot
be super-Planckian. Nevertheless, f is proportional to the product of charged field number
m and the degree of condensation gauge group n, it is very easy to get super-Plankian
f by taking large m or n. We used 2> = 0.1 and mr? = 2 before, in such case we have
m = 20, then f = 2v/2n and it is of order O(10) with n = 4. By using larger n the axion
decay constant f increases linearly, the potential gets close to the type %mQ p?, and we get
chaotic inflation.

Gravitino mass. Even though the matter fields are stabilized at the scales much higher
than inflation scale, they do not introduce too heavy gravitino mass. After field stabi-
lization, the pure matter couplings in the superpotential in eq. (2.3) vanish, the VEV of
superpotential (W) during inflation is

1 1

1
(W) =Wy =wo +alppe ™) = wy —arwe 1n. (4.6)

Besides, we also have the VEV of e/

2

) = 57 (4.7)

in which we have used mr? = 2 and the small term 27“% from VEVs of ¢1 5 is ignored. The
gravitino mass is

G _
Ms = eXP<<>) =(e (WoWo)?)
: 2 (4.8)
=eV 2nb<wo - ar%e_ﬁ>.
The gravitino mass relates to the inflation energy scale through
Vonb)? Lo Mg
(ev2nb)“woarne in = §A . (4.9)

Small gravitino mass can be obtained by taking wgy — ar%e_ﬁ, however, eq. (4.2) provides
a lower bound on it

-1 1 1 1
wo — arme in = nc%(Z/\g — c%) <3ar%efﬁ> + B—CLT%(fﬁ ( + )
n

1
2 1(1 1)2
> 561(2)\2 — C%)Q <4 + T‘2> .

The minimum locates at ¢(2Xs — ¢}) ~ (3 + r%)w%/nQ. For ¢; ~ 1073, Ay ~ 1074, the
gravitino mass can be reduced to the order of 1075, while it cannot get significantly smaller
otherwise the field stabilization is not strong enough for inflation. In short, the gravitino

mass will not affect inflation in our model.



5 Conclusion

We have proposed a natural infaltion model based on string inspired SUGRA with gauged
shift symmetry U(1)x. The matter fields are stabilized by F-terms, part of them obtain
non-zero VEVs which break the anomalous U(1)x spontaneously. They obtain masses
several orders larger than the mass of inflaton, consequently the effect of vacuum energy
from inflaton on field stabilization is seriously suppressed and ignorable. The modulus-
dependent FI term of U(1)x plays a critical role in modulus stabilization. As the coupling
between matter field and modulus is analytic, the D-term can be vanished in our model.
Once the matter fields obtain non-zero VEVs, the real component of modulus T is fixed
by the D-term flatness. While the D-term is independent with the axionic component
of T', therefore its cancellation has no effect on axion which remains light after modulus
stabilization. The anomalous U(1)x splits the masses of real and imaginary components
of T. Such role of anomalous U(1)x D-term on modulus stabilization has been studied
in [26]. In the F-term moduli stabilization, usually the imaginary component of modulus
obtains mass as large as the real component [24], the axion inflation cannot be realized.
The reason is in F-term potential, the real and imaginary components of moduli couple
with each other, it is highly non-trivial to split their masses at different scale so that one
of them can play the role of inflaton while the other is frozen during inflation.

Potential for natural inflation is obtained from non-perturbative effect. Generally it
is very difficult to get trans-Planckian axion decay constant, which is needed to fit with
BICEP?2 results. In our model, the axion decay constant linearly depends on the degree
of condensation gauge group SU(n) and number of U(1) x charged matter fields, therefore,
the super-Planckian axion decay constant can be easily fulfilled by using large condensation
gauge group and more U(1)x charged fields.
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