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We propose a new field theory mechanism for generating an effective trans-Planckian decay con-
stant from sub-Planckian ones. Using the minimal two axions and a hierarchy between two axion
decay constants is sufficient for realizing inflation through non-perturbative effects only and with
minimal tuning. The inflationary motion is kept entirely within a sub-Planckian domain. We outline
possible strategies of embedding the model in a string theory setup.

I. INTRODUCTION

The recent breathtaking progress involving precision
cosmological observations, in particular of the CMB
[1, 2], provides rather strong evidence for a very early
phase of slow-roll inflation driven by a scalar potential
V(¢). A very common mechanism to protect the flat-
ness of the scalar potential against radiative corrections
is to invoke some symmetry, most straightforwardly a
shift symmetry ¢ — ¢ + const.. Radiative stability then
requires that the potential itself constitutes the ’order pa-
rameter’ of the breaking of the shift symmetry. Hence if
the order parameter vanishes, the potential vanishes and
the symmetry is exact. Then by turning on the order
parameter, one can control the potential and its possible
corrections, rendering the inflationary model technically
natural.

An elegant suggestion along these lines is “natural
inflation” [3], where the inflation is a pseudo Nambu-
Goldstone boson, and the potential is simply V = A*(1—
cos(¢/f)), where f is the axion decay constant. Here,
there is still a residual shift symmetry of ¢ — ¢ + 2nf.
For successful inflation one needs f 2 M), and in light
of the recent BICEP2 results [2], the axion decay con-
stant has actually to be as large as f ~ 10M), to be
in accord with a tensor to scalar ratio of r ~ (O(0.1).
M, = 2.4 x 10'® GeV is the reduced Planck mass and
from now on is taken to be unity. The predictions of nat-
ural inflation for such large decay constants are rather
similar to those of a free massive scalar field, V = %m2¢2.
Such a large axion decay constant is challenging from the
effective field theory point of view, and demands a UV
completion to make sense of.

Specifically, we are interested in embedding such a sce-
nario in string theory, where generically f < 1 exacerbat-
ing the challenge. This is because in Planck units, for all
known cases f o< 1/V™ with m > 0, where V is the vol-
ume of the compactified dimensions and for a controlled
analysis V > 1, [4]. Scenarios providing some UV com-
pletions at various levels of rigour have been proposed in
[5H8].

With an eye on string theory, two mechanisms stick out
[7[8]. In the Kim-Nilles-Peloso mechanism (KNP) [7], an
effective feyr > 1 is achieved by aligning two axion de-
cay constants that are originally sub-Planckian, f; < 1.
This requires a precise cancellation between parameters
to the level of 0.1 — 1%. Recently [9] have suggested a

generalization of the alignment mechanism to more than
two axions, partially relieving the tuning required in the
original model, while [I0] presented a very minimal em-
bedding of single-axion and KNP 2-axion inflation into
supergravity, see also [11].

In Dante’s Inferno (DI) [8], a generalization of the ax-
ion monodromy was proposed. The main idea was con-
sidering two canonically normalized fields/axions with
V = W(r) + A3(1 — cos(r/f. — 0/ fg)). W(r) is some
monomial in r, generalizing the axion monodromy con-
struction. A hierarchy between the decay constants
fr < fo < 1 and the energy scale Aj > W(r;,) al-
lows one to integrate out a heavy mode, mostly r, thus
giving rise to effectively single field chaotic inflation dy-
namics V. = Wesp(desr). Thus, the fundamental ax-
ion decay constants are sub-Planckian and the entire in-
flationary dynamics are contained in a small region of
field space of the fundamental fields r, 6 with diameter
dr ~ fr/foAders < 1. Thus one avoids the need for
”functional fine tuning” one generally encounters in the
case of "large field models”, A¢ > 1, while keeping all
the predictions of such models intact.

In this note, we combine the best features of both KNP
and DI — namely, we generate an parametrically super-
Planckian effective axion decay constant from fields with
sub-Planckian periodicity using only non-perturbative ef-
fects, while replacing the tuned alignment of KNP with a
simple hierarchy similar to that of DI. The main tool in
DI is the integrating out of the mixed cosine term with
fr < fo. In our case however, W(r) is another axion

term of the form A} (1 — cos fL} ), which by itself still
"

has a residual shift symmetry. Actually A;, Ay can have
arbitrary relative magnitude. The virtue is that first,
fr < fo < Mp suffices and there is no need for an addi-
tional hierarchy between the summands in the potential.
The motion of the two axions is then kept entirely within
a sub-Planckian domain. Second, as in DI and contrary
to KNP, there is no fine-tuned alignment in the axion
decay constants. Third, such an additional axionic term
supplemented by no requirements on the A’s is expected
to be much easier to embed in a full string derived sce-
nario.



II. THE MODEL

Consider the two axion model with the potential given
by

V:Ail (1cos {J&])Jr/\g (1cos {JCZJFJZJ)(’)
1

where A; and As are arbitrary and all decay constants
are sub-Planckian. The mass matrix for this system at
the origin, takes the form

g
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Comparing the trace and the determinant of the mass
matrix we find the exact relation
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This implies that in the limit of small f,., this quantity
blows-up, implying the vanishing of the smallest eigen-
value of the mass matrix, mi, and signalling the emer-
gence of a flat direction.

In the limit of small f., < fr,, fs, the eigenvalues of

M? are
2 A% A$ 1 1
T 1
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and so we see that the mass spectrum is hierarchical, with
m1 < my. We stress that this result only relies on the
the hierarchy between the decay constants and does not
require any further tuning of the remaining parameters,
namely of the A’s, as long as’

A2 sz
A—1>,/K . (5)

This simple lower limit on the allowed ratio of the A’s has
the beneficial effect of allowing for an easier embedding
into string theory.

To render the mass hierarchy more evident it is useful
to rotate the field space basis by the matrix

_; _sz f92
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1 If Ag/A; is smaller than this threshold, the expression of the m%
changes to m% = A%/fé, satisfying Alimo det M2 = 0.
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such that
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This implies the following approximate relation between
the two field space basis:

frz ¢2
for ' f=ot o ®)
We would like to emphasize here, that the whole anal-
ysis above will be exactly the same if we replace the
Ai-term in the potential by a general positive func-
tion W(r) with 92W > 0 and the As-term by a gen-
eral positive function g(r/f,, + 0/ fs,) with 82g > 0 in
an O(fr,, fo,) region of (r,60)-values around the origin.
Arranging for the enlarged field range by covering the
slope of W (r) with many ’terraced trenches’ then requires
g(r/ fry + 0/ fo,) to a periodic function with perodicities
(27 fry, 27 fo,).
The relation eq. allows us to write the axionic po-
tential of Eq. as

V = Af (1 — cos [;:12212 + })

+ A5 (l—cos [}ﬁQ+D (9)
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where ... denote subleading terms in the 1/ f,., expansion.
Upon integrating out the heavy field ¢ one is left with a
single axion model with enhanced decay constant given
by
fupp = Indes, (10)
f7"2
The crucial point is that by tuning f,, suitably small
fers can easily be made super-Planckian while keeping
the fundamental decay constants below the Planck scale.
In table [Tl we give three examples of sub-Planckian
fris fr, and fy, leading to fery ~ 10 Mp and with three
orders of magnitude separating the light and heavy fields’
masses. The large hierarchy in the mass spectrum allows
for an effective single field description while the large fe
leads to inflation in the quadratic regime.

fro | foo | fra || mT |m3|fess
0.1]0.110.00110.01{10%| 10
0.1 0.01/0.0001//0.01{10%| 10
0.01] 0.1 [0.0001[0.01{10®| 10

Table I: Illustrative examples of viable models of natural in-
flation in the quadratic regime. Decay constants in units of
Mp, masses in units of A* for A1 = As.

In Fig. We plot the potential in the (r, ) coordinate
system for the decay constants of the second line of table
[0 It is clear that there is a light direction in V, which
after field rotation can be identified with ¢, as shown in

Fig. 2}



Figure 1: The axionic potential in the (r, #) coordinate system
for the decay constants given by the second line of Table [[I]
in units of A* for A; = A = 2.

Figure 2: The axionic potential of Fig. [1|in the rotated coor-
dinates (¢1, ¢2).

III. RELATION TO PREVIOUS WORK

It is useful to point out the relations of our model here
with previous attempts to generate large axion decay con-
stants. We note, that our mechanism here combines the
best features of both KNP [7] and DI [§]. Namely, we
generate a parametrically super-Planckian effective axion
decay constant from fields with sub-Planckian periodic-
ity using only non-perturbative effects. Yet, we can do
so without relying on the tuned alignment of KNP, em-
ploying instead just a simple hierarchy of decay constants
similar to DI.

We can see the relation with the KNP setup by looking

at its scalar potential

m n
Vinp = Ail (1 — COS |:f:7’+ J%Q])

+ Aé (1 — cos {7;127’ + 7;;9]) (11)

Upon rotating the field space into the eigenspace of the
mass matrix, this potential can be rewritten as

VKNP = AAIL (1—008 |:¢h:|>
In

with effective decay constants f), , fr, and f;, with the
latter given by

j = Vmafitnsft (13)
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The KNP mechanism then consists of tuning an align-
ment |mimg — nyma| < m?,n? to get fi > f., fo. We
can see now, that our situation corresponds to a different
regime of the same scalar potential which was not con-
sidered in [7]. Firstly, note that our case arises if we take
n1 — 0. Then

VB AR »

fi=
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Our situation corresponds now to
[ Jo [
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which implies mgo > my , ma > naf,./fo. In this limit
we get
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We see, that our situation arises from setting n; = 0
in Vknp, upon which a simple hierarchy f., < fr, , fo,
without any tuned alignment is enough to generate the
large-field direction. The choice n; = 0 constitutes a sim-
ple discrete choice. This is different from a fine-tuning.
To see this, we note that in the context of string the-
ory constructions the linear combination of axion fields
appearing in non-perturbative effects is governed by dis-
crete topological quantities.

Hence, our mechanism takes the simplicity and control
afforded by natural inflation incorporated in the KNP
mechanism [7], and merges it with reduced amount of
tuning from the Dante’s Inferno scenario [8] which the
condition f,, < fr , fo, represents compared to the
KNP mechanism. Thus, our model may well represent
the realization of sub-Planckian periodicity natural in-
flation with super-Planckian effective field range with:
i) utilizing only non-perturbative effects, ii) the smallest
number of axions, iii) and the least amount of tuning of
the input parameters.
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Figure 3: The 4D effective axionic potential according to
eq. (1) as approximation to the first string model for the pa-
rameter values discussed in the text.

IV. DISCUSSION AND OUTLOOK

Our discussion so far proceeded along the lines of 4D
effective field theory. However, a model of natural infla-
tion generating large-field directions with sub-Planckian
decay constants and mild tuning requirements should ul-
timately be embedded into string theory. Therefore, we
now shortly discuss the ingredients which type IIB string
theory with its well understood avenues for moduli sta-
bilization, a pre-requisite for successful string inflation,
supplies for axion inflation [4]. For the sake of con-
creteness, we will assume compactification of type IIB
on a Calabi-Yau orientifold with 3-form flux, which su-
persymmetrically stabilizes the complex structure mod-
uli and the axio-dilaton 7 at a high mass scale, see [4]
and references therein. Axionic inflaton candidates arise
from the RR 4-form and 2-form gauge potentials C4 and
C5 respectively. Cj4 provides hil axions as partners of
the Kéhler moduli T; = vol(%;) —|—if2i Cy. Here, ¥; are

the h_l‘_’1 4-cycles surviving the orientifold projection. Cs

generates 2-form axions partnering with NSNS B, in Rt
orientifold-odd chiral fields G, = [g, C2—7 [, Ba. Here,

S2 denote the 2-cycles Poincare-dual to the 3;, while only

the a = 1...h"" orientifold-odd combinations S2 lead to
G, axion multiplets.

We now sketch to simple toy setups leading two an
axion potential of the type eq. . First, let us con-
sider a simple model with three Kabler moduli 7T; and
their C4-axion partners. We stabilize these moduli us-
ing non-perturbative effects from D7-branes or Euclidean
D3-branes. Assuming for simplicity a ’swiss cheese’ struc-
ture for the Calabi-Yau manifold, the effective action is

governed by a Kahler and superpotential.

K = =21 [(Ty + 7)™ (1 + T) Y% (1) + T)*]
(17)
W = Wo+ Ape M7t 4 Aje™ 70 Tr 4 Aye2n(TrtTo)

Here Wy is the vev of the flux superpotential after sta-
bilization of the complex structure moduli and the axio-
dilaton. The F-term scalar potential provides KKLT-
type minima for the moduli, while generating an ax-
ion potential for r = Im 7T, and § = Im Ty of the kind
of eq. after uplifting the KKLT minimum to ap-
proximately zero vacuum energy. A moderate hierarchy
Ny, > N, > 1 provides for stabilizing at moderately large
volume ReTy, > ReT, > ReTy ~ O(1). Alternatively,
we may use a combination of /- and string-loop correc-
tions to stabilize all or part of the real parts of the K&hler
moduli [], while the perturbative nature of these correc-
tions guarantees preservation of the Cy shift symmetry.

A complete discussion of the the tuning of the param-
eters requires the inclusion of the canonical normalisa-
tion effects originating from a non trivial metric in field
space. For the moment we focus only on the level of
potential tuning that is achievable only at the level of
W, postponing a full discussion for [12]. Choosing mi-
croscopic parameter values Ny, = 30 (corresponding to
an Eg D7-brane stack), N, = 5, Wy ~ 0.01, Ay, ~ 1,
A1 ~ 0.1, and Ay ~ 100, we see that the KKLT mecha-
nism stabilizes the moduli at ReT;, ~ 25 , ReT, ~ 5
, ReTy ~ 1. This leads via the exponential terms
in W to A} ~ WyA;exp(—27/N,ReT,) ~ 10~* and
NS ~ WoAsexp(—2mRe (T}, + Tp)) ~ 1075, while pro-
viding for right hierarchy of the effective decay constants
fro ~ fri /Ny = fr, /5 and fo, > fr,. Since ReTy ~ 25
implies a Calabi-Yau volume of V ~ 10%...103, the F-
term scalar potential along the inflaton direction has a
scale ~ e A3 ~ 10710 which is in the right range to sat-
isfy COBE normalization of the inflationary curvature
perturbations. The field range of the inflaton-axion po-
tential displayed in Fig. [3| for these parameter values is
approximately 15 Mp from the minimum of the potential
to next cosine-maximum, allowing for large-field infla-
tion in a scalar potential slightly flattened compared to
an m2¢? reference form, which allows for r ~ 0.1.

An alternative setting can arise from utilizing the 2-
form RR-axions. A simple setup involving LVS volume
stabilization, utilizing a Db5-brane stack, an Euclidean
D3-brane (ED3) and an Euclidean D1-brane instantons
(ED1), looks like

K =2 (T, +T;)""

O\ (18)

| Te+ T+ ) ca(Ga+ Ga)? —£

a=r,0

W = W0+AS€_2WTS +A1€712\T7;GT +A2€_2W(GT+GG) (19)



The first ED3 in T, fixes T, and the overall volume via
Ty, by its interplay with a/3-correction parametrized by
€ ~ x(CY3). Then the D5-brane stack and the 2nd ED3
instanton provide a scalar potential similar to eq.
for the axions given by InG, = [g, Co, while KKLT

fixing the Bs-components of the Ga.a Finally, the non-
perturbative contributions providing the scalar potential
for the G,-axions can arise from ED1 contributions to the
Kiébhler potential as well [6]. In all cases, a crucial topo-
logical requirement for a string construction to reproduce
an axion potential with a structure like eq. seems to
be engineering a partially ample divisor depending on a
linear combination of T, and Tp.

Summarizing, we have shown that a combination of
two cosine potentials for two axions with a simple hier-
archy of sub-Planckian decay constants can provide for
successful large-field natural inflation with minimal tun-
ing. This setup has the right bottom-up properties for

potentially successful embedding into string theory con-
struction, for which we discussed several possible avenues
and which will be discussed in detail in [12].
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