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1 Introduction and motivation

The recent BICEP2 results [1] have undoubtably shaken the status of inflationary model
building in string cosmology. The discovery of primordial B-mode polarization of the cosmic
microwave background has been recently claimed by the BICEP2 Collaboration. This claim
can be understood as a signature of gravitational wave which is encoded in the so-called
tensor-to-scalar ratio (). The BICEP2 observations fix the inflationary scale by ensuring a
large tensor-to-scalar ratio r as follows [1]

r=0.20700% (68% CL),
T

1/2
Hipe ~ 1.2 x 104 (m) GeV, (1.1)

where Hi,s denotes the Hubble parameter during the inflation. Subtracting the various dust
models and re-deriving the r constraint still result in high significance of detection and one has
7= 0.16T502. In order to reconcile the tension between BICEP2 [1] result and PLANCK [2],
WMAP data [3], it demands the following windows for the other cosmological observables

In (10'°P;) = 3.08970:057, ns=0.957£0.015, a,, = —0.02270057, (1.2)

— s —

where P; is the scalar power spectrum and «,, is the running of spectral index ns. All
these cosmological observables can be written out in terms of the inflationary potential and
its various derivatives. Thus, with the available experimental data from various sources
so far, the shape of a single field inflationary potential is significantly constrained. As a
reverse computation, writing out various derivatives of inflationary potential in terms of the
aforementioned cosmological observables, a generic single field inflationary potential can be
locally reconstructed [4-6].

In order to realize the required large value of tensor-to-scalar ratio r, the inflaton field
needs to travel over trans-Planckian distance according to the famous Lyth bound [7]. Fur-
ther, it also suggests the inflationary process to be (a high scale process) near the scale of
Grand Unified Theory (GUT). As a result, embedding inflationary models in a UV complete
framework, such as string theory, is inevitable. The UV sensitivity in chaotic inflation class
of models has been recently addressed in [8]. The BICEP2 claims, if proven, can also provide
invaluable pieces of information in search of a consistent supersymmetry (SUSY) breaking
scale [9, 10].



With large field excursions, the other relevant issues from higher order corrections should
also be taken care of for the viability of the model [11-13]. If the BICEP2 result is confirmed,
it would serve as a huge discriminator filtering out many among the plethora of inflationary
models developed so far. However, it is interesting that the three classes of inflationary
models, namely the chaotic-type [14-19], natural-type [20-23] as well as Assisted /N /M-flation
type [24-31] are among the winners. In the context of models developed in a purely string
framework prior to the BICEP2 results, the axion monodromy inflation [32, 33] was found
to be much closer (but still insufficient) to fulfill the BICEP2 claims. There have been
very vibrant and speedy progress on these lines of developing chaotic- or (multi)natural-
type of inflationary models utilizing axion monodromy in a very short post-BICEP2 period
so far [34-53].

Regarding the axionic inflation in Type IIB string framework, LARGE Volume Scenario
(LVS) [54] provides a well-controlled moduli stabilization mechanism, which makes the light-
est moduli a good candidate for being an inflaton. In the LVS mechanism, the exponentially
large volume of the internal Calabi-Yau threefold V is favored as it also provides a control
over the (un-)known o [55] as well as string loop corrections gs [56, 57]. In fact, it has
been observed that the known/conjectured forms of these corrections, at the level of Kéhler
potential, appear with volume suppressed terms in the scalar potential [54, 56, 57], which
makes large volume scenario more robust as well. Further due to the presence of (extended-
Jno-scale structure in the context of type IIB swiss-cheese compactification, various volume
moduli directions orthogonal to the overall Calabi-Yau (CY) volume V remain flat. The
breaking of flatness in the orthogonal direction via (non-)perturbative corrections leads to a
flat enough inflationary potential; for example, see the models with inflaton being identified
with divisor volume moduli [58-65].

In the context of LVS framework, embedding of axion monodromy type potential has
been recently proposed in [35], in which the universal axion Cj could drive the inflationary
process. Based on certain assumptions on the background flux, the large volume expansion
has been argued to be useful for trusting the effective field theory (EFT) description even
in a non-perturbative regime where the string coupling gs satisfies 1 < g; < 10 [35]. On the
other hand, in the context of axionic inflationary models of natural-type inflation [20], a large
decay constant has been proposed to be realized in a Kim-Nilles-Peloso (KNP)-type two-field
potential [22]. The main idea is to align two sub-planckian decay constants such that with
a certain rotation of field basis, one could create a hierarchy in the decay constant of the
newly constructed axionic basis. The best advantage of this type of axionic inflation is that
unlike N-flation [27, 28, 31] which requires a large number of ((9 (103 — 104)) axions assisting
the inflationary process, this is a two-field model. However, the standard KNP-model with
two fields usually requires large anomaly coefficients or equivalently large gauge groups of
the non-perturbative effects to generate the potential, which is challenging to be embedded
into a realistic particle physics or string model. On these lines, the standard KNP-model
has been generalized to N-fields (with N < 10) [47, 66] to facilitate the axionic alignments
(as well as to keep the number of axions less than those required in N-flation model).

Motivated by the KNP proposal for enhancing the decay constant to trans-planck scale,
in this article, we propose a new class of inflationary potentials in the context of LVS frame-
work. The inflationary direction lies in the plane of (Cy — C3) axions, where Cj corre-
sponds to the involutively even universal axion while Cs is involutively odd axion. If we
restrict the orientifold to be divisor exchange or reflection, in order to support large vol-
ume scenarios with the orientifold odd axions, the underline Calabi-Yau threefold should



have A1 (CY3) > 3 [67, 68]. Using two such involutively odd axions and magnetized non-
perturbative effects, recently a KNP-type scenario has been proposed in [45]. Unlike this
proposal, we utilize the universal axion C along with a single odd axion C5 to get the re-
quired alignment for the natural inflation. This engineering solves one of the major challenges
of [35] by taking the framework within perturbative regime as large enough decay constant is
realized within g5 < 1 in our model. Moreover, a combination of Cy and C5 axions provides
a better decoupling in the kinetic sector unlike the case with two odd axions [45].

The article is organized as follows. In section 2 we provide a brief and relevant feature
of type IIB orientifolds. Section 3 summarizes the original KNP formalism [22] for enhancing
the decay constant in a two-field potential. In section 4, we provide a successful embedding
of KNP-type potential in large volume scenarios with the inclusion of odd axion along with
universal axion. Section 5 presents a detailed numerical analysis with a couple of benchmark
models. Finally, in section 6 we provide a summary with possible open challenges.

2 Relevant ingredients of type 1IB orientifolds

We consider type IIB superstring theory compactified on an orientifold of a Calabi-Yau
threefold C'Ys with O3/O7—plane. The full orientifold action is O = (=)¥2Q,0, where
the F7, is the spacetime fermion number in the left-moving sector, €2, denotes world-sheet
parity while o denotes a holomorphic and isometric involution. By performing the detailed
dimensional reduction from ten to four dimensions [69], the low energy effective action at
the second order in derivatives is given by a supergravity theory, whose dynamics is encoded
in three building blocks; namely the Kéhler potential K, the holomorphic superpotential
W, and the holomorphic gauge kinetic functions. These building blocks can be generically
written in terms of appropriate N' = 1 coordinates (S, G%, T,) defined as

S=ico+e?, G*=ic®—S°,

1 1 1 _ _
T, = o Fapy P+ i <pa ~ 5Kaab c“bb> 1 €® Keab G*(G + G)b, (2.1)
where t* is the two-cycle volume while ¢, ¢* and p, correspond to RR axions Cy, Ca, and
Cy, respectively. Further, rog, and kaqp are triple intersections numbers of the even/odd
two cycle. Here, the indices o run in even (1,1)-cohomology of CY orientifold (H}F’I(CYE; /o))
while indices a are counted in odd (1,1)-cohomology H'(CYs/0o).

The Kéhler potential K. Generically, the Kahler potential is given as
K=-In(5+5)—In (—z/ Q3 /\(‘23> —2In (Y (S,G" Ty,...)), (2.2)
X

where Y = %IC apc tAtPtC is the volume of the Calabi-Yau manifold expressed in terms of
two-cycle volumes t4. The dots in (2.2) denote the potential appearance of other moduli
like D3/D7-brane fluctuations (and hence complex structure moduli which get coupled after
including brane-fluctuations) or Wilson line moduli. Unfortunately, ) is only implicitly given
in terms of the chiral superfields. It is in general non-trivial to invert the last relation in (2.1),
and so it is not possible to write K in terms of T}, explicitly. Further, the most general Kahler
potential can also depend on the derivatives of chiral superfield [11, 12]. However, we ignore
such higher order corrections in the present analysis.



The superpotential W. The general schematic form of the superpotential W is given as
W= / GsAQ+ Y Ap (.G Fp,...) e *dTe
X D

= Wes + Wnp ) (23)

where the first term is the Gukov-Vafa-Witten (GVW) three-form flux induced tree-level
superpotential [70] (see [71, 72] also for related work). The second term denotes a sum
over non-perturbative corrections coming from the Euclidean D3-brane instantons or gaugino
condensation on D7-branes [73]. Again the dots indicate a further dependence on e.g. D3/D7-
brane fluctuations or Wilson line moduli. Further, the prefactor contains not only the one-
loop Pfaffian for fluctuations around the instanton background but also contributions from
so-called (gauge-)fluxed instantons [74, 75] and Euclidean D1-brane instantons [76]. The
presence of gauge fluxes on the divisor contributing to the non-perturbative superpotential
helps in alleviating [74] the chirality issue proposed in [77]. It also helps in stabilizing all the
odd moduli, with or without the help of poly-instanton effects' [68]. Also, in principle one
has to sum over all the possible instanton or gaugino condensation effects, and in the presence
of extra magnetic fluxes turned-on on the relevant odd two-cycles sitting inside the relevant
divisor, this issue becomes more delicate in terms of satisfying tadpole/anomaly cancellation
conditions, etc [79, 80]; see also a related review in [81]. However in the present study, our
approach would be rather phenomenological, and we consider the most suitable ansatz for
the superpotential without getting into these technicalities.

We would consider the gauge flux effects on the orientifold invariant divisor D (having in-
volutively odd two-cycles and) contributing to the non-perturbative superpotential. Usually,
there are two kinds of non-perturbative corrections, one is induced through Euclidean D3-
brane (E3-brane) instanton while the other one through gaugino condensation. For E3-brane
instanton, we require the gauge flux turned-on on the brane to be 7 € H i’l(DE) in order
to ensure the instanton to be of O(1)-type. For gaugino condensation with a stack of 2N D7-
branes, they should also be placed at orientifold invariant positions. If the D7-branes coincide
with an O-plane, i.e. both N branes and their images are placed on top of an O7~/*-plane,
it provides SO(2N)/SP(2N) gauge group dynamics. If the D7-branes and their images wrap
on the same internal geometry, it yields SP(2N)/SO(2N) gauge group. Turning on a gauge
flux with Fp € H"'(D), the fluxed brane can remain invariant under the orientifold pro-
jection, while turning on gauge flux Fp € Hi’l(D) breaks the gauge symmetry to a unitary
group [78, 82|, then a D-term will be generated by the U(1) subgroup with Fayet-Iliopoulos
terms. Since O7~/*-plane carries —8 / + 8 times of the D7-brane charge, in the following, we
always assume that we have O77-plane and turn-on only the odd gauge flux Fp € H i’l(D)
on the branes. Also, for the time being, we concentrate on the F-term dynamics and just
consider the suitable form of superpotential W with multiple gaugino condensation config-
uration. The D-brane tadpole cancellation as well as the zero-modes condition are assumed
to be settled when addressed in concrete setup, and one can start with the following form of
the (odd moduli G* dependent) holomorphic prefactor Ap (2%, G*, Fp,...) of (2.3),

Wap =AY e D7 exp[—af i (Fp) S — af ha(Fp) G, (2.4)
Fp

where h;(Fp)s are gauge flux dependent constants turned-on along the odd two-cycles of
the divisor D supporting the non-perturbative superpotential contribution. This form of
superpotential will be heavily utilized in the upcoming sections.

!The proper zero mode structure of poly-instanton in type IIB orientifold has been clarified in [78].



The scalar potential V. From the Kahler potential and the superpotential one can com-
pute the A/ = 1 scalar potential

V=X (Z KYDWD;W — 3|W|2> , (2.5)
I,J

where the sum runs over all moduli. For studying the Kahler moduli dynamics, we will
assume that the complex structure moduli and dilaton have already been stabilized super-
symmetrically as D.s W = 0, DsW = 0. Further, on the lines of [35], we assume that with
the freedom available through the landscape of background fluxes, one can still keep univer-
sal axion ¢y massless or ‘nearly’ massless. We will quantify what we mean by ‘nearly’ and
elaborate on this point later while considering the explicit computations in sections 4 and 5.

3 Review of KNP-type natural inflation

Let us very briefly review the original KNP proposal for natural inflation [22]. We consider
the following two-field inflationary potential

V(1 d2) = ZZ: ( cos[(?l—kgé?]), (3.1)

1 i gi

where f; and ¢;’s can be sub-Planckian decay constants as the most natural choice. The
determinant of the Hessian of this potential is simplified to

(f201 — f192)* TT7=y Ay cos [‘Z}— + ‘L}

Det (Vi;) = 3.2)
( ]) fl f2 gl 92 (
Thus, it will have a flat direction if the following condition holds
h_o9n (3.3)

f2 g

Therefore, a small enough deviation from this condition can create a mass hierarchy between
the two axions rotated in a new basis. As we will see explicitly in a moment, one can elegantly
create a mass hierarchy and (with appropriate axionic rotation) an alignment leading to the
enhancement of decay constant of the lighter combination also occurs. With the following

rotation of axions
91 91 + f1 P2 ¢2:f1¢1—g1¢2
VIE+a? VIt+ai

we reformulate the expression eq. (3.1) as under

o= (afg])on (g o)) o

where f1, f} and feg take the form as below

f/:7f191 fh :mQ— \M fHZfQ'gQ—\/W_ (3.6)
' NiiEY ? fifatgiga 7 7° |f192 — 91 f2]

P = (3.4)




Thus, if the deviation from the flatness condition eq. (3.3) is small enough, one can generate
an ‘effectively’ large decay constant for 1o combination. Further, together with eq. (3.3)
and an appropriate hierarchy Ay < Ay, one can make the field 11 heavier than 1y with the
respective masses at the minimum given as

1 1 Az (fag1 — 1 92)?
2 2 2 (291 1

ms. ~ N\ ( + > , mg,. o~

o gt T BB ()

Stabilizing ¢; at one of its minimum ; = 0 would result in a single axion potential with
large decay constant as below

(3.7)

V(i) = Az <1 — cos V’Q D . (3.8)

eff

Now we turn to the embedding of KNP-type mechanism in large volume scenario. The main
focus would be to utilize universal RR axion Cjy along with an involutively odd RR axion Cj.

4 Realizing natural inflation in large volume scenarios

Let us consider the following ansatz for the Kéhler potential K motivated by the large volume
scenarios. After introducing a single odd modulus G via the appropriate choice of orientifold
involution,? the Kihler potential becomes [68]

K=Ks—In(S+S5)—2nYy (4.1)
— Kes—In(S+5) —2In (gB w32 ey n¥? +ca,) ,

where -
Yo=Tn+To+—2 (G'+G") (G'+G) f e {B, S}, 4.2
and Cp = —m%. This form of Kéhler potential explicitly shows the shift symmetries

in various RR axionic directions; namely the universal axion Cj, the involutively even axion
C} and the involutively odd axion C5. Although the presence of o/-corrections break the “no-
scale structure”, it still leaves the direction orthogonal to V (which is 75) to remain flat. This
flatness and axionic shift symmetries are broken via the non-perturbative effects appearing
in the following racetrack form of the superpotential which comes from eq. (2.4)

W =W + Ay e~ %0Ts (4.3)
+ A, e 0(Tsthi(F) S+ha(F)GY) _ g o= bs(Ts+hs(F) S +ha(F) G

Y

where

WCS = Wcsl + S WCSQ- (44)

Such a form of superpotential eq. (4.3) could be thought of arising from different stacks of
unfluxed and fluxed D7-branes wrapping the so-called small divisor in an orientifold invariant
way as discussed before eq. (2.4). As a result, we can set the gaugino condensations effects
with ag = ]2\,—7;, as = ]2\,—7;, bs = ]2\,—7;, where Ny, N1 and N5 being the ranks of the corresponding
gauge groups coming from different stacks of D7-branes. Further, Weg1, Wesa, Ag, As and

*For constructing explicit examples of CY orientifold with h''(CY3/0) # 0, see [67, 82].



B; are generically complex structure moduli and background flux dependent quantities. For
the time being, these are considered to be constants as in the standard moduli stabilization
schemes. At the outset, let us clearly mention the following inherent assumptions before
coming to the scalar potential computation

e in addition to background fluxes, there are gauge fluxes turned-on on the small di-
visor which induces axio-dilaton S and odd axion G' dependence on top of the non-
perturbative effects. These are encoded in such gauge flux dependent quantities h;(F),
Vi € {1,2,3,4}. For the minimal setting h;(F) and h3(F) are quadratic in gauge flux
while ha(F) and hg(F) are linear in gauge flux. As a result, we should keep h; > ho
and hs > hyg .

e On the lines of [35], we assume that in the absence of non-perturbative corrections to
the superpotential, the landscape of background fluxes can facilitate one with keeping
the universal RR axion C massless (or at least nearly massless) via creating a mass-
hierarchy between dilaton mass and universal axion Cy. Although the univesal axion
appears as a linear term in the superpotential, by tuning the background flux dependent
parameters in the tree-level superpotential, the ¢y axion shift symmetry remain (nearly)
unbroken via the quadratic term induced in the scalar potential. In order to restore
large volume scenarios as well as a decoupled KNP-type inflationary potential of ¢y — ¢!
axion, the coefficient wy in Weg = w1 + ¢p we has to satisfy the following bound

9 e_as hl/gs e—bs h3/gs

This is probably the strongest assumption in our model and should be examined to be
realized in a concrete Calabi-Yau orientifold construction.

e Based on the aforementioned point, we assume the standard procedure to stabilize the
complex structure moduli and dilation via the background flux superpotential. So we
naively consider Wes = w1 + ¢gws such that wy < wy and we will quantify how small
wy should be to trustfully recover the large volume potential.

Utilizing these pieces of information, the F-term scalar potential can be computed from
eq. (2.5) for the given ansatz of K and W, and various terms can be categorically collected
as follows

Vv (Vst;PSablvclaCO) ~ Vivs (VuTS; psabl) (4.6)
+ Viest (V7 Ts Ps, bl; Cla CO) )

where Viys (V,TS; ps,bl) is the large volume potential contributing at the leading order
O (%) With stabilizing the axions at one of their minima ps = 0 = b' [33, 45],® the stabilized
values of volume moduli is obtained by the solutions of following coupled expressions

_ 32v2a0 6575 % (ao7, — 1)

Cy 2 ;
(1 —4agTs)
V ~ _6\/555 Wcs \/Tis(ao Ts — 1) eao?s ) (47)

ago Ao (40,0 Ts — 1)

3This is also similar to the case of moduli stabilization via fluxed-instanton superpotential leading to the
appearance of theta function in Wi,,. In that case, there are several extrema in the axionic directions due to
theta-function periodicities appearing in the potential [68], and b' = 0 is the simplest local minimum.



Let us mention an important point that in our approach of stepwise moduli stabilization, one
has to maintain the hierarchy |Viyg| > [Viest| throughout and so one has to be careful while
samplings of model dependent parameters are made. As we will see later, relatively larger
gauge groups V1 and N» are needed for realizing large decay constant, and in order to stabilize
the overall volume of the CY to order O(10%), we need Ny < Ni2 and then to maintain
the mass hierarchy between standard Kahler moduli and universal axion together with odd
moduli, one has to appropriately choose the gauge flux parameters h; and hs large enough.

After stabilizing the heavier moduli and orientifold even axion Cy4 along with odd axion
Bs, the potential reduces to the form as below

‘/I“GSt(Va Ts Ps bl; Cla CO) = Viest (617 CO)
~ Ag + A cos [as hico+ as ho cl]
4+ Ag cos [bs hsco + bs hy cl] 4 (4.8)

Thus, at the sub-leading order, the shift symmetry for the odd axion ¢! is broken. Here
in the aforementioned simplification, the coefficients A; and Ay are suppressed by factors
e~sh1/9s and e~bshs/gs respectively as compared to |Viys| while Ay is the collection of all
the terms independent of ¢! and ¢y axions. Given our assumption that the coefficient of
quadratic potential for universal axion ¢y generated at tree level can be fairly negligible by
utilizing the flux freedom, and so Vieg is effectively the leading contribution to break the cg
flatness. Further, note that the model dependent parameters h; and hs depend on the gauge
flux F supported on the divisor with odd two-cycles contributing to the non-perturbative
superpotential. Further, the dots denote those terms which are doubly suppressed by flux
dependent exponentials and hence are subleading for small string coupling regime. Now
after using an appropriate uplifting mechanism, one can rearrange the terms to result in the
desired KNP-type potential [22]

N B nier N2 P2 B my¢1 | Mmoo
V(¢1,¢2)_A1<1 cos{ A + 7 }>+A2<1 cos[ 7 + B ]), (4.9)

where A;’s can be collected in terms of model dependent parameters given as below

\/ﬁdo as|A0| |A3|?S _ _ as hy
A~ - Exp | —aoTs — asTs —
fSV(a(] Ts — 1) gs
12 cs| as | As| Ts T tsh
:72|W |a’ | |T e sTs gsl’ (410)
V&g (4(13?3 — 1)
2 Aol |Bs| T
Ay ~ \fa(Lbs | E‘ |Bs| 7 Exp [—am’s — bsTs — bs hg}
§5V(a073—1) Js

12 |[Wes| bs | Bs| 75 e_bs;s_%
—) — gs .
V&g (4[)5 Ts — 1)

12

Further, in expression eq. (4.9) of the potential, n; = ash; and m; = bs h;qo for i = 1,2.
Subsequently, the canonically normalized fields ¢ and ¢o are defined as follows

) 3g. R 1/3
¢1560f1200%, gp=cl otV gij;lgB . (4.11)



With the following redefinitions of the two-fields (similar to the original KNP-formalism
reviewed in the last section)

ni1 fa d1 +na fi oo na f1 1 — n1 fa oo
Vil fF+n3 it Vil fF+nd it

the expression of axionic potential eq. (4.9) can be adjusted into the form as below

P =

Vg =

(4.12)

V(Y1,42) = My (1 — cos [w,l]) + Ao <1 — cos V,l 4 D : (4.13)
fl f2 feff
where
= f1f2 1= fi fa/n3 3 +n3 f}
VR a3 7 (i ff 4 nema 7))
and

ferr = nify &y (4.14)

N ]nlmg —ngml\ '

Assuming a reasonable hierarchy As < A1, a justified diagonalization follows with a heavy
(¢1) and a light (12) axionic combination. Further, stabilizing the heavier axion at its
minimum ; = 0 leads to a single-field natural inflation driven by a trans-Planckian axion

as below
V(¢a) = A <1 — cos [¢2 }) . (4.15)
feff

Before the detailed numerical analysis towards inflationary aspects, let us exemplify the
moduli stabilization part by providing a benchmark sampling as below

Wes = _127 No = 15, 53 =1= 55’ Co/ = 46) AO = 017 9s = 0357 KB11 = _17 (416)
N, =30, Ny=32 hy—15 ho =1, hy=16, hy=1, A, =10, By = 1.

Using these samplings in eq. (4.7), eq. (4.10), eq. (4.11) and eq. (4.14), one gets

VY ~925.7, Ty~ 2.99, f1 ~0248, fo ~0.105,
Vivs| ~5.0x 1077, A ~1.78 x 107%, Ay ~1.73x 1077,
fi~0.078, f5~0.078, fof ~ 8.131. (4.17)

Here, the parameters are chosen such that one gets

e the effective decay constant fog > 7. It is the minimal values to fit the BICEP2
data. To match the PLANCK result, we can relax the constrain to feg > 4 as we
will systematically explore in the numerical section. For the sampling eq. (4.16) and
eq. (4.17), the enhancement of decay constant can be seen from figure 1.

e Ay ~ 1072, which is needed to have a high inflationary Hubble scale Hiy ~ 104 GeV
as per the requirement of constraints given in eq. (1.1) or equivalently the magnitude
of scalar power spectrum being P ~ 2.2 x 1079 given in eq. (1.2).

e Two hierarchies: |Viys| > Viest and A7 > Ay. These are implicitly needed for
reaching the single field inflationary potential via step-by-step route with hierarchial
check-points.



Figure 1. The two field potentials V (¢1, ¢2) and V (11,%2) (multiplied by 10%) respectively given in
eq. (4.9) and eq. (4.13) are plotted for the sampling eq. (4.16). The second figure shows the enhanced
decay constant for 1o direction as compared to the sub-Planckian ones shown in the first figure.

On validity of the single field inflationary approach. To justify that single field
approach is a valid description, i.e. the heavier fields, set to their respective minima, do not
significantly get shifted while the lightest axionic combination is in inflating phase, let us
consider the dynamics of next-to-light field v; and perform the field evolution analysis of
two-field inflationary potential (4.13). The dynamics is governed by the Einstein-Friedmann
equations given as

d? dyp® dap® 1 dH\ dy*  G™o,V
a 1’\& _= 41
ave " T e N <3+ HdN) dN H?2 0 (4.182)
1 1 dyp® dap?
2 _ — a ~ 772
H' =2 <V(¢ )+ 5 H G dN>, (4.18b)

where we use the background N e-folding number as independent evolution coordinate with
dN = Hdt. Here, let us recall that given the shift symmetry in Cy and C5 directions in the
Kéhler potential, for the canonically normalized fields ¢®s (with a = 1,2), one has the kinetic
matrix G% = §%. It holds in the new ¢ basis as well.* So all Christophel connections vanish.
In addition, using expressions (4.18a) and (4.18b), one can derive another useful expression
for variation of Hubble rate in terms of e-folding,

1 dH Vv
ﬁd—N—ﬁ—S. (4.19)
Now let us numerically solve these evolution equations for model dependent sampling given
in (4.16)—(4.17), and see the dynamics of heavier (¢1) and lighter (¢2) axionic combina-
tions during inflationary process. To get the full trajectories from a second order differential
equations, we choose ‘Zp—:di“ lt=0 = 0 along with following five initial conditions for ¥*(0),
Va € {1,2} as given in table 1. Utilizing the numerical solutions, various inflationary trajec-
tories are plotted in figure 2. This figure also shows that depending on the initial condition,
the field 11 gets settled in its nearest minimum, for example trajectory with initial condition
11 = 0.1 settles in the minimum at zero while the one with 1, = 0.3 settles in a nearby mini-
mum. Moreover, figure 2 also confirms that heavier axionic combination does not get involved

4A very quick check for kinetic sector metric to be diagonal with Gup = 643 in ¢ basis is: ds? = d¢?+dd3 =
dyp? + dip? = Sapdip®dep® using relations in (4.12).
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I I I3 14 I5
$1(0) | 0.00 | 0.30 | 0.10 | 0.25 | 0.12
¥2(0) | 14.0 | 15.0 | 16.0 | 16.8 | 17.5
Np 57 69 79 89 98

Table 1. Five initial conditions studied for sampling given in (4.16)—(4.17).

15+

0.0 0.2 04 0.6

Figure 2. The various inflationary trajectories for five initial conditions. The two minima in dark
blue are separated by maxima in light blue shade.

in the inflationary process, although it undergoes a negligible shift from its minimum. Except
the first set of initial conditions I; which already corresponds to a single field inflation, for
other trajectories Is — I5 one observes some initial oscillations in v; direction which is just
an artifact of initial conditions %d;’lia lt=0 = 0. These oscillations die off within a couple of
e-foldings as seen in figures 3—4 and result in an effectively single field inflationary process.

This analysis has been done to justify a mass-hierarchy m,, > m,, being maintained
in such a way that the dynamics of two fields effectively lead to a single field inflationary
process. The same has been done via designing a hierarchy A; > As through appropriate
sampling of model dependent parameters.

5 Detailed inflationary investigations

Revisiting the standard natural inflation. Let us recall the relevant features of stan-
dard natural inflation by checking the consistency requirements of cosmological observables
from the PLANCK and BICEP2 data. Usually it is qualitatively mentioned that the de-
cay constant for axion utilized in the natural inflation must be trans-Planckian, i.e., much
larger than the reduced Planck scale Mp;. The realization of large decay constant in string
models has always been a challenge, and in one way or the other, the choice of model de-
pendent parameters are crucially affected (and in confrontation within) to accommodate the
observables in best possible manner. Therefore, we revisit this aspect to quantify the decay
constant window needed to fulfill the minimal experimental requirements. For a given single
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Figure 3. Evolution of heavier (1) and lighter (1)3) axionic combinations during inflationary process
reflecting its single field nature.
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Figure 4. A closer look at the evolution of heavier field 1, showing a negligible shift from their
respective minima in each of the five inflationary trajectories. The shift in heavier field 1, is less than
0.01 within the inflationary regime.

field potential V' (¢), the sufficient condition for ensuring the slow-roll inflation is encoded in
a set of so-called slow-roll parameters defined as below

1 V! 2 v Ly
=— | — 1 = — 1 = 1 5.1
62(V)<<,nv<<,§ 7 <1 (5.1)

where / denotes the derivative of the potential w.r.t. the inflaton field ¢. Also, the above
expressions are defined in the units of reduced Planck mass Mp; with Mp; = 2.44 x 10'® GeV.

The various cosmological observables such as the number of e-foldings N., scalar power
spectrum Ps, tensorial power spectrum F;, tensor-to-scalar ratio r, scalar spectral index ng,
and running of spectral index ay,, can be written as the various derivatives of the inflationary
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potential via introducing the aforementioned slow-roll parameters as follows

[oxs 1

s (= (or=) e+ (e0-3) )

4 2
7’2166|:1—36+377+205(26—17):| ,

dIn P 5 9
s = ~14+2\n—3e— |- +12 -1
n Tk + [17 3e <3+ CE> e+ (8Cg —1)en
1, 1
2 (op—=
t3m < 3> 5],
_dng 9
anszdlnk_wen 24 —2¢,

where Cp = —2+42In2 + v ~ —0.73, v = 0.57721 being the Euler-Mascheroni constant.
For the standard singe field natural-inflation potential

o) = o (1-cos [2]). (5.2)

the slow-roll parameters as well as the three main cosmological observables (ng, r and ay,, )
to be constrained as per the relations in eq. (1.1)—(1.2) are simplified as below

2 2
cot | 2 cos | 2| esc |2 cot | 2
0= szf] 1(9) = MQF Eal —J[ff}, (53)
Ne(9) = =2 f2 In [cos {;bf” — Ngnd’
4 (—2 +6CE +3f%—3f%cos [%D cot {%r cse [%r
o) = - |
ns(9) = —[{17+600E+30f2 — 18148 (44 6Cp —3 2 +3 1) cos m}
RE
cse | o
— (=7+12CE + 6% + 6*) cos ﬁ?” X 4!;’;} ,
616 . [s12
csc |55 | sin |
ans(¢) - = [2f]2f4 |:f} )
where N&* = f?In [1 — ﬁ} is evaluated at ¢ = 1 where inflation ends. Further, N

values fall in the range {0.41,0.50} for decay constant lying inside {1, 16}.

Number of e-foldings N.. Because the natural inflation potential has a maximum at
¢ = w f, depending on the decay constant, there is an upper limit on N, which can be
realized for a given f. It can be shown that even f = 1 can generate around 20 e-foldings as
shown in figure 5, while f = 2 can result in a maximal value of N, around 80. However, in
order to have |ng — 1] < 0.05 one needs larger decay constant.
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Figure 5. Number of e-foldings N, versus inflaton field. Here, the largest possible values of N, are
shown and the fast enhancement at the end is due to the field values approaching towards the maxima
of the potential (¢max = 7 f). Here f varies from 1 to 3 in the upward direction.

0.20

015+ B

e .s.‘

0.05-

Figure 6. ng versus r for various effective decay constants from f =4 to f = 20. The blue and red
region are respectively the 20 and the 1o regions of r and ng for BICEP2. The number of e-folding
is from 50 (small circle) to 60 (big circle).

The spectral index n; and tensor-to-scalar ratio . Although more than sixty number
of e-foldings can be generated even with the decay constant in the range 1 < f < 2, the fitting
of the spectral index ns and tensor-to-scalar ratio r pushes the f window towards f > 4.
To be more precise, one finds that for 1 < f < 4, the spectral index lies in the range
0.1 < ng < 0.9 while increasing the decay constant values enhances the spectral index. As
can be seen from the figure 6, for e-foldings 50 < N, < 60, the decay constant f should be
in the range of 4 < f < 12 in order to be consistent with PLANCK result, and larger than
f > 7 in order to fall in the 20 regions of r and ng for the BICEP2 data.

The running of spectral index ay,, is small. It needs to be of the same order (1072) to
reconcile the PLANCK and BICEP2 data eq. (1.2). This confrontation has been investigated
recently in [83] as can be also seen from figure 7. Again, it shows that in order to be consistent
with both the PLANCK and BICEP2 data, one needs larger decay constant. However, getting
larger decay constant always results in a larger rank of gauge group for gaugino condensation.
Of course, f should not be too large. In our case, we constrain the decay constant f to be
less than 20 for a natural choice of parameters.
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Figure 7. «,,, versus r for decay constants varying from 4 to 20. The number of e-folding is from 50
(small circle) to 60 (big circle).

Benchmark points in our aligned natural inflation models. As shown in figure 6
and the analysis done in the previous subsection, the best fit requirement for ns and r values
(from the PLANCK and BICEP2 observations) demands the decay constant to be within
4 < fog < 20. Further, as we have already matched our aligned natural inflationary poten-
tial (4.15) with the standard form given in (5.2), and having all the cosmological observables
related analysis been revisited already, now all we need to do is to realize a large decay
constant. For our samplings we would focus in the range 7 < fog < 12.

Before the explicit numerical analysis and sampling of model dependent parameters, let
us make the following important points

e although the form of scalar potential suggests that the two fields ¢ and ¢ in eq. (4.9)
or ¢ and 19 in eq. (4.13) should be arbitrarily interchangable, the canonical normal-
izations fix the choice for a given sampling. This argument is in the sense that the
decay constants of the two axions are different

— Jcop — \/57 - Jct V1/3

In the large volume limit, one naturally expects fi > fo, and this hierarchy restricts
the interchangeability of the two fields in eq. (4.9). The reason for considering this
constraint f; > f5 is to put a lower bound on the volume of the CY such that V > gs 3/2
for natural orientifold constructions. The positive definiteness of kinetic sector demands
kp11 < 0, and some explicit examples of swiss-cheese Calabi-Yau orientifolds with such

intersections can be found in [67].

o As discussed below eq. (4.8), if we want to neglected the subleading corrections which
are doubly suppressed in e~% h1/9s or ¢=bshs/gs (or a product of the two factors) with
an inherent assumption that e=%s hi/9s ~ ¢=bs h3/95, we have to choose ag h1 ~ b, hs for
consistancy, or equivalently

hi _ hs

NNy
where Ni and N» are the ranks of the gauge groups corresponding to the gaugino
condensations.
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Wes | No | Ao | Cor | s y Ts [Vivs| f1 f2
S1|-12 | 15 | 0.1 | 4.6 | 0.35 | 925.7 | 2.99 | 5.0 x 1077 | 0.248 | 0.105
S2 | -10 0.4 5.1]035]| 849.6 | 1.68 | 1.8 x 1077 | 0.248 | 0.108
S3|-14 | 6 [08] 75028 421.3 | 2.35| 6.0 x 1076 | 0.198 | 0.122
S4 | -20 | 14 | 0.1 | 2.8 | 0.40 | 909.5 | 2.61 | 9.5 x 1077 | 0.283 | 0.113
S5 | -18 | 16 | 0.1 | 3.5 | 0.30 | 1024.7 | 2.99 | 6.7 x 10~7 | 0.212 | 0.094
S6 | -11 | 8 | 0.2 5.8 (029 | 688.6 |2.28|9.0x1077|0.205 | 0.105
Table 2. The six benchmark samplings for model dependent parameters to stabilize the moduli at
large volume minima. Here, £ =1 = £g and kp1; = —1 have been used.
As | Bs | hy | hs Ay Ay fi f Jeft
S1]10| 1 |15]16|1.8x107%| 1.7x 1072 | 0.078 | 0.078 | 8.131
S2 | 14| 3 [ 1718 | 1.7x 1079 | 3.7 x 10710 | 0.069 | 0.069 | 9.452
S3 112 4 |15]16|52x1077 | 1.7x 107 | 0.063 | 0.063 | 9.394
S4| 8 1 119/20[95%x1077 | 1.3x 1079 | 0.071 | 0.072 | 11.035
S5125 | 5 | 18|19 ] 1.6 x107? | 3.6 x 1070 | 0.056 | 0.057 | 8.694
S6|10 | 2 | 13|14 |1.1x107% | 2.0x107? | 0.075 | 0.074 | 7.071
Table 3. The manifestation of effective large decay constant and the hierarchial scales A;’s for the six

benchmark samplings presented in table 2. Here, the ranks of gauge groups are chosen to be Ny = 30
and Ny = 32 while the additional flux parameters are set to be ho =1 = hy.

e Further, while choosing the flux parameters, one has to take care of the requirement of
significant suppressions from factors e~ "1/9s as well as e s 13/9s to trust the hierarchy
of masses used for reaching the single field potential. This requirement usually results
in a larger value of hy and hz. Also, hi and hs should be larger than hy and hy from
the different flux dependence on S and G'.

Several benchmark points in table 2 and 3 have been presented for various model dependent
parameters to realize consistent r and ng values as shown in figure 6.

6 Open challenges and conclusion

In this paper, we have successfully embedded the idea of KNP [22] for the enhancement of
axion decay constant relevant for realizing the Natural inflation. The inflaton is identified
with a linear combination of the universal axion ¢y and an involutively odd axion c¢'. The
expressions of decay constants for these two axions enjoy appearance of string coupling g,
and the Calabi-Yau volume V with a less suppressed factor as compared to the C; axions.
Moreover, their decouplings in the kinetic sector via the Kaehler potential are more natural
in large volume limit as compared to the case of considering two Cs axionic setup as then,
one has to diagonalize the intersection matrix kg, along the odd directions a and b. Despite
of the several nice features of our model, there are certain assumptions to be consistently
realized in concrete setups, especially on the technical grounds. On these lines, let us recall
that the original universal axion monodromy inflation [35] has two delicate issues as below.
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e The decay constant for universal axion ¢y is given as f., = %, and so natural inflation
embedding demands string coupling to be in the window 1 < g5 < 10 and thus pushing
the whole description into the non-perturbative regime.

Our approach of realizing the KNP-type inflation with inflaton being a combination
of the universal axion ¢y and the odd axion ¢! provides a natural way of enhancing
the decay constant in the regime where the perturbative description remains trustfully
valid along with the support of large volume scenarios.

e The second delicate assumption of inflationary model in [35] is related to facilitate
a hierarchy in the dilaton and universal axion at the tree-level superpotential. This
flux superpotential depends on the landscape of background fluxes and it would be
interesting to construct the explicit models in which this requirement could be satisfied.

In addition to the second point, it would be interesting to address more technical issues like
the tadpole/anomaly cancellations in concrete Calabi-Yau orientifold examples with all the
suitable gauge fluxes arranged through the incorporation of relevant involutively odd two-
cycles to contribute the non-perturbative effects. Further, the trans-Planckian nature of the
inflaton opens up some more challenges and hence there are some cautionary concerns on
the lines of [11-13, 84-86]. One of such concerns could be the inflaton coupling to the gauge
degrees of freedom living on the two stacks of D7-brane wrappings with magnetic-fluxes
turned-on, and those could be of the following kind

¢1 as hy 1 bs h3 2
LD — |—=F,1 F*" F 0 FHY 6.1
fi 3272 1 Ty (6.1)
¢2 as ho vl bs ha v2
o [ T B0 4 g e Y0
where a; = 2—7; and by = ]2\,—7; with N;’s being the ranks of gauge groups. In order to avoid

the gauge degrees of freedom being supermassive by acquiring the trans-Planckian masses
out of the axion vacuum expectation values, one has to ensure that the overall coupling still
remains under control. For that one has to have large rank of gauge groups which comes
out to be an unnatural requirement beyond a certain value. Also in our setup, we have
required some of gauge flux parameters (h; and hs) to be relatively large (of order 10) to
sustain the mass-hierarchy, and this has to be done in a consistent manner by not letting
these fluxes become very large. Although in our samplings we have successfully realized large
effective decay constant with the rank of the gauge groups being not too large (N7 = 30 and
Ny = 32), it would be interesting to increase the number of the odd axions and take the
requirement for the rank of gauge group to be below ten on the lines of [47]. It suggests an
exponential enhancement of the decay constant with increasing the number of axions in the
KNP formalism.
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