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ABSTRACT: An appealing explanation for the Planck data is provided by inflationary mod-
els with a singular non-canonical kinetic term: a Laurent expansion of the kinetic function
translates into a potential with a nearly shift-symmetric plateau in canonical fields. The
shift symmetry can be broken at large field values by including higher-order poles, which
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herefrom resulting corrections to the inflationary dynamics and predictions are shown to
be universal at lowest order and possibly to induce power loss at large angular scales. At
lowest order there are no corrections from a pole of just one order higher and we argue
that this phenomenon is related to the well-known extended no-scale structure arising in
string theory scenarios. Finally, we outline which other corrections may arise from string
loop effects.
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1 Introduction

Recent years have seen increasingly accurate and meaningful observational evidence from
probes of the cosmic microwave background (CMB) such as WMAP, Planck, and BI-
CEP2/Keck Array [1-3], for an early phase of cosmological inflation. Inflation means
the existence of a very early phase of typically exponentially accelerated expansion of the
universe driven by the large vacuum energy of a scalar field, that terminates in a re-
heating process which in turn creates the very hot initial phase of conventional big bang
cosmology [4-6]. The simplest models of this process create inflation via vacuum energy
domination of a single slowly rolling scalar field. Inflation can produce a large, old, and
spatially flat universe if it lasts longer than 60 e-folds of scale factor growth (more uncon-
ventional assumptions about the reheating temperature may lower the required amount to
~ 30). Moreover, inflation naturally generates a nearly scale-invariant spectrum for the
curvature perturbation that is seeding structure formation. The scale of the inflationary
scalar potential and its first two derivatives may be chosen in a suitable way such that the
three properties reproduce the inflationary observables consistent with experiments.

The arguably simplest models of inflation arise as large-field models where inflation is
driven by a single scalar field with a monomial scalar potential [7]. In this case, justifying
the form of the scalar potential over large field displacements requires the presence of
a protective weakly broken shift symmetry in the UV completion (see e.g. [8]). Under



these assumptions, choosing a trans-Planckian and hence large initial field displacement
is sufficient to guarantee enough inflation, and choosing the overall scale of the monomial
potential suffices to generate the amplitude of the curvature perturbation in agreement
with observations.

All inflation models necessarily generate gravitational waves with a nearly scale-
invariant power spectrum in addition to the curvature perturbation. These tensor modes
generate a primordial B-mode polarisation pattern in the CMB. The relative strength of
this tensor mode power spectrum, the tensor-to-scalar ratio r, is controlled by the scale of
the inflationary scalar potential and the field range traversed during the observable period
of slow-roll inflation via the Lyth bound [9, 10]. Large-field models create an observably
strong B-mode signal corresponding to r 2 0.01 this way.

However, the data of the recent CMB probes already constrains the tensor mode
fraction to r < 0.095 at 95 % confidence level [2, 3]. Hence, we may wish to construct
slow-roll models with smaller field excursion A¢ < O(a few Mp) such that they produce
r < 0.01 while preserving something akin to the technical naturalness of shift symme-
try based large-field models. The prototypical example of such a class of models is the
Starobinsky model [11]. Its scalar potential becomes exponentially flat with increasing
field displacement which manifests a restoration of an approximate shift symmetry. By
conformal transformations of the metric one can interpret the Starobinsky scalar as the
scalar degree of freedom of an R 4+ R? model of gravity, or a Jordan frame non-minimally
coupled scalar field with approximate scale invariance at larger field values. In this lan-
guage, recent work established a set of attractor points for various rather general classes
of potentials [12-15], with predictions comparable to those of the Starobinsky model. Yet
more recently, it was emphasised that these attractor properties can be rephrased as non-
trivial kinetic terms which have a pole of second order in the non-canonical inflaton [16].

In this paper we expound on these ideas by establishing a duality between a kinetic
function with a certain pole structure and shift symmetry of the Einstein frame canonically
normalised inflaton potential. Since non-canonical kinetic terms are a generic consequence
of compactifications of higher-dimensional models such as string theory, this may provide
a new avenue of constructing this set of phenomenologically promising models from more
fundamental embeddings.

The rest of the paper is structured as follows. First, we elaborate on the importance of
approximate shift-symmetries in the context of inflation and describe different manifesta-
tions thereof. Then, we recall the formulation of inflation where the inflationary dynamics’
complexity has been shifted in parts to the kinetic term rather than the potential. Given
a suppression hierarchy for poles of increasing order, we continue to describe corrections
to the aforementioned formalism and derive leading order corrections to the inflationary
observables. Assuming the corrections to follow the pattern of shift-symmetry in an EFT
sense, we then study an infinite tower of corrections and demonstrate that the leading order
corrections coincide with the structure obtained before. After outlining phenomenological
fingerprints deriving from the corrections, we attempt to embed the previous considerations
into some UV theory. Following a generic argument as to what the coarse structure of the
UV candidate’s Kahler potential might be, we give perturbative and exact examples which



reproduce the kinetic functions under study in this work. We then turn our attention to
String theory and argue that the necessary terms may be obtained. Specifically, we recall
that the more general form of string loop corrections to the volume moduli Kahler potential
in string compactifications spoil the Kéhler potential’s log-structure, and we hence expect
them to break the shift symmetry at large field ranges. We conclude by discussing our re-
sults, and point out that our steepening corrections generically produce a moderate loss of
CMB power at large angular scales for which we give an analytical estimate. Appendix A
reviews the explicit form of the f(R) theory dual to a broken shift symmetry at large fields.

2 Shift symmetry primer

A scalar potential arising from a weakly broken shift symmetry is known to provide for
controlled trans-Planckian field excursion during slow-roll inflation. The shift symmetry
is said to be weakly broken, if the inflaton scalar potential V' (¢) < 1 itself provides the
leading source of symmetry breaking. We begin our discussion by looking at the simple
example of a scalar field minimally coupled to gravity

£= V=7 |5 5007 - Tale)] (2.1)

Generically, integrating out heavy fields and/or radiative contributions lead us to expect
an infinite series of corrections to Vp(¢), containing in particular pieces of the form

¢TL
n>1
In the spirit of Wilsonian effective field theory (EFT) we should assume ¢, = O(1) V n
Then we have

A¢n72
Anly—ny = Z can(n—1)—— 2 1 (2.3)
Mp

n>2

as soon as A¢ = Mp. Controlling such trans-Planckian field excursions requires

1M;f—2

(2.4)

which amounts to a shift symmetry ¢ — ¢ + ¢ weakly broken by Vy(¢). Indeed, in the
Lagrangian eq. (2.1), the radiative corrections driven by the self-interactions (cubic and
higher derivatives of V) fall off as 1/¢™,m > 0 at large ¢ > Mp, while graviton-loop
corrections produce

Voraw. ~ Vo', (V)" < W (2.5)

provided Vy < 1.
The same shift symmetry requirement is evident in the structure of f(R)-gravity ver-
sions producing inflation models close to the Starobinsky model. Here, we need to require

f(R) = —RQ Z an (2.6)

n>3



with co > 1 and
— <1 Vn>3. (2.7)

Then the exponential approach to a shift-symmetric plateau potential
V(o) = Vo (1 — eV 4 ) (2.8)

for the associated canonically normalised scalar ¢ dominates the resulting scalar poten-
tial. The condition eq. (2.7) again marks the pattern of an effective weakly broken shift
symmetry. For a more detailed discussion on shift symmetry and modified gravity, see
appendix A.

One of the main aims of this paper is to provide the analogue formulation of this shift
symmetry for non-canonical models of inflation, to which we turn next.

3 Pole inflation

3.1 Laurent expansion

Conventionally, inflation is studied in terms of a canonically normalised and minimally
coupled scalar field and its effective potential. However, UV embeddings of inflationary
physics often yield a minimally coupled but non-canonically normalised field, where the
effective dynamics are encoded in the kinetic term as well as the field’s potential. Instead
of having inflationary dynamics only be determined by the scalar potential, a part of the
models’ complexity and predictivity now lies within the kinetic term. In particular, if
the kinetic term may be cast as a Laurent series and given reasonable assumptions about
the potential, one can study and understand inflationary dynamics solely in terms of the
Laurent expansion’s leading order pole and its residue [16], as we will now recall.
Consider an Einstein frame Lagrangian of the form

1 1/a

L=y=g|=R—=(Z2+...)(0p)° Ve (p) (3.1)
2 2\ pP

where we assume the kinetic function Kg(p) to be given by a Laurent series with a pole

of order p at p = 0 (without loss of generality) plus sub-leading terms, which are higher-

order in p (not higher order in p~!) and are thus irrelevant close to the pole. In principle,

1 i.e. higher orders in the pole, are of increasing importance when

higher order terms in p~
p — po. We will neglect those terms for now to ease our analysis of the first pole and give
a condition which has to be satisfied in order to do so in (3.8).

The location of the pole corresponds to a fixed point of the inflationary trajectory,
which is therefore characterised almost completely by this point. Upon canonical normali-
sation, the fixed point translates into a nearly shift-symmetric plateau in the potential. As
the inflationary behaviour will be determined by the non-canonical field’s trajectory in the

vicinity of the pole, one may approximate Vg(p) to be

Ve=Vo(l—p+...), (3.2)



where the linear coefficient can be set to —1 without loss of generality. Sufficiently close to
the pole at p = 0, i.e. at large IV, the number of e-folds is related to the inflaton position as

e (N @

Since we assume p > 1, indeed the number of e-folds increases as one approaches the pole.
Moreover, it is simple to calculate the slow-roll parameters,

1

p —1
¢ 2a," " 2a, (3.4)

At lowest order in 1/N, the inflationary predictions for this model are therefore given by

1

1 8al~" 1
b PV r= @ P P (3'5)
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where N is the number of e-folds, p the order of the pole in the kinetic function Kg and
a, is the leading coefficient of the Laurent expansion as in (3.1).

Putting all of this together, we observe that the presence of a fixed point of the kinetic
function amounts to an effective shift symmetry of the canonically normalised inflaton at
large field values, provided that all higher-order poles in the kinetic function beyond the
leading-order pole defining the fixed point have successively suppressed coefficients as in
eq. (3.8) below. We emphasise that this happens regardless of the specific potential present
in the non-canonical frame. This provides us with a new handle on finding regimes where
inflaton potentials show an effective shift symmetry via analysing the local structure of the
non-canonical kinetic function. In other words, vastly enhancing the kinetic term such that
it becomes dominant with regard to the potential - e.g. with a pole in the kinetic function
as above - enters the canonical normalisation such that, regardless of the specific potential,
the canonically normalised field will slowly roll down its effective potential which will be
of plateau type.

The case p = 2 is special for a number of reasons. First of all, this gives rise to a
value of the spectral index that agrees exceedingly well with the Planck data. Secondly,
from a theoretical perspective, large classes of models with different interactions actually
give rise to nearly identical predictions (3.5) with p = 2: this is referred to as the unity of
cosmological attractors [16]. In what follows, we will therefore reserve special emphasis for
corrections to p = 2 poles.

At this point we can finish the discussion of the effective shift symmetry arising near
the pole in the kinetic function. We see that the single pole generates a scalar potential
close to p = 0 for the associated canonically normalised field ¢ of the form

Vo (1-A¢75)  p#2
Vo(¢) = b (3.6)
Vo(1-ev@), p=2

2
22\;% >~ This shows the plateau at p — 0 occurring for ¢ — oo if p > 2 and

for ¢ — 0 otherwise. The higher powers in p of Vj(p) beyond the linear term are irrelevant

where A = (



due to the fact that the pole structure has inflation taking place for p — 0. Hence, higher
powers in the Laurent expansion of Kg(p)

Kp(p)="2+Y % (3.7)

a
PP P

will perturb Vo(p) — V(p) = Vo(p) + AV (p). Therefore, an extended plateau in the
potential eq. (3.6) requires us to restrict to the regime where the following condition holds

q

ap
pq<<ﬁVq>p. (3.8)

Similar to the suppression of higher-dimension operators in some scalar potential, there
is a priori no reason why condition (3.8) should hold. We hence propose condition (3.8)
as a statement dual to the requirement to suppress higher-dimension operators in the
canonical picture and will give a toy model realisation of (3.8) in section 4 and specifically
via expression (4.2). This suppression pattern of the residues of the Laurent expansion
dictated by the approximate shift symmetry on the plateau forms a complete analogue of
the two known cases discussed in the previous section.

3.2 Universal corrections

Previously, we discussed how a real pole corresponding to a fixed point in field space
translates to an approximately shift-symmetric plateau upon canonical normalisation. We
now proceed to investigate the effect of perturbing the duality between fixed points and
shift-symmetry, i.e. perturbing the function Kg.

Suppose there is a higher-order pole with small coefficient a4, (i.e. in the regime of
validity of equation (3.8)):

Kp(p)=22+224 (3.9)

while the scalar potential is still given by the Taylor expansion, and the dots represent less
singular terms in p. This gives rise to the relation

Qq ap

N = +
(q=1)pr=t = (p—1)pr~!

(3.10)

in the approximation of being close to the pole. However, in order to invert this relation,

one has to assume that the perturbation is small with respect to the original term:
Y4 o %
i < o (3.11)

We thus rediscover condition (3.8). As a perturbative expansion, we then obtain
the solution:
q

= po+8p, Sp=—9 _ppatl 3.12
p=po+op, dp ap(qfl)p’é (3.12)



where pp (and subsequent quantities with the same subscript) refer to the unperturbed
result of the previous section. Similarly, the corrections for the slow-roll parameters become

(g—p—1)a, 2p—q

TG "
at lowest order in a,. We therefore obtain
by = — 0 (¢ —p)(q —p;l)QNg%}_z’
apr=T (¢ —=1)(p— 1)1~
b= S0 laTpml) i (3.14)

apit (q—1)(p—1)»1

These are universal corrections arising from a perturbation of the shift symmetry at large
field values of the canonically normalised inflaton field.

Motivated both by observational and theoretical evidence (as well as the desire to
obtain more manageable formulae), we now restrict ourselves to the case p = 2. Other
cases will be qualitatively identical. In the case of p = 2 the above formulae simplify to

no—1_ 2 _ G (a=2)(a=3)
3 N a9t (¢—1)
_ 8ap 8ag (q—3) NI—4

r= -
N? apgff(q_l)

-3
NI

(3.15)

These are the universal corrections to the cosmological attractor predictions provided the
corrections respect the effective shift symmetry structure of eq. (3.8). They should be
understood as a double expansion, both in 1/N as well as in agN 9=2_ The latter require-

ment follows from the approximation to obtain p(IN) (and is given by a,N 71 in general).
Here we have assumed that a, is of order one. In terms of these expansion parameters,
the correction term to the spectral index is bilinear in both, while the correction to the
tensor-to-scalar ratio is an order in 1/N higher. Corrections bilinear in N will become of
increasing importance for larger N. This will nicely be illustrated in the next subsection
when transforming to canonical fields.

3.3 Canonical formulation

We will now turn to a description of the corrections to the plateau potential arising from the
least suppressed residue a4 in the Laurent expansion. Starting from the perturbed Laurent
expansion with two poles (3.9), we find the relation p(¢) for the canonically normalised
field ¢ for p # 2 to leading order in a, as

AT Ag 422222 | 2o (p—q+1)
p(¢) = Ap?» + ——A" 2 ¢=» : (3.16)
2, /ap



For the special case p = 2 the relation becomes exponential and we get

__ 9 1 (q—3) ]
p(d) =e M—{—Zaqe Vi g>p=2 . (3.17)

We obtain the resulting canonical scalar potential V(¢) = Vo(p(¢)) to O(aq) by plugging
eq. (3.2) into the original potential

Vo (1—A¢%—aq3¢ﬁ(p*q+1)> A2
V()= Vi ( ¢ (q—3)—2 > | | (3.18)

l—e V& — tae’ 7V p=2

1 p—2(q—2)

%A 2 . Consequently,
for a, < 0 the plateau potential universally acquires a rising correction, increasing for

Here, the correction coefficient B for p # 2 has the form B =

¢ — oo for p > 2, and for p < 2 rising towards ¢ = 0.

We see that if all microscopic parameters a,, p, ¢ take O(1) values, then A, B = O(1)
as well, and their precise values are irrelevant for the general arguments given here. The
only relevant quantities are:

e p which determines the leading functional form of the plateau potential,
® a, < 1 which controls the magnitude of the correction, and

e the difference ¢ — p which controls the functional dependence of the first correction
in the scalar potential.

This structure of the scalar potential allows for two observations.
First of all, the case
g=p+1 (3.19)

leads to a rather curious observation. Namely, in this case the corrections to the scalar
potential are constant! For this reason, they only serve to redefine the constants in the
original form (3.6):

_ A .

A= ——— = 1—a.B 2 2
1_@(]37% ‘/0( aq ) ) p# (3 O)

- 1

Vo :%(1_Zaq) , p=2. (3.21)

There is an easy way to understand why this happens. We look again at the kinetic
function, writing

_ Gp | Gp41 Qq
Kp(p) = Fiara > R (3.22)
g>p+1

Now perform a field redefinition p — p + ¢, and insert this into Kg. We get

__ D ap+1
Kot = ey F e T
_ Gp PapE  dpii
= (3.23)




Hence, by adjusting the field definition to € = ap+1/(pa,) we can always absorb the pole
of order p 4+ 1, but not other poles of higher-order at the same time. This is the reason
why a pole at order p+ 1 does not contribute at that order to the scalar potential. Beyond
leading order, the field redefinition generates contributions to poles at order p + 2 and
higher. Consequently, we expect a pole in Kg at order p + 1 to contribute at higher
sub-leading orders to the scalar potential.
At the next order, i.e. for
q=p+2 (3.24)

the correction scales as the inverse of the leading plateau potential term. The cases p =
1, 2,3 form illustrative examples for this situation

Vo (1-A¢*-a,Z), p=1
_ o o
V(o) =4 Vo <1—e \/@—}laqe\/@>, p=2 (3.25)
V()(l_ﬁ_an&) ) p=3

4 Complex poles

The above analysis only considers a single correction. In order to further link the above
discussion with our argument in chapter 2, we will now consider an infinite tower of correc-
tions to the leading pole of a kinetic function and hence readily demonstrate that in order
not to spoil the inflationary dynamics, a hierarchy between the corrections reminiscent
of the EFT argument has to arise. To that end, consider higher powers in the Laurent
expansion of Kg(p)

ap

Kp(p)="2+3Y % (4.1)

q
Pp =P
As an example, we will assume the above to arise from a toy model of the closed form

ap

Kp(p) = "2
E(p) P2+€2

, (4.2)
where €2 < 1. The perturbation 2 affects the pole structure, moving the pole at py = 0
from the real to the complex plane at py — +ie, as shown in figure 1. It is important
to note that the function Kg(p) does not become complex itself at any point, it merely
contains a complex pole.

The inflationary predictions from the presence of a complex pole follow at lowest order
from the universal corrections that we derived earlier: expanding the complex pole

2 4
a apE apE
KEzpfg—%+%+..., (4.3)
it is clear that at lowest order in 2 the form of the kinetic function, and hence the inflation-
ary predictions, is exactly that of the perturbed Laurent expansion considered previously

with p = 2 and ¢ = 4. As a consequence, the inflationary predictions are given by (3.15)



Figure 1. Pole structure of Kg. Left panel: a pole of order p = 2, localised in the real part
of p. Right panel: the perturbed case, showing the split of the original pole in two complex poles
of order one. The non-canonical inflaton may now move over the hilltop along the real line which
corresponds to shift-symmetry breaking in canonical fields.

with ¢ =4 and a4 = —apsz. Note that the latter always corresponds to a blue-shifting of
the spectral index at large N. Further note how (4.3) realises (3.7) with aq < a,Vq > p,
i.e. satisfies (3.8). This suppression pattern of the residues of the Laurent expansion dic-
tated by the approximate shift symmetry on the plateau is in complete analogy to the
known earlier cases given in chapter 2.

If the above kinetic term only has a complex pole (and no sub-leading corrections),
the transition to a canonical inflaton field ¢ can be done exactly and reads

p— eIV _ igzeqs/m, (4.4)
The scalar potential around the would-be pole reads

VE=V0<1—e¢’/\/‘Tp+152e¢/~/@+...>. (4.5)

Again, the nearly shift-symmetric plateau of the canonically normalised inflaton is bro-
ken at large field values, the exact value depending on the perturbation €2 of the kinetic
pole structure.

5 Towards a UV embedding

5.1 Kahler potentials

Within the framework of non-canonical inflation, the complexity of the inflationary dy-
namics has been shifted to the kinetic function. Poles in the kinetic function then translate
to nearly shift-symmetric potentials and complex poles or higher order terms in 1/p break
the shift-symmetry at large fields. It is therefore an important question whether one can
embed kinetic functions with the aforementioned structure into a UV theory. We start
with a general observation.

,10,



Consider a toy potential of the form K = log f where the function f in the argument
of the logarithm is a real function, e.g. an arbitrary polynomial, of ® + ® or ®®. Now
assume that f has a real zero of order n at e.g. &5 = 0. Close to the pole, the function can
then be approximated as f = (® + ®)" +.... The corresponding Kihler metric takes the
following form

i _defa—feaf
Y N C )

S+ (5.1)

Upon identifying ® = ® = p and n = 2a, this becomes the previously considered Laurent
expansion. The order of the pole is therefore independent of the order of the zero in the
argument of the logarithm; instead, the order of the zero determines the residue of the pole,
which always has order two. This argument underlines the robustness of cosmological
attractors: changes to the location of the zero of f and to its order do not affect the
resulting pole structure of order two. Given that the function f has a zero of some order,
the denominator of (5.1) always factorises on the real line.
Turning to the type of corrections corresponding to complex poles

n

Kop= ————
(B4 @)+ e

n 7’L€2

~ G e @ra (5.2)

that become relevant at large field values, we first note that the denominator does not
factorise on the real but only on the complex plane. Hence in order to generate such
Kahler potentials, we must resort to a different structure than the one described above. A
prototypical example would be f = (® + ®)2 + 2. Indeed this will induce additional terms
in the Kéhler metric that correspond to higher-order poles, similar to (5.2):

n((® +2)* —¢?)
((® 4 @)2 + £2)2
n 3ne?

S Tl e R (5.3)

Kgg =

In order to obtain exactly the Kéhler metric (5.3), we note that it can actually be integrated
to yield

K =

. —-In(2+(2 + 2)?). (5.4)

o+ 4<@+¢> 1
tan _ 5

Expanding the K&hler potential at small ¢, we find

= n52

K=-nlog(®+®)— ——=5+.... 5.5

g( ) 6@ 1 3 (5.5)
The leading term outside the logarithm corresponds to the pole of order four (necessarily
with opposite sign, to counter the pole of order two) that is the first to become relevant at
large field values, i.e. at large N. As we have argued, this gives rise to a universal signature
in terms of the spectral index and tensor-to-scalar ratio.

— 11 —



An alternative way to generate the type of corrections that become relevant at large
field values is to simply consider corrections to the Kéahler potential outside of the logarithm,
i.e. a more general expansion of the form (5.6) but with arbitrary corrections and order:

— n'

K=-nlog(®+®)+ ———+.... 5.6
B+ 8) 4 (56)
In a way, terms outside of the logarithm may be thought of as a way to reintroduce the
n-problem, but in a controlled way such that this only occurs at large fields. As we have
argued, this gives rise to a universal signature in terms of the spectral index and tensor-
to-scalar ratio at leading order in a; = 279(q — 1)(q — 2)n’.

5.2 Comments on matching to string theory

Which of these structures can be obtained in string theory settings? If we look at the pecu-
liar behaviour of non-canonical inflation with p = 2 and ¢ = 3, we discover by comparison
a relation to a well known fact of the Kéhler geometry argued for 1-loop corrections in
string theory to the volume moduli Kahler potential K in supergravity [17-21]. Namely,
for p = 2 we can think of Kg(p) as arising from a logarithmic Kahler potential for a chiral
modulus field x

Ko=—2apIln(x +Xx) , X+X=2p (5.7)

where we get Kgp(p) = 0,0yK = Kyy. A string loop correction to K is the generically
argued [17-21] to change K with a quantity

24 agq
(@—=2)(g—1) (x +x)12

Here, we have chosen the prefactor of the loop correction such that the induced term in

0K = —

q=3,4 . (5.8)

Ky, matches the form eq. (3.9). Hence, according to [17-21] the corrections form degree
—(q—2) polynomials in K. From the general analysis in [19, 20] we know that for constant
superpotential Wy the leading-order supergravity scalar potential for such a modulus x
induced by the above Kahler potential correction scales like

6V~ (2-9)3—-qdK . (5.9)

Again, we see that for ¢ = 3 the leading correction to the potential vanishes. In this
context of string loop corrections in type IIB compactifications this phenomenon was named
“extended no-scale structure” in [17-20] as the above leading correction to the no-scale
potential of the Kéhler moduli (which have a,—2 = 3/2) was observed there to vanish (and
hence “extend” no-scale) for all loop corrections to K which scale with power ¢ =3 = p+1
in the resulting Kéahler metric Ky, .

Our analysis of the scalar potential above shows that for models with pole-dominated
kinetic terms this extended no-scale structure holds for kinetic functions with an arbitrary
leading pole of order p > 0 even if p # 2. Moreover, it has a natural explanation as a shift
redefinition of the modulus.

— 12 —



We can now take a look a the leading-order structure of both the string 1-loop and the
leading O(a’®)-corrections to the type IIB volume moduli Kihler potential

C D
T+T (T+T)?°
¢ C D
(T+T)3?2 T+T (T+T)?

K =—-2In(V +£/2) —

= -2y —

(5.10)

with V ~ (T + T )3/ 2 and at lowest order in £. In such a simple situation of a single
Kahler modulus the above inflationary regime would correspond to working close to T'= 0
where the o/-corrections are out of control. However, the simple toy example serves us
here to point out that a comparison with string theory as a possible UV completion fixes
concrete numbers for the possible values for p and ¢. Namely, from the single modulus
toy example we get p = 2 and g = 3,7/2,4 of which the ¢ = 3 contribution drops out of
the scalar potential at leading order as discussed above. Moreover, matching to a string
example would allow us also to compute the compute ¢ and a4 in terms of the microscopic
parameters £, C,D. As C,D are gs-suppressed in the string coupling compared to the
tree level terms and &, this may allow also for an understanding of the smallness of a4
in terms of small g;. It remains to be seen, whether an embedding of this structure in a
concrete controlled string theory setting (either away from small volume regimes, or in a
better-controlled singular regime) is possible.

6 Discussion

The topic of this paper is non-canonical inflation. We have recalled how a leading pole
in the Laurent expansion of the kinetic function translates into a nearly shift-symmetric
plateau in the effective scalar potential of the canonically normalised inflaton field, i.e. a
fixed point of the cosmological evolution. This is a generic feature and does not depend on
the order of the pole.

Subsequently, we have investigated higher-order poles as perturbations of the Laurent
expansion of the kinetic term. The fixed point hence vanishes which results in the ap-
proximate shift-symmetry of the inflaton potential to be broken at large fields. Given a
hierarchical suppression of higher order poles, we have outlined the leading corrections to
the inflationary predictions in terms of the number of e-folds and the perturbation of the
pole structure, and found that such corrections induce terms with positive powers of N
in the spectral index ns, which therefore rise to prominence at sufficiently large-N (i.e. at
large field values). Moreover, we have provided an explanation of the irrelevance of the
first higher-order pole and have argued this to be an alternative way to view the extended
no-scale structure in string theory: the effect of a pole one order higher than the leading
one can be absorbed in a redefinition of the field.

We can use our results for ng to analytically estimate the power-loss at large angular
scales resulting from the blue-shifting of the spectral index. From the definition of ng =
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dlnP/dInk = P~'dP/dN we get

N N
= / ong
N+AN N+AN

_ag (¢-p)la—p-1) N AN + O(AN?) . (6.1)

q—2p+1

—1
apr 1 (q—1)(p—1)" 71

For the particular case of exponential potentials arising from p = 2 and q = 4, setting
2

AP(dng)
P

az =1 and a4 = —&* we get

AP(6ng)|Y

—_ZanAN O(AN?) . (6.2)
P N+AN

In the same particular case we also have that

2
ong = 552]\7 (6.3)

Using N = 60 we see that a bound 2 < 2 x 10~ limits the shift of the spectral index to
ong < 0.008 which is the 2-0 range for the ng measurement from Planck. By plugging in
these numbers and the range of efolds AN ~ 5 over which power-loss occurs we find the
power loss for this case to be

AP(6ng) | Y 2

2
— _Z2NAN =~ —0.04 (6.4)
P nian 3

which is about 4%. This is in qualitative agreement with previous studies employing
exponentially rising corrections [22-30]. For order-one values of ap, p and ¢, one obtains
similar results.

Finally, we have discussed the possible UV embedding of non-canonical inflation. While
Kahler potentials of logarithm type are bread and butter in string theory compactifications,
loop corrections can induce higher-order terms in the Kahler potential. These would gener-
ically result in a shift symmetry breaking at large field displacements. We leave a concrete
embedding of these terms into a reliable string theory set-up for future investigation. In
particular, the properties of complex structure moduli space close to a conifold point may
provide a viable path to embedding our structure into string theory, while working with
volume moduli close to zero volume (if one took the above toy comparison literally) is
clearly a badly controlled regime.

While elegant, rephrasing the formulation of inflationary dynamics in terms of a non-
trivial kinetic function does not reduce the severity of the need to fine tune the scenario.
Having to impose condition (3.8) is one of our central findings. Further, one formulation
may not be understood as more fundamental than the other. However, it recasts the
context in which the fine tuning has to occur such that new insights may be possible.
Concretely, since a non-canonical kinetic term arises an intermediate step in any UV derived
4D effective theory, it is instructive and may even provide a short cut to know which types
of non-canonical kinetic terms affect possible inflationary dynamics in what way.
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A Shift symmetry and f(R)
It is well known that potentials such as

Vw%(l—e*\/%XJr...) (A.1)

may be recast in terms of an f(R) ~ R? - theory in the inflationary regime given sub-leading
terms die off exponentially fast such that V — Vi = constant for large fields.

The study of single higher order terms such as e.g. Af(R) ~ BR? has shown either
to induce a runaway direction towards large fields in the potential (5 > 0) or to cause
instabilities that lead to causally disconnected spacetime regions (8 < 0) [31]. It is crucial
to note that regardless of the suppression of the single higher order term, i.e. the size of the
coefficient (8, the resulting effect will eventually occur, thus rendering the resulting scalar
field potential ultimately unstable or ill-defined (depending on the sign of S respectively).

Now consider the vanilla Starobinsky potential where a rising exponential has been
added )

V="V, (1 - e*\/ﬁd’) Y eVoeV23e _ oy (A.2)

This toy model displays a nearly shift-symmetric plateau in an intermediate regime which
is broken at large fields given € < 1 (the size of ¢ determines the length of the inflationary
plateau). The subtraction of the term eV}, ensures a minimum at ¢ = 0.

It can be shown [32], that the above symmetry breaking at large fields may exactly be
recast in the language of modified gravity as

e—1 (1-e? 2 R 1%
— 4 RS T S T
F(R) = 5~ RA4eVo | =55+ 5+ 557

(A.3)

plus some integration constant which may readily be obtained. Expanding the above then
precisely recovers the pattern described by (2.6) with an infinite tower of higher order
terms suppressed with appropriate powers of €. The coefficients of the first and second
term are easily shown to approach the familiar Starobinsky coefficients for € — 0 while all
the higher order terms vanish in that limit.

We thus learn that an enhanced ¢y R? term in the series expansion of a closed form that
is to leading order R™ with n < 2 is responsible for the inflationary plateau, as expected,
where the shift symmetry breaking is realised by an infinite but suppressed tower of higher
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order terms. It is important to note, that there has to be an infinite number of higher

order terms to avoid the drastic consequences described to come from a single higher order

term or, likewise, a finite series.
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