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We propose a novel scenario of primordial inflation in which the inflaton goes through a spiral
motion starting from around the top of a symmetry breaking potential. We show that, even though
inflation takes place for a field value much smaller than Planck scale, it is possible to obtain relatively
large tensor to scalar ratio (r ~ 0.1) without fine tuning. The inflationary observables perfectly

match Planck data.
INTRODUCTION

After more than 30 years since the idea of inflation
was born[1], inflation has become nowadays one of the
cornerstones of modern cosmology together with Gen-
eral Relativity and the Hot Big Bang Model. Today, no
viable cosmological model can be constructed without an
inflationary period. Originally, inflation was proposed to
solve the magnetic monopole problem [2], but shortly af-
terwards it was realized that it can address the horizon
and flatness problems of the standard Big-Bang cosmol-
ogy as well. It was also soon undertood that the density
perturbations of the inflaton (typically a scalar field) can
be the natural source of seeds needed to explain the onset
of all the structures of the present universe [3, 4]. Nowa-
days, it is the common lore to consider the inflaton as
the main origin of density perturbations.

Meanwhile, since its discovery [5], the cosmic mi-
crowave background radiation (CMBR) has become a
very powerful probe of the density power spectrum of
our universe, and cosmology has evolved into a precision
science as a result. The detector sensitivity of CMBR
experiments has been becoming better and better, and a
variety of inflationary models have been excluded due to
its power spectrum being inconsistent with observations.

At the theory side, precision observables of CMBR
have been cornering the market of inflation model-
building. Most of inflationary models can be grouped
into two categories: Small-field and large-field inflation.
In order to reproduce the observed scale invariant density
power spectrum [6], inflaton is supposed to get through
a phase of slow-roll along a flat enough potential. How-
ever, small-field inflationary models typically suffer the
so-called n-problem associated with a Hubble scale in-
flaton mass that causes a too strong red-tilte of power
spectrum. In the case of large-field inflation on the other
hand, the accelerated expansion phase takes place when
the inflaton has a field value larger than Planck scale
(or the cut off scale of the given theory). Such a trans-
Planckian field value is not consistent with the concept
of the effective field theory which is adapted in nearly all
inflation set up’s. The point is that, in order to have a
flat enough inflaton potential (required for a power spec-
trum consistent with observation) with such a large field

value, one would need a severe fine tuning in order to
suppress the effects of an infinite number of higher order
operators, unless there is a very good symmetry which is
not known or not justified yet.

If we stick to effective field theory approach for in-
flation model-building, it may be better to construct a
model of small-field inflation. But small field inflation has
its issues as well. Recently the BICEP2 experiment an-
nounced the discovery of tensor modes, i.e., observations
consistent with a large tensor-to-scalar ratio (r ~ 0.1)
[7]. Such a claim is yet to be confirmed, nevertheless,
if it turns out to be true, small-field inflation models
are likely to be excluded courtesy of the Lyth bound
[8]. However, one should be careful in interpreting the
Lyth bound. If the field space of the inflaton potential
is one-dimensional, the Lyth bound is difficult to avoid,
unless the shape of the potential is not simple [9]. How-
ever, quite generically high energy theories have multi-
dimensional scalar field spaces, and inflation can take
place along a flat trajectory in such a space. Hence, in
such a case, there is a chance to avoid Lyth bound even
if the field space for the inflation is limited to be sub-
Planckian (See, for example, [10-15]).

In this letter, we propose a novel scenario of a small-
field inflation where the n-problem is absent and a large
tensor-to-scalar ratio of r ~ 0.1 can be obtained without
fine tuning even though the model belongs to the small
field family, i.e., it is subplanckian all along. All the
remaining inflationary observables match perfectly well
the observation of Planck satellite.

THE MODEL

We consider a potential [21]:
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(1)
where A and M are mass scales that will be constrained
by inflationary phenomenology, « is a numerical con-
stant, and # = Arg(®). Note that in Eq. (1) the last
term is added to stabilize ®. This potential can be re-
garded as a simple example adapted to ilustrate our idea.
In reality, ® can be a Planck scale modulus, and its sta-
bilization can be achieved in some other way rather than
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the A-term here. We assume Vp > A% Then, ignoring
the terms in [...] for a while and using ® = ¢’ //2, one
finds the minimum located at
m
do = = 2

0= (2)
and Vo = m?2¢2 /4 for vanishing cosmological constant. If
inflation is driven by V}, one finds
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where Hj is the expansion rate during inflation. Hence,
for Hy < 10 GeV, we need
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where we used ¢y9 = Mp for the inequality in the right-
hand side. The existence of the second term in [...] of

Eq. (1) gives modulations to a simple tachyonic potential.
However, the important point is that there is a linear
dependence on |¢| in the phase of the second term [22].
So, depending on A, M and «, a spiral valley in the
potential can exist as shown in Fig. 1. This means that,

FIG. 1: Tlustration of the potential in Eq. (1) for A* =
0.1m>M3, M =0.2Mp, a =1, and A = 0.

if @ is released from around the top of the potential,
it is possible for ® to follow the valley. Note that, in
this case, even if the radial direction of ® is steep, the
potential along the valley can be flat enough to pave the
way for slow-roll inflation, depending on the potential
parameters. This is the subject of the next section.

INFLATION

We set o = 1 to have a smoothly connected valley with
the largest number of allowed turns. The existence of a

spiral valley means that along the ¢-direction a minimum
appears almost periodically at least for a range of ¢ val-
ues, and inflaton may trace closely the minimum of the
valley. At the minimum, 90V/9¢ = 0 gives a relation
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Note that inflation ends when this equality can not be
satisfied, i.e., when ¢ becomes too large, satisfying
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where —\¢? M term in the denominator was ignored.
The elements of the mass matrix at the minimum of
the valley are given by:
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Then, defining
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one finds the mass eigenvalues expressed as
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respectively. The inflaton is likely to follow the tachyonic
direction. Hence, the inflaton direction can be expressed
as
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The slow-roll parameters are calculated as
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The angular motion of the inflaton pushes inflaton out-
ward from the minimum of the valley, and the shift is
bounded to have some effects, which we expect on gen-
eral grounds to be small. So, we keep 9V/0¢ factor
in Eq. (17). On the other hand, such a deviation will
not make a sizable change in 7 as long as the inflaton is
mainly from angular direction. Hence, we take n as the
one associated with the tachyonic direction.

Even though inflation takes place in a 2-dimensional
field space, it behaves as in the single field case. Hence,
in terms of slow-roll parameters, the inflationary observ-
ables are given by

1V
Pr = — 19
R 2472 eM3 (19)
ns = 1—6e+2n (20)
r = 16e (21)

In the next section, the result of numerical analysis is
provided.

NUMERICAL ANALYSIS

As justified in the numerical analysis, for the e-foldings
relevant to our universe, one finds 6 ~ 1 and a > 1
resulting in A" & 1. In this case, from Egs. (10), (11) and
(3), one see that
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Also, when the second term of Eq. (17) is dominant, e
can be approximated to
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Hence, M is constrained as
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A is also constrained, but it is neither simple nor partic-
ularly enlightening to show how.

Keeping in mind this key fact, we set the model pa-
rameters as

4
Toeey = 0.796 x 2v3, e =4x 1070 (25)
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for the numerical analysis. This set of values (which by
no means is unique and has to be regarded as one point in
aregion of parameters space) is just an example for which
we can obtain a result matching perfectly the observation
of Planck satellite [6]. In the field basis, the equations
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FIG. 2: Trajectory of inflaton
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FIG. 3: Upper: The ratio of kinetic energy to the poten-
tial. Lower: e-foldings. The appearance of negative value
is because the convention of N. calculated from the end of
inflation.

of motions are given by

i} .oV

0 = ¢+3H¢+a—¢ (27)
e v

0 = 9+?+3H9+m (28)

Integrating these equations with ¢; = 0.3M as the initial
field value, we obtain an inflaton trajectory following the
spiral valley of the potential, as shown in Fig. 2. Note



that, as can be seen from the figure, inflation takes place
during the spiral motion and ends once the minimum
along ¢ disappears or becomes too shallow to keep hold-
ing inflaton along the valley. The number of e-foldings
is large enough, as shown in bottom plot of Fig. 3, even
though ¢ is well below Planck scale during inflation. The
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FIG. 4: Inflationary observables. The horizontal color band
is the uncertainty of Planck data at 68 % CL, and the ver-
tical dotted line corresponds to Ne = 60. The initial rapid
oscillatory behavior is due to the initial position of field that
is deviated slightly from the minimum of valley.

observables of inflation are shown in Fig. 4, and as can
be seen there this model perfectly agrees with the ob-
servations of Planck satellite. We also found that the
running of the spectral index is of O(10~*) for most of
60-efoldings. Therefore spiral inflation predicts a run-

ning that is so small that it is essentially experimentally
indistinguishable from zero running. Although it is not
the only exception found, it is very interesting to notice
that unlike most small single field models of inflation,
spiral inflation can provide a large tensor-to-scalar ra-
tio of O(0.1) as claimed recently by the BICEP2 exper-
iment. This result (if taken face value) seems to contra-
dict Lyth bound [8], but actually it is not since the length
of the trajectory of our inflaton is actually longer than
Planck scale, but it is curled up within a scale smaller
than Planck scale.

A remark is in order before we conclude. In our sce-
nario, it is mandatory that, as the initial condition, ®
had to be around the top of the potential before the be-
ginning of the spiral inflation. This might be achieved by,
for example, a stage of thermal inflation [19, 20] during
which thermal effects holds ® around the origin. Also,
compared to the sub-Planckian realizations of chaotic in-
flation discussed in [12-14], our scenario provides a nat-
ural set up for a (relatively) low reheating temperature
which is useful to avoid the possible repopulation of dan-
gerous relics.

CONCLUSIONS

In this paper, we proposed a novel scenario of a small
field inflation which is free from the long standing -
problem, which plagues the sub-Planckian inflationary
models, without fine tuning. Very interestingly, while
fully consistent with the observation of Planck satellite,
it provides easily a large tensor-to-scalar ratio, r ~ 0.1
which apparently has been observed recently by BICEP2
experiment. Motivated by the nice features presented by
spiral inflation, it would be very interesting to search a
full UV realization of our model.
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