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ABSTRACT: Inflationary a-attractor models can be naturally implemented in supergravity
with hyperbolic geometry. They have stable predictions for observables, such as ny = 1—2/N,,
assuming that the potential in terms of the original geometric variables, as well as its derivatives,
are not singular at the boundary of the hyperbolic disk, or half-plane. In these models, the
potential in the canonically normalized inflaton field ¢ has a plateau, which is approached
exponentially fast at large . We call them exponential a-attractors. We present a closely
related class of models, where the potential is not singular, but its derivative is singular at
the boundary. The resulting inflaton potential is also a plateau potential, but it approaches
the plateau polynomially. We call them polynomial a-attractors. Predictions of these two
families of attractors completely cover the sweet spot of the Planck/BICEP /Keck data. The
exponential ones are on the left, the polynomial are on the right.


mailto:kallosh@stanford.edu
mailto:alinde@stanford.edu

Contents

1 Introduction 1
2 Exponential and polynomial a-attractors 4
2.1 Half-plane variables 4
2.2 Disk variables 7
3 Supergravity version of exponential and polynomial a-attractors 8
4 Discussion 9

1 Introduction

The recent data release from BICEP /Keck [1] (see also [2]) considerably strengthened bounds
on the tensor to scalar ratio r. Their results ruled out several popular inflationary models, such
as the models with monomial potentials, the original version of the natural inflation scenario,
and the models with the Coleman-Weinberg potentials previously used in new inflation. On
the other hand, there are several well-known models which fit all available data [3]. Some
of these models, such as the Starobinsky model [4], the GL model [5-7], the Higgs inflation
[8-10], have been proposed long ago. Recently, these models have been incorporated in the
context of the cosmological a-attractors [11-17].

In Fig. 1 we show the figure from the recent LiteBIRD collaboration paper “Probing
Cosmic Inflation with the LiteBIRD Cosmic Microwave Background Polarization Survey” [18].
As one can see, all B-mode targets in this figure are in the left side of the blue ns; — r area
favored by Planck/BICEP /Keck, and there are no inflationary model targets on the right
hand side. The ones on the left include the gray band corresponding to the simplest T-model
a-attractors with the potential [13]

V =V, tanh? (\/%) (1.1)

We added to this figure two red lines surrounding the band corresponding to E-models with
the potential [13]

_. /2
Vo~ (1—e Via#)? (1.2)
In each of these two bands, for T- and E-models, there are seven specific targets corresponding

to 3a =1,2,...,7 [19-22]. These models are related to Poincaré disks and inspired by string
theory, M-theory and maximal supergravity. These 7 disks are presented in Fig. 2 in [18].
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Figure 1: The figure illustrating B-mode targets for LiteBIRD [18]. The gray area shows the predictions
of the simplest a-attractor T-models with the potential V ~ tanh? “2 It is surrounded by two yellow lines

Vo
corresponding to the number of e-foldings N, = 47,57. We added two red lines for N, = 47,57 surrounding
predictions of E-models of a-attractors with the potential V' ~ (1 —e” %”’)2 [13]. Predictions of these models
cover the left half of the blue area favored by [1]. However, this LiteBIRD figure from [18] does not contain any

targets corresponding to the right part of the blue area.

Kinetic terms in E-models are based on the SL(2,R) symmetry, and T-models have the
SU(1,1) symmetry. These symmetries of kinetic terms are slightly broken by the potentials;
the main predictions of these models are determined by kinetic terms. A small difference
between the predictions of E- and T-models before they reach the attractor point is due
to a slightly different way of breaking of these symmetries by the potentials. All of these
models have plateau potentials which exponentially fast reach the plateau at large values of
the inflaton field,

V=Vo(l—e®ry ). (1.3)

We will call these models ‘exponential a-attractors’.

After looking at Fig. 1, one may wonder whether there are any interesting models
describing the right part of the area favored by Planck/BICEP /Keck. An interesting example
of the models of this type is provided by the KKLTI attractors. Some of these described in
[17, 23] have interpretation in terms of Dp-brane inflation [23-29], though there are other
ways to obtain and interpret similar potentials [30-33]. In particular, a broad family of such
potentials have an interpretation in terms of pole inflation [3, 14, 17, 34, 35], where these
potentials appear as attractors. Such attractors have potentials reaching the plateau more
slowly, not exponentially but as inverse powers of the inflaton field,

1
Vs Vol = ) (1.4)

where k can be any (integer or not) positive constant.



We will call these models ‘polynomial attractors.” Importantly, cosmological predictions
of such models in the large field limit do not depend on the detailed structure of the potential.
In particular, the spectral index ns depends only on k [23]:

_2k+1
Nek+2

ng = (1.5)
Thus, investigation of any model with a potential having this behavior at large ¢ gives
predictions that are valid for a broad class of the models of this type. That is why they
are called attractors. Note that for any k£ > 0 the value of ng is greater than the universal
prediction of the exponential a-attractors ng =1 —2/N, ~ 0.964 for N, ~ 55. In the small k
limit, the value of ny for these models can reach 1 — 1/N, ~ 0.98. For small u, these models
can describe any small values of r, all the way down to r = 0. That is why the predictions of
this class of inflationary models completely cover the right-hand side of the sweet spot of the
Planck/BICEP /Keck data [16, 17, 23].

This is illustrated by Fig. 2. The band between the two yellow lines corresponding to
N, = 50 and 60 is described by the simplest T-model with V ~ tanh? 6%, the two red lines

2
correspond to E-models with V ~ (1 — e~ V3¢¥)2_ the purple lines correspond to the KKLTI

model with V' ~ _et and the orange lines describe the model with V' ~ ;’i
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Figure 2: Predictions of the simplest exponential a-attractors and KKLTI models superimposed with the
Planck2018 constraints on ns and r. The band between the two yellow lines is described by the simplest
T-model, the two red lines correspond to the simplest E-model. The purple lines correspond to the quartic
KKLTT model, and the orange lines describe the quadratic KKLTI model. All bands shown here correspond to
N, from 50 to 60.

As explained in [3, 23], all of these models belong to the general class of pole inflation
[14, 23]. The E- and T- models of a-attractors have a pole in the kinetic term of order ¢ = 2,
which is the consequence of the SL(2,R) or SU(1,1) symmetry of the kinetic terms. They



have clear geometric origin corresponding to the metric, respectively,

dTdT dzdZ 1+Z
ds? = —3a— 0 ds? = —3a—292  p=_T2 1.6
§ T2 § Ya-z2)2 1-Z (16)

Such kinetic terms often appear in supergravity and string theory.

In comparison, the quartic KKLTT attractors have a pole of order ¢ = 5/2, and the
quadratic ones have ¢ = 3. Unlike a-attractors, pole inflation models with ¢ # 2 are not
associated with any known symmetry and do not originate from supergravity, though the
corresponding inflaton potentials can be embedded in supergravity [23].

In this paper, we will make yet another step towards unification of all attractors. We will
show that it is possible to incorporate the KKLTI models with V' ~ <pk<p7—:uk in the context of
a-attractors in the framework of hyperbolic geometry based on SL(2, R) symmetry or SU(1,1)
symmetry of the kinetic terms (1.6). In order to do it, it was necessary to consider models
where the potentials of the a-attractors had a singular first derivative at the boundary of the
hyperbolic space.

We show that the same potentials in canonical variables are not singular. They have
plateau potentials reaching the plateau as inverse powers of the inflaton field, as shown in
(1.4). The cosmological predictions of these models are stable with respect to the significant
changes of the original potentials. In particular, their attractor predictions for ns are given by
(1.5). We will also present a unified supergravity model for the exponential and polynomial
a-attractors.

This means that now the models of such type appear in three independent contexts:
as D-brane models, as models of pole inflation with ¢ > 2, and, finally, as a new family of
a-attractors. Therefore we believe that these models provide very interesting targets for
the future B-mode searches. A combination of the more traditional exponential a-attractors
[11-13] with the polynomial « attractors to be constructed in this paper completely covers
the blue area favored by the Plank/BICEP /Keck data shown in Fig. 1.

2 Exponential and polynomial a-attractors

2.1 Half-plane variables

There are many different ways to introduce a-attractors. In the context of this paper, it is
useful to start with the pole interpretation of E-models [14] assuming that the axions of the
hyperbolic geometry are fixed and we can study a one-field model

_Ba(9p)®

L=—T"0

Vi) . (2.1)

As an example, one may consider a simplest potential which is positive everywhere and regular
at p =0,
V=Vo(l—bp+...)%  b>0. (2.2)



In this expression ... represent higher terms in p. Now we represent this theory in terms of
the canonical field ¢, which is related to p as follows:

p=ppe V", (2.3)

Note that both constants b and pg can be absorbed into a redefinition (shift) of the field ¢.
Therefore without any loss of generality, the theory (2.1) can be represented as

_Lig vz _ Ve 2
L=—5(09) V0<1 e V3 +) (2.4)

We called these models E-models, because of the exponential change of variables p = e 3%”.
The main stage of inflation occurs at large positive values of the canonically normalized field
© > /o, where the omitted higher order terms are exponentially suppressed, and the potential
reduces to

V= Tp(1— e Vaa¥)? (2.5)

For av = 1, this potential coincides with the potential of the Starobinsky model. For small o,
the cosmological predictions of a-attractors are

2 12«

ne=1-——, pr=—,
2
Ne

N (2.6)

Note that these two results, in the large N, (or small «) limit, do not depend on the detailed
structure of V' (p). Our main assumption was that the potential is a relatively simple function
that can be expanded in Taylor series at p = 0.

Once this restriction is removed, the situation may change. For example, if potential
V(p) is singular at the boundary, the inflaton potential may change dramatically, unless
the corresponding corrections are strongly suppressed. In general, it may be possible to use
these models constructively. In particular, such models may simplify the solution of the
problem of initial conditions for inflation [36, 37]. Other applications of such models have
been considered for example in [38, 39]. We will not study models with a singular potential
here, but instead we will make one relatively small step: We will consider models where the
potential is non-singular, but its derivative is singular. This means that b = V’(p) — oo near
the boundary p — 0. Such modifications preserve the plateau shape of the potential, but may
have other important consequences.

As a simplest example, let us add a term ~ /p to the potential V' (p) (2.2):
V="Vo(l—ayp—bp+..)*. (2.7)

This potential is non-singular at small p, but its derivative is singular. In canonical variables
we have

V= V(1 —ae Var _pe Ve L2, (2.8)



At large ¢ (after the shift of ¢ absorbing a), we have

V= Vo(l— e V3a#)2 (2.9)

Thus once again we have the E-model similar to (2.5), but its effective o doubled. This case
shows that the removal of restriction of Taylor series at p = 0 changes the predictions. In
this particular case, ngs remains the same, we still have a model in a class of the exponential
a-attractors, but the value of r will be 24a/N?2, two times greater than in (2.6).

Note, that this model is still a cosmological attractor. In fact, it is a stronger attractor
than the model (2.2), because the predictions of the new model will not change not only if we
add there any terms O(p?), but also if we add to it any terms O(p), which are much greater
than O(p?) in the important limit p — 0 corresponding to ¢ — oo.

Now we will make the next step and consider the logarithmic potential
In? p
V=VWW—e/—:. 2.10
0 1112 P + 62 ( )
As before, this potential is finite at p — 0, even though its derivative diverges there. In
canonical variables, it is given by

(2.11)

= \/?c . (2.12)

This potential has a plateau of height V. It is a legitimate a-attractor, in more ways than

where

one, although it is different from the exponential a-attractors. First of all, the behavior of
(2.11) in the large ¢ limit does not change if we add any terms p” with v > 0 to the potential
(2.10), or to the denominator or nominator in (2.10). Secondly, the parameter y? vanishes in
the limit o — 0. The potential at large ¢ approaches the plateau as

2

vzvo(l—:;Jr...):%(1—?’2(2‘:22+...). (2.13)

Thus, in the new attractors the plateau is described by inverse powers of . For brevity, we
called these attractors polynomial to distinguish them from the previously known attractors,
where the approach to a plateau was exponentially fast (2.9).

At small u, the parameters ng and r reach their attractor values [17, 23, 29|

3 _ V2 _ V3ac

The next case to be considered here is
In p
V=Vy———. 2.15
O In? p+ct (2.15)



The potential is finite at ¢ — 0, even though its derivative diverges there. In canonical
variables, this potential is given by

(2.16)

where pu = \/37“0. This potential has a plateau of height V. The potential at large ¢
approaches the plateau as Vj (1 — “—i +... > At small «, the parameters ngs and r reach their

P
attractor values [17, 23, 27, 29]

5 4M4/3 (40[02)2/3

2 — — ) 2.1
3N,’ " (3N,)5/3 3N/ (2.17)

ng=1-—

Similarly, one may consider potentials

1n2n p
In canonical variables, this potential is given by
2n
¥
V=V e (2.19)
One may also consider another class of potentials,
In2 Nk/2 _ Lk
yoypinpte)t-c (2.20)

0 )
(In? p + c2)k/2 4 ck
where k and c are any positive numbers. In canonical variables, this potential becomes

(o + p2)k/? —

V=V : 2.21
" (@7 + B2+ i 221
where, as before, u = 370‘0. At large ¢, the potential and its predictions for ng are given by
(1.4), (1.5):
k
7 2 k+1
V~Vo(l——+.. =1—-—=—. 2.22
=) me=1o (222)

Note that for any k£ > 0 the attractor values of ng in (2.22) are greater than 1 — 2/N,, and in
the limit & — 0 one has ng — 1 — 1/N,.

2.2 Disk variables

Note that the kinetic term in eq. (2.1) originates from the hyperbolic geometry in half-plane

variables _
dTdT

ds? — —3q 24
y T T2

(2.23)



In Poincaré disk variables the geometry is

dZdZ

ds? = —3a- 292
° “0=z2)y

(2.24)

The Cayley transform from half-plane to disk variables, in our approximation that the axions
in hyperbolic geometry are stabilized, can be taken in the form

14z
p_l—z’

(2.25)

where z = tanh \/%. In such case the potentials for polynomial a-attractors in disk coordinates

are
1n2n 1+

—_
N

V=W (2.26)

In?" —%fj 42

The canonical potentials are the same as in equation (2.19). Similarly, one can use disk
variables to describe the broad class of potentials of the type of (2.21), (2.22).

3 Supergravity version of exponential and polynomial a-attractors

In the previous section, we outlined the embedding of exponential and polynomial a-attractors
in hyperbolic geometry. Here we present the supergravity version of both types of models
using the construction proposed in [40], which we called the Model Building Paradise. It was
further developed in [21, 22]. A concise description of the method with various illustrative
examples for the case of one inflaton multiplet (7" for half-plane case and Z for disk case) and
a nilpotent one X with X2 = 0 can be found in [41].

For models in half-plane variables T' with stabilized axions one can take the following
Kahler potential and superpotential

F? -
X XX, W=Wy+FxX)©2T)%/?, (3.1)

K(T,T) = —3alog(T +T) +

which yields

T+T _ /=2
L OA=FLo3W2, =Tl _ Ve (39

‘/total<Z> =A+ Vvinﬁ<T, T)| _ 5

T=T=t

For Vipa(T,T) = m?(1 — T)(1 — T) we find the simplest E-model of a-attractors with the
potential Viotal(¢) = A + m2(1 — e_\/i%d))z.

For Vipa(T,T) = VO% one finds a family of polynomial a-attractors with the
potential V() = A + VO%. This is the same potential as in (2.19), but now it includes
an arbitrary cosmological constant A.



For models in disk variables Z we take

_ _ F2 _
K(Z,Z) = —3alog(1-Z2Z) + X XX, W=Wo+FxX)(1-2%?3%/2 (3.3
(Z,2) alog( ) 4 VonlZ.Z) (Wo +Fx X)( ) (33)

which yields

‘/total(Z) :A+Mnﬂ(za7)|227:27 A:F)% _3W027 2 :ZZ:tanhQ\/% : (34)

For Vina(Z, Z) = m?222, this leads to the simplest T-models of exponential a-attractors with
V(p) = A+ m?tanh? £

Vea©
— In?n[{£2] . . . .
For Vipa(Z, Z)‘Z:Z:Z = VOW this leads, once again, to the family of polynomial

a-attractors with the potential V(¢) = A + Vg%.

4 Discussion

As we already mentioned in the Introduction, there are two main types of inflationary models
with plateau potentials. The potentials which appear in the Starobinsky model, GL model,
Higgs inflation, and in T- and E- models of a-attractors have the same basic structure at large
positive ¢ shown in (1.3): Their deviation from the plateau decreases exponentially fast at
large ¢. We called such models exponential attractors.

These models are well known and well explored. Their predictions are stable with respect
to significant modifications of the models. In particular, all of these models, independently of
their physical origin and interpretation, have the same attractor prediction ny = 1 — 2/Nj
in the large N, limit, consistent with the Planck/BICEP /Keck results. In addition, T- and
E- models of a attractors can describe any small values of r, and can be formulated in the
theories with hyperbolic geometry, which is often encountered in supergravity and string
theory. Advanced versions of « attractors have 7 different targets for  in the most interesting
range 1073 < r < 1072,

The second class of attractors with plateau potentials have the potentials reaching the
plateau more slowly, like Vp(1 — 1* /") (1.4). We called these models ‘polynomial attractors.’
Cosmological predictions of such models in the large field limit also do not depend on the
detailed structure of the potential. In particular, the spectral index ns depends only on k [23].

Some of these models are called KKLTT; they may be related to Dp-brane inflation
[24, 27, 29]. A broad class of such models can be incorporated in the general theory of pole
inflation with the pole of the kinetic term of degree ¢ > 2 [14, 23]. However, until now we did
not know whether it is possible to develop these models even further and make them a part of
the broad family of a-attractors.

In this paper we analyzed this issue and found a large class of polynomial a-attractors.
The technical reason why they are different from the exponential a-attractors has to do with



the properties of the potentials and their derivatives near the boundary of the Poincaré disk,

as explained in Sec. 2.
2n

2

These potentials include, in particular, the potentials of the type of > with p? = 37"0 .

As a result, now such models have three different, independent interpretations. They appear
in the context of Dp-brane inflation, and in the context of pole inflation, and now they also
belong to a special class of a-attractors. Therefore we believe that these models provide very

interesting targets for the future B-mode searches.

To explain the phenomenological implications of these results, we added the two simplest
polynomial a-attractor models (2.11) and (2.16) to the LiteBIRD figure Fig. 1 shown in the
beginning of this paper. The results are shown in Fig. 3.

LiteBIRD
LiteBIRD/Planck
BK18/Planck
Vp tanh?(¢/2M)
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R? 43<N,<53
Higgs =57

exact scale-invariance
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Figure 3: We added predictions of the two simplest polynomial a-attractors (2.11), and (2.16) to the
LiteBIRD figure Fig. 1. As before, the gray area shows the predictions of the simplest a-attractor T-models
with the potential (1.1). It is surrounded by two yellow lines corresponding to the number of e-foldings

N, = 47,57. The two red lines for N, = 47,57 surround the predictions of E-models of a-attractors with the

potential (1.2). The purple and orange lines represent the polynomial a-attractors % (2.16), and qﬂwi-fu?

o+
(2.11), for N, = 47 and 57.

As one can see from Fig. 3, the two simplest T- and E- models (1.1) and (1.2) in
combination with the two simplest polynomial a-attractors (2.11), and (2.16) completely cover
the dark blue area favored by the latest Planck/BICEP /Keck results.
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