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Abstract. Conventional wisdom says that a chaotic inflation model with a power-law po-
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model can be assisted by a non-minimally coupled scalar field and still provides a success-
ful inflation. Considering a power-law chaotic inflation model of the type V ~ ¢" with
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help of the quadratic (quartic) non-minimal coupling of the assistant field to gravity.
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1 Introduction

Chaotic inflation with a power-law potential V' ~ ¢" has been regarded as an attractive
inflationary framework for a long time since 1983 [1]. The power-law chaotic inflation model
predicts the scalar spectral index ns and the tensor-to-scalar ratio r as ng ~ 1—2(n+2)/(n+4N)
and r = 16n/(n + 4N), respectively, where N is the number of e-folds. However, the recent
Planck [2] and BICEP /Keck [3] results put a stringent bound on the tensor-to-scalar ratio as
r0.05 < 0.036 (95% C.L.), while the bound on the spectral index is given by 0.958 < ng < 0.975
(95% C.L.). It indicates that the power-law chaotic inflation model is ruled out for every n,
which is not necessarily an integer, with N = 50 or 60, residing outside the 20 acceptable
range of (ns,r). We are curious if the power-law chaotic inflation can resurrect by extending
the original setup.

One known way is introducing a non-minimal coupling Q2() with the Ricci curvature
R in the Jordan frame [4-7]. The potential in the Einstein frame Vg becomes flat in the
large-field limit as long as the asymptotic ratio of the Jordan-frame potential V() and the
squared non-minimal coupling term becomes constant since Vi ~ V (¢)/Q4(p) [7], thereby
supporting successful slow-roll inflation. A nice example is the Higgs inflation [8, 9] especially
in the vicinity of a critical point [10, 11].1

Having this success in our minds, we would like to explore another possibility. There
may exist another scalar field s (an assistant field) which does not have a direct coupling
to the inflaton field ¢ but non-minimally couples to the Ricci curvature R as s R with a
power m > 0. On the other hand, we consider the case where the inflaton field ¢ is still
minimally coupled to gravity. Although many studies are devoted to investigate the case
where the inflaton field is non-minimally coupled to gravity,? given that multiple scalar fields
can naturally arise in high energy theories such as superstring theories, scenarios with a
non-minimal coupling between another scalar field and R should also be possible. Since the
assistant field is non-minimally coupled, the Einstein-frame potential and the inflationary
dynamics become non-trivial. We want to examine if chaotic inflation models can move back
to observationally acceptable ranges. For definiteness and also for simplicity, in the current

'The addition of a R? term [12-19] further improves its high energy behavior as the scalaron emerges and
unitarizes the theory [20-23]; see ref. [24] for a recent review on various aspects of Higgs-R? inflation. For a
supersymmetric version of the Higgs inflation, see e.g., refs. [25-34].

2Cases of an arbitrary power for the chaotic inflation with the inflaton non-minimal coupling are studied in
e.g. refs. [35, 36].



study, we assume that the energy density of the assistant field is negligible compared to that
of the inflaton field which allows us to approximate the Jordan-frame potential as V' = V().
One may, of course, easily extend our setup to a more general case, but we leave the extensions
for future studies; see, e.g., refs. [37, 38].

The rest of the paper is organized as follows: in section 2, we introduce in detail chaotic
inflation with a power-law potential and a non-minimally coupled assistant field. We then
analyze the two-field setup in the Einstein frame and compute cosmological observables such
as the spectral index, the tensor-to-scalar ratio, and the local-type nonlinearity parameter,
employing the J N formalism in section 3. In section 4, we perform a numerical analysis on
the cosmological observables and check the compatibility with the latest Planck-BICEP /Keck
results for various powers of the inflaton potential with the quadratic and quartic non-minimal
couplings of the assistant field to gravity. We show that a subclass of the power-law chaotic
inflation models may be revived with the help of the assistant field. We conclude in section 5.

2 Model
The action for the inflaton field ¢ and the assistant field s is introduced in the Jordan frame as®
4 MP% 2 1 nz 1 0%
Sy = /d TV—9) TQ (s)Ry — §9J OupOyp — §9J Ous0ys — Vy(p)| (2.1)

where Mp = 1/v/87G = 2.44 x 10'® GeV is the reduced Planck mass, and the subscript J
indicates that the action is written in the Jordan frame. We note that only the assistant field
s couples to gravity non-minimally, while the inflaton field ¢ remains minimally coupled, i.e.,
0?2 = Q%(s). We assume that the energy density of the assistant field is negligible compared
to that of the inflaton field. Moreover, the additional scalar field s is assumed to have no
direct coupling to the inflaton field ¢. Thus, to a good approximation, the scalar potential in
the Jordan frame is given by Vj = Vj(¢). We consider the power-law potential,

n
Vi(p) = ApMp (Aﬁp) : (2.2)
The power n does not necessarily take an integer value, and we consider various cases
with n = {2,4/3,1,2/3,1/3}. The cases with fractional power are motivated by axion
monodromy scenario [44-47]; see also ref. [48]. In this parametrization, the self-coupling A,
is a dimensionless parameter regardless of the power n.

We expand the conformal factor Q2 as

92:1—1-52(]\;13)24-54(]\;)44‘"'7 (2:3)

where 1 corresponds to the Einstein-Hilbert action, and &; (i = 2,4, 6, - - - ) are all dimensionless
coefficients. We focus on the regime &;(s/Mp)* < 1 so that the expansion (2.3) remains to be
valid.* We implicitly assume Zy symmetry s — —s so that &_oqq = 0 for all odd terms, and
the leading-order term is either & or £, when & is negligible. From now on, we only keep the

3We note that our model is different from the so-called assisted inflation [39-43].

4In general, a certain mass scale p may exist, and for s < j, we can Taylor-expand the conformal factor as
Q% =14+ am(s/p)™+---, where a,, = O(1) is the leading-order term. Defining &, = am(Mep/p)™, we recover
eq. (2.3).



leading-order term in the &, expansion, and thus, we take Q% =1+ &,,(s/Mp)™ with m = 2
or m =4 (when & = 0). We will comment on the role of the higher-order terms later.

The action (2.1) can be brought to the Einstein frame, where the gravity part takes the
standard Einstein-Hilbert term, via the Weyl rescaling g3, — gru = ngJW. The resultant
Einstein-frame action is given by

M?2 1 5 1 5
Sp = /d49? V—UE [;RE - ilClgg Oy — §’C29§ us0ys — Ve(p,s)| (2.4)
where
1
Ki=— (2.5)

1+ s/ ME
1+ &ms™/ME + (3/2)m?&R, (s/Mp)*™ 2

IC Pr—
? (1 + Ems™/MEY)? ’

and

Vi(p)
(14 &ns™/MP)?

Here, we have defined F(p) = Vj(p) and K (s) = 1/(1+&,5™/M5Y)?. Note that K12 = K1.2(s)
are functions of the s field only. Henceforth, we omit the subscript E for brevity.
Let us introduce a canonically normalized field o, which is defined by

Vis(p, ) = = F(p)K(s). (2.7)

Do\ 2
99\ el 2.
(52) =% (23)
Then, we have
4 M3 1 o 1 g 2
s= [doy=g | SR 500 - 500 - Vi) | (29)
where we have defined b = b(o(s)) via
1
=K, = (2.10)

1+ &pns™m/ME’

or, equivalently, b = —(1/2)In(1 + &,,s™/Mp'). We note that the action (2.9) takes the
same form as the one studied in refs. [49, 50]. This form can also arise from the f(R)-type
model [51].

A few remarks are in order. As we are interested in the case where &,,s™ /My < 1, the
scalar potential in the Einstein frame may be expanded as

L OGMAM ) s
V(.5 = e e = MM () (1—25mw>. (2.11)

Thus, the (n,m) = (2,2) case, for example, contains the Higgs-portal-type interaction, ¢?s2.
Furthermore, the scalar potential for the m = 2 case, up to the leading order in &»s? /]\4]?)7 can

be approximated as
~ —— 1 - 2.12
Ve~ 250 () [1eos (3] (2.12)




with f = (2v/2&) "' Mp, provided & > 0. In other words, the Einstein-frame potential is a
product of the chaotic inflation model and the natural inflation model. We note that the
natural inflation is also disfavored by the recent BICEP /Keck observations. Similarly, for the
m = 4 case, the potential in the Einstein frame is given by

Vi, ~ 2200 (=) [1 g, (MP)] (2.13)

which is a product of the chaotic inflation model and the hilltop quartic inflation model. Our
model can thus be viewed as a phenomenological model that connects between the chaotic
inflation-type models and natural inflation and hilltop inflation. We stress at this point that
we did not impose any direct interaction between the fields ¢ and s. Couplings between
the two fields are due to the presence of the non-minimal coupling of the assistant field s
to gravity.

Finally, we briefly comment on the role of the higher-order terms in the conformal factor.
We first note that the potential of V' = A\, Mp(¢/Mp)"/(1 + &y,s™/MpEY)? along the s-field
direction is unstable, i.e., a runaway potential, for &,, > 0, while the potential develops a pole
when &, < 0. However, this can be viewed as an artifact of the fact that we truncated the
non-minimal potential at the leading order. In general, one has the higher-order terms in the
conformal factor 92, in which case, the potential may become stable without a pole. During
inflation, however, the higher-order terms have negligible effects. Thus, we do not consider
those higher-order terms in our analysis below.’

3 Cosmological observables

For the Einstein-frame action (2.9), the background equations of motion are given by

1 1 1
H? = 72 4~ 2 V) 3.1
3M3 ( et (3-1)
0=6+3Ho+Vy —bye?p?, (3.2)
0=¢+ (3H +2b,6)p + e 2V, (3.3)
where the dot represents the derivative with respect to the cosmic time and ; = 0/ 0¢* for
i={o,p}.
We define the following slow-roll parameters:
oo M (VoY ME (KN MR (Ve ) ME(E o’
2 174 2 K ’ 2 \% 2 F ’
Vv K Vv o F
M2 ,00 — M2 , 00 wp M2 PP 72b M PP 72b
% PTK K v PRt
|4
n¥o = ME,%@—", e’ = 8MRV, . (3.4)

Note that n¥7 ~ v/e%¢? in our case as the Einstein-frame potential is product-separable, i.e.,
V(p,s) = F(¢)K(s). Requiring the slow-roll conditions, {¢’, |n¥],e’} < 1 (1,7 = {0, ¢}), the
equations of motion (3.1)—(3.3) become

v

H?~
32

3Ho ~—V,, 3Hp~—e2V,. (3.5)

®See, for example, refs. [52, 53]. See also ref. [54] for higher curvature terms R™>3.



We note that, under the slow-roll approximation, €’ ~ ecos?# and €? ~ esin? 6, and thus
€ ~ €7 + €?, where e = —H/H? and 0 is defined through

cosf = o sinf = pe’ (3.6)
/62 4+ 62bgb2 ’ 52 + 62%2 ) ’
For later convenience, we also define
n° = 16 M2b 5, . (3.7)

To compute cosmological observables such as the curvature power spectrum P, scalar

spectral index ng, tensor-to-scalar ratio r, and the local-type nonlinearity parameter flgﬁcal),

we adopt the N formalism [55-59], where the curvature perturbation is given by the difference
of the number of e-folds N between the initial flat hypersurface and final uniform-density
hypersurface, i.e., ( = §N. For small enough perturbations d¢° (¢* = {0, }), one may
Taylor-expand § N to obtain

1 2N
2 0Pt P

ON
0!

Here, we summarize the expressions for the cosmological observables in the § N formalism
(see refs. [49, 50, 57, 58, 60—62] for details). First, the curvature power spectrum is given by

(=6N=2-—6¢"+ 58 + - (3.8)

H\?
P = (%) GIN;N;, (3.9)
where G¥ is the inverse metric of the field space and N; = ON/d¢". The spectral index is

14+ N (M ghmnly, v, V2 — MEVH V)N,

—1=—2-2 .
s ‘ GUN ;N ;M3 ’

(3.10)

where the semicolon denotes the covariant derivative in the field space, and R¥™™ is the
Riemann tensor in the field space whose non-zero components, in our case, are given by

RO¥9% — RPIPT — _RIPYT — _R¥ITP — _ 2 (b oo + b%,) . (3.11)
The tensor-to-scalar ratio is given by

8/Mp
= — . 12
"7 GIN,N, (812)

Finally, the local-type (shape-independent) nonlinearity parameter is obtained as

_gf(local) _ GiijnN,iN,mN,j”
5/ NL (GMN N ;)2

(3.13)

The quantities are to be evaluated at the horizon crossing, i.e., when a mode exits the Hubble
radius, £k = aH. We denote the horizon-crossing point by super- or sub-script * below.
Similarly, the sub- or super-script e denotes the end of inflation.



The number of e-folds is given by

Ty 1 ox K
N=-— Hdtz—/ — do, 3.14
te Mg Oe K,U ( )

where the slow roll is assumed. The first and second derivatives of the number of e-folds, N ;

and N ;;, have been worked out in, e.g., ref. [50] for the action (2.9). The resultant expressions
for N; are given as follows:

(9]\7 1 K* 1 690 e *
M — 1—€2b—2b) 3.15
Pao'* \/>Sg <K* > %g_ < 66 (& 9 ( )

ON 1 F* 1 54 e px
M L 1
Poe. — V2" <F*> W(Ee)e (3.16)

Here, we have used € = € + €¢®. Positivity of the scalar potential for each field allows us to
write sgn(K/K ,) = sgn(V,,) and sgn(F/F,) = sgn(V,,). We shall thus use s7 = sgn(V,)
and s¥ = sgn(V,,) in the following. Similarly, we define s’ = sgn(b,). The expressions for
Nﬂ'j are

8N gag P ope_opk 1 b e e s
M2 e :(1_g*a> (1_666217 Qb)_i_sisz: /%iee% —2
loge €7 €e 2 €7 €

b 2
ape—ap €060 | eenE? +efng?  efel 1, o e (ef)
+e 5 —4 I , (3.17)
eJes €e €e 2 €7 €
2 o
Mza N 1 Thx € ope
Pogz —\ T2 ) e ”
P €x ) €e
€fel | eIneP +efn??  efel 1 eb (e%)?
4b¢ —2b* e elle elle ete b .o e \te
+e —4 — —8ps0y | = , (3.18)
ele2 € € 2°¢ €\ e €
e e e e e
O’N €Pe? €InfP +e¥n?%  ¥e? 1 €b (e£)?
M ¢ o0, 4b¢—3b* e‘e elle elle g-c-e bo e \te 3.19
P, gg. — S* o€ - —58eSel = . (3.19)
P00« 62 Egef €e €e € €e

Putting the expressions for the first and second derivatives of N into egs. (3.9)—(3.13),
we obtain

H2 oy (u?a?  0?
= : = 3.20
P SWQMI%G ( €7 + e )’ (3:20)

2
1_9 42X 1 nl + 2¢b €t €7
ns =1-—2¢ — - — uoy [ — — vy =5
° u2a?/eq +v2/ef 12 u?ozz/e‘7 +v2/ef €7 €f

2 2 275" 277 1 v o (v 2ua
+ 2o el + 02) (oY E +v + duva + is*s* \/;v i 5 :
(3.21)
16 —2X
" : (3.22)

u2a?/ed +v2 /e’



6f(local) o 2e~ (1 77?) uo’ +(1 nfso v?
5/NL T (u2a?/eg + v2/ef)? 27 ) € 2¢f | €f

1,  u?va? e ua v \?
- S (o) e 3.23
+ g 5 €7 €7 (e‘*f ef) € ’ ( )
where we have defined
o ©
uze—e, vze—e, X =2b° — 20",
€e €e
ol G (gt e e 1, [ ()
e €e €e 2 °° e e ’
* e ¥ e *
=2 [1 + 2 (1 — 2 )] . (3.24)
€e

We perform a numerical analysis to obtain the cosmological observables for our model,
exploiting eqgs. (3.20)—(3.24).

4 Results

The number of e-folds (3.14) for the system (2.9) is given by

3 M2+§282 1 Se
Sn (SRS ) 4 (2 for m = 2
N«W+mz+m“<> orm=<

3. M3+ &8t MZ /1 1

3 (Mt Sase P<—>f — 4.

i <M§ + &ast * 1664 \s2 82 e

For a given set of values of {m, &, }, the number of e-folds becomes a function of s, and s..
We treat the value of the s field at the CMB pivot scale, s,, as a parameter. Then, once s, is
specified, s. can be given in terms of s, and .

The evolution of the ¢ field is governed by

dp —op Ve nM3 s™

dN 3H2

where the slow-roll approximation is used; see eq. (3.5). Inserting the evolution of the s field
obtained from the number of e-folds above and integrating the ¢ evolution equation, we
obtain an expression of the p-field value at the end of inflation, ¢., as a function of s, @,
and N, for a given value of n.

From the end-of-inflation condition, which we choose to be € = 1, one may relate . and
Se. Since @, and s, are given in terms of sy, ., and N, we obtain a relation between s, and
P« Since we are treating s, as a parameter, all the other quantities, such as s¢, @e, and @y,
are functions of s, together with N. In our analysis, we take N = 60.

We then use egs. (3.21)—(3.24) to compute the spectral index ng, the tensor-to-scalar
ratio r, and the local-type nonlinearity parameter flgzcal). We examine the power-law potential
with n = {2,4/3,1,2/3,1/3} for m = 2 and m = 4 cases. One may notice that the model

parameter A, does not enter in the expressions of n,, r, and flgﬁcal) and that only the curvature
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Figure 1. Effects of the quadratic non-minimal coupling &5 of the assistant field on the cosmological
observables in the n, — r plane (left) and in the ng — Sﬁcal) plane (right). The power-law potential
is considered with n = 2 (red), n = 4/3 (blue), n = 1 (magenta), n = 2/3 (cyan), and n = 1/3
(green). The points represent the predictions of the standard power-law chaotic inflation models which
is recovered when & = 0, while the ny ~ 0.95 points correspond to & ~ 0.01 (0.02) for s, = 10~ Mp
(1073 Mp). The dashed (solid) lines correspond to the s, = 1073 Mp (107! Mp) case. As & increases,
the spectral index ny and the tensor-to-scalar ratio r decrease. On the other hand, the nonlinearity
parameter flgﬁcal) increases as &y grows, while remaining compatible with the Planck 2¢ bound [63].
The Planck [2] (Planck-BICEP /Keck [3]) 1o and 20 bounds on the ng—r plane are depicted by the
gray (black) solid and gray (black) dashed lines, respectively. The n = 1/3 may be revived with the
help of the assistant field. The n = 2/3 is marginally ruled out and the other higher powers remain to

be ruled out by the Planck-BICEP /Keck results.

power spectrum (3.20) depends on A,. We use this degree of freedom to match the Planck

normalization, namely P¢ ~ 2 X 10~? at the CMB scale. Therefore, there remain only two free

parameters, &, and s.. We explore the behavior of ng, r, and flgﬁcal) by varying &, and s,.

We present our numerical analysis in figure 1 for the quadratic (m = 2) non-minimal
coupling and in figure 2 for the quartic (m = 4) non-minimal coupling. In both figures 1
and 2, we present by varying &, the behavior of the cosmological observables in the ng — r
plane (left panels) and in the ng — Sﬁcal) plane (right panels), for n = 2 (red), n = 4/3 (blue),
n = 1 (magenta), n = 2/3 (cyan), and n = 1/3 (green). For the m = 2 case, we consider
s, = 1073 Mp (dashed) and s, = 10! Mp (solid). For the m = 4 case, we take s, = 10~! Mp
(solid) and s, = Mp (dashed). In the ns — r plane, we overlay the Planck 1o (solid gray) and
20 (dashed gray) bounds as well as the Planck-BICEP /Keck 1o (solid black) and 20 (dashed
black) bounds. The dots correspond to the standard power-law chaotic inflation predictions,

namely the &,, = 0 case. We clearly see that they sit outside the Planck-BICEP /Keck bounds.

In the left panel of figure 1, one may see the effect of the assistant field s on ngs and
r for the m = 2 case. While recovering the standard predictions of the power-law chaotic
inflation models when & = 0, the presence of the assistant field that couples only to gravity
decreases both the spectral index ng and the tensor-to-scalar ratio r. As a result, the n = 1/3
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Figure 2. Effects of the quartic non-minimal coupling &, of the assistant field on the cosmological
observables in the ny — r plane (left) and in the ng — gﬁcal) plane (right). The power-law potential
is considered with n = 2 (red), n = 4/3 (blue), n = 1 (magenta), n = 2/3 (cyan), and n = 1/3
(green). The points represent the predictions of the standard power-law chaotic inflation models which
is recovered when &4 = 0, while the ny ~ 0.95 points correspond to £4 ~ 0.1 (0.001) for s, = 10~ Mp
(Mp). The dashed (solid) lines correspond to the s, = Mp (107! Mp) case. As &4 increases, the spectral
index ng and the tensor-to-scalar ratio r decrease. On the other hand, the nonlinearity parameter

local . . _ . .
éﬁca) tends to increase as &, increases. For the s = 10~! Mp case, the nonlinearity parameter goes

outside the Planck 2¢ bound [63], —11.1 < flgﬁcal) < 9.3. The region that is incompatible with this
bound is grayed out in the ng; — r plot. The s, = Mp case is, however, compatible with the Planck 2o
bound on the local-type nonlinearity parameter. The Planck [2] (Planck-BICEP /Keck [3]) 1o and
20 bounds on the n,—r plane are depicted by the gray (black) solid and gray (black) dashed lines,
respectively. In the case of the quartic non-minimal coupling, both the n = 1/3 and n = 2/3 powers
may be revived with the help of the assistant field. The other higher powers remain to be ruled out by
the Planck-BICEP /Keck results.

case becomes compatible with the latest Planck-BICEP /Keck results. The n = 2/3 case
is marginally ruled out, and the higher powers, n = {2,4/3,1}, remain to be ruled out.

The tendency of the local-type nonlinearity parameter flggcal) is shown in the right panel of
figure 1 for the m = 2 case. We observe that the nonlinearity parameters are small for the
sy = 107! Mp. The nonlinearity parameters may become sizable for the s, = 1073 Mp, while

residing inside Planck 20 bound, —11.1 < flgzcal) <9.3.6

Similarly, the left panel of figure 2 shows how the presence of the assistant field s affects
the ns and r for the m = 4 case. Again, as &, increases, both ng and r decrease from the
standard predictions marked by points which correspond to 4 = 0. Consequently, both the
powers of n =1/3 and n = 2/3 may become compatible with the latest Planck-BICEP /Keck

results. The higher powers, n = {2,4/3,1}, remain to be ruled out. We observe from the right

panel of figure 2 that the local-type nonlinearity parameter flgﬁcal) tends to increase as &4

5The Planck 1o bound for the local-type nonlinearity parameter corresponds to fﬁ}ﬁcal) =—-0.9+5.1[63].



increases. While the values of flgﬁcal) are within the Planck 20 bound, —11.1 < flgﬁcal) < 9.3,

for the s, = Mp case, they may become too large for the s, = 107! Mp case. The region that
is incompatible with the Planck 20 bound on the local-type nonlinearity parameter is grayed
out in the ns — r plot in the left panel of figure 2.

5 Conclusion

A single-field chaotic inflation with a power-law potential V' ~ ¢™ is known to reside outside
of observationally acceptable range of (ng, ) space regardless of the value of the power n. To
remedy this problem, we have considered an additional scalar field (an assistant field) s which
non-minimally couples to the curvature R in the form of s"*R with some power m.

As explicit examples, we have performed a numerical analysis of the two-field setup with
m = 2 and m = 4 for various powers of n, employing the § N formalism. We have found
that the model with n = 1/3 for m = 2,4 and n = 2/3 for m = 4 moves into the acceptable
ranges and becomes compatible with the latest Planck-BICEP /Keck results, even though the
assistant field s is assumed to have no sizable potential in the Jordan frame and no direct
coupling between the inflaton field ¢ and the assistant field s is introduced. In a multi-field
setup, non-Gaussianities may become large. We have computed the local-type nonlinearity
parameter flgﬁcal) and checked the agreement with the Planck data.

The resurrection of the potential with a higher power n > 2/3 is found to be difficult
with the assistance of a non-minimally coupled field within the simple setup we considered in
this paper. Of course, one may easily extend our setup e.g. by allowing a non-trivial potential
for the assistant field in the Jordan frame. We leave the extensions for future studies.
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