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In the context of string theory, several conjectural conditions have been proposed for low energy
effective field theories not to be in swampland, the UV-incomplete class. The recent ones represented by the
de Sitter and trans-Planckian censorship conjectures in particular seem to conflict with the inflation
paradigm of the early universe. We first point out that scenarios where inflation is repeated several times
(multiphase inflation) can be easily compatible with these conjectures. In other words, we relax the
constraint on the single inflation for the large scale perturbations to only continue at least around 10 e-folds.
In this context, we then investigate if a spectator field can be a source of the almost scale-invariant
primordial perturbations on the large scale. As a consequence of such an isocurvature contribution, the
resultant perturbations exhibit the nonvanishing non-Gaussianity in general. Also the perturbation
amplitude on smaller scales can be completely different from that on the large scale due to the multiplicity
of inflationary phases. These signatures will be a smoking gun of this scenario by the future observations.
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I. INTRODUCTION

The inflation paradigm has so far achieved great success
as the scenario of the early universe. It naturally realizes the
globally homogeneous universe, and moreover can be a
source of local cosmic structures as confirmed by obser-
vations of, e.g., the cosmic microwave background (CMB)
[1] and the Lyman-alpha forest [2]. Though the existence
of the inflationary phase itself is strongly supported, its
concrete mechanism is however still unclear because of the
lack of information about characteristic features such as the
primordial tensor perturbations and the non-Gaussianity of
scalar perturbations. Some novel approaches might be
required not only observationally but also theoretically.
In the context of string theory, the concept of landscape

and swampland has been attracting attentions on the other
hand. While string theory is thought to be able to realize
vast classes of low energy effective theories (landscape) [3],
it was suggested that some effective field theories (EFTs)
might be incompatible with the UV completion even
though they look consistent at the low energy (swampland)
[4] (see also Ref. [5] for a review). Several conjectural
conditions, e.g., the weak gravity conjectures [6] and the
distance conjectures [7] have been proposed for landscape
EFTs to satisfy, and considered as attractive suggestions to
low energy physics from high energy string theory. In
particular, the recent de Sitter (dS) conjecture [8–10] and
trans-Planckian censorship conjecture (TCC) [11,12]
tightly constrain the scenario of inflation. Leaving their
details aside for now, one can briefly say that they tend to

disfavor the long-lasting inflationary universe, while a
sufficient expansion (∼50 − 60 e-folds) is required for a
successful cosmology. Taking it seriously, many authors
have investigated possible loop holes. For example, multi-
field models [13–22], excited initial state [23,24], warm
inflation [25–36], brane inflation [37–40], gauge inflation
[41], non-minimal coupling to gravity [42,43], modified
gravity [44], quantum correction [45,46] etc., are discussed
in the light of the dS conjecture (see also the references in
Ref. [47]). TCC in inflationary models are discussed in,
e.g., Refs. [48–55].
Another simple solution is repeating inflationary phases

many times which we dub multiphase inflation. Though
each phase cannot continue long, the required expansion
can be reached in total with a sufficient number of inflation.
String theory generally provides ubiquitous scalar fields,
which also supports the scenario that multiple scalar fields
realize multiple phases of inflation.
Multiphase inflation however has a drawback in pertur-

bations. To see this clearly, let us assume that each inflation
phase is governed by (effectively) single field for simplic-
ity. In this case, the dS conjecture claims that either of the
absolute values of the two slow-roll parameters cannot be
small as

ϵV ¼
M2

Pl

2

�
V 0

V

�
2≳Oð1Þ; or ηV ¼M2

Pl
V 00

V
≲−Oð1Þ; ð1Þ

with any possible field value. MPl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=8πG

p
is the

reduced Planck mass and V is a scalar potential for a
canonically normalized inflaton. It does not necessarily
prohibit inflation as long as ϵV ≪ 1. However the spectral*tada.yuichiro@e.mbox.nagoya-u.ac.jp
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index of primordial curvature perturbations, which is
roughly estimated as

nS − 1 ≈ −6ϵV þ 2ηV; ð2Þ

by naively adopting the slow-roll approximation,1 is
never small in this case unless an accidental cancella-
tion. The observations of the cosmic microwave back-
ground (CMB) have already revealed the primordial
perturbations are almost scale-invariant as nS ¼ 0.965�
0.004 [56]. Thus the naive multiple single-field inflation
scenario is in serious conflict with observations (see
also, e.g., Ref. [57]).
Relaxing the single-field assumption may solve this

problem. For example, though the background dynamics
of each inflation keeps assumed to be determined by
single field for simplicity, some spectator fields can
contribute to perturbations, like as the curvaton mecha-
nism [58–60] or the modulated reheating scenario
[61,62]. In these cases, the expression of the spectral
index is modified as

nS − 1 ≃ −2ϵH þ 2

3

m2
σ;eff

H2
; ð3Þ

where ϵH ¼ − _H=H2 is the first slow-roll parameter and
mσ;eff represents the effective spectator mass during
inflation. Thus, as long as ϵH ≪ 1, a slightly tachyonic
spectator m2

σ;eff ∼ −0.05H2 could be compatible with the
CMB observation, even the inflaton satisfying the
condition (1) by a large jηV j > 1.2 It is also noted that
the extra degrees of freedom (d.o.f.) during inflation
generally leaves nonvanishing non-Gaussianity in per-
turbations, which can be a testability of this scenario.
In this paper, we investigate such a spectator scenario,

allowing that the CMB scale inflation does not continue
enough for our whole observable universe in the light of
multiphase inflation and swampland conjectures. In Sec. II,
the compatibility of the multi-inflation scenario with
swampland conjectures is discussed. Numerically calcu-
lated spectator perturbations in a specific example are
shown in Sec. III. In Sec. IV, we discuss whether the
curvaton or modulated reheating scenario can consistently
convert the spectator perturbations into the adiabatic
curvature perturbations. Observational crosschecks of our
scenario are also mentioned. We adopt the natural unit ℏ ¼
c ¼ 1 throughout this paper.

II. MULTIPHASE INFLATION AND
SWAMPLAND CONJECTURE

String theory has a generic view of landscape [3], that is,
various types of low energy EFT can be given in a stringy
(UV complete) framework. However it has been also
suggested that some EFTs may be in swampland [4],
i.e., they seem to have no problem at low energy but are not
actually UV complete. Several conditions have been so far
proposed for EFT not to be in swampland. Inflationary
models, which are often described in a form of EFT, are
not an exception to be constrained by such conditions.
For example, the distance conjecture [7] suggests that the
canonical excursion of any scalar fields during inflation
cannot exceed order unity in the Planck unit:

Δϕ≲MPl: ð4Þ

The dS conjecture [8] (and its refined version [9,10])
prohibits a flat plateau in a scalar potential V, requiring
the condition

j∇VjMPl ≥ cV; or minð∇I∇JVÞM2
Pl ≤ −c0V; ð5Þ

at any field-space point for some universal constants
c; c0 > 0 of order unity. Here j∇Vj ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

GIJVIVJ

p
is the

invariant norm of the gradient with the inverse metricGIJ of
the target space for all scalar fields including spectators if
exist. minð∇I∇JVÞ is the minimum eigenvalue of the
Hessian ∇I∇JV. This conjecture claims in other words
that there exists at least one unstable direction for any
V > 0 point. Particularly in the canonical (effective) single-
field case, the inflaton should be unstable as

ϵV ¼ M2
Pl

2

�
V 0

V

�
2

≥
c2

2
; or ηV ¼ M2

Pl
V 00

V
≤ −c0: ð6Þ

Though it forbids the slow-roll inflation, the accelerated
expansion of the universe (ϵH ¼ − _H=H2 < 1) itself is not
necessarily prohibited as long as ϵV ≪ 1. However, even in
such a case, the large negative value of ηV implies an
exponential grow of ϵH as

d
Hdt

log ϵH ≈ −2ηV; ð7Þ

and therefore inflation cannot continue so long. Finally
TCC [11,12] claims that the sub-Planckian perturbation
will never cross the horizon by expansion, that is,

aðtÞ
aini

lPl <
1

HðtÞ ; ð8Þ

at any time t with an initial scale factor aini. lPl ¼
ffiffiffiffi
G

p
is the Planck length. It implies that the inflation duration

1We use a symbol ≈ when we formally use the slow-roll
approximation but the slow-roll parameters are not small enough.

2Note that the dS conjecture requires at least one unstable
direction for any V > 0 point (see Eq. (5) for the original state-
ment). Thus as long as the inflaton satisfies the condition (1),
adding stable spectators does not matter.
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is strongly suppressed, depending on the inflation
energy scale.
As the dS conjecture at least allows short inflation, one

sees that repeated short inflation can give enough expan-
sion for our observable universe consistently with the
dS conjecture (5). Such repetition of inflation can be
dynamically realized e.g., by coupling many single-
field hilltop-type potentials with the Planck-suppressed
operators [63–66]:

V inf ¼
X
i

Vhill;iðϕiÞ þ
X
i≠j

1

2
cijVhill;iðϕiÞ

ϕ2
j

M2
Pl

; ð9Þ

though the later discussion does not depend on the
repetition mechanism so much. The subscripts i; j; � � �
label the phases of inflation and the corresponding inflaton
fields. Each energy scale is assumed to be well hierarchical
as Vhill;ið0Þ ≫ Vhill;iþ1ð0Þ for simplicity. Also the positive
coupling constants cij are naturally supposed to be order
unity.3 In this setup, each inflaton field is stabilized to its
potential top at first through these couplings. During the
phase-i, the potential Vhill;j for j < i is well decayed out
and thus ϕiþ1 is stabilized only by Vhill;i because any other
potential is negligible due to the scale hierarchy. After the
phase-i, the field ϕi oscillates and Vhill;i is diluted by the
expansion of the universe. When Vhill;i gets as small as
Vhill;iþ1ð0Þ, the potential Vhill;i cannot stabilize ϕiþ1 any
longer and then the phase-(iþ 1) inflation is turned on. In
this way, inflation is automatically repeated. Each phase is
driven by effectively single field.4

On top of each Vhill;i where the single-field hilltop
inflation occurs, the second condition of the single-field
dS conjecture (6) should be satisfied because the first
condition is violated in order for an accelerated expansion
(ϵH ∼ ϵV ≪ 1). The distance conjecture (4) is also satisfied
in general under this assumption. In other parts of Vhill;i, the
first condition can be satisfied. Therefore, even in the full
multi-inflaton target space, the dS conjecture (5) is satisfied
along the trajectory realized in inflation. The potential may
be modified to satisfy the condition at other points but they
are irrelevant to the inflationary dynamics. TCC is also
much relaxed in the multiphase inflation scenario as wewill
see later (see also Refs. [67–69]). Thus the swampland
conjectural conditions can be satisfied simply by assuming
that inflation is repeated many times. For convenience, let
the phase-0 correspond with the CMB scale. Only the

phase-0 is constrained also by observations because it is
responsible for the CMB scale. Hereafter we merely
assume that the phase-0 is governed by effectively single-
field hilltop inflation and followed by repeated inflation
(i ¼ 1; 2; 3; � � �) without specifying the details of following
inflation (i > 0) and the existence of preinflation (i < 0).
In the rest of this section, we discuss the required condition
for the phase-0 under this assumption.
For a concrete discussion, let us first expand Vhill;0 as

Vhill;0ðϕ0Þ ¼ Λ4 −
1

2
κΛ4

ϕ2
0

M2
Pl

þ � � � : ð10Þ

Both the Hubble parameter and the second slow-roll
parameter are almost constant as H ≃ Λ2=

ffiffiffi
3

p
MPl and

ηV ≃ −κ during the phase-0. The dS conjecture (6) requires
κ ≳ 1. Once the time evolution of H is neglected (i.e.,
ϵH ≪ 1), the background equation of motion (EoM)

0 ¼ ϕ̈0 þ 3H _ϕ0 þ V 0
hill;0 ≃ ϕ̈0 þ 3H _ϕ0 − 3κH2ϕ0; ð11Þ

has an analytic solution as

ϕ0ðtÞ ¼ ϕ0ðt0Þ exp
�
1

2
ð−3þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

9þ 12κ
p ÞHðt − t0Þ

�
: ð12Þ

t0 is some initial time. Noting that ϵV ≃ κ2ϕ2
0=2M

2
Pl, one

finds the evolution equation

d
dN

log ϵV ≃ −3þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9þ 12κ

p ð13Þ

with use of the e-foldings dN ¼ Hdt as the time variable.
This is the generalization of the slow-roll equation (7) for
large jηV j > 1. It shows an exponential grow of ϵV and
therefore it should be significantly small at t0 so that the
phase-0 continues sufficiently.
On the other hand, ϵV has a lower limit depending on the

inflation scale Λ. That is because the curvature perturba-
tions generated by ϕ0 should be smaller than the observed
value Pζ ≃ 2 × 10−9 [56] to utilize the spectator scenario.
The curvature perturbations given by the inflaton is
estimated as

Pζϕ0
≈

1

24π2M4
Pl

Λ4

ϵV
≲ 2 × 10−9: ð14Þ

It reads a lower bound on ϵV at the onset of the observable
scale k−1 ≃ 14 Gpc as

ϵVðt14 GpcÞ ≳ 1

24π2ð2 × 10−9Þ
Λ4

M4
Pl

: ð15Þ

Combining this lower limit and the evolution equation (13),
one finds an upper bound on Λ depending on κ for the

3If it is negative, the corresponding scalar is not stabilized and
cannot play a role of inflaton, so that it is safely excluded.

4One may avoid the exact maximum of the potential (sym-
metric point) for the stabilizing point so that the inflatons’
dynamics is determined only by the background evolution, or
otherwise the quantum diffusion significantly affects the dynam-
ics. In this paper, we only treat the phase-0 explicitly and the
initial value of ϕ0 is shifted by hand for simplicity.
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phase-0 to continue enough. In Fig. 1, we show this bound,
requiring 15 e-folds from the onset of the observable scale
t14 Gpc to the end of phase-0 as a conservative line. It is
numerically checked by solving the full background EoM
[the first equation of (11)]. One should here recall that there
is also a general lower limit onΛ, that is, inflation should be
completed well before the big-bang nucleosynthesis (BBN)
era ∼1 MeV. Conservatively it reads Λ≳ 1 MeV, which is
also shown in Fig. 1. Combining them, one finds that the
potential curvature κ cannot be larger than κ ≲ 18 in the
phase-0 (the CMB scale).
We finish this section by mentioning the TCC condition

in multiphase inflation. If the universe follows the standard
cosmology after the reheating, the horizon scaleH−1 grows
faster than the comoving expansion ∝ a and therefore the
TCC condition (8) does hold in the later universe once it
holds at the reheating tR:

aðtRÞ
aini

lPl <
1

HðtRÞ
: ð16Þ

On the other hand, the current horizon scale H−1
0

should be inside the horizon at the initial time of the first
inflation as5

aini
a0

H−1
0 < H−1ðtiniÞ; ð17Þ

where a0 represents the current scale factor. Combining
them, one obtains the constraint on the energy scale of the
first inflation Hinf ≃HðtiniÞ as

Hinf

MPl
<

12
ffiffiffi
5

pffiffiffi
π

p g1=3�s ðtRÞ
g1=3�s ðt0Þg1=2� ðtRÞ

MPlH0

T0TR
∼ 300

T0

TR
; ð18Þ

making use of the Friedmann equation 3M2
PlH

2 ¼ π2

30
g�T4

and the entropy conservation g�sa3T3 ¼ const with the
radiation temperature T. g� and g�s are the effective degrees
of freedom for energy and entropy density. For the last
approximation, we use the current values g�sðt0Þ ≃ 3.93,
T0 ≃ 2.725 K, and H0 ≃ 67 kms−1 Mpc−1 [56,71], and
assume the standard model values g�ðtRÞ ∼ g�sðtRÞ ∼
106.75 at the reheating.
If inflation is single-phase and the reheating is

completed almost instantaneously as Λ4
inf ≔ 3M2

PlH
2
inf ∼

π2

30
g�ðtRÞT4

R, the inflation energy scale is then severely
constrained as [12]

Λinf

MPl
≲
�
72

ffiffiffiffiffi
30

p g�sðtRÞ2=3
g�sðt0Þ2=3g�ðtRÞ1=2

H2
0

T2
0

�
1=6

∼5×10−10:

ð19Þ

However, if it is followed by multiple phases of inflation,6

the reheating temperature can be lowered to the BBN
constraint TR ≳ 1 MeV. Assuming the phase-0 is the first
inflation without any preinflation (negative-i phase), the
constraint is thus much relaxed as [67]

Λinf

MPl
≲ 3 × 10−4: ð20Þ

This is weaker than the constraint by the dS conjecture
shown in Fig. 1. Thus multiphase inflation can be com-
patible also with TCC.

III. SPECTATOR IN MULTIPHASE INFLATION

We saw that multiphase inflation can be consistent with
several types of (not-to-be-in) swampland conditions
simultaneously. However either of the first or second
slow-roll condition is always violated in this case and thus
the primordial curvature perturbations generated by infla-
tons inevitably have a significant scale-dependence incon-
sistently with the CMB observation because the spectral
index is roughly evaluated by the summation of those slow-
roll parameters:

nS − 1 ¼ d logPζϕ

d log k
≈ −6ϵV þ 2ηV: ð21Þ

FIG. 1. The excluded region of the phase-0 (CMB scale) energy
scale Λ and the potential curvature κ ≃ −ηV . The blue line shows
the upper bound on Λ so that the phase-0 continues more than 15
e-folds and also the curvature perturbations generated by the
inflaton ϕ0 are smaller than the observed value Pζϕ0

≲ 2 × 10−9

[56] to utilize the spectator scenario. The gray-dotted line is a
lower limit by the BBN bound Λ≳ 1 MeV.

5One may consider the possibility that the current horizon
scale was outside the horizon at the initial time, but entered the
horizon during some long-lasting inflaton oscillation phase, and
then reexited the horizon during the phase-0. However such a
predecelerated expansion strengthens the TCC constraint [67,70]
and we do not consider such a scenario to relax the TCC
condition.

6Of course, each phase should also satisfy the TCC
condition (8).
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In this section, we see that the spectator can instead have
almost scale invariant perturbations.
The spectator σ is a very light scalar field, compared to

the Hubble scale during all the inflationary phases. Though
it does not affect the inflation dynamics, it also gets
fluctuations δσ ∼H=2π frozen for a while. Well after
inflation, its fluctuations can be converted to the adiabatic
curvature perturbations in, e.g., the curvaton or modulated
reheating mechanism as we discuss in Sec. IV. Such a
conversion can be parametrized as

PζðkÞ ≃ c2
PδσðkÞ
σ2

; ð22Þ

where we define the conversion rate c as Nlog σ ¼
∂N=∂ðlog σÞ in the context of the δN formalism [72].
The combination of δσ=σ is useful as it is almost time-
independent after its horizon exit for the spectator field with
the quadratic potential. In addition, in the curvaton mecha-
nism, δσ=σ directly corresponds to the isocurvature per-
turbation S ¼ ζσ − ζr [73]. In particular, this conversion
rate c in the curvaton mechanism is given by 2r=3 with the
energy fraction r ¼ 3ρσ=ð4ρr þ 3ρσÞ of the spectator ρσ to
the background radiation ρr at its decay time [58–60].
The modulated reheating scenario gives c ≃ − 1

6
∂ logΓ
∂ log σ with

the (last) inflaton’s decay rate Γ, the numerical factor −1=6
being varied by the inflaton’s decay scenario [74]. In these
cases, the scale-dependence of the final curvature pertur-
bation is determined only by the spectator perturbation. If
its (effective) mass mσ;eff is not completely negligible
during inflation, its perturbation is not fully frozen but
leads to a scale-dependence in addition to the time
evolution of H as

Pδσ ¼
�
Hk

2π

�
2
�

k
afHf

�
2m2

σ;eff=3H
2

; ð23Þ

whereHk is the Hubble parameter at the time of the horizon
exit k ¼ aH and the subscript f indicates the end of (phase-
0) inflation. The spectral index of Pζσ is thus given by

nS − 1 ¼ d logPζσ

d log k
¼ −2ϵH þ 2m2

σ;eff

3H2
: ð24Þ

Compared to the inflaton’s case (21), it can be small enough
even if jηV j > 1 as long as ϵH ∼ ϵV ≪ 1.
In a multi-inflation scenario, we assume ϵV ≪ 1 during

each inflationary phase. Thus, in order to explain the
observed value nS ¼ 0.965� 0.004 [56], the spectator mass
is expected to be m2

σ;eff ∼ −0.05H2 during the phase-0.
However, in contrast to the ordinary case, the CMB scale
inflation (phase-0) is followed by lower energy inflations.
Such a large tachyonic mass, in this case, lets the spectator
roll down to and oscillate around its potential minimum,
diluting its fluctuations. The spectator σ then cannot play the

role of the perturbation source. We instead assume that the
tachyonic mass for σ is dynamically yielded only during the
phase-0. The total potential of the system is given by

V ¼ V inf þ
1

2
m2

σσ
2 −

1

2
c0σVhill;0

σ2

M2
Pl

; ð25Þ

with a positive small coupling c0σ ∼ 0.02 and the intrinsic
massmσ negligibly small during all phases of inflation.7 The
spectator perturbation δσ gets red-tilted due to the effective
tachyonic mass ∂2

σV ≃ −c0σVhill;0=M2
Pl ≃ −3c0σH2 during

the phase-0. After the phase-0, the tachyonic mass decays
together with Vhill;0, keeping σ from rolling down to the
potential minimum. In the curvaton scenario, σ oscillates
with its intrinsic massmσ and increases its energy fraction to
the background, while the mass mσ is not necessary in the
modulated reheating case.
Let us show some numerical results in a concrete model.

To see the dynamics during and after the phase-0, we
specify the whole form of the phase-0 inflaton potential,
instead of the expansion around the potential top, as

Vhill;0 ¼ Λ4

�
1 −

ϕ2
0

v20

�
2

; ð26Þ

respecting the distance conjecture (4) as v0 ≲MPl.
8

Specifically we choose parameter values and initial
conditions for ϕ0 and σ, ϕ0i and σi, at the onset of the
phase-0 as

(
Λ ¼ 10−9MPl; v0 ¼ MPl; c0σ ¼ 0.02;

ϕ0i ¼ 360Λ2=MPl; σi ¼ 500Λ2=MPl;
ð27Þ

and the spectator’s intrinsic mass mσ is neglected. The
background dynamics is shown in Fig. 2. While the inflaton
ϕ0 grows significantly due to its large tachyonic mass, σ is
almost frozen even after the phase-0 because σ’s tachyonic
mass decays together with the inflaton potential Vhill;0.
Their perturbations can be obtained by solving linear

Fourier-space EoM on the flat slice [76]

7Large absolute value of c0σ settles σ down to the effective
potential minimum and dilutes its perturbations even during the
phase-0. Thus the perturbations given by the spectator scenario
tend to be nearly scale-invariant.

8Though we choose n ¼ 2 here, the wine bottle potential can
be generally described by ∝ ð1 − ϕn

0=v
n
0Þ2 with an arbitrary

power n. However such a potential often causes a resonant
amplification in perturbations soon after inflation, easily losing
the analytic predictability. According to the work in Ref. [75],
n ≤ 3 and v0 ≳ 0.1MPl are favored to avoid the resonance. In our
setup, any resonant feature is not shown either Fig. 3 or Fig. 4 and
thus the resultant perturbations will not conflict with the
observational constraints.
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δϕ̈I
k þ 3Hδ _ϕI

k þ
�
k2

a2
δIJ þ δIKVKJ

�
δϕJ

k

¼ 1

a3M2
Pl

d
dt

�
a3

H
_ϕI _ϕJ

�
δJKδϕ

K
k : ð28Þ

Indices I; J; K; � � � label ϕ0 (I ¼ 1) or σ (I ¼ 2). VIJ
represents the potential second derivative ∂ϕI∂ϕJV. In the
multifield case, one has to consider thematrixmode function
δϕI

kα (α ¼ 1 or 2) because of the mode mixing through the
non-diagonal parts of the Hessian VI

J ¼ δIKVKJ and the
gravitational interaction 1

a3M2
Pl

d
dt ða

3

H
_ϕI _ϕJÞδJK . Their initial

condition can be chosen as

δϕI
kαðtÞ →

δIα
aðtÞ ffiffiffiffiffi

2k
p e−ik

R
a−1dt: ð29Þ

Together with the adiabatic perturbation by the inflaton
ζϕ0

, the spectator can make the final mixed curvature
perturbation parametrized as

ζα ¼ ζϕ0;α
þ c

δσα
σ

; ð30Þ

where

ζϕ0;α
¼ −H

δϕ0;α

_ϕ0

: ð31Þ

Its power spectrum is then given by

Pζ ¼
X
α

�
Pζϕ0;α

þ c2
Pδσα

σ2
þ c

Pmix;α

σ

�
; ð32Þ

8>>><
>>>:

Pζϕ0;α
¼ k3

2π2
jζϕ0;α

j2;
Pδσα ¼ k3

2π2
jδσαj2;

Pmix;α ¼ k3

2π2
jζϕ0;α

δσαj:
ð33Þ

The time evolution of each perturbation Pζϕ0;α
and Pδσα=σ

2

is shown in Fig. 3. The resultant power spectra are also
exhibited in Fig. 4. Here the conversion rate c and the scale
normalization are chosen by hand so that the observational
constraints are satisfied, assuming that the dynamics after
the phase-0 is suitably realized (specifically c ¼ 0.28).
Almost scale-invariant curvature perturbations over the
enough range of scales are explained by the spectator

FIG. 2. The background dynamics of ϕ0 (blue) and σ (orange
dashed) in the unit ofMPl. The vertical dot-dashed line represents
the end of the phase-0.

FIG. 3. The time evolution of each perturbation (33) Pζϕ0;1
(blue), Pζϕ0;2

(orange dotted), Pδσ1=σ
2 (green dot-dashed), and Pδσ2=σ

2 (red
dashed) for k ¼ 0.05 Mpc−1 and k ¼ 30 Mpc−1. The k’s normalization is fixed by hand to satisfy the observational constraints (see
Fig. 4). Noisy features around N ∼ 16 simply originate from the numerical error and do not have any physical implication. Even the high
frequency mode (k ¼ 30 Mpc−1) around the horizon scale at the end of the phase-0 (kf ≃ 45 Mpc−1) safely avoids a resonant
amplification.
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scenario in multiphase inflation. This is the main result in
this paper.

IV. DISCUSSION AND CONCLUSION

In this paper, we point out that the multiple inflationary
scenario can be compatible with the distance, dS, and trans-
Planckian censorship conjectures with use of a spectator
whose perturbations can be converted into the almost scale-
invariant curvature perturbations on the CMB scale. Let us
first discuss the possible scenarios of such a perturbation
conversion in this section.
The curvaton scenario [58–60] is a famous mechanism to

convert the spectator perturbation into the adiabatic mode.
Even if the spectator’s energy fraction is quite tiny at first,
once it starts to oscillate with its mass term, it behaves as a
matter fluid and its relative energy density to the back-
ground radiation can grow as time goes. When the spectator
decays into radiations, its perturbations are converted to the
adiabatic curvature perturbations with the conversion rate
given by the energy fraction r ¼ 3ρσ=ð4ρr þ 3ρσÞ at that
time. The interesting feature of the curvaton mechanism is
that the conversion rate r is directly related with the non-
Gaussianity of the resultant curvature perturbations. In
terms of the nonlinearity parameter fNL, the relation is
given by [77]

fNL ≃ −
5

3
−
5

6
rþ 5

4r
; ð34Þ

neglecting the inflaton’s contribution. As the CMB obser-
vation by the Planck collaboration constrained this

nonlinearity parameter as fNL ¼ −0.9� 5.1 [78], the
curvaton should have a non-negligible energy fraction at
its decay time as 0.21≲ r ≤ 1.
However the swampland conditionsmake it harder for the

curvaton to dominate the universe. It is caused by the low
energy scale Λ of inflation, which determines the amplitude
of the curvaton fluctuations by δσ∼H=2π∼Λ2=2

ffiffiffi
3

p
πMPl.

As the curvaton is assumed to be the source of theCMBscale
adiabatic perturbation ζ ∼ 5 × 10−5 [56], it also fixes the
relation between the background field value σ and the
inflation energy scale Λ as σ ∼ 103Λ2=MPl, as can be seen
in our parameters (27). On the other hand, at the onset of
the curvaton oscillation H ∼mσ , its energy fraction to the
background radiation can be expressed as

ρσ
ρr

����
osc

∼
m2

σσ
2

H2M2
Pl

����
osc

∼
σ2

M2
Pl

∼ 106
�

Λ
MPl

�
4

; ð35Þ

which is extremely suppressed in low-scale inflation. For
example, our choice of parameters (27) reads ρσ=ρrjosc ∼
2.5 × 10−31. It only grows as the scale factor a ∝ T−1,
obviously indicating that the curvaton cannot dominate the
universewell before the BBN era T ∼ 1 MeV. Therefore the
curvaton paradigm is in tension with low-scale (landscape)
inflation. Onemay flatten the curvaton potential to delay the
onset of the curvaton oscillation asHosc ≪ mσ . In this case,
however the non-Gaussianity tends to be large because the
oscillation onset itself depends on the fluctuation [79].
One can also convert perturbations by varying the

inflaton’s decay through the spectator field, known as
the modulated reheating scenario [61,62]. For example,
if the (last) inflaton ϕl decays into the descendent fermions
ψ through the Yukawa interaction yϕlψ̄ψ , it can be
corrected by higher dimension couplings as α0 σ

Mϕlψ̄ψ þ
β0 σ2

M2 ϕlψ̄ψ þ � � � with some cutoff scaleM. The modulated
decay rate is then parametrized as

Γ ¼ Γ0

�
1þ α

σ

M
þ β

σ2

M2
þ � � �

�
; ð36Þ

α and β would be order unity coefficients and the cutoff
scale is assumed to be larger enough than the spectator’s
background value asM ≫ σ. If the inflaton ϕl oscillates by
the quadratic potential before its decay, the conversion rate
is given by c ¼ − 1

6
∂ logΓ
∂ log σ in this case [74]. At the leading

order, the resultant adiabatic perturbation can be evaluated
as ζ ∼ α δσ

M ∼ Λ2

2
ffiffi
3

p
πMMPl

, which should be ∼5 × 10−5. Thus

the cutoff scale will be M ∼ 103Λ2MPl. This is relatively
small [∼1 TeV in our setup (27)] but may be possible. The
background spectator value σ should be smaller than our
choice to satisfy M ≫ σ in this case.
The non-Gaussianity in the modulated reheating scenario

is also controllable. If the inflaton oscillates by the

FIG. 4. The resultant power spectra of mixed curvature per-
turbations Pζ (32) (blue) as well as each mode c2Pδσ=σ2 (orange
dotted) and Pζϕ0

(green dashed). The conversion rate c ¼ 0.28

and the scale normalization is chosen by hand. The red region is
excluded by the CMB and LSS observations [1,2]. The wiggling
features of power spectra on the large scale k≲ 10−4 Mpc−1 are
simply reflecting the fact that these modes exit the horizon soon
after the beginning of the phase-0 and cannot be well initialized
by the deep subhorizon solution (29). Their detailed form can be
altered by the actual dynamics of preinflation (negative-i phase).
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quadratic potential and decays through the Yukawa inter-
action, the nonlinearity parameter reads [74]

fNL ≃ 5

�
1 −

ΓΓσσ

Γ2
σ

�
≃ 5

�
1 −

β

α2

�
; ð37Þ

neglecting the inflaton’s contribution.9 Here Γσ ¼ ∂Γ=∂σ
and Γσσ ¼ ∂2Γ=∂σ2. Such an order unity non-Gaussianity
can be compatible with the current constraint fNL ¼
−0.9� 5.1 [78], and moreover can be detectable with
future galaxy surveys as SPHEREx [81,82], LSST [83],
and Euclid [84] and/or 21 cm observations like SKA [85]
for example. We leave further discussions about the
conversion mechanism and the resultant non-Gaussianity
for future works.
Let us also mention the smaller scale perturbations as

another interesting feature of our scenario other than the
nonvanishing non-Gaussianity. They can be completely
different from those on the CMB scale as they correspond
with different phases of inflation. If the same spectator is
responsible also for these small scale perturbations, their
amplitudes will decrease stepwise because the spectator’s
perturbations are proportional to the energy scale of each
phase of inflation. Currently the small scale primordial

perturbations have been constrained only with the upper
bound by the nondetection of primordial black holes
(PBHs) [86] or ultracompact minihalos [87]. However
too little perturbations on ∼10−3 − 10−1 Mpc may delay
the early structure formation and thus change the reioniza-
tion history, which can be probed by future 21 cm
observations [88]. In such a way, one may impose a lower
limit on the small scale perturbation as another consistency
check of our scenario.
On a smaller scale, inflaton also can make a dominant

contribution to the curvature perturbation. As can be seen in
Fig. 4, the curvature perturbation has a significant scale-
dependence in this case due to the violation of the slow-roll
condition. In other words, the power spectrum of the
curvature perturbation can have a peak on some scale. If
the perturbation amplitude is large enough at such a peak,
PBHs can be formed and may explain the dark matter or
gravitational waves detected by the LIGO/Virgo collabo-
ration as suggested in Ref. [66]. We also leave these
possible detectabilities for future works.
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