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Escape from the swampland with a spectator field
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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
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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

M2 V/ 2 1"

CVZTPI <7> >0(1), or ny=M3—=<-0(1), (1)
with any possible field value. Mp = /1/82G 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 ¢y, <« 1. However the spectral
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index of primordial curvature perturbations, which is
roughly estimated as

ng — 1 =~ —6ey + 2ny, (2)

by naively adopting the slow-roll approximation,] 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 ng = 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

2m?
—1l~-2 £ oeff 3
ng €y + 3 H2 ( )
where ey = —H /H? is the first slow-roll parameter and

mg e represents the effective spectator mass during
inflation. Thus, as long as ey < 1, a slightly tachyonic
spectator m ¢ ~ —0.05H? could be compatible with the
CMB observation, even the inflaton satisfying the
condition (1) by a large |ny| > 1. 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 2 =
¢ = 1 throughout this paper.

'We use a symbol ~ when we formally use the slow-roll
apgroximation but the slow-roll parameters are not small enough.

Note 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.

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:

Ag < Mpy. (4)

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

|VV|IMp > cV, or min(V,V,V)M}; <=V, (5)

at any field-space point for some universal constants
c¢,c’ > 0 of order unity. Here |VV| = +/G”V,V, is the
invariant norm of the gradient with the inverse metric G of
the target space for all scalar fields including spectators if
exist. min(V;V,;V) is the minimum eigenvalue of the
Hessian V;V;V. 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

M2 V/ 2 C2 V//
Cv—TPl(7> 27, or WV:M123175—C/- (6)

Though it forbids the slow-roll inflation, the accelerated
expansion of the universe (¢y = -H /H? < 1) itself is not
necessarily prohibited as long as €, << 1. However, even in
such a case, the large negative value of #y implies an
exponential grow of ey as

d
H_dtlog € ~ =21y, (7)
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,

Wi <7 (8)

at any time ¢ with an initial scale factor ay. Ip=+vG
is the Planck length. It implies that the inflation duration
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is strongly 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]:

suppressed, depending on the

¢;
2 9
M P1

1
Vit = thill,i(¢i) + z Ecijvhill,i(ﬁbi) )

i#]

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 Viini(0) > Viyii41(0) for simplicity. Also the positive
coupling constants ¢;; 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 Vy, ; for j < i is well decayed out
and thus ¢, is stabilized only by V;;; because any other
potential is negligible due to the scale hierarchy. After the
phase-i, the field ¢, oscillates and Vyy,; is diluted by the
expansion of the universe. When Vyy,; gets as small as
ViiLiv1(0), the potential Vyy;; cannot stabilize ¢;,; any
longer and then the phase-(i + 1) inflation is turned on. In
this way, inflation is automatically repeated. Each phase is
driven by effectively single field.*

On top of each Vy; 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
(e ~ ey < 1). The distance conjecture (4) is also satisfied
in general under this assumption. In other parts of V), ;, 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 we will
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

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

One 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 ¢, is shifted by hand for simplicity.

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=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 Vo as

1 P
Viino(do) = A* —SkA* =2+ - - .. (10)
2 M%’l

Both the Hubble parameter and the second slow-roll
parameter are almost constant as H =~ A?/v/3Mp and
ny =~ —« during the phase-0. The dS conjecture (6) requires
k 2 1. Once the time evolution of H is neglected (i.e.,
€y < 1), the background equation of motion (EoM)

0 = o + 3Hdpo + Vi = do + 3Heo — 3xH ¢y, (11)

has an analytic solution as
1
¢0(t) = ¢0(t0> exXp §<_3 + Vv 9 + 12K)H<t - to) . (12)

fp is some initial time. Noting that ey ~ x*¢3/2M3,, one
finds the evolution equation

%loge‘,:—3+\/9+12k (13)
with use of the e-foldings dN = Hdt as the time variable.
This is the generalization of the slow-roll equation (7) for
large |y| > 1. It shows an exponential grow of e, and
therefore it should be significantly small at #, so that the
phase-0 continues sufficiently.

On the other hand, ¢y has a lower limit depending on the
inflation scale A. That is because the curvature perturba-
tions generated by ¢ should be smaller than the observed
value Py ~2 x 107° [56] to utilize the spectator scenario.
The curvature perturbations given by the inflaton is
estimated as

1 At

~_ < -9
o ™ 3T oy S 2% 107 (14)

It reads a lower bound on ey at the onset of the observable

scale k! ~ 14 Gpc as

VA GP) ~ 2472 (2 % 107%) M3,

Combining this lower limit and the evolution equation (13),
one finds an upper bound on A depending on k for the
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FIG. 1. The excluded region of the phase-0 (CMB scale) energy

scale A and the potential curvature k ~ —#y. The blue line shows
the upper bound on A so that the phase-0 continues more than 15
e-folds and also the curvature perturbations generated by the
inflaton ¢, are smaller than the observed value P, o S 2% 107
[56] to utilize the spectator scenario. The gray-dotted line is a
lower limit by the BBN bound A 2 1 MeV.

phase-0 to continue enough. In Fig. 1, we show this bound,
requiring 15 e-folds from the onset of the observable scale
114 Gpe 10 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 on A, that is, inflation should be
completed well before the big-bang nucleosynthesis (BBN)
era ~1 MeV. Conservatively it reads A 2 1 MeV, which is
also shown in Fig. 1. Combining them, one finds that the
potential curvature k cannot be larger than « < 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 scale H~' 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 #z:

Cl(tR) lPl < 1

i H(tg)

(16)

On the other hand, the current horizon scale Hy 1
should be inside the horizon at the initial time of the first
inflation as’

a. .
—=Hy' < H (ts). (17)
()

One 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.

where a, represents the current scale factor. Combining
them, one obtains the constraint on the energy scale of the
first inflation Hiy ~ H(t;y,;) as

Hie 125 gi(tr)  MpH, Ty
< ~300—, (18)
Me VT gi3(19)g) (1g) ToT Tr
making use of the Friedmann equation 3M3 H? = g‘—é g.T*
and the entropy conservation g,,a*T> = const with the
radiation temperature 7. g, and g, are the effective degrees
of freedom for energy and entropy density. For the last
approximation, we use the current values g,,(#) ~ 3.93,
Ty~2725K, and Hy~67 kms~! Mpc~! [56,71], and
assume the standard model values g,(7g) ~ g.s(fg) ~
106.75 at the reheating.
If inflation is single-phase and the reheating is

completed almost instantaneously as A% :=3M3HZ  ~

% g.(tg)T4%, the inflation energy scale is then severely
constrained as [12]

Ainf
<7230
M N< \/_g

g*s(tR)2/3 H(2)>1/6~5X 10—10‘
Pl

*S(IO)Z/SQ* (ZR) 1/2 T%
(19)

However, if it is followed by multiple phases of inflation,’
the reheating temperature can be lowered to the BBN
constraint 7 2 1 MeV. Assuming the phase-0 is the first
inflation without any preinflation (negative-i phase), the
constraint is thus much relaxed as [67]

Ainf

Pl

<3x 1074 (20)

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:

dlog PC:)S

- ~ = 2 . 21
ng dlog k bey + 2ny (21)

®0f 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 o 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 6o ~ H/2x 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

Pe(k) = c? Pé;—z(k), (22)
where we define the conversion rate ¢ as Ny, =
ON/J(logo) in the context of the SN formalism [72].
The combination of dc/c 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, 6c/c directly corresponds to the isocurvature per-
turbation S = ¢, — ¢, [73]. In particular, this conversion
rate ¢ in the curvaton mechanism is given by 2r/3 with the
energy fraction r = 3p,/(4p, + 3p,) of the spectator p,, to
the background radiation p, at its decay time [58-60].

The modulated reheating scenario gives ¢ ~ — %gii 1; with
the (last) inflaton’s decay rate I', 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 m, . 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

H, 2 k 2m} g/ 3H?
= (=X , 23
Fac (277 > (afH f) (23)

where H is the Hubble parameter at the time of the horizon
exit k = aH and the subscript f indicates the end of (phase-
0) inflation. The spectral index of P, is thus given by

. dlog ,ng o

2 zm(zr,eff
dlogk Ht

3H?

(24)

ng —

Compared to the inflaton’s case (21), it can be small enough
even if |ny| > 1 as long as ey ~ ey < 1.

In a multi-inflation scenario, we assume ey < 1 during
each inflationary phase. Thus, in order to explain the
observed value ng = 0.965 4 0.004 [56], the spectator mass
is expected to be m? 4 ~—0.05H* 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 ¢ then cannot play the

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

62

1 1
V = Vi + = m26% — = oo Viin 0~ 25
mf+2m00 5 €00 Vil 0 M, (25)

with a positive small coupling ¢(, ~ 0.02 and the intrinsic
mass m, negligibly small during all phases of inflation.” The
spectator perturbation do gets red-tilted due to the effective
tachyonic mass 02V =~ —c,Vyino/ M3 =~ —3co,H* during
the phase-0. After the phase-0, the tachyonic mass decays
together with Vo, keeping ¢ from rolling down to the
potential minimum. In the curvaton scenario, ¢ oscillates
with its intrinsic mass m, and increases its energy fraction to
the background, while the mass m, 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

7Y
Vhill,() = A4 <1 - F) ’ (26)

0

respecting the distance conjecture (4) as vy < Mp.t
Specifically we choose parameter values and initial
conditions for ¢, and o, ¢o; and o, at the onset of the
phase-0 as

Vo = MPlv Cos — 002,

A = 10"Myp,, o)
O; — SOOAZ/MPI,

$oi = 360A?/ Mpy,

and the spectator’s intrinsic mass m, is neglected. The
background dynamics is shown in Fig. 2. While the inflaton
¢o grows significantly due to its large tachyonic mass, o is
almost frozen even after the phase-0 because ¢’s tachyonic
mass decays together with the inflaton potential Vi .

Their perturbations can be obtained by solving linear
Fourier-space EoM on the flat slice [76]

7Large absolute value of ¢, settles o 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.

Though we choose n = 2 here, the wine bottle potential can
be generally described by o (1 —¢f/v8)? 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 vy = 0.1Mp, 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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FIG. 2. The background dynamics of ¢, (blue) and ¢ (orange
dashed) in the unit of Mp,. The vertical dot-dashed line represents
the end of the phase-0.

.. . k2
St + 3H5Py + (—2 s+ 5’KVK,> 5l

1

3M2 d[ ( ¢ ¢ )5JK5¢IIS (28)

Indices I,J,K,--- label ¢pg I =1) or ¢ (I =2). Vy;
represents the potential second derivative 9 d s V. In the
multifield case, one has to consider the matrix mode function
5¢t, (@ =1 or 2) because of the mode mixing through the
non-diagonal parts of the Hessian V! ;= = 6KV, and the

gravitational interaction d (& > '’ )8;k. Their initial

3M2 dr
condition can be chosen as

0y ="500A2, k= 0.05[/Mpc]

10°

10-10

1020

103 R
a 10740 .~

1050 e

100 — [d¢0,1|? /_/‘/‘
""" |8¢0,2]? __/—"/‘
10—70 | 7= ‘50‘1‘2

--= Jol?

10-80

FIG. 3.

The time evolution of each perturbation (33) Pg "o (blue), 'Pg

! . -1
6¢Ika(t) N 50: e—lkfa dt. (29)

a(t)V2k

Together with the adiabatic perturbation by the inflaton

{4,» the spectator can make the final mixed curvature
perturbation parametrized as

00,
Ca = Z.:(/;”a + C_ (30)
where
00
Cpy, = —H=2" (31)
bo

Its power spectrum is then given by

2 Pso
Pe=), (P%.a +c 52“ te

a

P
IH]X(X 2
o ) (32)

_ KB 2

Pty = 22 S0,
7)600, = zk_,:Z |5Ga|2’ (33)
7Dmix,oc

’

3
= # | glﬁo‘a 50‘1 | :

The time evolution of each perturbation 77% and Py, / o’

is shown in Fig. 3. The resultant power spectra are also
exhibited in Fig. 4. Here the conversion rate ¢ 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 ¢ = 0.28).
Almost scale-invariant curvature perturbations over the
enough range of scales are explained by the spectator

03 =500A2 , k=30[/Mpc]

100 p
10-104
10-20 4

10—30 p

& 10-40 4

100 e
....
= [6¢h0.11° =
-
...... ‘(5450‘2‘2 —""./-

10—70 1 _—r ‘(50‘1‘2

1060 4

--= |60l

1080 L

(orange dotted), Ps,, /o? (green dot-dashed), and Pss, /c? (red

dashed) for k = 0.05 Mpc~! and k = 30 Mpc™'. The k’s normahzatlon 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 = 30 Mpc™') around the horizon scale at the end of the phase-0 (k; ~45 Mpc™!) safely avoids a resonant

amplification.
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10'8 4
o
&
10-9 4
10-10
10° 10 10 1072 10 10° 10!
k [/Mpc]

FIG. 4. The resultant power spectra of mixed curvature per-
turbations P; (32) (blue) as well as each mode c*Ps, /o> (orange
dotted) and Py " (green dashed). The conversion rate ¢ = 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~* Mpc~! 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).

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 = 3p,/(4p, + 3p,) 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 fy;, the relation is
given by [77]

55 5

~—— = — 4
VANS 376 T (34)
neglecting the inflaton’s contribution. As the CMB obser-

vation by the Planck collaboration constrained this

nonlinearity parameter as fy;, = —09=£5.1 [78], the
curvaton should have a non-negligible energy fraction at
its decay time as 0.21 Sr < 1.

However the swampland conditions make it harder for the
curvaton to dominate the universe. It is caused by the low
energy scale A of inflation, which determines the amplitude
of the curvaton fluctuations by do~H/2m~A?/2\/3xMp,.
As the curvaton is assumed to be the source of the CMB scale
adiabatic perturbation £ ~5 x 1073 [56], it also fixes the
relation between the background field value ¢ and the
inflation energy scale A as 6 ~ 103A?/Mp,, as can be seen
in our parameters (27). On the other hand, at the onset of
the curvaton oscillation H ~ m,, its energy fraction to the
background radiation can be expressed as

2 A 4
~ 106 <—) . (35)

M, Mp,

mo?

Po| MO
H>M3,

Pr

0sc osc

which is extremely suppressed in low-scale inflation. For
example, our choice of parameters (27) reads p,/p,|osc ~
2.5x 10731, It only grows as the scale factor a o< 77!,
obviously indicating that the curvaton cannot dominate the
universe well before the BBN eraT ~ 1 MeV. Therefore the
curvaton paradigm is in tension with low-scale (landscape)
inflation. One may flatten the curvaton potential to delay the
onset of the curvaton oscillation as H,,. < m,. 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 ¢, decays into the descendent fermions
yw through the Yukawa interaction y¢ ypy, it can be

corrected by higher dimension couplings as o' ¥ ¢,y +

p A‘;—ZZ ¢ py + - - - with some cutoff scale M. The modulated
decay rate is then parametrized as

o o’

a and f would be order unity coefficients and the cutoff
scale is assumed to be larger enough than the spectator’s
background value as M > o. If the inflaton ¢, oscillates by
the quadratic potential before its decay, the conversion rate

—ég}ggz in this case [74]. At the leading

order, the resultant adiabatic perturbation can be evaluated

#:/IMPV which should be ~5 x 107>, Thus

the cutoff scale will be M ~ 10°A>Mp,. This is relatively
small [~1 TeV in our setup (27)] but may be possible. The
background spectator value ¢ should be smaller than our
choice to satisfy M > ¢ in this case.

The non-Gaussianity in the modulated reheating scenario
is also controllable. If the inflaton oscillates by the

is given by ¢ =

as { ~ad~
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quadratic potential and decays through the Yukawa inter-
action, the nonlinearity parameter reads [74]

IT
fNL:5<1— Fg">z5<1—§>, (37)

neglecting the inflaton’s contribution.” Here I', = 0I'/dc
and I',, = 0°I'/Oc>. Such an order unity non-Gaussianity
can be compatible with the current constraint fy; =
—0.9 £ 5.1 [78], and moreover can be detectable with
future galaxy surveys as SPHEREXx [81,82], LSST [83],
and Euclid [84] and/or 21 c¢m 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

9Eq. (37) can be applied only if the spectator’s background
dynamics is negligible after inflation like as our case. Otherwise
the nonlinearity parameter can be changed [80].

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 ~107> — 10~! 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.

ACKNOWLEDGMENTS

We are grateful to Fuminobu Takahashi and Shuichiro
Yokoyama for helpful advice to the main idea of this work.
We also thank Takeshi Kobayashi and Ryo Saito for useful
discussions. This work is supported by JSPS KAKENHI
Grants No. JP18J01992 (Y. T.), No. JP19K14707 (Y.T.),
and No. JP19J22018 (K. K.)

[1]1 Y. Akrami et al. (Planck Collaboration), Planck 2018
results. X. Constraints on inflation, arXiv:1807.06211.

[2] S. Bird, H. V. Peiris, M. Viel, and L. Verde, Minimally
parametric power spectrum Reconstruction from the
Lyman-alpha forest, Mon. Not. R. Astron. Soc. 413,
1717 (2011).

[3] M. R. Douglas, The statistics of string / M theory vacua, J.
High Energy Phys. 05 (2003) 046.

[4] C. Vafa, The string landscape and the swampland, arXiv:
hep-th/0509212.

[5] E. Palti, The swampland: Introduction and review, Fortschr.
Phys. 67, 1900037 (2019).

[6] N. Arkani-Hamed, L. Motl, A. Nicolis, and C. Vafa, The
string landscape, black holes and gravity as the weakest
force, J. High Energy Phys. 06 (2007) 060.

[7]1 H. Ooguri and C. Vafa, On the geometry of the string
landscape and the swampland, Nucl. Phys. B766, 21
(2007).

[8] G. Obied, H. Ooguri, L. Spodyneiko, and C. Vafa, De Sitter
space and the swampland, arXiv:1806.08362.

[9] S.K. Garg and C. Krishnan, Bounds on slow roll and
the de Sitter swampland, J. High Energy Phys. 11 (2019)
07s.

[10] H. Ooguri, E. Palti, G. Shiu, and C. Vafa, Distance and de
Sitter conjectures on the swampland, Phys. Lett. B 788, 180
(2019).

[11] A.Bedroya and C. Vafa, Trans-planckian censorship and the
swampland, arXiv:1909.11063.

[12] A. Bedroya, R. Brandenberger, M. Loverde, and C. Vafa,
Trans-planckian censorship and inflationary cosmology,
Phys. Rev. D 101, 103502 (2020).

[13] A. Achicarro and G. A. Palma, The string swampland
constraints require multi-field inflation, J. Cosmol. Astro-
part. Phys. 02 (2019) 041.

[14] C. Damian and O. Loaiza-Brito, Two-field axion inflation
and the swampland constraint in the flux-scaling scenario,
Fortschr. Phys. 67, 1800072 (2019).

[15] A. Achtcarro, E.J. Copeland, O. Iarygina, G. A. Palma, D.-
G. Wang, and Y. Welling, Shift-Symmetric orbital inflation:
Single field or multi-field?, arXiv:1901.03657.

[16] T. Bjorkmo and M. C.D. Marsh, Hyperinflation general-
ised: From its attractor mechanism to its tension with the
‘swampland conditions’, J. High Energy Phys. 04 (2019)
172.

[17] J. Fumagalli, S. Garcia—Saenz, L. Pinol, S. Renaux-Petel,
and J. Ronayne, Hyper-Non-Gaussianities in Inflation with

103514-8


https://arXiv.org/abs/1807.06211
https://doi.org/10.1111/j.1365-2966.2011.18245.x
https://doi.org/10.1111/j.1365-2966.2011.18245.x
https://doi.org/10.1088/1126-6708/2003/05/046
https://doi.org/10.1088/1126-6708/2003/05/046
https://arXiv.org/abs/hep-th/0509212
https://arXiv.org/abs/hep-th/0509212
https://doi.org/10.1002/prop.201900037
https://doi.org/10.1002/prop.201900037
https://doi.org/10.1088/1126-6708/2007/06/060
https://doi.org/10.1016/j.nuclphysb.2006.10.033
https://doi.org/10.1016/j.nuclphysb.2006.10.033
https://arXiv.org/abs/1806.08362
https://doi.org/10.1007/JHEP11(2019)075
https://doi.org/10.1007/JHEP11(2019)075
https://doi.org/10.1016/j.physletb.2018.11.018
https://doi.org/10.1016/j.physletb.2018.11.018
https://arXiv.org/abs/1909.11063
https://doi.org/10.1103/PhysRevD.101.103502
https://doi.org/10.1088/1475-7516/2019/02/041
https://doi.org/10.1088/1475-7516/2019/02/041
https://doi.org/10.1002/prop.201800072
https://arXiv.org/abs/1901.03657
https://doi.org/10.1007/JHEP04(2019)172
https://doi.org/10.1007/JHEP04(2019)172

ESCAPE FROM THE SWAMPLAND WITH A SPECTATOR FIELD

PHYS. REV. D 101, 103514 (2020)

Strongly Nongeodesic Motion, Phys. Rev. Lett. 123,
201302 (2019).

[18] M. Lynker and R. Schimmrigk, Modular inflation at higher
level N, J. Cosmol. Astropart. Phys. 06 (2019) 036.

[19] T. Bjorkmo, Rapid-Turn Inflationary Attractors, Phys. Rev.
Lett. 122, 251301 (2019).

[20] V. Aragam, S. Paban, and, R. Rosati, Multi-field inflation in
high-slope potentials, arXiv:1905.07495.

[21] R. Bravo, G. A. Palma, and S. Riquelme, A tip for landscape
riders: Multi-field inflation can fulfill the swampland dis-
tance conjecture, J. Cosmol. Astropart. Phys. 02 (2020) 004.

[22] D. Chakraborty, R. Chiovoloni, O. Loaiza-Brito, G. Niz, and
I. Zavala, Fat inflatons, large turns and the x-problem, J.
Cosmol. Astropart. Phys. 01 (2020) 020.

[23] S. Brahma and M. Wali Hossain, Avoiding the string
swampland in single-field inflation: Excited initial states,
J. High Energy Phys. 03 (2019) 006.

[24] A. Ashoorioon, Rescuing single field inflation from the
swampland, Phys. Lett. B 790, 568 (2019).

[25] S. Das, Note on single-field inflation and the swampland
criteria, Phys. Rev. D 99, 083510 (2019).

[26] M. Motaharfar, V. Kamali, and R. O. Ramos, Warm inflation
as a way out of the swampland, Phys. Rev. D 99, 063513
(2019).

[27] S. Das, Warm inflation in the light of swampland criteria,
Phys. Rev. D 99, 063514 (2019).

[28] V. Kamali, Non-minimal Higgs inflation in the context of
warm scenario in the light of Planck data, Eur. Phys. J. C 78,
975 (2018).

[29] M. Bastero-Gil, A. Berera, R. Hern’andez-Jiménez, and
J. G. Rosa, Warm inflation within a supersymmetric dis-
tributed mass model, Phys. Rev. D 99, 103520 (2019).

[30] V. Kamali, Warm pseudoscalar inflation, Phys. Rev. D 100,
043520 (2019).

[31] K. Dimopoulos and L. Donaldson-Wood, Warm quintes-
sential inflation, Phys. Lett. B 796, 26 (2019).

[32] M. Bastero-Gil, A. Berera, R. O. Ramos, and J. G. Rosa,
Towards a reliable effective field theory of inflation,
arXiv:1907.13410.

[33] S. Das, Distance, de Sitter and Trans-Planckian Censorship
conjectures: The status quo of warm inflation, Phys. Dark
Universe 27, 100432 (2020).

[34] V. Kamali, M. Motaharfar, and R. O. Ramos, Warm brane
inflation with an exponential potential: a consistent reali-
zation away from the swampland, Phys. Rev. D 101, 023535
(2020).

[35] G. Goswami and C. Krishnan, Swampland, axions and
minimal warm inflation, arXiv:1911.00323.

[36] M. A. Rasheed, T. Golanbari, K. Sayar, L. Akhtari, H.
Sheikhahmadi, A. Mohammadi, and K. Saaidi, Warm
tachyon inflation and swampland criteria, arXiv:2001.
10042.

[37] C.-M. Lin, K.-W. Ng, and K. Cheung, Chaotic inflation on
the brane and the swampland criteria, Phys. Rev. D 100,
023545 (2019).

[38] C.-M. Lin, Type I hilltop inflation and the refined swamp-
land criteria, Phys. Rev. D 99, 023519 (2019).

[39] M. Sabir, W. Ahmed, Y. Gong, S. Hu, T. Li, and, L. Wu, A
note on brane inflation under consistency conditions, arXiv:
1905.03033.

[40] C.-M. Lin, Topological eternal hilltop inflation and the
swampland criteria, arXiv:1912.00749.

[41] S.C. Park, Minimal gauge inflation and the refined Swamp-
land conjecture, J. Cosmol. Astropart. Phys. 01 (2019) 053.

[42] Z. Yi and Y. Gong, Gauss—Bonnet inflation and the string
swampland, Universe 5, 200 (2019).

[43] D.Y. Cheong, S. M. Lee, and S. C. Park, Higgs inflation and
the refined dS conjecture, Phys. Lett. B 789, 336 (2019).

[44] M. Artymowski and I. Ben-Dayan, f(R) and Brans-Dicke
theories and the swampland, J. Cosmol. Astropart. Phys. 05
(2019) 042.

[45] R. Holman and B. Richard, Spinodal solution to swampland
inflationary constraints, Phys. Rev. D 99, 103508 (2019).

[46] H. Geng, A potential mechanism for inflation from swamp-
land conjectures, Phys. Lett. B 805, 135430 (2020).

[47] S. Mizuno, S. Mukohyama, S. Pi, and Y.-L. Zhang, Hyper-
bolic field space and swampland conjecture for DBI scalar,
J. Cosmol. Astropart. Phys. 09 (2019) 072.

[48] T. Tenkanen, Trans-Planckian censorship, inflation and dark
matter, Phys. Rev. D 101, 063517 (2020).

[49] S. Brahma, Trans-Planckian censorship, inflation and ex-
cited initial states for perturbations, Phys. Rev. D 101,
023526 (2020).

[50] K. Schmitz, Trans-Planckian censorship and inflation in
grand unified theories, Phys. Lett. B 803, 135317 (2020).

[51] K. Kadota, C.S. Shin, T. Terada, and G. Tumurtushaa,
Trans-Planckian censorship and single-field inflaton poten-
tial, J. Cosmol. Astropart. Phys. 01 (2020) 008.

[52] S. Brahma, Trans-Planckian censorship conjecture from the
swampland distance conjecture, Phys. Rev. D 101, 046013
(2020).

[53] W.-C. Lin and W. H. Kinney, Trans-Planckian censorship
and k-inflation, arXiv:1911.03736.

[54] R. Saito, S. Shirai, and M. Yamazaki, Is the trans-Planckian
censorship a swampland conjecture?, Phys. Rev. D 101,
046022 (2020).

[55] S. Brahma, R. Brandenberger, and D.-H. Yeom, Swamp-
land, trans-Planckian censorship and fine-tuning problem
for inflation: Tunnelling wavefunction to the rescue,
arXiv:2002.02941.

[56] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, arXiv:1807.06209.

[57] W.H. Kinney, S. Vagnozzi, and L. Visinelli, The zoo plot
meets the swampland: mutual (in)consistency of single-
field inflation, string conjectures, and cosmological data,
Classical Quantum Gravity 36, 117001 (2019).

[58] K. Enqvist and M. S. Sloth, Adiabatic CMB perturbations in
pre-big bang string cosmology, Nucl. Phys. B626, 395
(2002).

[59] D. H. Lyth and D. Wands, Generating the curvature pertur-
bation without an inflaton, Phys. Lett. B 524, 5 (2002).

[60] T. Moroi and T. Takahashi, Effects of cosmological
moduli fields on cosmic microwave background, Phys.
Lett. B 522, 215 (2001); Erratum, Phys. Lett. B 539, 303
(2002).

[61] G. Dvali, A. Gruzinov, and M. Zaldarriaga, A new mecha-
nism for generating density perturbations from inflation,
Phys. Rev. D 69, 023505 (2004).

[62] L. Kofman, Probing string theory with modulated cosmo-
logical fluctuations, arXiv:astro-ph/0303614.

103514-9


https://doi.org/10.1103/PhysRevLett.123.201302
https://doi.org/10.1103/PhysRevLett.123.201302
https://doi.org/10.1088/1475-7516/2019/06/036
https://doi.org/10.1103/PhysRevLett.122.251301
https://doi.org/10.1103/PhysRevLett.122.251301
https://arXiv.org/abs/1905.07495
https://doi.org/10.1088/1475-7516/2020/02/004
https://doi.org/10.1088/1475-7516/2020/01/020
https://doi.org/10.1088/1475-7516/2020/01/020
https://doi.org/10.1007/JHEP03(2019)006
https://doi.org/10.1016/j.physletb.2019.02.009
https://doi.org/10.1103/PhysRevD.99.083510
https://doi.org/10.1103/PhysRevD.99.063513
https://doi.org/10.1103/PhysRevD.99.063513
https://doi.org/10.1103/PhysRevD.99.063514
https://doi.org/10.1140/epjc/s10052-018-6449-x
https://doi.org/10.1140/epjc/s10052-018-6449-x
https://doi.org/10.1103/PhysRevD.99.103520
https://doi.org/10.1103/PhysRevD.100.043520
https://doi.org/10.1103/PhysRevD.100.043520
https://doi.org/10.1016/j.physletb.2019.07.017
https://arXiv.org/abs/1907.13410
https://doi.org/10.1016/j.dark.2019.100432
https://doi.org/10.1016/j.dark.2019.100432
https://doi.org/10.1103/PhysRevD.101.023535
https://doi.org/10.1103/PhysRevD.101.023535
https://arXiv.org/abs/1911.00323
https://arXiv.org/abs/2001.10042
https://arXiv.org/abs/2001.10042
https://doi.org/10.1103/PhysRevD.100.023545
https://doi.org/10.1103/PhysRevD.100.023545
https://doi.org/10.1103/PhysRevD.99.023519
https://arXiv.org/abs/1905.03033
https://arXiv.org/abs/1905.03033
https://arXiv.org/abs/1912.00749
https://doi.org/10.1088/1475-7516/2019/01/053
https://doi.org/10.3390/universe5090200
https://doi.org/10.1016/j.physletb.2018.12.046
https://doi.org/10.1088/1475-7516/2019/05/042
https://doi.org/10.1088/1475-7516/2019/05/042
https://doi.org/10.1103/PhysRevD.99.103508
https://doi.org/10.1016/j.physletb.2020.135430
https://doi.org/10.1088/1475-7516/2019/09/072
https://doi.org/10.1103/PhysRevD.101.063517
https://doi.org/10.1103/PhysRevD.101.023526
https://doi.org/10.1103/PhysRevD.101.023526
https://doi.org/10.1016/j.physletb.2020.135317
https://doi.org/10.1088/1475-7516/2020/01/008
https://doi.org/10.1103/PhysRevD.101.046013
https://doi.org/10.1103/PhysRevD.101.046013
https://arXiv.org/abs/1911.03736
https://doi.org/10.1103/PhysRevD.101.046022
https://doi.org/10.1103/PhysRevD.101.046022
https://arXiv.org/abs/2002.02941
https://arXiv.org/abs/1807.06209
https://doi.org/10.1088/1361-6382/ab1d87
https://doi.org/10.1016/S0550-3213(02)00043-3
https://doi.org/10.1016/S0550-3213(02)00043-3
https://doi.org/10.1016/S0370-2693(01)01366-1
https://doi.org/10.1016/S0370-2693(01)01295-3
https://doi.org/10.1016/S0370-2693(01)01295-3
https://doi.org/10.1016/S0370-2693(02)02070-1
https://doi.org/10.1016/S0370-2693(02)02070-1
https://doi.org/10.1103/PhysRevD.69.023505
https://arXiv.org/abs/astro-ph/0303614

KAZUHIRO KOGAI and YUICHIRO TADA

PHYS. REV. D 101, 103514 (2020)

[63] K. Kumekawa, T. Moroi, and T. Yanagida, Flat potential for
inflaton with a discrete R invariance in supergravity, Prog.
Theor. Phys. 92, 437 (1994).

[64] K.I. Izawa, M. Kawasaki, and T. Yanagida, Dynamical
tuning of the initial condition for new inflation in super-
gravity, Phys. Lett. B 411, 249 (1997).

[65] M. Kawasaki, N. Sugiyama, and T. Yanagida, Primordial
black hole formation in a double inflation model in super-
gravity, Phys. Rev. D 57, 6050 (1998).

[66] Y. Tada and S. Yokoyama, Primordial black hole tower:
Dark matter, earth-mass, and LIGO black holes, Phys. Rev.
D 100, 023537 (2019).

[67] S.Mizuno, S. Mukohyama, S. Pi, and Y.-L. Zhang, Universal
Upper bound on the inflationary energy scale from the Trans-
Planckian censorship conjecture, arXiv:1910.02979.

[68] A. Berera and J. R. Calderdén, Trans-Planckian censorship
and other swampland bothers addressed in warm inflation,
Phys. Rev. D 100, 123530 (2019).

[69] H.-H. Li, G. Ye, Y. Cai, and Y.-S. Piao, Trans-Planckian
censorship of multi-stage inflation and dark energy, Phys.
Rev. D 101, 063527 (2020).

[70] R. Brandenberger and E. Wilson-Ewing, Strengthening the
TCC bound on inflationary cosmology, J. Cosmol. Astro-
part. Phys. 03 (2020) 047.

[71] D.J. Fixsen, The temperature of the cosmic microwave
background, Astrophys. J. 707, 916 (2009).

[72] D. H. Lyth, K. A. Malik, and M. Sasaki, A general proof of
the conservation of the curvature perturbation, J. Cosmol.
Astropart. Phys. 05 (2005) 004.

[73] D. Langlois and F. Vernizzi, Mixed inflaton and curvaton
perturbations, Phys. Rev. D 70, 063522 (2004).

[74] K. Ichikawa, T. Suyama, T. Takahashi, and M. Yamaguchi,
Primordial curvature fluctuation and its non-gaussianity in
models with modulated reheating, Phys. Rev. D 78, 063545
(2008).

[75] K. Inomata, M. Kawasaki, K. Mukaida, Y. Tada, and T.T.
Yanagida, O(10)M primordial black holes and string
axion dark matter, Phys. Rev. D 96, 123527 (2017).

[76] M. Sasaki and E. D. Stewart, A general analytic formula for
the spectral index of the density perturbations produced
during inflation, Prog. Theor. Phys. 95, 71 (1996).

[77] D.H. Lyth and Y. Rodriguez, Non-Gaussianity from the
second-order cosmological perturbation, Phys. Rev. D 71,
123508 (2005).

[78] Y. Akrami er al. (Planck Collaboration), Planck 2018
results. IX. Constraints on primordial non-Gaussianity,
arXiv:1905.05697.

[79] M. Kawasaki, T. Kobayashi, and F. Takahashi, Non-
Gaussianity from curvatons revisited, Phys. Rev. D 84,
123506 (2011).

[80] N. Kobayashi, T. Kobayashi, and A. L. Erickcek, Rolling in
the modulated reheating scenario, J. Cosmol. Astropart.
Phys. 01 (2014) 036.

[81] O. Dor’e et al., Cosmology with the SPHEREX All-Sky
Spectral Survey, arXiv:1412.4872.

[82] O. Dor’e et al., Science impacts of the SPHEREx All-Sky
optical to near-infrared spectral survey II: Report of a
community workshop on the scientific synergies between
the SPHEREx Survey and other astronomy observatories,
arXiv:1805.05489.

[83] P. A. Abell et al. (LSST Science, LSST Project Collabora-
tions), LSST Science Book, Version 2.0, arXiv:0912.0201.

[84] R. Laureijs et al. (EUCLID Collaboration), Euclid definition
study report, arXiv:1110.3193.

[85] R. Maartens, F. B. Abdalla, M. Jarvis, and M. G. Santos
(SKA Cosmology SWG Collaboration), Overview of Cos-
mology with the SKA, Proc. Sci. AASKAI14 (2015) 016
[arXiv:1501.04076].

[86] B. Carr, K. Kohri, Y. Sendouda, and J. Yokoyama, Con-
straints on primordial black holes, arXiv:2002.12778.

[87] T. Bringmann, P. Scott, and Y. Akrami, Improved constraints
on the primordial power spectrum at small scales from
ultracompact minihalos, Phys. Rev. D 85, 125027 (2012).

[88] S. Yoshiura, K. Takahashi, and T. Takahashi, Probing small
scale primordial power spectrum with 21 cm line global
signal, Phys. Rev. D 101, 083520 (2020).

103514-10


https://doi.org/10.1143/ptp/92.2.437
https://doi.org/10.1143/ptp/92.2.437
https://doi.org/10.1016/S0370-2693(97)01040-X
https://doi.org/10.1103/PhysRevD.57.6050
https://doi.org/10.1103/PhysRevD.100.023537
https://doi.org/10.1103/PhysRevD.100.023537
https://arXiv.org/abs/1910.02979
https://doi.org/10.1103/PhysRevD.100.123530
https://doi.org/10.1103/PhysRevD.101.063527
https://doi.org/10.1103/PhysRevD.101.063527
https://doi.org/10.1088/1475-7516/2020/03/047
https://doi.org/10.1088/1475-7516/2020/03/047
https://doi.org/10.1088/0004-637X/707/2/916
https://doi.org/10.1088/1475-7516/2005/05/004
https://doi.org/10.1088/1475-7516/2005/05/004
https://doi.org/10.1103/PhysRevD.70.063522
https://doi.org/10.1103/PhysRevD.78.063545
https://doi.org/10.1103/PhysRevD.78.063545
https://doi.org/10.1103/PhysRevD.96.123527
https://doi.org/10.1143/PTP.95.71
https://doi.org/10.1103/PhysRevD.71.123508
https://doi.org/10.1103/PhysRevD.71.123508
https://arXiv.org/abs/1905.05697
https://doi.org/10.1103/PhysRevD.84.123506
https://doi.org/10.1103/PhysRevD.84.123506
https://doi.org/10.1088/1475-7516/2014/01/036
https://doi.org/10.1088/1475-7516/2014/01/036
https://arXiv.org/abs/1412.4872
https://arXiv.org/abs/1805.05489
https://arXiv.org/abs/0912.0201
https://arXiv.org/abs/1110.3193
https://doi.org/10.22323/1.215.0016
https://arXiv.org/abs/1501.04076
https://arXiv.org/abs/2002.12778
https://doi.org/10.1103/PhysRevD.85.125027
https://doi.org/10.1103/PhysRevD.101.083520

