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Standard single-field inflation with Einstein gravity 

• Ruled out ns =1 by more than 6 σ level 

• No evidence beyond slow-roll (nor feature in the potential)

Planck Collaboration: Constraints on Inflation
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Fig. 8. Marginalized joint 68 % and 95 % CL regions for ns and r at k = 0.002 Mpc�1 from Planck alone and in combination with
BK14 or BK14 plus BAO data, compared to the theoretical predictions of selected inflationary models. Note that the marginalized
joint 68 % and 95 % CL regions assume dns/d ln k = 0.

limits obtained from a ⇤CDM-plus-tensor fit. We refer the inter-
ested reader to PCI15 for a concise description of the inflationary
models studied here and we limit ourselves here to a summary
of the main results of this analysis.

– The inflationary predictions (Mukhanov & Chibisov 1981;
Starobinsky 1983) originally computed for the R2 model
(Starobinsky 1980) to lowest order,

ns � 1 ' �
2
N
, r '

12
N2 , (48)

are in good agreement with Planck 2018 data, confirm-
ing the previous 2013 and 2015 results. The 95 % CL al-
lowed range 49 < N⇤ < 58 is compatible with the R2 ba-
sic predictions N⇤ = 54, corresponding to Treh ⇠ 109 GeV
(Bezrukov & Gorbunov 2012). A higher reheating temper-
ature Treh ⇠ 1013 GeV, as predicted in Higgs inflation
(Bezrukov & Shaposhnikov 2008), is also compatible with
the Planck data.

– Monomial potentials (Linde 1983) V(�) = �M4
Pl (�/MPl)p

with p � 2 are strongly disfavoured with respect to the
R2 model. For these values the Bayesian evidence is worse
than in 2015 because of the smaller level of tensor modes
allowed by BK14. Models with p = 1 or p = 2/3
(Silverstein & Westphal 2008; McAllister et al. 2010, 2014)
are more compatible with the data.

– There are several mechanisms which could lower the pre-
dictions for the tensor-to-scalar ratio for a given potential
V(�) in single-field inflationary models. Important exam-
ples are a subluminal inflaton speed of sound due to a non-
standard kinetic term (Garriga & Mukhanov 1999), a non-
minimal coupling to gravity (Spokoiny 1984; Lucchin et al.

1986; Salopek et al. 1989; Fakir & Unruh 1990), or an ad-
ditional damping term for the inflaton due to dissipation in
other degrees of freedom, as in warm inflation (Berera 1995;
Bastero-Gil et al. 2016). In the following we report on the
constraints for a non-minimal coupling to gravity of the type
F(�)R with F(�) = M2

Pl + ⇠�
2. To be more specific, a quartic

potential, which would be excluded at high statistical signif-
icance for a minimally-coupled scalar inflaton as seen from
Table 5, can be reconciled with Planck and BK14 data for
⇠ > 0: we obtain a 95 % CL lower limit log10 ⇠ > �1.6 with
ln B = �1.6.

– Natural inflation (Freese et al. 1990; Adams et al. 1993) is
disfavoured by the Planck 2018 plus BK14 data with a Bayes
factor ln B = �4.2.

– Within the class of hilltop inflationary models
(Boubekeur & Lyth 2005) we find that a quartic poten-
tial provides a better fit than a quadratic one. In the quartic
case we find the 95 % CL lower limit log10(µ2/MPl) > 1.1.

– D-brane inflationary models (Kachru et al. 2003; Dvali et al.
2001; Garcı́a-Bellido et al. 2002) provide a good fit to
Planck and BK14 data for a large portion of their parame-
ter space.

– For the simple one parameter class of inflationary potentials
with exponential tails (Goncharov & Linde 1984; Stewart
1995; Dvali & Tye 1999; Burgess et al. 2002; Cicoli et al.
2009) we find ln B = �1.0.

– Planck 2018 data strongly disfavour the hybrid model driven
by logarithmic quantum corrections in spontaneously broken
supersymmetric (SUSY) theories (Dvali et al. 1994), with
ln B = �5.0.
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J. E. Gudmundsson92,25, J. Hamann86, W. Handley65,5, F. K. Hansen57, D. Herranz60, E. Hivon53,93, D. C. Hooper54, Z. Huang83, A. H. Ja↵e51,
W. C. Jones25, E. Keihänen24, R. Keskitalo12, K. Kiiveri24,38, J. Kim74, T. S. Kisner71, N. Krachmalnico↵78, M. Kunz14,52,3, H. Kurki-Suonio24,38,

G. Lagache4, J.-M. Lamarre66, A. Lasenby5,65, M. Lattanzi29,46, C. R. Lawrence62, M. Le Jeune2, J. Lesgourgues54, F. Levrier66, A. Lewis23,
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ABSTRACT

We report on the implications for cosmic inflation of the 2018 release of the Planck cosmic microwave background (CMB) anisotropy measure-
ments. The results are fully consistent with those reported using the data from the two previous Planck cosmological releases, but have smaller
uncertainties thanks to improvements in the characterization of polarization at low and high multipoles. Planck temperature, polarization, and lens-
ing data determine the spectral index of scalar perturbations to be ns = 0.9649±0.0042 at 68 % CL. We find no evidence for a scale dependence of
ns, either as a running or as a running of the running. The Universe is found to be consistent with spatial flatness with a precision of 0.4 % at 95 %
CL by combining Planck with a compilation of BAO data. The Planck 95 % CL upper limit on the tensor-to-scalar ratio, r0.002 < 0.10, is further
tightened by combining with the BICEP2/Keck Array BK14 data to obtain r0.002 < 0.064. In the framework of standard single-field inflationary
models with Einstein gravity, these results imply that: (a) the predictions of slow-roll models with a concave potential, V 00(�) < 0, are increasingly
favoured by the data; and (b) based on two di↵erent methods for reconstructing the inflaton potential, we find no evidence for dynamics beyond
slow roll. Three di↵erent methods for the non-parametric reconstruction of the primordial power spectrum consistently confirm a pure power law
in the range of comoving scales 0.005 Mpc�1 . k . 0.2 Mpc�1. A complementary analysis also finds no evidence for theoretically motivated
parameterized features in the Planck power spectra. For the case of oscillatory features that are logarithmic or linear in k, this result is further
strengthened by a new combined analysis including the Planck bispectrum data. The new Planck polarization data provide a stringent test of the
adiabaticity of the initial conditions for the cosmological fluctuations. In correlated, mixed adiabatic and isocurvature models, the non-adiabatic
contribution to the observed CMB temperature variance is constrained to 1.3 %, 1.7 %, and 1.7 % at 95 % CL for cold dark matter, neutrino density,
and neutrino velocity, respectively. Planck power spectra plus lensing set constraints on the amplitude of compensated cold dark matter-baryon
isocurvature perturbations that are consistent with current complementary measurements. The polarization data also provide improved constraints
on inflationary models that predict a small statistically anisotropic quadupolar modulation of the primordial fluctuations. However, the polariza-
tion data do not support physical models for a scale-dependent dipolar modulation. All these findings support the key predictions of the standard
single-field inflationary models, which will be further tested by future cosmological observations.

⇤Corresponding authors:
Fabio Finelli, finelli@iasfbo.inaf.it;
Martin Bucher, bucher@apc.univ-paris7.fr
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➤ We know quantum fluctuations much better than the 
classical motion.



The single-field consistency relation with slow-roll

➤ The squeezed limit of bispectrum is suppressed by slow-roll conditions.

ds2 = �dt2 + a2(t)e2⇣S(x)+2⇣Ldx2

= �dt2 + a2(t)e2⇣S(x̃)dx̃2

h⇣(k1)⇣(k2)i⇣L = e�(ns�1)⇣Lh⇣(k̃1)⇣(k̃2)i0

Maldacena (2003)

The squeezed bispectrum lim
k3!0

h⇣(k1)⇣(k2)⇣(k3)i = �(ns � 1)h⇣(kS)⇣(kS)ih⇣(kL)⇣(kL)i

The dilatation transformation

de Putter et al. [1610.00785]
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Fig. 1.12. Bispectrum of the local ansatz. The signal is peaked for squeezed
triangles.

122]. This leads to signals that peak in equilateral triangle configura-
tions, i.e. k1 ⇠ k2 ⇠ k3. To characterize this type of non-Gaussianity,
we return to the Goldstone action. At cubic order and to lowest order
in derivatives, we get [51] (see Appendix B for the derivation)

S(3)

⇡ =

Z
d4x

p
�g

M2

plḢ

c2s
(1� c2s)

 
⇡̇(@i⇡)

2

a2
+

A

c2s
⇡̇3

!
. (1.71)

We have two cubic operators, ⇡̇(@i⇡)
2 and ⇡̇3, but only one new param-

eter, A. This is a consequence of the nonlinearly-realized time trans-
lation symmetry, which relates the amplitude of the operator ⇡̇(@i⇡)

2

to the sound speed. In DBI inflation (see §5.3) one has A = �1 [40],
while more generally naturalness arguments suggest A ⇠ O(1) [113].
Both ⇡̇(@i⇡)

2 and ⇡̇3 produce bispectra that are well approximated by
the equilateral template (1.67) (see fig. 1.13).

. Orthogonal non-Gaussianity.—The two equilateral bispectra are not
identical, so one can find a linear combination of the two operators
⇡̇(@i⇡)

2 and ⇡̇3 that is orthogonal in a well-defined sense [123] to the
shape (1.67), and also to the local shape (1.66). This is the orthog-
onal template (1.68) [113]. In terms of the parameters of the La-
grangian (1.71), the signal is mostly of the orthogonal shape — specif-

Cosmological collider 
          — probing new physics during inflation

Arkani-Hamed & Maldacena (2015)

Assassi, Baumann & Green (2012)

From Baumann & McAllister
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FIG. 11. In the squeezed limit, the three-point function logarithmically oscillates as a function of
c. This behavior is illustrated for µ = 2 and m = 0, 0.5H, H, 1.5H, and 2H. The solid lines show
the exact behavior as a function of c (i.e. using equation (6.9)) whereas the dotted lines show the
approximate behavior to quadratic order in c (i.e. using equation (6.10)).

= V 000
S
H�4k3c�3Im

⇥
c↵���(µ,m) + c↵+�+(µ,m) + c2�2(µ,m)

⇤

(6.10)

where �� = ⇡(1)⇤
k

(0)b(1)� + ⇡(2)⇤
k

(0)b(2)� , �+ = ⇡(1)⇤
k

(0)b(1)+ + ⇡(2)⇤
k

(0)b(2)+ , �2 = ⇡(1)⇤
k

(0)b(1)2 +

⇡(2)⇤
k

(0)b(2)2 and

��(µ,m) = �2��

Z 0

�1

d⌘

⌘4

⇣
⇡(1)⇤
k

(0)s(1)
k
(⌘) + ⇡(2)⇤

k
(0)s(2)

k
(⌘)

⌘2

(�⌘)↵�

�+(µ,m) = �2�+

Z 0

�1

d⌘

⌘4

⇣
⇡(1)⇤
k

(0)s(1)
k
(⌘) + ⇡(2)⇤

k
(0)s(2)

k
(⌘)

⌘2

(�⌘)↵+

�2(µ,m) = �2�2

Z 0

�1

d⌘

⌘4

⇣
⇡(1)⇤
k

(0)s(1)
k
(⌘) + ⇡(2)⇤

k
(0)s(2)

k
(⌘)

⌘2

(�⌘)2. (6.11)

We can compute ��, �+, and �2 by fitting the numerical mode functions s(i)
k
(⌘) to their

power series expansions at small �⌘ and extracting b(i)± , b(i)2 from the fits. The integrals in
(6.11) can be computed using the same Wick rotation technique used to compute Bequil

⇡
.

Then, rearranging (6.10) gives

Bsq
⇡

= V 000
S
H�4k3c�3/2 (6.12)

⇥
�
Im [�+ + ��] cos (log(c)Im [↵+]) + Re [�+ � ��] sin (log(c)Im [↵+]) + c1/2Im [�2]

�

We plot Im [�+ + ��] in figure 10. The sine term is usually smaller and so we have not
displayed it in a figure. Equation (6.12) shows that the squeezed limit of the three-point
function oscillates logarithmically as a function of c. This behavior is illustrated in figure
11. Note that that the dependence of Im [↵+] =

p
m2/H2 + µ2/H2 � 9/4 on µ has an

important e↵ect on the oscillations. This impacts the two point function of biased objects,
see for example [30].

The oscillatory terms in eq. (6.12) are enhanced by a factor of c�1/2, but are suppressed
in the large µ limit.

An, McAneny, Ridgway & Wise (2017)

➤ Signals from a strong coupling

3

A. Quasi-single-field inflation and bispectra

The observable of interest in this paper is the curvature
bispectrum from QSF inflation models, in which there are
additional scalar fields with masses of order the Hubble
parameter, as first proposed in Ref. [1]. This setup has
been considered by a number of authors [2–11, 13–15]
and we briefly review their results, with an emphasis on
the characteristics relevant for observation.

The model proposed in Ref. [1] contains a heavy
scalar field � producing non-Gaussianities from a self-
interaction �

3 vertex. As the massive field is not con-
strained by the approximate shift symmetry of the in-
flaton field, it can have strong interactions. The non-
Gaussianities are then mediated to the curvature pertur-
bation ⇣ by a quadratic coupling of the form ⇣̇�. The pro-
cess is described by diagram B of Fig. 1. The quadratic
coupling in this model is not put in by hand, but gener-
ated by a curved trajectory of the background field with
constant radius of curvature (see Ref. [1] for details), al-
lowing a naturally e�cient coupling of the two fields.

Another scattering process has been studied in detail
recently [7, 19] and is illustrated in diagram A. A ver-
tex of the form ⇣̇

2
� or (@x⇣)2� creates a massive ex-

change particle �. The particle is then converted back
by a quadratic coupling of form ⇣̇�. The conservative
value for the quadratic coupling in the absence of a non-
trivial background evolution, is obtained by setting one
of the legs of the cubic vertex to the background field
proportional to the slow-roll parameter. This type of in-
teractions can be realized as a consequence of turning
trajectory [2].

A variety of other scattering processes can occur (see
for example diagram C) and have been discussed in
[2, 3, 6, 29]. In the following we briefly summarize the key
scaling behavior in the squeezed limit, which is a model-
independent result and allows us to perform a more gen-
eral analysis in the following sections.

Information about the mass spectrum is encoded in
the power of the momentum ratio in the squeezed-limit
bispectrum, irrespective of the details of the scattering
processes. A key distinction can already be seen at the
level of the mode function of a massive particle. Out-
side of the horizon, the amplitude of a particle with mass

m decays as (±⌧)3/2±iµ where µ =
q

m2

H2 � 9
4 , H is the

Hubble parameter, and ⌧ is the conformal time. This
immediately suggests three qualitatively di↵erent mass
ranges. For m/H ⇡ 0, the particle does not decay and
the phenomenology will be described by what is usually
called multi-field inflation. For 0 < m/H  3/2, the field
decays, with a rate determined by the mass parameter.
Finally, for m/H > 3/2 the field decays while experi-
encing oscillations as a function of ⌧ . These behaviors
have been shown to lead to a characteristic scaling of the

squeezed limit of the bispectrum given by

Ssqueezed /
✓

klong

kshort

◆1/2±iµ

. (1)

This form reproduces the power-law of the squeezed limit
of the local shape when m/H ⇡ 0 and interpolates be-
tween the local and equilateral shapes up to m/H = 3/2.
For higher masses, it becomes an oscillatory function of
klong/kshort.
In principle, the bispectrum receives contributions

from all interaction vertices and quadratic mixing ver-
tices that can be generated from ⇣, � and their deriva-
tives. The physical arguments that lead to the above
power-law/oscillatory behavior do not depend on the pre-
cise couplings of the theory, making it quite generic. This
is the most important point of the cosmological-collider
analogy [7]. Therefore, the squeezed limit of the bispec-
trum, and more generally soft limits of non-Gaussianities,
can be considered as a particle detector for massive par-
ticles.
The possible amplitudes of these bispectra span a wide

range of values, and strongly depend on the nature of cou-
plings in the model [2, 3, 20, 29]. It is the purpose of this
paper to investigate what sizes of the bispectrum may
be measurable and the detectability of heavy particles in
the futurist 21-cm experiments. We will also discuss the
implications on model building.
Finally, we note that for large masses m > O(H) the

signal acquires a Boltzmann suppression e
�⇡µ [7], since

particles that are too massive cannot be produced ther-
mally during inflation. This factor limits the mass range
of this primordial “particle detector”. So we focus on
particles whose masses are not too much heavier than H.
Previous works [8, 9] have considered the detectability

of these signals with the cosmic microwave background
and large-scale structure in the mass range m/H  3/2
(which corresponds to the power-law behavior in the
squeezed limit). In this work, we consider the 21-cm
experiments and study both the range m/H  3/2 and
m/H > 3/2 (i.e. both the power-law and oscillatory be-
haviors).

B. The primordial shape function

The primordial shape function has been evaluated in
[7, 20] for diagrams of type A in Fig. 1. Except for the
squeezed limit shape, there is no full analytic expres-
sion available, but partial results including the full shape
that contains the clock signal have been been provided
[20]. Ref. [20] also showed how to e�ciently evaluate
the necessary integrals using Wick rotations. We review
the derivation of the shape from the in-in formalism and
details of the numerical evaluation of the integrals in Ap-
pendix A.
In the present analysis we work in terms of primordial

Example I. quasi-single field inflation

Characteristic signals of heavy particles 

➤ Signals with a large mass

5

FIG. 2: Bispectrum shape function for di↵erent values of µ for two di↵erent couplings, ⇣̇2� and (r⇣)2�, normalized to unity
at k1/k3 = 1. The plot contains the full bispectrum, including all terms and permutations. Our results for ⇣̇

2
� are in

exact agreement with the results in Ref. [20] Fig. 6. Note that the full shape includes both the clock signal (non-analytic in
momentum) and non-clock signal (analytic in momentum). The former is Boltzmann-suppressed at large µ, while the latter is
power-law-suppressed. In the last two figures, the normalization at the equilateral point is dominated by the latter.

FIG. 3: Primordial shape function on the axis k1 = k2, k3 = 1
Mpc�1, normalized to 1 for k1 = 1 Mpc�1.

which does not contain the particle spectrum informa-
tion; therefore we would like to remove such “contami-
nation” from our template.

A. A template for clock signals (m > 3H/2 case)

We would like to find a shape function that indicates
the presence of heavy particles, without knowledge of
the precise inflationary interactions. In the last sec-
tion we have seen that the shape arising from massive
particles has a large overlap with other shapes, as well
as with the signal for other masses. To obtain a de-
tection that cannot be confused with self-interactions of
the inflaton (which give rise to local or equilateral non-
Gaussianities), one has to focus on the oscillatory part.
Following Ref. [20], we call the oscillatory contribution
the clock signal, and the rest the non-clock signal. The
inflationary clock signal has been shown to take the fol-
lowing model-independent form [7],

S /
✓

klong

kshort

◆1/2±iµ

. (8)

Meerburg et. al. (2016)

LI ⇠ ⇢

⇤
(@�)2�

Chen & Wang (2010)



 wave interference

 1(~r, t) = A1(~r)e
�i[!t�↵1(~r)]

 2(~r, t) = A2(~r)e
�i[!t�↵2(~r)]

I(~r) =

Z
dt   ⇤

⇠ A2
1 +A2

2 + 2A1A2 cos[↵1 � ↵2]

 =  1 + 2

The intensity

The source

credit by Quan Bui



 cosmological quantum interference

The correlation function

The two sources

D
Q̂[⇣, ⇣̇,�, �̇]

E
= (non-oscillatory) + (oscillatory)

 must come from 𝝈 ! 

 analytic waves

 analytic + non-analytic waves�(k, ⌘) ⇠
✓
�k⌘

2

◆2n±iµ

⇣(k, ⌘) ⇠ e�ik⌘
µ =

r
m2

H2
� 9

4



Steps towards new discovery:

1. To work out the background signals during inflation. 

Cosmological collider 
          — probing new physics during inflation

M2
H ¼

ffiffiffiffiffi
6λ
π3

r
H2: ð6Þ

Another striking phenomenon in inflation is that the
gauge fields can also acquire nonzero mass even when
the Higgs VEV hHi remains zero. This is again due to the
infrared divergence of loop corrections. They can be
calculated either using the real time Schwinger-Keldysh
(SK) formalism with the dynamical renormalization group
resummation of infrared divergence [13], or Wick rotating
the spacetime to Euclidean de Sitter spacetime [7]. Both
methods yield the same results; i.e., the gluon and photon
still remain massless during inflation, while W=Z bosons
acquire nonzero mass,

M2
W ¼ 3g2H4

8π2M2
H
; M2

Z ¼ M2
W=cos

2θW; ð7Þ

where g is the weak gauge coupling and θW is the Weinberg
angle. On the other hand, the fermions always remain
massless during inflation so long as the Higgs VEV is zero.
It should be noted that the coupling constant g in Eq. (7)

also receives corrections from the operator− 1
4 fWðX;ϕÞW

2
μν

coming from Eq. (2), and the corrected g is related to its SM
value gSM via g2 ¼ g2SM=½1þ fWðX0;ϕ0Þ&. Similar correc-
tions apply to other SM couplings including the Weinberg
angle. Generally it makes the SM background rather arbi-
trary, but tractable cases do existwhen the background values
of various fα functions are small enough, and in such cases
one can make certain predictions to the SM spectrum.
With the SM spectrum in non-Higgs inflation clarified,

nowwe turn to typical Higgs inflation, where the Higgs field
itself is the inflaton and acquires a huge VEV. Specificially,
let us take the original Higgs inflation model as an example
[14]. There the Higgs inflaton ϕ≃ 5MPl at the beginning of
observable inflation. As a result, all charged fermions and
W=Z bosons acquire masses proportional to their Higgs
coupling and also to the Higgs VEV, but with v ¼ 246 GeV

replaced by the quantity ðMPl=
ffiffiffi
ξ

p
Þð1 − e−

ffiffiffiffiffiffi
2=3

p
ϕ=MPlÞ1=2∼

Oð0.01MPlÞ, where ξ can be as large as 104. On the other
hand, since the Higgs field itself is the inflaton, its mass
(effectively zero) does not belong to the isocurvaton
spectrum.
The main results of this section are summarized in Fig. 1,

where we plot the SM spectrum normalized by the Hubble
scale H. For illustration, the Hubble scale is fixed to
the value in the typical Higgs inflation model, H≃
2.0 × 1013 GeV. For non-Higgs inflation cases (left 3
columns), all fα functions are assumed to be negligibly
small. All SM couplings are extrapolated to the Hubble
scale by two-loop renormalization group running.
SM background in the squeezed limit.—Given the SM

spectrum during inflation, now we figure out the signals of
the SM fields in the inflaton bispectrum. All SM fields are

charged under the SM gauge group and thus are produced
in pairs. Therefore, they contribute to three-point inflaton
correlators starting from the one-loop level. An example of
this contribution is shown in Fig. 2. There is also a one-loop
diagram with three three-point vertices, but it is likely
subdominant due to a further suppression factor _ϕ2

0.
It is important to specify the SM-inflaton couplings (2) in

order to evaluate diagrams such as in Fig. 2. At the one-
loop level, the only relevant operators Oα are those
quadratic in the SM fields. SM couplings beyond quadratic
order, such as the Higgs self-coupling or gauge couplings,
contribute to the bispectrum at least through two loops, and
thus will be neglected. If we further restrict our attention to
scalar operators with dimension no greater than 4, then
there are only four terms,

L ⊃ −fHðXÞH†H − fDHðXÞjDμHj2

− fΨi
ðXÞΨ̄iDΨi −

1

4
fAa

ðXÞFaμνF
μν
a ; ð8Þ

where Ψi denotes all the charged fermions and D is the
corresponding covariant derivative, Faμν ¼ ∂μAaν − ∂νAaμ

is the quadratic part of gauge kinetic term, Aa’s represent

FIG. 1. The mass spectrum of the standard model during
inflation. The left three columns correspond to the non-Higgs
inflation with zero Higgs VEV, and Higgs masses are chosen to
be ð0.05; 0.5; 5ÞH, respectively. The rightmost column corre-
sponds to the original Higgs inflation model.

FIG. 2. The diagram contributing to the squeezed limit of the
bispectrum with the SM loop. The Φ field represents any of the
SM fields.
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the SM gauge fields, and we have made a further simplify-
ing assumption that various fα functions depend only on X
but not directly on ϕ; i.e., we are considering the leading
terms under the shift symmetry. After separating the
inflaton into background and fluctuation ϕ ¼ ϕ0 þ δϕ,
the operator Oα ⊃ fjHj2; jDμHj2; Ψ̄iDΨi; F2

μνg couples to
the inflaton fluctuation according to

L ⊃ fα0Oα þ 2f0α0 _ϕ0
_δϕOα

þ ½f0α0ð∂μδϕÞ2 þ 2f00α0 _ϕ
2
0
_δϕ2&Oα; ð9Þ

where f0α ¼ dfα=dX , and the subscript 0 indicates that the
background value has been taken. We can also drop the last
term proportional to _ϕ2

0, which is expected to be much
smaller than other terms.
Then we can apply the SK formalism to calculate the

three-point correlation of δϕ,

hδϕk1δϕk2δϕk3i
0

¼ 4f0α0
2 _ϕ0

Z
0

−∞

dτ0dτ00

ðH2τ0τ00Þ2
X

SK

hO2
αðk3; τ0; τ00Þi0

× ∂τ00Gk3ð0; τ
00Þ½∂τ0Gk1ð0; τ

0Þ∂τ0Gk2ð0; τ
0Þ

þ k1 · k2Gk1ð0; τ
0ÞGk2ð0; τ

0Þ&; ð10Þ

where the prime h' ' 'i0 indicates that the delta function of
momentum conservation has been amputated, Gkðτ; τ0Þ is
the SK propagator of the inflaton with momentum k from
conformal time τ to τ0, and the summation goes over all SK
contours.
It is in general quite difficult to carry out the integration

(10) in closed form. However, if we are only concerned
with the “nonlocal” behavior as a noninteger power of
k3=k1 in the squeezed limit k1;2 ≫ k3, it is possible to get
analytical expressions for Eq. (10), by expanding the
correlator hO2

αðk3; τ0; τ00Þi0 in the τ0, τ00 → 0 limit.
Remarkably, the result is free of UV divergence, and does
present the noninteger power of k3=k1. Here we present the
results in terms of curvature perturbation ζ, using the
relation ζ ¼ −Hδϕ= _ϕ0, and the standard parametrization

hζk1ζk2ζk3i
0 ≡ ð2πÞ4

ðk1k2k3Þ2
P2
ζSðk1; k2; k3Þ; ð11Þ

where Pζ ¼ H2=ð8π2M2
PlϵÞ is the scalar power spectrum.

Then, in the squeezed limit kS≡k1≃k2≫k3≡kL, the non-
local part of Eq. (10) with Oα⊃fjHj2;jDμHj2;Ψ̄iDΨi;F2

μνg
can be collectively written in terms of Sðk1; k2; k3Þ in
Eq. (11) as

Sα ¼

8
<

:

Aα

!
kL
kS

"
as−2μs þ ðμs → −μsÞ; μs real

2Re
h
Aα

!
kL
kS

"
as−2μs

i
; μs complex;

ð12Þ

where μs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2s − ðMα=HÞ2

p
, and Mα is the mass of the

fields in Oα. The spin s-dependent parameter as ¼ ð2; 1; 2Þ
and bs ¼ ð32 ; 0;

1
2Þ, for s ¼ ð0; 12 ; 1Þ, respectively. The coef-

ficient Aα depends on the choice of Oα. For dim-2 operator
jHj2, this coefficient is given by AH ¼ f0H0

2 _ϕ2
0CHðμ0Þ=π4,

and CHðμ0Þ is a function of μ0 which is suppressed as
e−2πMα=H when Mα ≫ H but enhanced as ðMα=HÞ−4 when
Mα ≪ H. On the other hand, for dim-4 operators
Oα ⊃ fjDμHj2; Ψ̄iDΨi; F2

μνg, Aα ¼ f0α0
2H4 _ϕ2

0CαðμsÞ=π4,
and the coefficient CαðμsÞ depends on μs only, and is again
suppressed by e−2πMα=H when Mα ≫ H.
Some features of Eq. (12) are worth mentioning. First,

for a sufficiently light particle, i.e., m < bsH, the power μs
is real and positive. In this case, the squeezed limit of the
bispectrum shows characteristic power-law behavior with
(generally) noninteger exponent μs. On the other hand, for
heavy particles with mass m > bsH, μs is imaginary and
the corresponding bispectrum shows oscillatory behavior.
Both power-law and oscillatory behaviors are distinctive
signals of massive fields. Remarkably, massive fermions
always show oscillatory signals rather than power law.
Second, the Boltzmann suppression e−2πm=H appears in

all cases, which means that we should not hope to observe
particles with mass much larger than H.
Third, we comment on the observability of this SM

background. We have shown that the amplitudes of these
specific bispectra are fNL ∼f0α0

2H4 _ϕ2
0CαðμsÞ for dim-4

operators and a similar expression for dim-2 operators.
Given current experimental constraints, these bispetra are
likely unobservable in CMB, but future experiments in
large scale structure surveys [16] and the 21 cm tomog-
raphy [17] are expected to significantly improve the
constraints on primordial non-Gaussianities. For the type
of signals we are interested in, it has been forecasted that
future 21 cm experiments can, in principle, be sensitive to
fNL ≳Oð0.01Þ [18]. Assuming Cα, CH ∼Oð1Þ, we see
that the SM background would be detectable if f0α0

2 ≳
ðH2 _ϕ0Þ−1 and f0H0 ≳ _ϕ−1

0 . This condition can be further
loosened for sufficiently light bosons (m < H=2), because
in this case the Cα factors for jHj2 and F2

μν operators are
greatly enhanced and can be much larger than Oð1Þ.
Finally, we note an interesting window of parameter

space where the SM background becomes both predictable
and observable. This corresponds to regions where fα0 are
sufficiently small but f0α0 are sufficiently large. In this case
the SM spectrum is not affected by the SM-inflaton
couplings, and we may even hope to calibrate the cosmo-
logical collider using this well-defined and distinct SM
signal. This parameter range is likely unnatural in effective
field theory, but it is interesting to investigate if this can be
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the SM gauge fields, and we have made a further simplify-
ing assumption that various fα functions depend only on X
but not directly on ϕ; i.e., we are considering the leading
terms under the shift symmetry. After separating the
inflaton into background and fluctuation ϕ ¼ ϕ0 þ δϕ,
the operator Oα ⊃ fjHj2; jDμHj2; Ψ̄iDΨi; F2

μνg couples to
the inflaton fluctuation according to

L ⊃ fα0Oα þ 2f0α0 _ϕ0
_δϕOα

þ ½f0α0ð∂μδϕÞ2 þ 2f00α0 _ϕ
2
0
_δϕ2&Oα; ð9Þ

where f0α ¼ dfα=dX , and the subscript 0 indicates that the
background value has been taken. We can also drop the last
term proportional to _ϕ2

0, which is expected to be much
smaller than other terms.
Then we can apply the SK formalism to calculate the

three-point correlation of δϕ,

hδϕk1δϕk2δϕk3i
0

¼ 4f0α0
2 _ϕ0

Z
0

−∞

dτ0dτ00

ðH2τ0τ00Þ2
X

SK

hO2
αðk3; τ0; τ00Þi0

× ∂τ00Gk3ð0; τ
00Þ½∂τ0Gk1ð0; τ

0Þ∂τ0Gk2ð0; τ
0Þ

þ k1 · k2Gk1ð0; τ
0ÞGk2ð0; τ

0Þ&; ð10Þ

where the prime h' ' 'i0 indicates that the delta function of
momentum conservation has been amputated, Gkðτ; τ0Þ is
the SK propagator of the inflaton with momentum k from
conformal time τ to τ0, and the summation goes over all SK
contours.
It is in general quite difficult to carry out the integration

(10) in closed form. However, if we are only concerned
with the “nonlocal” behavior as a noninteger power of
k3=k1 in the squeezed limit k1;2 ≫ k3, it is possible to get
analytical expressions for Eq. (10), by expanding the
correlator hO2

αðk3; τ0; τ00Þi0 in the τ0, τ00 → 0 limit.
Remarkably, the result is free of UV divergence, and does
present the noninteger power of k3=k1. Here we present the
results in terms of curvature perturbation ζ, using the
relation ζ ¼ −Hδϕ= _ϕ0, and the standard parametrization

hζk1ζk2ζk3i
0 ≡ ð2πÞ4

ðk1k2k3Þ2
P2
ζSðk1; k2; k3Þ; ð11Þ

where Pζ ¼ H2=ð8π2M2
PlϵÞ is the scalar power spectrum.

Then, in the squeezed limit kS≡k1≃k2≫k3≡kL, the non-
local part of Eq. (10) with Oα⊃fjHj2;jDμHj2;Ψ̄iDΨi;F2

μνg
can be collectively written in terms of Sðk1; k2; k3Þ in
Eq. (11) as

Sα ¼

8
<

:

Aα

!
kL
kS

"
as−2μs þ ðμs → −μsÞ; μs real

2Re
h
Aα

!
kL
kS

"
as−2μs

i
; μs complex;

ð12Þ

where μs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2s − ðMα=HÞ2

p
, and Mα is the mass of the

fields in Oα. The spin s-dependent parameter as ¼ ð2; 1; 2Þ
and bs ¼ ð32 ; 0;

1
2Þ, for s ¼ ð0; 12 ; 1Þ, respectively. The coef-

ficient Aα depends on the choice of Oα. For dim-2 operator
jHj2, this coefficient is given by AH ¼ f0H0

2 _ϕ2
0CHðμ0Þ=π4,

and CHðμ0Þ is a function of μ0 which is suppressed as
e−2πMα=H when Mα ≫ H but enhanced as ðMα=HÞ−4 when
Mα ≪ H. On the other hand, for dim-4 operators
Oα ⊃ fjDμHj2; Ψ̄iDΨi; F2

μνg, Aα ¼ f0α0
2H4 _ϕ2

0CαðμsÞ=π4,
and the coefficient CαðμsÞ depends on μs only, and is again
suppressed by e−2πMα=H when Mα ≫ H.
Some features of Eq. (12) are worth mentioning. First,

for a sufficiently light particle, i.e., m < bsH, the power μs
is real and positive. In this case, the squeezed limit of the
bispectrum shows characteristic power-law behavior with
(generally) noninteger exponent μs. On the other hand, for
heavy particles with mass m > bsH, μs is imaginary and
the corresponding bispectrum shows oscillatory behavior.
Both power-law and oscillatory behaviors are distinctive
signals of massive fields. Remarkably, massive fermions
always show oscillatory signals rather than power law.
Second, the Boltzmann suppression e−2πm=H appears in

all cases, which means that we should not hope to observe
particles with mass much larger than H.
Third, we comment on the observability of this SM

background. We have shown that the amplitudes of these
specific bispectra are fNL ∼f0α0

2H4 _ϕ2
0CαðμsÞ for dim-4

operators and a similar expression for dim-2 operators.
Given current experimental constraints, these bispetra are
likely unobservable in CMB, but future experiments in
large scale structure surveys [16] and the 21 cm tomog-
raphy [17] are expected to significantly improve the
constraints on primordial non-Gaussianities. For the type
of signals we are interested in, it has been forecasted that
future 21 cm experiments can, in principle, be sensitive to
fNL ≳Oð0.01Þ [18]. Assuming Cα, CH ∼Oð1Þ, we see
that the SM background would be detectable if f0α0

2 ≳
ðH2 _ϕ0Þ−1 and f0H0 ≳ _ϕ−1

0 . This condition can be further
loosened for sufficiently light bosons (m < H=2), because
in this case the Cα factors for jHj2 and F2

μν operators are
greatly enhanced and can be much larger than Oð1Þ.
Finally, we note an interesting window of parameter

space where the SM background becomes both predictable
and observable. This corresponds to regions where fα0 are
sufficiently small but f0α0 are sufficiently large. In this case
the SM spectrum is not affected by the SM-inflaton
couplings, and we may even hope to calibrate the cosmo-
logical collider using this well-defined and distinct SM
signal. This parameter range is likely unnatural in effective
field theory, but it is interesting to investigate if this can be
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Steps towards new discovery:

1. To work out the background signals during inflation. 

Cosmological collider 
          — probing new physics during inflation

M2
H ¼

ffiffiffiffiffi
6λ
π3

r
H2: ð6Þ

Another striking phenomenon in inflation is that the
gauge fields can also acquire nonzero mass even when
the Higgs VEV hHi remains zero. This is again due to the
infrared divergence of loop corrections. They can be
calculated either using the real time Schwinger-Keldysh
(SK) formalism with the dynamical renormalization group
resummation of infrared divergence [13], or Wick rotating
the spacetime to Euclidean de Sitter spacetime [7]. Both
methods yield the same results; i.e., the gluon and photon
still remain massless during inflation, while W=Z bosons
acquire nonzero mass,

M2
W ¼ 3g2H4

8π2M2
H
; M2

Z ¼ M2
W=cos

2θW; ð7Þ

where g is the weak gauge coupling and θW is the Weinberg
angle. On the other hand, the fermions always remain
massless during inflation so long as the Higgs VEV is zero.
It should be noted that the coupling constant g in Eq. (7)

also receives corrections from the operator− 1
4 fWðX;ϕÞW

2
μν

coming from Eq. (2), and the corrected g is related to its SM
value gSM via g2 ¼ g2SM=½1þ fWðX0;ϕ0Þ&. Similar correc-
tions apply to other SM couplings including the Weinberg
angle. Generally it makes the SM background rather arbi-
trary, but tractable cases do existwhen the background values
of various fα functions are small enough, and in such cases
one can make certain predictions to the SM spectrum.
With the SM spectrum in non-Higgs inflation clarified,

nowwe turn to typical Higgs inflation, where the Higgs field
itself is the inflaton and acquires a huge VEV. Specificially,
let us take the original Higgs inflation model as an example
[14]. There the Higgs inflaton ϕ≃ 5MPl at the beginning of
observable inflation. As a result, all charged fermions and
W=Z bosons acquire masses proportional to their Higgs
coupling and also to the Higgs VEV, but with v ¼ 246 GeV

replaced by the quantity ðMPl=
ffiffiffi
ξ

p
Þð1 − e−

ffiffiffiffiffiffi
2=3

p
ϕ=MPlÞ1=2∼

Oð0.01MPlÞ, where ξ can be as large as 104. On the other
hand, since the Higgs field itself is the inflaton, its mass
(effectively zero) does not belong to the isocurvaton
spectrum.
The main results of this section are summarized in Fig. 1,

where we plot the SM spectrum normalized by the Hubble
scale H. For illustration, the Hubble scale is fixed to
the value in the typical Higgs inflation model, H≃
2.0 × 1013 GeV. For non-Higgs inflation cases (left 3
columns), all fα functions are assumed to be negligibly
small. All SM couplings are extrapolated to the Hubble
scale by two-loop renormalization group running.
SM background in the squeezed limit.—Given the SM

spectrum during inflation, now we figure out the signals of
the SM fields in the inflaton bispectrum. All SM fields are

charged under the SM gauge group and thus are produced
in pairs. Therefore, they contribute to three-point inflaton
correlators starting from the one-loop level. An example of
this contribution is shown in Fig. 2. There is also a one-loop
diagram with three three-point vertices, but it is likely
subdominant due to a further suppression factor _ϕ2

0.
It is important to specify the SM-inflaton couplings (2) in

order to evaluate diagrams such as in Fig. 2. At the one-
loop level, the only relevant operators Oα are those
quadratic in the SM fields. SM couplings beyond quadratic
order, such as the Higgs self-coupling or gauge couplings,
contribute to the bispectrum at least through two loops, and
thus will be neglected. If we further restrict our attention to
scalar operators with dimension no greater than 4, then
there are only four terms,

L ⊃ −fHðXÞH†H − fDHðXÞjDμHj2

− fΨi
ðXÞΨ̄iDΨi −

1

4
fAa

ðXÞFaμνF
μν
a ; ð8Þ

where Ψi denotes all the charged fermions and D is the
corresponding covariant derivative, Faμν ¼ ∂μAaν − ∂νAaμ

is the quadratic part of gauge kinetic term, Aa’s represent

FIG. 1. The mass spectrum of the standard model during
inflation. The left three columns correspond to the non-Higgs
inflation with zero Higgs VEV, and Higgs masses are chosen to
be ð0.05; 0.5; 5ÞH, respectively. The rightmost column corre-
sponds to the original Higgs inflation model.

FIG. 2. The diagram contributing to the squeezed limit of the
bispectrum with the SM loop. The Φ field represents any of the
SM fields.

PRL 118, 261302 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
30 JUNE 2017

261302-3

The SM mass spectrum during inflation

➤ These SM corrections are usually negligible…

Chen, Wang & Xianyu JHEP04 (2017)

Chen, Wang & Xianyu PRL118 (2017)

Reviewed by Yi Wang



Cosmological collider 
          — probing signals of massive fields during inflation

Steps towards new discovery:

1. To work out the background signals during inflation. 

2. To figure out how new particles enter the bispectrum.✔

From Yi Wang’s talk

fNL ⇠ P�1/2
⇣ ⇥ couplings ⇥ suppression factors



Cosmological collider 
          — probing signals of massive fields during inflation

Steps towards new discovery:

1. To work out the background signals during inflation. 

2. To figure out how new particles enter the bispectrum.✔

From Yi Wang’s talk

model-dependent

fNL ⇠ P�1/2
⇣ ⇥ couplings ⇥ suppression factors



Cosmological collider 
          — probing signals of massive fields during inflation

Steps towards new discovery:

1. To work out the background signals during inflation. 

2. To figure out how new particles enter the bispectrum.✔

original smoothed shifted

Example II. hybrid inflation (waterfall transition)
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The domain wall problem

⇢1 : one-point probability distribution function

Linde (1993)



The domain wall problem

The DW formation rate is 
controlled by model parameters.
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Example I. quasi-single field inflation

Characteristic signals of heavy particles 
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Chen, Namjoo & Wang (2016)

Example I. quasi-single field inflation

Characteristic signals of heavy particles 

5

FIG. 2: Bispectrum shape function for di↵erent values of µ for two di↵erent couplings, ⇣̇2� and (r⇣)2�, normalized to unity
at k1/k3 = 1. The plot contains the full bispectrum, including all terms and permutations. Our results for ⇣̇

2
� are in

exact agreement with the results in Ref. [20] Fig. 6. Note that the full shape includes both the clock signal (non-analytic in
momentum) and non-clock signal (analytic in momentum). The former is Boltzmann-suppressed at large µ, while the latter is
power-law-suppressed. In the last two figures, the normalization at the equilateral point is dominated by the latter.

FIG. 3: Primordial shape function on the axis k1 = k2, k3 = 1
Mpc�1, normalized to 1 for k1 = 1 Mpc�1.

which does not contain the particle spectrum informa-
tion; therefore we would like to remove such “contami-
nation” from our template.

A. A template for clock signals (m > 3H/2 case)

We would like to find a shape function that indicates
the presence of heavy particles, without knowledge of
the precise inflationary interactions. In the last sec-
tion we have seen that the shape arising from massive
particles has a large overlap with other shapes, as well
as with the signal for other masses. To obtain a de-
tection that cannot be confused with self-interactions of
the inflaton (which give rise to local or equilateral non-
Gaussianities), one has to focus on the oscillatory part.
Following Ref. [20], we call the oscillatory contribution
the clock signal, and the rest the non-clock signal. The
inflationary clock signal has been shown to take the fol-
lowing model-independent form [7],

S /
✓

klong

kshort

◆1/2±iµ

. (8)

Meerburg et. al. (2016)Figure 5: A comparison between the squeezed limit approximation, (4.19) + (4.20), and the full
numerical calculation of the bispectrum where the massive field is the long mode. The isosceles
configuration k1 = k2 is used. The vertical axis is the corresponding contribution to the shape
function, and the unit of Scontrib is 2c2c3/(✏HM

2

P
). The black solid line denotes the full analytical

result, and the green dashed line denotes the Hankel part separately. The blue dots line represents
the numerical calculation. One observes that for small µ, the Hankel part gives dominate contri-
bution. For larger µ, though the Hankel part still contribute all the clock signals, the 2F2 part
contributes a significant shift of the amplitude.
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2
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2
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5

2
� iµ, 2� 2iµ;�

2k3
k1 + k2

◆
. (4.26)

Note that the “c.c.” in (4.23) is in addition to that in (4.12).

We also compare this large µ expression with the results with finite µ in Fig. 4. One can

see that it is a good approximation even at the smaller µ values.

• IHankel + I2F2. The following are a few aspects of the net result IHankel + I2F2.

Comparisons between the squeezed limit approximation, (4.19) + (4.20), and the full

numerical calculation where the massive field is the long mode are shown in Fig. 5.

Parallel to what we did in (4.9), we can further take the large mass limit of these results.

The clock signal is again given by (4.19) in these limits,

S
clock

(3.9)
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��������!
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+ c.c. (4.27)
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✓
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◆�1/2
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µ ln

4k1
k3

+
3⇡

4

�
, (4.28)

where we can see the Boltzmann suppression factor.

Note that in these limits, the contribution that does not contain the clock signal, namely

(4.20), is not suppressed by the Boltzmann factor but only by the power law ⇠ µ
�2. The

physical interpretation [18] is that such a contribution does not describe the quantum creation

of massive particles from the inflationary background, and is captured in the low energy

e↵ective theory. However the clock signal corresponds to the quantum creation of massive

22

µ =

r
m2

H2
� 9

4analytic v.s. non-analytic
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c = k/kc

Characteristic signals of hybrid inflation 

breaking scenario driven by the rolling of ✓ as [25]

V (✓, �) = Vsr(✓) +
�

4

⇥
(� � �

⇤
0)

2
� v

2
⇤2

+
g
2

2
✓
2(� � �

⇤
0)

2
, (6)

where Vsr(✓) stands for the potential of the slow-roll inflation and � is a dimensionless

parameter. g and v are parameters with the same dimension of the mass. The critical value

of phase transition in the isocurvature direction is ✓2
c
= �v

2
/g

2 when � = �
⇤
0. There are two

interesting regimes in the theory:

1. If Vsr(✓c) ⌧ �v
4
/4, the isocurvaton comes to dominate the energy density of the

universe after phase transition, and the slow-roll inflation due to Vsr(✓) can be ended

by a rapid waterfall of � [25] or be replaced by a secondary inflation driven by the

slow rolling of � [31], depending on the value of the critical mass m
2
c
⌘ g

2
✓
2
c
= �v

2.

We consider this regime as the usual hybrid inflation scenario.

2. If Vsr(✓c) � �v
4
/4, the slow-roll inflation due to ✓ continues after the phase transition,

but the inflationary trajectory is shifted by the rolling of the isocurvaton in the radial

direction. This regime can be cast into a broader class of the quasi-single field inflation

[7], provided that m2
c
⇠ H

2. If m2
c
� H

2, namely � acquires a negative e↵ective mass

much greater than the hubble parameter, the transition of � finishes instantly and the

predictions of the theory converge to that of the single-field inflation.

We therefore restrict the current study to the second regime.

A. Inflation with a constant turn

Let us put � very close to �
⇤
0 at the beginning. When ✓ � ✓c, the isocurvaton mass

m
2
�
⇡ g

2
✓
2
� m

2
c
. If we consider that m2

c
& O(H2), then �0 remains very close to �

⇤
0 before

phase transition. Thus we can expand V� around the minimum as

V�(�) = V��(�
⇤
0)(� � �

⇤
0) +

1

2
V���(�

⇤
0)(� � �

⇤
0)

2 + · · · , (7)

where V��(�⇤
0) = g

2
✓
2
� �v

2
� m

2
c
at this stage. The equation of motion for �0 at zeroth-

order reads

�̈0 + 3H�̇0 = R✓̇
2
0, (8)

6

EFT at late-time
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Figure 5: The evolution of �̄ (left panel) and M
2
� (right panel) with respect to the co-moving

conformal time z of various c = k/kc. The parameters are fixed by g̃ ⌘ g/H = 4, � = 10�6,
✓c = 1, p = 1 , R/Mp = 10 and H/Mp = 10�5.

5 Imprints of waterfall phase transition

5.1 Power spectrum

We now solve the correlation functions of �✓ and �� through the EoMs (4.7), (4.8) and (4.10)
from the initial states (4.12). The two-point correlation function for field perturbations based
on the mixed vacuum states (4.3) and (4.4) are defined as [22]:

h�✓k(z)�✓p(z)i = (2⇡)3�3(k+ p)
⇥
u
+
k
(z)u+⇤

p (z) + u
�
k
(z)u�⇤

p (z)
⇤
, (5.1)

and for h��
2
i one simply replaces u

±
k

by v
±
k

, respectively. In the interaction picture, the
definition (5.1) includes the resummed tree-level corrections from �L2 to the free �✓ field
defined by L2. The gauge invariant curvature perturbation is related to (5.1) by [9]

h⇣k⇣pi =
H

2

✓̇2
h�✓k�✓pi = (2⇡)3�3(k+ p)

H
2

✓̇2

2⇡2

k3
P✓(k). (5.2)

The results of Fig. 6 indicate that �✓ is governed by two kinds of solutions. One can
check that �✓ decays with a power of �z inside the horizon (�z > 1), since we have chosen
a small kinetic coupling between ✓ and �, and it goes to a constant on superhorizon scales
(�z < 1). On the other hand, the evolution of �� essentially has three phases. While ��

remains well inside the horizon (�z � 1), it is governed by the initial state solution (4.12)
scaling as �z. Once the mass M

2
� becomes important as M

2
� ' �z, �� starts to oscillate.

Note that �� grows with time at the beginning of the oscillation phase since M� becomes
temporarily negative. As �z ! 0, � has settled down in the new minimum (the true vacuum)
given by (2.17), and ��̄ obtain a very large mass from the evolution of �0. In this case one
may omit all derivatives of �� in (4.8) to find the mildly decaying long wavelength solution
as

��̄
IR

⇡ �2
g
2

H2
✓c
�̄min

M2
�

�✓
IR
. (5.3)
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Here �✓
IR

⇡ H/(
p
2R) stands for the asymptotic value of �✓k in the limit �z ! 0, which is

nearly scale-independent. This kind of effective field theory approach can be applied to both
background level and perturbation level as is widely used in the previous literatures [46–56].
By using (2.17), we find that M

2
� ! 6AN as N � 1 and therefore the asymptotic value

behaves as ��k ⇠ 1/
p

� ln(�z/c).
We examine the scale-dependence of P✓ and P� in Fig. 7. The scale-invariance of P✓ is

preserved in the constant turn limit g̃ = 0 where there is no phase transition and is mildly
broken with the increase of g̃. In the large g̃ limit P✓ peaks around kc, which recovers the
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Characteristic signals of hybrid inflation 
important decay channel at tree-level shall come from the � self-interaction [7, 15, 16]

L3 = �
1

6
a
3
R

3
V�����

3 = �a
3
�R

4
�̄��

3
. (32)

This self-interaction is treated perturbatively provided that �R�̄ < H. There are some

other cubic interactions g2R2
�̄���✓�✓ and g

2
R

2
✓c�����✓ induced by the inflaton-isocurvaton

coupling. Having in mind that R � Mp and g ⇠ H, these interactions are less important

than (32) provided that � > H
2
/R

2.

Part of the conventional in-in formalism for the perturbative quasi-single field inflation [7]

is now adjusted for a strongly coupled system [15]. First of all, the definition (19) and (20)

in fact allows a direct decay of � into ✓ (and vice versa), as can be seen by the non-vanished

correlation function

h�✓k(z)��p(z1)i = (2⇡)3�3(k+ p)
⇥
u
+
k
(z)v+⇤

p
(z1) + u

�
k
(z)v�⇤

p
(z1)

⇤
, (33)

where z1 ⌘ k1⌘. It is also straightforward to define a mixed propagator

GR(k; z, z1) ⌘ �i⇥(z � z1) [�✓k(z), ��k(z1)] , (34)

= �
i

(2⇡)3
⇥(z � z1) h�✓k(z)��p(z1)i , (35)

where GR acts as the retarded Green’s function for both (23) and (24).

We then define the interaction picture field �✓I , ��I as the solutions of the coupled

equations (23) and (24), which are evaluated by the EoM approach. To obtain the value

of correlation functions in the asymptotic limit �z ! 0, it is more convenient to apply the

commutator representation of the in-in formalism [37–39]. At tree-level, the higher-order

corrections HI to the three-point function of �✓ is then calculated by

h�✓
3(z)i =

* 1X

N=0

i
N

Z
z

dzN · · ·

Z
z2

dz1[HI(z1), · · · [HI(zN), �✓
3
I
(z)]]

!+

= i

Z
z

dz1

⌦
0|
⇥
HI(z1), �✓

3
I
(z)
⇤
|0
↵
. (36)

By choosingHI(z) = �R
4
a
4(z)�̄(z)��3(z) from (32), where a(z) = �k/(Hz), the three-point

function (36) reads

h�✓
3(z)i = �2�R4 k

3
1

H4
Im

Z
z
dz1

z
4
1

�̄(
z1

k1
)GR(k1; z, z1)GR(k2; z,

k2

k1
z1)GR(k3; z,

k3

k1
z1)

�
. (37)
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FIG. 6. The squeezed limit of the bispectrum B✓ as a function of c with g = {3.5, 4, 4.5} in the

unit of H. The dashed lines are the bestfit functions given by Eq. (40). The parameters are fixed

by � = 10�6, ✓c = 1, p = 1 , R/Mp = 10 and H/Mp = 10�5.

This expression can be identified as the mixed propagator approach of the Schwinger-Keldysh

diagrammatics interpretation from a set of decoupled initial states [18].

For convenience we shall fix k1 = k2 = kc and reparametrize k3 = ckc. The integration

(37) is now reduced as

h�✓
3(z)i = �2�R4 k

3
c

H4
Im

Z
z
dz1

z
4
1

�̄(
z1

kc
)G2

R
(kc; z, z1)GR(ckc; z, cz1)

�
, (38)

where some of the numerical results are given in Fig. 6, and we have used the definition for

the bispectrum B✓ as

h�✓k1(z)�✓k2(z)�✓k3(z)i ⌘ (2⇡)4�3(k1 + k2 + k3)B✓(k1,k2,k3). (39)

Some of the numerical results of B✓ are given in Fig. 6. We have chosen the coupling

constant g > 3H so that the � field can reach the new minimum in time for a given IR

cuto↵ z = zf . The numerical results with g = 3.5H in Fig. 6 exhibit a similar shape as

the oscillatory component of the bispectrum from the constant turn inflation [17, 18]. It

is amplified in the direction towards the squeezed limit (c ! 0). With the existence of a

15

5

FIG. 2: Bispectrum shape function for di↵erent values of µ for two di↵erent couplings, ⇣̇2� and (r⇣)2�, normalized to unity
at k1/k3 = 1. The plot contains the full bispectrum, including all terms and permutations. Our results for ⇣̇

2
� are in

exact agreement with the results in Ref. [20] Fig. 6. Note that the full shape includes both the clock signal (non-analytic in
momentum) and non-clock signal (analytic in momentum). The former is Boltzmann-suppressed at large µ, while the latter is
power-law-suppressed. In the last two figures, the normalization at the equilateral point is dominated by the latter.

FIG. 3: Primordial shape function on the axis k1 = k2, k3 = 1
Mpc�1, normalized to 1 for k1 = 1 Mpc�1.

which does not contain the particle spectrum informa-
tion; therefore we would like to remove such “contami-
nation” from our template.

A. A template for clock signals (m > 3H/2 case)

We would like to find a shape function that indicates
the presence of heavy particles, without knowledge of
the precise inflationary interactions. In the last sec-
tion we have seen that the shape arising from massive
particles has a large overlap with other shapes, as well
as with the signal for other masses. To obtain a de-
tection that cannot be confused with self-interactions of
the inflaton (which give rise to local or equilateral non-
Gaussianities), one has to focus on the oscillatory part.
Following Ref. [20], we call the oscillatory contribution
the clock signal, and the rest the non-clock signal. The
inflationary clock signal has been shown to take the fol-
lowing model-independent form [7],
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This self-interaction is treated perturbatively provided that �R�̄ < H. There are some

other cubic interactions g2R2
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✓c�����✓ induced by the inflaton-isocurvaton

coupling. Having in mind that R � Mp and g ⇠ H, these interactions are less important

than (32) provided that � > H
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2.

Part of the conventional in-in formalism for the perturbative quasi-single field inflation [7]

is now adjusted for a strongly coupled system [15]. First of all, the definition (19) and (20)

in fact allows a direct decay of � into ✓ (and vice versa), as can be seen by the non-vanished

correlation function
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where z1 ⌘ k1⌘. It is also straightforward to define a mixed propagator

GR(k; z, z1) ⌘ �i⇥(z � z1) [�✓k(z), ��k(z1)] , (34)
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⇥(z � z1) h�✓k(z)��p(z1)i , (35)

where GR acts as the retarded Green’s function for both (23) and (24).

We then define the interaction picture field �✓I , ��I as the solutions of the coupled

equations (23) and (24), which are evaluated by the EoM approach. To obtain the value

of correlation functions in the asymptotic limit �z ! 0, it is more convenient to apply the

commutator representation of the in-in formalism [37–39]. At tree-level, the higher-order

corrections HI to the three-point function of �✓ is then calculated by
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function (36) reads
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FIG. 6. The squeezed limit of the bispectrum B✓ as a function of c with g = {3.5, 4, 4.5} in the

unit of H. The dashed lines are the bestfit functions given by Eq. (40). The parameters are fixed

by � = 10�6, ✓c = 1, p = 1 , R/Mp = 10 and H/Mp = 10�5.

This expression can be identified as the mixed propagator approach of the Schwinger-Keldysh

diagrammatics interpretation from a set of decoupled initial states [18].

For convenience we shall fix k1 = k2 = kc and reparametrize k3 = ckc. The integration

(37) is now reduced as
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where some of the numerical results are given in Fig. 6, and we have used the definition for

the bispectrum B✓ as

h�✓k1(z)�✓k2(z)�✓k3(z)i ⌘ (2⇡)4�3(k1 + k2 + k3)B✓(k1,k2,k3). (39)

Some of the numerical results of B✓ are given in Fig. 6. We have chosen the coupling

constant g > 3H so that the � field can reach the new minimum in time for a given IR

cuto↵ z = zf . The numerical results with g = 3.5H in Fig. 6 exhibit a similar shape as

the oscillatory component of the bispectrum from the constant turn inflation [17, 18]. It

is amplified in the direction towards the squeezed limit (c ! 0). With the existence of a
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exact agreement with the results in Ref. [20] Fig. 6. Note that the full shape includes both the clock signal (non-analytic in
momentum) and non-clock signal (analytic in momentum). The former is Boltzmann-suppressed at large µ, while the latter is
power-law-suppressed. In the last two figures, the normalization at the equilateral point is dominated by the latter.
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Mpc�1, normalized to 1 for k1 = 1 Mpc�1.
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tion; therefore we would like to remove such “contami-
nation” from our template.

A. A template for clock signals (m > 3H/2 case)

We would like to find a shape function that indicates
the presence of heavy particles, without knowledge of
the precise inflationary interactions. In the last sec-
tion we have seen that the shape arising from massive
particles has a large overlap with other shapes, as well
as with the signal for other masses. To obtain a de-
tection that cannot be confused with self-interactions of
the inflaton (which give rise to local or equilateral non-
Gaussianities), one has to focus on the oscillatory part.
Following Ref. [20], we call the oscillatory contribution
the clock signal, and the rest the non-clock signal. The
inflationary clock signal has been shown to take the fol-
lowing model-independent form [7],

S /
✓

klong

kshort

◆1/2±iµ

. (8)

c = k/kc
squeezed equilateral

��-� ����� ����� ����� �-��

-��

�

��

��

�

��
� θ

/(
�
λ
� ��
)



σi σf

-10 -5 0 5 10 15
0.0

0.1

0.2

0.3

0.4

σ

V
1(
σ)

0 5 10 15 20
-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

N

M
2

Figure 1: Evolution of the mass parameter M
2 during the classical transition of � in a

quasi de Sitter expansion with a fixed slow-roll parameter ✏H = 0.001, where the initial
conditions are � = �i and d�/dN = 0 at N = 0. Both V1 and � are shown in the unit
of Hi = 1 ⇥ 10�6

Mp. The potential parameters are � = 0.01, v = 10Hi, and therefore
�i ⇡ 4.8⇥ 10�7

Mp.

the behavior of the � field can be described by the classical equation of motion (A.4), and
for � > 0 we have

d
2
�

dN2
+ (3� ✏H)

d�

dN
+


�

H2
(�2 � v

2)

�
� = 0, (3.4)

where N ⌘ ln a is the e-folding number.
At some value � = �i > 0, the classical deviation ��c start to surpass the quantum

effect ��q and the field will start to roll down the plateau. Since the transition is smooth
for |M2| ⇠ O(1), we neglect the term d

2
�/dN

2 so that (3.4) becomes

d�

dN
=

�v
2

3H2
�, (3.5)

for � ⌧ v, where we can omit the correction from ✏H . Taking H ⇡ Hie
�✏i(N�Ni), where ✏i

is the value of ✏H evaluated at ⌘ = ⌘i, the solution of (3.4) is given by

� = �i exp


1

2✏i

�v
2

3H2
i

⇣
e
2✏i(N�Ni) � 1

⌘�
. (3.6)

The value of �i can be estimated by the classical deviation within one e-fold as ��c ⇠ �v
2

3H2�,
and the condition ��c � H

2⇡ gives �i � 3H3
i
/(2⇡�v2).

Once � reaches the value v/
p
3, the mass square M

2 starts to change from negative
to positive. We can estimate the duration of the slow roll in a pure de Sitter expansion by
taking ✏i ! 0, where (3.6) shows

� ! �i exp


�v

2

3H2
i

(N �Ni)

�
. (3.7)
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M2 < 0M2 = 0 M2 > 0

 quantum fluctuations with waterfall

• analytic mode functions are enhanced 
due to tachyonic instability

• non-analytic contributions are converted 
from enhanced analytic functions in the 
new (true) vacuum state

A step potential: V1(�) =
�

4
v4, � < 0,

=
�

4
(�2 � v2)2 � � 0,

k < ki

ki k f

ki < k < k f

IR



Messages
• Particles with m > 3H/2  generate oscillatory features in the 

squeezed bispectrum (a main target for the cosmological 
collider research). 

• Oscillatory signals are non-analytic (non-local) effects, which are 
not captured by single-field EFT (integrating out heavy modes). 

• A waterfall phase transition can break the scale-invariance, and 
leads to enhanced non-analytic (oscillatory) signals with arbitrary 
peaks in between the equilateral and squeezed limits (signature 
of hybrid inflation).


