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Abstract. Heavy isocurvature fields may have a strong influence on the low energy dynamics
of curvature perturbations during inflation, as long as the inflationary trajectory becomes
non-geodesic in the multi-field target space (the landscape). If fields orthogonal to the infla-
tionary trajectory are sufficiently heavy, one expects a reliable effective field theory describing
the low energy dynamics of curvature perturbations, with self-interactions determined by the
shape of the inflationary trajectory. Previous work analyzing the role of heavy-fields dur-
ing inflation have mostly focused in the effects on curvature perturbations due to a single
heavy-field. In this article we extend the results of these works by studying models of in-
flation in which curvature perturbations interact with two heavy-fields. We show that the
second heavy-field (orthogonal to both tangent and normal directions of the inflationary tra-
jectory) may significantly affect the evolution of curvature modes. We compute the effective
field theory for the low energy curvature perturbations obtained by integrating out the two
heavy-fields and show that the presence of the second heavy-field implies the existence of
additional self-interactions not accounted for in the single heavy-field case. We conclude
that future observations will be able to constrain the number of heavy fields interacting with
curvature perturbations.
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1 Introduction

Undoubtedly, canonical models of single-field slow-roll inflation1 give us the simplest resolu-
tion to the horizon and flatness problems encountered in hot big-bang cosmology [1–3], and
offer us an elegant explanation to the origin of primordial curvature perturbations, character-
ized by a nearly scale invariant power spectrum [4]. Although such predictions are fully com-
patible with current observations [5–7], there is still plenty of room for a change in paradigm
in the advent of future experiments, such as large scale structure surveys [8–10] and 21 cm
cosmology [11]. A possible observation of scale dependence in the primordial spectra (i.e.
in the form of features and/or running) [12–33] and/or large non-Gaussianity [34–42] would
force us to leave this simple picture behind, and move on to consider models of inflation
where the evolution of curvature perturbations was influenced by nontrivial self-couplings
and/or interactions with additional degrees of freedom.

Elucidating how future observations will guide our understanding of inflationary cosmol-
ogy beyond the standard single-field paradigm has been the main focus of much effort during
recent years [43]. One particularly powerful and compelling framework to analyze inflation
in a model independent way is the recently proposed effective field theory approach [44]
(see also [45, 46]). In this scheme, the broken time translation invariance of the inflation-
ary background is parametrized by introducing a Goldstone boson field π(x, t), defined as
the perturbation along the broken time translation symmetry. At the same time, curvature
perturbations are intimately related to the Goldstone boson, whose action appears highly
constrained by the symmetries of the original ultraviolet (UV)-complete action. In particu-
lar, the unknown UV-physics is parametrized by self-interactions of the Goldstone boson that
non-linearly relate field operators at different orders in perturbation theory. This framework
has offered a powerful approach to analyze the large variety of infrared observables poten-
tially predicted by inflation, including the prediction of non-trivial signals in the primordial

1By canonical models of single-field slow-roll inflation we mean models derived from an action of the form
S = SEH −

∫ [
1
2
(∂φ)2 + V (φ)

]
where SEH is the usual Einstein-Hilbert term.
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power spectrum and bispectrum [47–65]. At short wavelengths, for instance, one finds that
the Goldstone boson action is given by [44]

S = −M2
Pl

∫
d4xḢ

[
1

c2
s

(
π̇2 − c2

s

(∂iπ)2

a2

)
− 1− c2

s

c2
s

(
(∂iπ)2

a2
+
A

c2
s

π̇2

)
π̇ + · · ·

]
, (1.1)

where cs is the speed of sound at which Goldstone boson quanta propagate, and A is a
quantity that parametrizes different models of inflation (for instance, DBI inflation [39] cor-
responds to the particular case A = −1). Current available data [7] mildly constrain cs and
A, suggesting that future observations might rule out a large variety of models of inflations.

Arguably, the simplest class of theories incorporating a departure from canonical single-
field slow-roll inflation is offered by models in which adiabatic modes (or equivalently, Gold-
stone boson modes) interact with heavy scalar fields, with masses much larger than the
expansion rate during inflation [27, 30, 66–71]. Crucially, such models continue to be of the
single field type [70], but come dressed with properties that differ significantly from those
encountered in standard single-field models. Indeed, near horizon crossing the Goldstone
boson modes do not carry enough energy to excite their high-energy counterparts implied by
the heavy-fields, meaning that curvature perturbations are generated by a single low energy
degree of freedom. Nevertheless, the presence of heavy-fields can induce self-couplings for
adiabatic perturbations that may have a sizable impact on their evolution (for example, by
modifying the dispersion relation of the Goldstone boson mode). This has been understood
gradually in a series of recent articles [60, 64, 70], and for the particular case of models with
a Goldstone boson mode interacting with a single heavy-field,2 our current understanding
may be summarized as follows:

• there exists a background inflationary trajectory which traverses the multi-field land-
scape determined by the scalar field potential of the theory. In general, this trajectory
is expected to be non-geodesic, meaning that the flat directions of the scalar potential
do not necessarily align with the family of geodesic paths defined by the scalar manifold
of the theory’s target space. It is possible to think of such non-geodesic trajectories
as turning trajectories, characterized by an angular velocity θ̇ (the rate of turn of the
trajectory).

• To study the perturbations of the system, it is useful to define perturbations along the
trajectory and perpendicular to it. The first class defines the Goldstone boson field
π(t, x) and the second one corresponds to a heavy scalar field with an effective mass
Meff given by M2

eff = m2 − θ̇2, where m is the standard value of the mass computed
from the potential alone. The angular velocity θ̇ is found to have an important role on
the dynamics of these two perturbations, as it implies nontrivial interactions between
the Goldstone boson and the heavy-field.

• Because of these interactions, both the Goldstone boson π and the heavy-field are found
to depend on a mixture of low- and high-energy modes. Crucially, the gap between
these two energies increases as the strength of the turn increases, making high-energy
modes more difficult to access at energy scales comparable to the horizon inverse length-
scale. As a consequence, although the Goldstone boson stays coupled to the heavy-field,
low- and high-energy modes decouple and evolve independently. The end result is a

2That is, in the particular case where the original theory consists of a two-scalar field model with a potential
such that there is only one flat direction, followed by the inflationary trajectory.

– 2 –



J
C
A
P
1
0
(
2
0
1
3
)
0
5
1

system where only low-energy modes play a relevant role for the generation of curvature
perturbations.

Given these characteristics, one may deduce a single-field EFT governing the dynamics at low
energy modes (valid at horizon crossing) by integrating out the heavy-field under question.3

This turns out to be equivalent to truncate the high-energy modes everywhere in the theory,
implying that the heavy-field takes the role of a Lagrange multiplier, to be solved in terms
of the Goldstone boson field. The result is a low energy EFT for the Goldstone boson alone,
with nontrivial self-interactions leading to interesting properties that differ significantly from
those predicted by canonical single-field inflation. For example, a first outstanding property
is that the speed of sound cs at which Goldstone boson perturbations propagate is reduced
whenever there is a turn θ̇ 6= 0, with a value determined by the relation

1

c2
s

= 1 +
4θ̇2

M2
eff

, (1.2)

where θ̇ and Meff are the quantities already introduced. As shown in [30], such an effective
field theory remains valid as long as

|θ̈| �Meff |θ̇|, (1.3)

which is a necessary condition ensuring that heavy-fields will not become excited during a
turn.4 Furthermore, and consistent with the non-linear realization of the Goldstone boson
self-interactions, at small speeds of sounds c2

s � 1 the effective field theory contain sizable
cubic self-interactions that inevitably lead to large non-Gaussianity. For instance, at long
wavelengths, one find that the EFT is of the form (1.1), with A given by

A = −1

2
(1− c2

s). (1.4)

On the other hand, the interaction with a heavy-field may imply the appearance of a new
physics regime, a range of energy for which the Goldstone boson dispersion relation becomes
dominated by a quadratic dependence on the momentum ω ∼ p2 [54, 64, 70]. As such, if
horizon crossing happened during this regime, the prediction of observables are drastically
affected by the new physics scale dependent operators. This class of EFT’s remains weakly
coupled all the way up to the cutoff scale at which heavy-fields are allowed to be integrated
out [54, 64].

The previous set of findings has paved the way for a more refined understanding of how
low energy effective field theories of inflation relate to the ultraviolet parent theories from
which they decent. However, there is still much to be learned about the way heavy-fields
affect the low energy evolution of adiabatic curvature perturbations. For instance, one may
ask how would this picture change if not only one, but several massive fields interacted with
the Goldstone boson parametrizing inflation.5 The purpose of this article is to extend the

3For alternative approaches on effective field theories deduced by integrating heavy fields, please see
refs. [78–86].

4This condition is in fact equivalent to ask the familiar adiabaticity condition |ω̇+/ω
2
+| � 1, where ω+ is

the frequency of the high-energy modes implied by the heavy-fields [70].
5Fundamental theories such as supergravity and string theory typically predict a large number of scalar

fields, most of them expected to remain stabilized (heavy) during inflation. However, since in these theories
scalar fields have a geometrical origin, it is still an open challenge to construct models of inflation where all
the fields (other than the inflaton) remain stabilized [72–77].
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previous body of work by deducing and analyzing the class of single field EFT’s obtained
in those cases where the Goldstone boson interacted with multiple heavy-fields, all of them
representing fluctuations orthogonal to the trajectory. We have two main reasons to pursue
this goal: first, we wish to know if the effects of heavy-fields on the low energy dynamics of
curvature perturbations increase as the number of heavy-fields increases. In second place,
we would like to understand in which way the new couplings, due to additional heavy-fields,
would affect the Goldstone boson self-interactions.

With these two previous motivations in mind, we extend the analysis of a Goldstone
boson interacting with a single heavy-field to the case in which it interacts with two heavy-
fields. We compute the effective field theory obtained by integrating out the two heavy-fields
and analyze the conditions for this limit to remain a fair description of the low energy
dynamics of the system. We show that the existence of a third heavy-field indeed may
imply larger effects on the low energy dynamics, and that its presence generally induces
new self-interactions for the Goldstone boson that are not accounted for in the simpler case
of a single heavy-field. Similar to the single-heavy-field case, these new couplings appear
whenever the background trajectory in multi-field target space becomes non-geodesic. We
find that low energy observables, such as the power spectrum and bispectrum, are sensitive
to these couplings, and therefore future observations can be used to discern the number of
heavy-fields with which the Goldstone boson interacted during inflation. In particular, we
deduce that at long wavelengths, the effective action describing this class of models is of the
form (1.1), with A generically constrained to be:

A 6 −1

2
(1− c2

s). (1.5)

This result implies that, under the assumption that during horizon crossing modes are
parametrized by (1.1), future observations might rule out the existence of interactions be-
tween curvature perturbations and a large number of heavy fields.6

We have organized this article as follows: in section 2 we present the basic setup to
be studied and introduce the notation that will be used throughout our work to handle
inflationary trajectories traversing a landscape of heavy-fields. In section 3, we analyze the
specific case in which the fields orthogonal to the inflationary trajectory are heavy enough
that they can be integrated out. We analyze the full multi-field dynamics of this regime
and deduce the effective field theory governing the low energy dynamics of the Goldstone
boson fluctuations. Then, in section 4 we discuss our results by analyzing the observational
consequences of the resulting effective field theory for the Goldstone boson. Finally, in
section 5 we provide our concluding remarks.

2 Inflation in a heavy-field landscape

We commence by presenting the basic inflationary setup to be analyzed in the rest of this
work. We are interested in studying inflationary systems with three scalar fields φa(t, x)
(with a = 1, 2, 3) described by a generic action of the form

Stot =
M2

Pl

2

∫
d4x
√
−gR+ Sscalar, (2.1)

6Another possibility is that modes crossed the horizon during the new physics regime, in which the Gold-
stone boson is described in terms of a modified dispersion relation ω ∼ p2. In such case, one is forced
to parametrize the period of horizon crossing with a different EFT incorporating operators with nontrivial
scalings [54, 64].
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where MPl stands for the Planck mass, R is the Ricci scalar constructed out of the metric
gµν with a (−,+,+,+) signature, and Sscalar represents the action for the scalar sector of the
theory, given by

Sscalar = −1

2

∫
d4x
√
−g [gµν∂µφ

a∂νφa + 2V (φ)] , (2.2)

where V (φ) is the scalar field potential. Given that we are interested in a general model-
independent analysis, we will not specify the dependance of the potential V (φ) on the scalar
fields φa. Instead, we shall only specify local properties of the potential along the background
trajectory, consistent with the existence of heavy-fields interacting with the inflaton.

2.1 Background dynamics

We assume that the potential V is such that there exist homogeneous time-dependent so-
lutions of the system in which the universe inflates. This, in turn, means that there exists
a background scalar field trajectory in the 3-field target space, parametrized by t, hereby
denoted by φa0(t). Then, assuming a flat Friedmann-Robertson-Walker background metric of
the form ds2 = −dt2 +a2dx2, the background equations of motion determining the trajectory
φa0(t) for the scalar fields are given by

φ̈a0 + 3Hφ̇a0 + V a = 0, a = 1, 2, 3, (2.3)

where H ≡ ȧ/a is the usual Hubble expansion rate. These three equations need to be sup-
plemented with Friedmann’s equation which, in the present context, is found to be given by

3H3 =
1

M2
Pl

(
1

2
φ̇2

0 + V

)
, (2.4)

where φ̇2
0 ≡ δabφ̇a0φ̇a0. Putting these two equations together, one deduces an additional equa-

tion relating the change of the expansion rate with the rapidity φ̇0 of the scalar field along
the trajectory:

Ḣ = − φ̇2
0

2M2
Pl

. (2.5)

To study the nontrivial aspects implied by a given path traversing the landscape, it is con-
venient to define a triad of unit vectors moving along with the trajectory, parametrized by t.
We choose to work with a standard basis consisting of a tangent vector T a, a normal vector
Na and a binormal vector Ba, all of them defined as

T a = φ̇a0/φ̇0, (2.6)

Na ∝ Ṫ a, (2.7)

Ba ∝ (δab − T aTb)Ṅ b, (2.8)

with positive proportionality coefficients, such that vectors are normalised as NaNa =
BaBa = T aTa = 1 (we rise and lower indices with δab and δab respectively). These vectors
remain mutually orthogonal, and their time evolution may be parametrized by two angular
velocities θ̇ and ϕ̇, defined as:

Ṫ a = −θ̇Na, (2.9)

Ṅa = θ̇T a − ϕ̇Ba, (2.10)

Ḃa = ϕ̇Na. (2.11)

– 5 –
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�1
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�3

T a

Na
Ba

Figure 1. A schematic plot of the triad of vectors {T a, Na, Ba} defined with respect to the back-
ground trajectory φa0(t).

It may be seen that θ̇ is the rate of change of T a along the direction −Na, whereas ϕ̇ is the
rate of change of Ba along the direction +Na. In other words, θ̇ is the angular velocity of
the turning trajectory, whereas ϕ̇ parametrizes how this turn spirals (see figure 1). Having
introduced this set of vectors [87–89], the background equations of motion (2.3) may be
rewritten by projecting them along the three available directions. One obtains

φ̈0 + 3Hφ̇0 + VT = 0, (2.12)

θ̇ =
VN

φ̇0

, (2.13)

BaVa = 0, (2.14)

where we have defined the projections VT ≡ T aVa and VN ≡ NaVa. The first equation (2.12)
is nothing but the usual equation of motion for a single-field background, with the inflaton
rolling down a potential of slope VT . Using (2.12) and (2.4) we may now characterise the
inflationary dynamics in terms of slow roll parameters as usual. That is, by defining the
following dimensionless slow roll parameters

ε = − Ḣ

H2
, η = − φ̈0

Hφ̇0

, ξ = −
...
φ 0

Hφ̈0

, (2.15)

one deduces from (2.4) and (2.12) the following relations among these quantities,

ε =
M2

Pl

2

(
VT
V

)2( 3− ε
3− η

)2

, (2.16)

3(ε+ η) = M2
Pl

VTT
V

(3− ε) + ξη, (2.17)

where VTT ≡ T a∇aVT ≡ T a∇a(T a∇aV ). Slow roll inflation will persist as long as ε � 1,
η � 1 and ξ � 1 hold. With (2.16) and (2.17) these slow-roll conditions are seen to be

– 6 –



J
C
A
P
1
0
(
2
0
1
3
)
0
5
1

equivalent to7

ε =
M2

Pl

2

(
VT
V

)2

, ε+ η = M2
Pl

VTT
V

, (2.18)

which further translates into restrictions on the shape of the potential along the trajectory.
At this point, it is very important to emphasise that these slow roll conditions only imply
restrictions on background quantities along the trajectory, but tell us nothing about the
turns of the trajectory. As discussed in full detail in refs. [30] and [70], in the case of two-
field models of inflation, it is perfectly possible to have sudden turns with θ̇ � H without
implying a violation of the aforementioned slow-roll conditions. The same arguments can be
used to state that, in the case of three-field models of inflation, one can have θ̇ � H and
ϕ̇� H simultaneously, without necessarily violating slow-roll whatsoever.

2.2 Perturbation dynamics

We now move on to consider perturbations about an arbitrary inflationary trajectory. A
convenient way of studying scalar fluctuations without specifying the inflationary model,
is by introducing the Goldstone boson π as the fluctuation along the direction of broken
time translation symmetry [60]. In the present context, this is precisely equivalent to define
the Goldstone boson as the fluctuation along the inflationary trajectory.8 In addition to the
Goldstone boson, there are two other scalar field fluctuations, hereby called F1 and F2, which
denote fluctuations away from the trajectory, along the two available directions Na and Ba.
The definition of these three scalar fluctuations may be summarized by writing the complete
set of scalar fields φa(t, x) in terms of the background fields φa0(t), and the vectors Na(t) and
Ba(t) as:

φa(t, x) ≡ φa0(t+ π) +Na(t+ π)F1 +Ba(t+ π)F2. (2.19)

Notice that π(t, x) appears through the replacement t → t + π(t, x) in the argument of
background quantities. To deal with the gravitational sector, we may adopt the Arnowitt-
Deser-Misner (ADM) formalism [90] to parametrize space-time, requiring that we write the
metric as

ds2 = −N2dt2 + γij(N
idt+ dxi)(N jdt+ dxj), (2.20)

where N and N i are the lapse and shift functions (here playing the role of Lagrange multipli-
ers) and γij is the induced metric describing the 3-D spatial foliations parametrized by t. In
terms of these quantities, the components of the metric gµν and its inverse gµν are given by

g00 = −N2 + γijN
iN j , g0i = γijN

j , gij = γij ,

g00 = − 1

N2
, g0i =

N i

N2
, gij = γij − N iN j

N2
, (2.21)

where γij is the inverse of γij . Moreover, we adopt the flat gauge, in which the spatial metric
γij takes the form:

γij = a2δij . (2.22)

To obtain the action for the perturbations, we may now introduce the parametrization (2.19)
for φa(t, x) back into the action (2.1). The result is given by the following full action, including

7Notice that with definition (2.15), the usual ηV -parameter defined in terms of the second derivative of the
potential is given by ηV = ε+ η.

8This is simply because the inflationary trajectory consists of a path parametrized by t.
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background fields and fluctuations:

S =

∫
d4x

Na3

2

{
−

6M2
PlH

2

N2
+

4M2
PlH

N2
N i

,i +
M2

Pl

2N2

(
N i

,jN
j
,i + δijN

i,kN j
,k − 2N i

,iN
j
,j

)
+

1

N2

[(
φ̇0 + θ̇F1

)2
+ ϕ̇2

(
F2

1 + F2
2

)] [(
1 + π̇ −N iπ,i

)2 − N2

a2
(∇π)2

]
+

2ϕ̇

N2

(
1 + π̇ −N iπ,i

) [
F2(Ḟ1 −N iF1,i)−F1(Ḟ2 −N iF2,i)

]
− 2ϕ̇

a2
∇π [F2∇F1 −F1∇F2] +

1

N2

(
Ḟ1 −N iF1,i

)2
+

1

N2

(
Ḟ2 −N iF2,i

)2

− (∇F1)2

a2
− (∇F2)2

a2
− 2V (φa0 +NaF1 +BaF2)

}
. (2.23)

To deal with this action, we need to solve the constraint equations for N and N i. To simplify
this, we set ourselves to obtain the action for π, F1 and F2 only up to cubic order in the
fields. This implies that it is only necessary to solve the constraint equations up to linear
order in N − 1 and N i. Then, by writing N = 1 + δN and N i = ∂iψ + vi, with ∂iv

i = 0, we
find the solutions

vi = 0, (2.24)

δN = εHπ, (2.25)

∆

a2
ψ = −εH(π̇ − εHπ)− θ̇φ̇0

HM2
Pl

F1. (2.26)

Replacing these expressions back into (2.23) we obtain the full action for the fluctuations
up to cubic order. However, because we are interested in studying inflation in the slow roll
retime, where ε� 1, we are allowed to consider the decoupling limit, where the gravitational
effects implied by δN and N i on the evolution of the Goldstone boson become negligible.
More specifically, in the regime where the Goldstone boson fluctuations carry energies ω �
Λdec ∼ εH one may drop the couplings coming from the constraint solutions (2.25) and (2.26),
which otherwise imply terms of order ε. This step leads us to consider the following action
valid at the decoupling limit ω � Λdec

Sdec =
1

2

∫
d4xa3

{(
φ̇0 + θ̇F1

)2
[
π̇2 − 1

a2
(∇π)2

]
+ 2θ̇

(
2φ̇0 + θ̇F1

)
F1π̇

+ ϕ̇2
(
F2

1 + F2
2

) [
2π̇ + π̇2 − 1

a2
(∇π)2

]
+ 2ϕ̇ (1 + π̇)

[
F2Ḟ1 −F1Ḟ2

]
− 2ϕ̇

a2
∇π [F2∇F1 −F1∇F2] + Ḟ2

1 + Ḟ2
2 −

(∇F1)2

a2
− (∇F2)2

a2

−
∑
ij

MijFiFj −
∑
ij

CijkFiFjFk
}
, (2.27)

where the mass matrix M2
ij is found to have elements given by:

M2 =

(
VNN − θ̇2 − ϕ̇2 VNB

VNB VBB − ϕ̇2

)
. (2.28)
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In this expression, VNB ≡ NaBbVab ≡ BaN bVab. In addition, the cubic term proportional to
Cijk appears from third derivatives of the potential V away from the inflationary trajectory.
It is worth noting that at quadratic order the Goldstone boson only interacts with the isocur-
vature field F1, which is precisely due to the parametrisation of the inflationary trajectory
in terms of the triad (2.6)–(2.8). Because this triad is aligned with respect to the trajectory
(and not with respect to the mass matrix of the fieldsM2) in general we expect the existence
of non-vanishing off-diagonal terms M2

12 =M2
21 6= 0.

For completeness, we write down the equations of motion for the fluctuations deduced
by varying the action (2.27) with respect to the three fields, π, F1 and F2. First, the equation
of motion for the Goldstone boson π is found to be:

1

a3

d

dt

[
a3
(

(φ̇0 + θ̇F1)2 + ϕ̇2(F2
1 + F2

2 )
)
π̇
]
− 1

a2
∇
[(

(φ̇0 + θ̇F1)2 + ϕ̇2(F2
1 + F2

2 )
)
∇π
]

= − d

dt

[
θ̇
(

2φ̇0 + θ̇F1

)
F1 + ϕ̇2(F2

1 + F2
2 ) + ϕ̇

(
F2Ḟ1 −F1Ḟ2

)]
− ϕ̇

a2
∇ [F2∇F1 −F1∇F2] . (2.29)

The equation of motion for the heavy-field F1 is found to be:

F̈1 + 3HF1 −
∇2

a2
F1 +M2

11F1 − (ϕ̇2 + θ̇2)

[
2π̇ + π̇2 − 1

a2
(∇π)2

]
F1

= θ̇φ̇0

[
2π̇ + π̇2 − 1

a2
(∇π)2

]
−M2

12F2 − 2ϕ̇(1 + π̇)Ḟ2

− 3Hϕ̇F2 − ϕ̈(1 + π̇)F2 + 2
ϕ̇

a2
∇π∇F2 − ϕ̇

[
π̈ + 3Hπ̇ − 1

a2
∇2π

]
F2. (2.30)

And finally, the equation of motion for the heavy-field F2 is found to be:

F̈2 + 3HF2 −
∇2

a2
F2 +M2

22F2 − ϕ̇2

[
2π̇ + π̇2 − 1

a2
(∇π)2

]
F2

= −M2
21F1 + 2ϕ̇(1 + π̇)Ḟ1 + 3Hϕ̇F1 + ϕ̈(1 + π̇)F1 − 2

ϕ̇

a2
∇π∇F1

+ ϕ̇

[
π̈ + 3Hπ̇ − 1

a2
∇2π

]
F1. (2.31)

In agreement with the analysis of ref. [60], the previous equations are consistent with the
particular solution π = constant, and F1 = F2 = 0, which is reached shortly after horizon
crossing.

2.3 The linear regime

We now examine the evolution of fluctuations in the linear regime, paying special attention to
their dynamics on sub-horizon scales (i.e. when the the wavelength of perturbations is shorter
than the de Sitter radius H−1). Keeping linear terms in eqs. (2.29)–(2.31), and expressing
them in Fourier space, we obtain

π̈ + 3Hπ̇ +
k2

a2
π = − 2

φ̇0

[
θ̇Ḟ1 + θ̈F1

]
, (2.32)

F̈1 + 3HF1 +
k2

a2
F1 +M2

11F1 = 2θ̇φ̇0π̇ −M2
12F2 − 2ϕ̇Ḟ2 − 3Hϕ̇F2 − ϕ̈F2, (2.33)
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F̈2 + 3HF2 +
k2

a2
F2 +M2

22F2 = −M2
21F1 + 2ϕ̇Ḟ1 + 3Hϕ̇F1 + ϕ̈F1, (2.34)

where we have also dropped terms suppressed by the slow roll parameters, to stay consistent
with the decoupling limit. Recall that the triad {T a, Na, Ba} has been chosen so that it
remains aligned with the inflationary trajectory, as in eqs. (2.6)–(2.8). As a consequence,
at linear order the Goldstone boson π remains coupled only to the isocurvature field F1,
with the strength of the coupling determined by the value of θ̇. On the other hand, the
coupling between the isocurvature mode F1 and the binormal mode F2 is determined by
the combination M2

12 ± 2ϕ̇∂t (with the sign depending on the field ∂t acts upon). The mass
matrix (2.28) is fixed by the choice of this basis, and any attempt to diagonalize it will change
this interaction structure by coupling F2 with π. Thus, in general, we expect a non-vanishing
value of M2

12 even in the absence of spiraling turns (ϕ̇ = 0).

To learn more about the kinematical structure of the system, we disregard time deriva-
tives of θ̇ and ϕ̇ and focus our attention on sub-horizon modes, with p ≡ k/a � H. Then,
the previous equations simplify to

π̈c + p2πc = −2θ̇Ḟ1, (2.35)

F̈1 + p2F1 +M2
11F1 = 2θ̇π̇c −M2

12F2 − 2ϕ̇Ḟ2, (2.36)

F̈2 + p2F2 +M2
22F2 = −M2

21F1 + 2ϕ̇Ḟ1, (2.37)

where πc = φ̇0π is the canonically normalised Goldstone boson. Notice that since p ≡ k/a�
H, one has |ṗ|/p2 � 1, implying that we may consider the adiabatic approximation whereby
p is treated as a constant. Then, by assuming the ansatz π,F1,F2 ∝ e−iω, the previous
eqs. (2.35)–(2.37) take the form

Ω

 πc
F1

F2

 = 0. (2.38)

where the frequency matrix Ω is given by:

Ω ≡

−ω2 + p2 −2iθ̇ω 0

2iθ̇ω −ω2 + p2 +M2
11 M2

12 − 2iϕ̇ω
0 M2

21 + 2iϕ̇ω −ω2 + p2 +M2
22

 . (2.39)

To solve these equations, we must demand det Ω = 0, which determines the following cubic
algebraic equation for ω:

(p2−ω2)(M4
12 + 4ϕ̇2ω2)− (M2

22 + p2−ω2)
(
p2M2

11 + p4 − (M2
11 + 2p2 + 4θ̇2)ω2 + ω4

)
= 0.

(2.40)
Even though in this section we are interested in studying the system at sub-horizon scales,
it is instructive to analyze the equation (2.40) by its own merits, and explore the limit p→ 0
(as if the system were embedded in a Minkowski background). For p = 0 one of the solutions
corresponds to the case ω = 0. This is consistent with the fact that π = constant and
F1 = F2 = 0 is a solution of the system, and implies that there is a massless mode (to be
identified as the Goldstone boson mode). Then, expressing the three frequencies about p = 0,
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we find9

ω2
light = c2

sp
2 +

(
1− c2

s

)2
detM2c−2

s

[
M2

22 +
M4

12

M2
22

− 4c2
sϕ̇

2

1− c2
s

]
p4 +O(p6), (2.41)

ω2
I =

trM2 + 4(θ̇2 + ϕ̇2)

2
− 1

2

√[
trM2 + 4(θ̇2 + ϕ̇2)

]2
− 4 detM2 c−2

s , (2.42)

ω2
II =

trM2 + 4(θ̇2 + ϕ̇2)

2
+

1

2

√[
trM2 + 4(θ̇2 + ϕ̇2)

]2
− 4 detM2 c−2

s , (2.43)

where we have defined the speed of sound cs via the relation:

1

c2
s

= 1 +
4θ̇2M2

22

detM2
. (2.44)

Notice that we have dropped the p-dependence of ωI and ωII for simplicity.10 In addition,
notice that ωI 6 ωII by definition. A direct check of these relations shows that in the
limit M2

12 = ϕ̇2 = 0 we recover the case in which only one massive field interacts with the
Goldstone boson [70]:

ω2
light = c2

sp
2 +

(
1− c2

s

)2 p4

M2
11c

−2
s

+O(p6), (2.45)

ω2
I = M2

11 + 4θ̇2 =M2
11c

−2
s , (2.46)

ω2
II = M2

22, (2.47)

where we have assumedM2
11 +4θ̇2 <M2

22 for definiteness (otherwise we would have obtained
the inverted relations ω2

I =M2
22 and ω2

II =M2
11 + 4θ̇2).

In general, we see that the coupled system of equations (2.38) imply that the fields
π, F1 and F2 are linear combinations of modes with frequencies ωlight, ωI and ωII in the
following form

π = πlighte
−iωlightt + πIe

−iωIt + πIIe
−iωIIt, (2.48)

F1 = F 1-lighte
−iωlightt + F1Ie

−iωIt + F1IIe
−iωIIt, (2.49)

F2 = F 2-lighte
−iωlightt + F2Ie

−iωIt + F2IIe
−iωIIt. (2.50)

The amplitudes πlight, πI, πII, F 1-light, F1I, F1II, F 2-light, F2I and F2II are all functions of
p, and determined trivially by (2.38) except three normalization coefficients, that may be
fixed by quantizing the theory. In the particular case where the inflationary trajectory is
not subject to turns (i.e. θ̇ = ϕ̇ = 0), the matrix of eq. (2.38) becomes diagonal, and only
πlight, F1I, and F2II remain non-vanishing. In such a case, assuming that M2

11 6M2
22, the

frequencies reduce to

ω2
light = p2, ω2

I =M2
11, ω2

II =M2
22, (2.51)

and there is a one to one correspondence between frequencies and fields. However, it is
important to emphasize that in the presence of turns (i.e. θ̇ 6= 0 and ϕ̇ 6= 0) there will always
be a mixing between fields and modes, implying non-trivial consequences for the dynamics
of the low energy Goldstone boson, as we shall verify in the following section.

9Here it should be understood that, even though we are expanding the solutions of (2.40) about p = 0,
these are strictly valid as long as H2 � ω2.

10These p-dependent contributions are in fact suppressed in the low energy regime where ω2
light � ω2

I,II to
be studied in the next section.
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3 Effective field theory

In the previous section we analysed the dynamics of inflationary systems with three scalar
fields, which may be understood in terms of a Goldstone boson interacting with two massive
scalar fields. We now move on to consider the case in which these two massive fields remain
heavy, and therefore contribute with heavy degrees of freedom to the particle content of the
theory. Such a regime exists only for wavelengths such that the frequency of the light mode
is found to be much smaller than the frequencies of the two heavy degrees of freedom:

ω2
light � ω2

I 6 ω2
II. (3.1)

As long as this condition is satisfied, the creation of high-energy quanta of energies ωI and
ωII will remain kinematically precluded to processes involving low-energy degrees of freedom
characterized by ωlight. Thus ωI constitutes the cut-off energy scale defining the validity of
the effective field theory for low energy modes of frequency ωlight. However, because ωI and
ωII depend on time-dependent background quantities, eq. (3.1) needs to be complemented
with the additional adiabaticity conditions [70]

|ω̇I|
ω2

I

� 1,
|ω̇II|
ω2

II

� 1, (3.2)

ensuring that high-frequency quanta will not be excited by strong sudden turns of the back-
ground inflationary trajectory.

3.1 Preliminaries

In what follows we deduce the effective field theory describing the dynamics of the low energy
modes characterized by the frequency ωlight, subject to the hierarchy (3.1). First, because
there is a large number of parameters involved in the definition of both ω2

I and ω2
II, we need

to make some simplifying assumptions about their values. To start with, we assume that
both ω2

I and ω2
II are of the same order. By inspecting eqs. (2.42) and (2.43) we see that this

condition implies that the cutoff scale is of order[
trM2 + 4(θ̇2 + ϕ̇2)

]2
∼ 4 detM2 c−2

s . (3.3)

in order to avoid a hierarchy between ω2
I and ω2

II. In second place, we only consider infla-
tionary trajectories where ϕ̇ is at most of order θ̇.11 Putting together these two assumptions,
one finds that both M2

22 and M2
11 + 4θ̇2 are of the same order as the cutoff scale Λ2

UV = ω2
I

of the effective field theory:
M2

22 ∼M2
11 + 4θ̇2 ∼ Λ2

UV. (3.4)

It is important to realize that under the present assumptions,M2
11 and θ̇2 are not necessarily

of the same order, and a hierarchy among their values is perfectly possible [30].
Next, we may anticipate the range of validity of the low energy EFT in terms of the

momentum carried by the fluctuations. For this, we see that the EFT will remain valid as
long as ω2

light � Λ2
UV. Then, noticing from (2.45) and (3.4) that the dispersion relation for

the light mode is of the general form

ω2
light ∼ c2

sp
2 +

(
1− c2

s

)2
Λ2

UV

p4 +O(p6/Λ4
UV), (3.5)

11Notice that although both θ̇ and ϕ̇ have a geometrical interpretation, in principle there are no constraints
on how large the ratio |ϕ̇/θ̇| can be.
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we see that, independently of the value of cs, the effective field theory is valid as long as the
wavelength

p2 � Λ2
UV. (3.6)

Finally, we argue that the term proportional to ϕ̇2 appearing in the light mode dispersion
relation (2.41), is always subleading when compared to any other term in the expression.
Indeed, from eq. (3.5) we see that the contribution quartic in p dominates only if c2

s � 1, in
which case the contribution due to ϕ̇2 will be suppressed by a factor c2

s against the remaining
term M2

22 +M4
12/M2

22 (recall that we are taking ϕ̇2 at most of order ∼ θ̇2). Thus, we are
allowed to take

ω2
light = c2

sp
2 +

(
1− c2

s

)2
detM2c−2

s

[
M2

22 +
M4

12

M2
22

]
p4 +O(p6/Λ4

UV), (3.7)

as the dispersion relation for the light mode, with terms of order O(p6) always subleading [64].

3.2 Computation of the effective field theory

We are now ready to compute the desired effective field theory. We will do this by expressing
both heavy-fields, F1 and F2 in terms of the light Goldstone boson π, with the help of the
equations of motion (2.30) and (2.31). The following two considerations will help in this task:

• We first notice that the absence of ϕ̇ in the dispersion relation (3.7) allows us to drop
any term containing ϕ̇ in (2.30) and (2.31), as long as it is linear in the fields. However,
we must keep ϕ̇ in those terms which are of higher order in the fields.

• In addition, the modified dispersion relation (3.7) is consistent with ω2 � p2 +M2
11

and ω2 � p2 +M2
22 for all values of p up to the cutoff scale ΛUV. This means that

we can drop the second time derivatives F̈1 and F̈2 in the equations of motion (2.30)
and (2.31) respectively.

To appreciate the relevance of these two points more clearly, we may analyze their effects
when applied to the linear equations of motion (2.38) valid at sub-horizon scales. In this
case, the matrix Ω is found to be:

Ω ≡

−ω2 + p2 −2iθ̇ω 0

2iθ̇ω p2 +M2
11 M2

12

0 M2
21 p2 +M2

22

 , (3.8)

from where it is straightforward to deduce the following dispersion relation for the light mode:

ω2
light = c2

sp
2 +

(
1− c2

s

)
detM2c−2

s

[
M2

22 +
M4

12

M2
22

]
p4 +O(p6). (3.9)

The only difference between this expression and that found in (3.7) is a missing extra factor
(1 − c2

s) in front of the quartic term of (3.9). This comes from having neglected the second
time derivatives of the heavy-fields (see ref. [64] for a detailed explanation of this in the case
of a single heavy-field). However, this difference is marginal, as the quartic term is only
relevant if the speed of sound is suppressed (c2

s � 1).
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Next, we write the equations of motion at most linear in the heavy-fields F1 and F2,
but to quadratic order in π (this will allow us to consistently deduce an EFT action for π
valid to cubic order in π):

[
−∇

2

a2
+M2

11 − 2π̇(ϕ̇2 + θ̇2)

]
F1 = θ̇φ̇0

[
2π̇ + π̇2 − 1

a2
(∇π)2

]
−M2

12F2, (3.10)[
−∇

2

a2
+M2

22 − 2π̇ϕ̇2

]
F2 = −M2

21F1. (3.11)

Since we are neglecting second order time derivatives, these equations may be interpreted as
constraint equations for the Lagrange multipliers F1 and F2. As such, they automatically
provide the low energy evolution of the heavy-fields F1 and F2 as sourced by the Goldstone
boson π. The solution to these equations are given by

F1 = Ω2
θ̇φ̇0

Ω1Ω2 −M4
21

[
2π̇ + π̇2 − 1

a2
(∇π)2

]
, (3.12)

F2 = −θ̇φ̇0
M2

21

Ω1Ω2 −M4
21

[
2π̇ + π̇2 − 1

a2
(∇π)2

]
, (3.13)

where the operators Ω1 and Ω2 are defined as:

Ω1 ≡
[
−∇

2

a2
+M2

11 − 2π̇(ϕ̇2 + θ̇2)

]
, (3.14)

Ω2 ≡
[
−∇

2

a2
+M2

22 − 2π̇ϕ̇2

]
. (3.15)

Replacing the solutions (3.12) and (3.13) back into the full action (2.27), and consistently
dropping those terms in the action the led to disregarded terms in the equations of motion,
we are led to the single-field Goldstone-boson action in the decoupling limit:

SEFT =
1

2

∫
d4xa3φ̇2

0

{[
π̇2 − 1

a2
(∇π)2

]
+ 4θ̇2π̇

M2
22 −∇2/a2

(M2
11 −∇2/a2)(M2

22 −∇2/a2)−M4
21

π̇

+ 8θ̇2ϕ̇2

[
π̇

M2
12

(M2
11 −∇2/a2)(M2

22 −∇2/a2)−M4
21

]2

π̇

+ 8θ̇2(θ̇2 + ϕ̇2)

[
π̇

(M2
22 −∇2/a2)

(M2
11 −∇2/a2)(M2

22 −∇2/a2)−M4
21

]2

π̇

+ 2θ̇2

[
π̇2 − 1

a2
(∇π)2

]
M2

22 −∇2/a2

(M2
11 −∇2/a2)(M2

22 −∇2/a2)−M4
21

π̇

+ 2θ̇2π̇
M2

22 −∇2/a2

(M2
11 −∇2/a2)(M2

22 −∇2/a2)−M4
21

[
π̇2 − 1

a2
(∇π)2

]}
. (3.16)
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This action may be further simplified by recalling that our formalism only allows us to
integrate heavy fields at wavelengths such that (3.6) is respected. This allows us to write:

SEFT =
1

2

∫
d4xa3φ̇2

0

{[
π̇2 − 1

a2
(∇π)2

]
+ π̇

4θ̇2

detM2/M2
22 −∇2/a2

π̇

+
1

2

(
1 +

ϕ̇2

θ̇2

M4
22 +M4

12

M4
22

)[
π̇

4θ̇2

detM2/M2
22 −∇2/a2

]2

π̇

+
1

2

[
π̇2 − 1

a2
(∇π)2

]
4θ̇2

detM2/M2
22 −∇2/a2

π̇

+
1

2
π̇

4θ̇2

detM2/M2
22 −∇2/a2

[
π̇2 − 1

a2
(∇π)2

]}
. (3.17)

This action constitutes one of our main results. It summarises the effect of two heavy-fields
on the evolution of a single adiabatic mode, parametrized by the Goldstone boson mode π.
The dispersion relation for the Goldstone boson mode may be read from the quadratic part
of the action, and is found to be given by:

ω2 =
(M2

11 + p2)M2
22 −M4

21

(M2
11 + p2)M2

22 −M4
21 + 4θ̇2M2

22

p2. (3.18)

Expanding this expression in powers of p2, we obtain back the dispersion relation (3.9). It
may be seen that at energies larger than

Λ2
new ∼ Λ2

UVcs, (3.19)

the dispersion relation changes from a linear dependence on the momentum ω ∝ p to a
quadratic dependence ω ∝ p2. This regime has been dubbed new physics regime [54], and
it signals the regime where the non-trivial contributions due to the Laplacian ∇2 become
important in (3.16).

4 Discussion

We now wish to highlight and discuss some of the main characteristics emerging from the
effective field theory deduced in the previous section. First of all, the form of action (3.17)
coincides with that studied in ref. [64], where general arguments about the effects of heavy
fields on curvature perturbations where given. There, the non trivial effects coming from
heavy physics was parametrized by a single mass scale M , representing the mass of a single
heavy field modifying the kinematics of the low energy Goldstone boson. Direct comparison
between both approaches allows us to identify M in terms of the entries of the mass matrix
M2 as:

M2 = detM2/M2
22. (4.1)

In addition, motivated by the EFT parametrization of ref. [44], in ref. [64] the Goldstone
boson self couplings were parametrized with the help of a set of the couplings M4

n, where n
denoted the order of expansion of the EFT in terms of the Newtonian potential g00 + 1. In
the present case, it is direct to read that the relation between M4

3 and M4
2 is given by

M4
3

M4
2

= −3

4
(c−2
s − 1)

(
1 +

ϕ̇2

θ̇2

M4
22 +M4

12

M4
22

)
, (4.2)
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where one sees that all the nontrivial effects due to the presence of the second field are due
to the ratio ϕ̇2/θ̇2.

There are two relevant limits of the deduced effective field theory, depending on the
value of Λ2

new = Λ2
UVcs relative to H2. If H2 � Λ2

new, the dispersion relation takes the
simple form ω = csp during horizon crossing, and the relevant EFT action parametrizing this
process becomes:

SEFT =
1

2

∫
d4xa3φ̇2

0

{[
1

c2
s

π̇2 − 1

a2
(∇π)2

]
+

(
1

c2
s

− 1

)
π̇

[
π̇2 − 1

a2
(∇π)2

]
+

1

2

(
1

c2
s

− 1

)2(
1 +

ϕ̇2

θ̇2

M4
22 +M4

12

M4
22

)
π̇3

}
. (4.3)

This form of the action may be compared with the one found in the original EFT analysis
of ref. [44]. In terms of the parametrization offered by eq. (1.1) one deduces that:

A = −1

2
(1− c2

s)

(
1 +

ϕ̇2

θ̇2

M4
22 +M4

12

M4
22

)
. (4.4)

Thus we see that a second heavy-field enlarges the EFT parameter encountered in the single
field case. Crucially, this happens only in one direction, and we are able to conclude that the
generic effect implied by a second field is to allow the inequality:

A 6 −1

2
(1− c2

s). (4.5)

This inequality may be tested, by means of the relations [48]:

f eq
NL =

1− c2
s

c2
s

(−0.276 + 0.0785A), (4.6)

forth
NL =

1− c2
s

c2
s

(0.0157− 0.0163A), (4.7)

as long as large non-Gaussian signatures are observed.

Next, we may consider the limit in which horizon crossing happens during the new
physics regime. Here the dispersion relation is dominated by a quadratic term (ω ∼ p2),
and one is forced to consider the full action (3.17). This form of the action was studied in
detail in ref. [54, 64] where it was noticed that the nontrivial scale dependence implied by
the insertions 4θ̇2/(M2 − ∇2/a2) (with M2 = detM2/M2

22), would modify drastically the
computation of observables in terms of background inflationary quantities. For instance, the
quadratic part of the action (3.17) in the new physics regime reads

S
(2)
EFT =

1

2

∫
d4xa3φ̇2

0

{[
π̇2 − 1

a2
(∇π)2

]
− π̇ 4θ̇2

∇2/a2
π̇

}
, (4.8)

from where one deduces that the power spectrum Pζ , and the tensor to scalar ratio r, are
given by:

Pζ '
5.4

100

H2

M2
Plε

√
θ̇

H
, r ' 3.8ε

√
H

θ̇
. (4.9)
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A detailed characterization of the shape of non-Gaussianity in the new physics regime is still
missing, but it is possible to infer that the size of equilateral non-Gaussianity is of order

fNL ∼
θ̇

H
, (4.10)

with its actual value determined by M4
3 given by (4.2).

5 Conclussions

We have deduced the effective field theory describing the evolution of curvature perturbations
during inflation, in the specific case where the Goldstone boson mode interacted with two
heavy fields. Our main result is summarized by eq. (3.17), which provides the explicit effective
field action for the Goldstone boson field π. Crucially, the couplings induced by the presence
of a second heavy-field are distinguishable from those appearing in the single heavy-field
case, implying that a detailed characterization of non-Gaussianities will allow us constrain
this class of scenarios. In particular, the presence of a second field implies the following
general inequality involving the parameters cs and A, appearing in the EFT of eq. (1.1)

A 6 −1

2
(1− c2

s), (5.1)

which is saturated in the single-field case. In terms of the angular velocities θ̇ and ϕ̇
parametrizing the multi-field inflationary trajectory, such an inequality becomes stronger
as ϕ̇ becomes of the same order than θ̇ (which may be as large as the cutoff scale ΛUV).

Our results represent a significant step towards a better understanding of the collective
effects that many heavy fields may have on the evolution of adiabatic perturbations, and
highlight the importance of using effective field theory techniques to interpret future obser-
vations. In particular, our results show, in an eloquent manner, how different values of cs
and A correspond to different, and potentially distinguishable, UV realizations of inflation.
Several outstanding questions remain to be answered: for instance, in the present analysis,
we have assumed that the parameter space is such that the two high frequencies ωI and ωII

are of the same order, simplifying the derivation of the desired effective field theory. Thus,
it would be desirable to study the system in other limits allowed by the parameters, such as
ω2

light � ω2
I � ω2

II, and/or ϕ̇2 � θ̇2. Also, given that one generically expects several heavy
fields to have interacted with curvature perturbations during inflation, it would be important
to know whether the inclusion of additional heavy fields would modify inequality (5.1). Last
but not least, it would be interesting to study the way in which a second heavy field would
generate features in the primordial spectra due to possible sudden turns of the inflationary
trajectory in the landscape.
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