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Abstract. Bayesian inference techniques are used to investigate situations where an addi-
tional light scalar field is present during inflation and reheating. This includes (but is not
limited to) curvaton-type models. We design a numerical pipeline where ≃ 200 inflaton se-
tups × 10 reheating scenarios = 2000 models are implemented and we present the results
for a few prototypical potentials. We find that single-field models are remarkably robust
under the introduction of light scalar degrees of freedom. Models that are ruled out at the
single-field level are not improved in general, because good values of the spectral index and
the tensor-to-scalar ratio can only be obtained for very fine-tuned values of the extra field
parameters and/or when large non-Gaussianities are produced. The only exception is quartic
large-field inflation, so that the best models after Planck are of two kinds: plateau potentials,
regardless of whether an extra field is added or not, and quartic large-field inflation with an
extra light scalar field, in some specific reheating scenarios. Using Bayesian complexity, we
also find that more parameters are constrained for the models we study than for their single-
field versions. This is because the added parameters not only contribute to the reheating
kinematics but also to the cosmological perturbations themselves, to which the added field
contributes. The interplay between these two effects lead to a suppression of degeneracies
that is responsible for having more constrained parameters.
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1 Introduction

The recent high-quality measurements [1–3] of the Cosmic Microwave Background (CMB)
anisotropies have shed new light on the physical processes that took place in the very early
Universe. These data clearly support inflation [4–9] as the leading paradigm for explaining
this primordial epoch. At present, the full set of observations can be accounted for in a
minimal setup, where inflation is driven by a single scalar inflaton field φ with canonical
kinetic term, minimally coupled to gravity, and evolving in a flat potential V (φ) in the slow-
roll regime. Because inflation proceeds at very high energy where particle physics remains
evasive, a variety of such potentials have been proposed in the literature so far. They have
been recently mapped in Ref. [10] where ∼ 80 potentials are identified and analyzed under the
slow-roll framework. The Bayesian evidence of the corresponding ∼ 200 inflationary models
was then derived in Refs. [11–14], which was used to identify the best single-field scenarios,
mostly of the “Plateau” type.

From a theoretical point of view however, as already said, inflation takes place in a
regime that is far beyond the reach of accelerators. The physical details of how the inflaton
is connected with the standard model of particle physics and its extensions are still unclear.
In particular, most physical setups that have been proposed to embed inflation contain extra
scalar fields that can play a role either during inflation or afterwards. This is notably the
case in string theory models where extra light scalar degrees of freedom are usually consid-
ered [15–19]. A natural question [20–29] is therefore whether single-field model predictions
are robust under the introduction of these additional fields, and whether these fields change
the potentials for which the data show the strongest preference.

In this paper, we address this issue using Bayesian inference techniques. We present
the results of a systematic analysis of single-field slow-roll models of inflation when an extra
light (relative to Hubble scale) scalar field σ is introduced and plays a role both during
inflation and afterwards. In the limit where this added field σ is entirely responsible for the
observed primordial curvature perturbations, the class of models this describes is essentially
the curvaton scenarios [30–34]. Here however, we address the generic setup where both φ
and σ can a priori contribute to curvature perturbations [35–38].1 In particular, while we
require that φ becomes massive at the end of inflation, we do not make any assumption as
to the ordering of the three events: σ becomes massive, φ decays and σ decays. Nor do we
restrict the epochs during which σ can dominate the energy content of the Universe. This
leaves us with 10 possible cases (including situations where σ drives a secondary phase of
inflation [36, 45–47]). These ten “reheating scenarios” are listed and detailed in Ref. [48] but,
for convenience, they are sketched in the Fig. 3 of appendix A. The usual curvaton scenario
corresponds to case number 8 but one can see that a much wider class of models is covered
by the present analysis.

An important aspect of this work is also that reheating kinematic effects are consistently
taken into account. In practice, this means that the number of e-folds elapsed between the
Hubble exit time of the CMB pivot scale and the end of inflation is not a free parameter but is
given by an explicit function of the inflaton potential parameters, the mass of the extra scalar
field, its vev at the end of inflation and the decay rates of both fields. As a consequence, there

1 In this work, we assume that all particles are in full thermal equilibrium after φ and σ decay; thus there are
no residual isocurvature modes [39, 40]. Any isocurvature modes surviving after reheating would provide very
strong additional constraints, but are dependent on the specific process of decay and thermalisation [36, 41–44]
which we do not consider here.
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is no free reheating parameter. This is particularly important for curvaton-like scenarios,
since in these cases the same parameters determine the statistical properties of perturbations
and the kinematics of reheating. It is therefore crucial to properly account for the interplay
between these two physical effects and the suppression of degeneracies it yields.

When the inflaton has a quadratic potential, extra light scalar fields have recently
been studied in Refs. [34, 44, 49, 50] and it has been shown [51] that the fit of quartic
chaotic inflation can be significantly improved in the curvaton limit. In Ref. [52], a Bayesian
analysis was carried out for the quadratic inflaton + curvaton models assuming instantaneous
reheating (corresponding to our reheating case number 8), and these models were found not
to be disfavoured with respect to standard quadratic inflation.

In this work however, we build a pipeline that incorporates all ∼ 200 single-field mod-
els mapped in Refs. [10, 11], in all 10 reheating cases. In practice, this means that the
Bayesian evidence and complexity of ∼ 2000 scenarios are addressed, which corresponds to
an important step forward in the current state of the art of early Universe Bayesian analysis.

This paper is organised as follows. In section 2, we explain the method that we have
employed. We introduce the physical systems under consideration and briefly recall how their
predictions were calculated in Ref. [48]. The theory of Bayesian inference is summarised and it
is explained how the numerical ASPIC pipeline [53] was extended to implement scenarios with
extra light scalar fields. We then present our results in section 3. Reheating cases are analysed
one by one for a few prototypical inflaton potentials in section 3.1. Bayesian complexity is
introduced as a measure of the number of unconstrained parameters in section 3.2, so that
the effective number of added parameters compared to single-field setups is quantified. In
section 3.3, a procedure of averaging over reheating scenarios is presented, which allows us to
derive the Bayesian evidence of categories of models and to discuss the observational status
of inflation with an extra light scalar field with respect to standard single-field inflation.
Dependence on the prior chosen for the vev of the extra light field at the end of inflation is
also studied in section 3.4. Finally, in section 4, we summarise our results and present a few
concluding remarks.

2 Method

The method employed in this paper combines the analytical work of Ref. [48] with the
numerical tools developed in Refs. [11, 54]. In this section, we describe its main aspects.

2.1 Inflation with an extra light scalar field

In the present work, we investigate the situation where an extra light scalar field is present
during inflation and (p)reheating. The potentials under scrutiny are of the form

V (φ) +
m2

σ

2
σ2, (2.1)

where σ is taken to be lighter than φ at the end of inflation. Both fields are assumed to be
slowly rolling during inflation, and eventually decay into radiation fluids with decay rates
respectively denoted Γφ and Γσ, during reheating. The parameters describing the inflationary
and reheating sectors of the theory are therefore given by

θinf+reh = {θV ,mσ, σend,Γφ,Γσ} , (2.2)
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where {θV } are the parameters appearing in the inflaton potential V (φ), σend is the vev
of σ evaluated at the end of inflation, and mσ, Γφ and Γσ have been defined before. It is
important to stress that, as mentioned in the introduction, reheating kinematics is entirely
fixed by these parameters, so that the number of e-folds between Hubble exit of the CMB
pivot scale and the end of inflation, ∆N∗, only depends on the parameters listed in Eq. (2.2).

In Ref. [48], it is explained how one can make use of the δN formalism to relate ob-
servables of such models to variations in the energy densities of both fields at the decay time
of the last field. This allows us to calculate all relevant physical quantities by only keeping
track of the background energy densities. Analytical expressions have been derived for all
10 reheating cases, that have been implemented in the publicly available ASPIC library [53].
For a given inflaton potential, and from the input parameters of Eq. (2.2), this code returns
the value of the three first slow-roll parameters (or equivalently, of the scalar spectral index
nS and its running, and of the tensor-to-scalar ratio r) and of the local-type non-Gaussianity
parameter fNL.

2.2 Bayesian Approach to Model Comparison

The next step is to compare the performances of the different inflationary scenarios under
consideration. One way to carry out this program is to make use of the Bayesian approach
to model comparison [55–63]. Bayesian inference uses Bayes theorem to express the posterior
probabilities of a set of alternative models Mi given some data set D. It reads

p (Mi|D) =
E (D|Mi)π (Mi)

p (D)
. (2.3)

Here, π (Mi) represents the prior belief in the model Mi, p (D) =
∑

i E(D|Mi)π(Mi) is a
normalisation constant and E (D|Mi) is the Bayesian evidence of Mi, defined by

E (D|Mi) =

∫

dθijL (D|θij,Mi) π (θij|Mi) , (2.4)

where θij are the N parameters defining the model Mi and π (θij|Mi) is their prior dis-
tribution. The quantity L (D|θij,Mi), called likelihood function, represents the probability
of observing the data D assuming the model Mi is true and θij are the actual values of
its parameters. Assuming model Mi, the posterior probability of its parameter θij is then
expressed as

p (θij|D,Mi) =
L (D|θij,Mi) π (θij|Mi)

E (D|Mi)
. (2.5)

The posterior odds between two models Mi and Mj are given by

p (Mi|D)

p (Mj|D)
=

E (D|Mi)

E (D|Mj)

π (Mi)

π (Mj)
≡ Bij

π (Mi)

π (Mj)
, (2.6)

where we have defined the Bayes factor Bij by Bij = E (D|Mi) /E (D|Mj). Under the
principle of indifference, one can assume non-committal model priors, π(Mi) = π (Mj), in
which case the Bayes factor becomes identical to the posterior odds (see however section 3.3
where another approach is used). With this assumption, a Bayes factor larger (smaller)
than one means a preference for the model Mi over the model Mj (a preference for Mj

over Mi). In practice, the “Jeffreys’ scale” gives an empirical prescription for translating
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Figure 1. Sketch of the likelihood for the toy model M1 discussed in section 2.2 (pale blue surface).
The solid blue line corresponds to the likelihood of model M2, which is a sub-model of M1 with
θ2 = 0.

the values of the Bayes factor into strengths of belief. When ln(Bij) > 5, Mj is said to be
“strongly disfavoured” with respect to Mi, “moderately disfavoured” if 2.5 < ln(Bij) < 5,
“weakly disfavoured” if 1 < ln(Bij) < 2.5, and the situation is said to be “inconclusive” if
| ln(Bij)| < 1.

Bayesian analysis allows us to identify the models that achieve the best compromise
between quality of the fit and simplicity. In other words, more complicated descriptions are
preferred only if they provide an improvement in the fit that can compensate for the larger
number of parameters. In the rest of this section, we illustrate how this idea works in practice
on a simple example [64].

Let M1 and M2 be two competing models aiming at explaining some data D. Two
parameters θ1 and θ2 describe the first model M1, and we assume that the likelihood function
is a Gaussian centred at (θ̄1, θ̄2) with standard deviations σ1 and σ2,

L (D|θ1, θ2,M1) = Lmax
1 e

−
(θ1−θ̄1)

2

2σ2
1

−
(θ2−θ̄2)

2

2σ2
2 . (2.7)

This likelihood is represented in Fig. 1. We assume that the prior distribution on θ1 and θ2 is
also a Gaussian, with standard deviations Σ1 and Σ2, and that the likelihood is much more
peaked than the prior, that is to say Σ1 ≫ σ1 and Σ2 ≫ σ2. In this limit, Eq. (2.4) gives rise
to a simple expression for the evidence of model M1, namely

E (D|M1) =
σ1σ2
Σ1Σ2

Lmax
1 . (2.8)

One can readily see that the higher the best fit, Lmax
1 , the better the Bayesian evidence,

which is of course expected. On the other hand, the ratio σ1σ2/(Σ1Σ2) stands for the volume
reduction in parameter space induced by the data D and, therefore, quantifies how much the
parameters θ1 and θ2 must be fine tuned around the preferred values θ̄1 and θ̄2 to account
for the data. From Eq. (2.8), it is thus clear that the larger this fine tuning, the worse the
Bayesian evidence, the final result being a trade-off between both effects.
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Now, let us imagine that the second parameter θ2 is associated with some extra, non-
minimal, feature (such as, say, isocurvature perturbations, non-Gaussianities, oscillations in
the power spectrum, etc). We want to determine whether θ2 (and, hence, the associated
feature) is, at a statistically significant level, required by the data. To this end, we introduce
the model M2 that is a sub-model of M1 where we choose θ2 = 0. This new model M2 has a
single parameter θ1. By definition, its prior distribution is Gaussian with standard deviation
Σ1 and its likelihood function is given by

L (D|θ1,M2) = L (D|θ1, 0,M1) = Lmax
1 e

−

θ̄
2
2

2σ2
2 e

−
(θ1−θ̄1)

2

2σ2
1 ≡ Lmax

2 e
−
(θ1−θ̄1)

2

2σ2
1 , (2.9)

where we have defined the maximum likelihood for modelM2 by Lmax
2 = Lmax

1 exp[−θ̄22/(2σ
2
2)].

This likelihood is displayed as the solid blue line in Fig. 1, and simply corresponds to the
intersection of the full likelihood (2.7) with the plane θ2 = 0. In the same limit Σ1 ≫ σ1 as
before, the evidence for the model M2 is given by an expression similar to Eq. (2.8), namely
E(D|M2) = σ1Lmax

2 /Σ1. The Bayes factor between models M1 and M2 therefore reads

B12 =
Lmax
1

Lmax
2

σ2
Σ2

= e

θ̄
2
2

2σ2
2

σ2
Σ2

. (2.10)

The first term, Lmax
1 /Lmax

2 represents the change in the best fit due to the fact that we have
added new parameters. Obviously, this ratio is always larger than one since adding more
degrees of freedom to describe the data can only improve the quality of the fit. On the other
hand, the second term σ2/Σ2 represents the amount of fine tuning required for this new
parameter θ2 and is smaller than one. As a consequence, if the improvement of the fit quality
is not large enough to beat fine tuning, one concludes that the parameter θ2 is not required
by the data. In the opposite case, one concludes that there is a statistically significant
indication that θ2 6= 0. Finally, let us notice that if the data is completely insensitive to θ2,
Lmax
1 = Lmax

2 and σ2 = Σ2, the two models M1 and M2 have the same Bayesian evidence.
Bayesian evidence is therefore insensitive to unconstrained parameters (in such a case, M1

and M2 can be differentiated using Bayesian complexity, see section 3.2).

2.3 Fast Bayesian Evidence Computation

The computation of Bayesian evidence is a numerically expensive task, since it requires one to
evaluate the multi-dimensional integral of Eq. (2.4). A typical analysis based on the Planck
likelihood coupled with an exact inflationary code to integrate the perturbations typically
requires more than 3 CPU years of computing time on standard modern processors. Given
the large number of models over which we want to carry out the Bayesian programme, this
means that these conventional methods cannot be employed in a reasonable amount of time.
This is why we resort to two important simplifications.

First, perturbations are calculated making use of the slow-roll formalism during infla-
tion, and the δN formalism (for curvature perturbations) afterwards. These two approaches
provide analytical expressions for the power spectra of scalar curvature and tensor fluctu-
ations, and for the local non-Gaussianity level. They exempt us from using a numerical
integrator of the mode equations.

Second, we use the “effective likelihood via slow-roll reparametrisation” approach pro-
posed by Christophe Ringeval in Ref. [54]. The method relies on the determination of an
effective likelihood for inflation, which is a function of the primordial amplitude of the
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scalar perturbations complemented with the necessary number of slow-roll parameters to
reach the desired accuracy. The effective likelihood is obtained by marginalisation over the
standard cosmological parameters, viewed as “nuisance” from the early Universe point of
view. Machine-learning algorithms are then used to reproduce the multidimensional shape
of the likelihood, and Bayesian inference is carried out with the nested sampling algorithm
MultiNest. The high accuracy of the method, which increases by orders of magnitude the
speed of performing Bayesian inference and parameter estimation in an inflationary context,
has been confirmed in Ref. [54]. We used this procedure with the Planck 2015 + BICEP2
data set [2].

2.4 Prior Choices

The priors encode physical information one has a priori on the values of the parameters (2.2)
that describe the models. For the parameters of the potential {θV }, we use the same priors
as the ones proposed in Ref. [11], which are based on the physical, model-building related,
considerations of Ref. [10]. Because the extra field σ is supposed to be still light at the end
of inflation, its mass mσ must be smaller than the Hubble scale at the end of inflation, Hend.
The same condition applies to the two decay rates, Γφ, Γσ < Hend, since both fields decay
after inflation. On the other hand, we want the Universe to have fully reheated before Big
Bang Nucleosynthesis (BBN), which means that the two decay rates are also bounded from
below by HBBN ≃ (10MeV)2/MPl. The same lower bound applies to mσ since, assuming
perturbative decay, mσ > Γσ. Between these two values, the order of magnitude of mσ and
of the two decay rates is unknown, which is why a logarithmically flat prior (or “Jeffreys
prior”) is chosen:

lnHBBN < ln Γφ < lnHend ; lnHBBN < ln Γσ < lnHend ; lnHBBN < lnmσ < lnHend .
(2.11)

After drawing these three parameters, for a given reheating case, hardprior conditions on
their ordering (given in Fig. 3) are imposed.

Two kinds of priors are then considered for σend. A first approach corresponds to stating
that the order of magnitude of σend is unknown, and that a logarithmically flat prior on σend
should be employed

lnσmin
end < lnσend < lnσmax

end . (2.12)

Here, σmin
end and σmax

end are the boundary values given for each reheating case in Fig. 3. A
second approach relies on the equilibrium distribution2 of long wavelength modes of a light
spectator field in de Sitter [65, 66]

P (σend) ∝ exp

(

−4π2m2
σσ

2
end

3H4
end

)

. (2.13)

This distribution is often referred to as the “Gaussian prior” for σend. However, one should
note that the Hubble scale at the end of inflation, Hend, that appears in Eq. (2.13), is in fact a
function of σend. Indeed, it depends on the mass scale of the inflaton potential, which is fixed

2In Ref. [65], it is shown that the timescale of equilibration depends on mσ in practice, but can be
surprisingly large (even more than thousands of e-folds). This implies that the initial conditions for spectator
fields are not automatically erased during inflation, and that distributions different from Eq. (2.13) may also
be relevant.
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to reproduce a given value of the curvature primordial power spectrum amplitude P∗. Since
σ contributes to the total amount of scalar perturbations, P∗ explicitly depends on σend, and
so does Hend. This is why, in Eq. (2.13), one should write Hend(σend) and the corresponding
distribution is not, strictly speaking, a Gaussian. Its physical interpretation should therefore
be handled carefully. In this work, we thus take a more pragmatic approach and interpret
Eq. (2.13) only as the idea that physically acceptable values of the parameters should be
such that mσσend ∼ H2

end, in agreement with what one would expect for a light scalar field
in de Sitter. In practice, we implement this requirement by simply rejecting realisations for
which the argument of the exponential function in Eq. (2.13) is smaller than 1/10 or larger
than 10 (we have checked that when changing these arbitrary values to, say, 1/100 and 100,
very similar results are obtained).

3 Results

In this section we cast our results in a series of a few tables. Let us first explain which
quantities are displayed. In the following tables, the first column is an acronym for the
name of the inflationary scenario under consideration that follows the same conventions as
in Ref. [48]. The index appearing after “MC” refers to the reheating case number, while
the second part of the acronym stands for the name of the inflaton potential, following
Ref. [10]. For example, MC3LFI2 corresponds to the case where the inflaton potential is of
the large field, quadratic type, and where the reheating scenario is of the third kind (see
Fig. 3). In the second column is given the logarithm of the Bayesian evidence, defined in
section 2.2, normalised to the Bayesian evidence of (the single-field version of) Higgs Inflation
(the Starobinsky model). Normalisation choice is anyway arbitrary and what only makes
physical sense is ratios of Bayesian evidence, but we chose Higgs Inflation to be the reference
model in order to match the convention of Ref. [11] and to make comparison with this work
easier. The third and fourth columns respectively stand for the number of input parameters
and the number of unconstrained parameters, that will be defined and commented on in
section 3.2. Finally, the fifth and last column gives the maximal value of the likelihood
(“best fit”), still normalised to the Bayesian evidence of Higgs Inflation. This quantity is
irrelevant from a purely Bayesian perspective (it would only need to be considered in a
frequentist analysis) so we display it for indicative purpose only.

For comparison, in all tables displayed below, the first line corresponds to the single-
field version of the models under consideration, in the case where the mean equation of state
parameter during reheating vanishes, w̄reh = 0, and the energy density at the end of reheating,
ρreh, has the same logarithmically flat prior as in Eq. (2.11), ln ρ

BBN
< ln ρreh < ln ρend. The

reason is that, in this work, the inflaton is assumed to oscillate around a quadratic minimum
of its potential after inflation ends (in which case its energy density redshits as matter),
and we want the limit where σend → 0 to match the single-field version of the model (even
if subtleties regarding this limit are to be noted, see section 3.1). Finally, let us mention
that apart from section 3.4, the results given here are obtained from the logarithmically flat
prior (2.12) on σend.

3.1 Prototypical Inflaton Potentials

As already mentioned, the inclusion of an extra light scalar field in the ASPIC pipeline, for
all ten reheating scenarios, gives rise to ∼ 2000 models of inflation for which the Bayesian
programme can be carried out. In this paper, for conciseness, we choose not to display all
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corresponding Bayesian evidence and select four prototypical inflaton potentials that will
allow us to discuss the main generic trends that we have more generically observed. These
four examples are also discussed in great detail in Ref. [48], where, in all ten reheating cases,
plots in the (nS, r), (nS, fNL

) and (f
NL

, r) planes are provided. Together with the table 1 of
this same reference where the main properties of these figures are summarised, they constitute
useful prerequisites to properly interpret the following results.

• Large-field inflation (LFI) is a typical example of a “large-field” model. Its potential is
given by

V (φ) = M4

(

φ

MPl

)p

. (3.1)

Here, p is the free parameter of the potential. In this section, we present the results
obtained for p = 2 (i.e. for a quadratic potential) but the results obtained for p = 2/3,
p = 1, p = 3 and p = 4, as well as for marginalising over p ∈ [0.2, 5], are given in
appendix B (and in appendix D for a Gaussian prior on σend). Large-field models are
well-known for yielding a value for r that is too large in their single-field versions. Since
the introduction of light scalar fields typically reduces the predicted value of r, at least
in reheating cases 4, 5, 7 and 8, we expect the Bayesian evidence of these models to be
modified.

• Higgs inflation (HI, the Starobinsky model) is a typical example of a “Plateau model”
for which the single-field version of the model already provides a very good fit to the
data (its Bayesian evidence can therefore only decrease). Its potential is given by

V (φ) = M4

[

1− exp

(

−
√

2

3

φ

MPl

)]2

. (3.2)

• Natural Inflation (NI) has a potential given by

V (φ) = M4

[

1 + cos

(

φ

f

)]

. (3.3)

When f is not super-Planckian, it is a typical example that yields a value for nS that is
too small in the single-field version of the model. The introduction of a light scalar field
tends to drive nS towards 1 so that the predictions of the models intersect the region
that is preferred by the data, but only for fine-tuned parameters. How the Bayesian
evidence will change is therefore difficult to predict. As in Ref. [11], a logarithmically
flat prior is chosen on f , 0 < log(f/MPl) < 2.5.

• Power-Law Inflation (PLI) is a typical potential yielding a too large value of nS, or a
too large value of r. Since extra light scalar fields tend to decrease r but to increase
nS, it is also difficult to predict how the Bayesian evidence will evolve. Its potential is
given by

V (φ) = M4 exp

(

−α
φ

MPl

)

. (3.4)

Since this potential has the specific feature to be conformally invariant, its predictions
do not depend on the number of e-folds ∆N∗ elapsed between Hubble exit and the
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Name ln (E) N Nunc ln (Lmax)

HI 0.00 2 0.92 1.36

MC1HI −0.42 5 3.84 1.37

MC2HI −0.18 5 3.81 1.36

MC3HI −1.21 5 3.21 1.35

MC4HI −0.41 5 3.88 1.37

MC5HI −0.55 5 3.84 1.36

MC6HI −0.81 5 3.45 1.35

MC7HI −0.39 5 3.84 1.37

MC8HI −0.51 5 3.84 1.35

MC9HI −0.62 5 3.68 1.35

MC10HI −1.59 5 3.03 1.36

Name ln (E) N Nunc ln (Lmax)

NI −3.42 3 −1.49 0.36

MC1NI −4.34 6 0.50 0.41

MC2NI −3.97 6 0.29 0.29

MC3NI −4.70 6 −0.19 0.27

MC4NI −4.18 6 0.50 0.27

MC5NI −3.08 6 0.50 0.26

MC6NI −4.58 6 −0.12 0.23

MC7NI −3.67 6 0.40 0.25

MC8NI −3.02 6 0.40 0.24

MC9NI −4.05 6 0.82 0.30

MC10NI −5.13 6 0.80 0.31

Table 1. Bayesian analysis for the Higgs Inflation and Natural Inflation models.

end of inflation, hence do not depend on the reheating kinematics. This is another
reason why this example is interesting, since it isolates the effects of σ coming from
its contribution to the total amount of scalar perturbations, and is not sensitive to the
role it plays in the reheating dynamics. As in Ref. [11], a logarithmically flat prior is
chosen on α, −4 < logα < −1.

The results for Higgs Inflation and Natural Inflation are presented in table 1 and the
results for Large-Field (quadratic) Inflation and Power-Law Inflation are given in table 2.

A first remark concerns the single-field limit. The first reheating scenario (see Fig. 3)
corresponds to values of the parameters such that the extra light field never dominates the
energy budget of the Universe, and decays before the inflaton field does. In this case, it
does not contribute to curvature perturbations neither does it play a role in the reheating
dynamics. As a consequence, the first reheating scenario can be viewed as the single-field
limit of the models under consideration, and in Ref. [48], it is shown that the same predictions
as for the single-field models are indeed obtained in this case. However, in tables 1 and 2, one
can see that the Bayesian evidence for the first reheating scenarios (“MC1”) and the single-
field models are not exactly the same. The reason is that reheating is effectively implemented
with different priors. In the single-field models, as explained in the beginning of section 3, the
total energy density at the end of reheating is drawn according to a logarithmically flat prior
ln ρ

BBN
< ln ρreh < ln ρend. In the first reheating scenario on the other hand, ρreh ≃ 3M2

Pl
Γ2
φ

which is drawn according to the same distribution, with the difference that the hard prior
condition Γφ < Γσ is implemented. This means that, when marginalised over all other
parameters, the effective prior distribution for Γφ alone is biased towards smaller values
(for which more values of Γσ are allowed). In the first reheating scenario, w̄reh ≃ 0, which
means that [67, 68] ∆N∗ ∝ ln Γφ shows preference for smaller values too. As a consequence,
steeper portions of the inflaton potential are preferentially sampled in the first reheating
scenario, hence slightly lower Bayesian evidence are obtained (an important exception being
Power-Law Inflation which is, as explained above, insensitive to reheating kinematic effects).
This again shows the importance of properly accounting for reheating kinematic effects. The
second reheating scenario (“MC2”) is similar in the sense that the extra light field decays
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Name ln (E) N Nunc ln (Lmax)

LFI2 −3.61 2 0.11 −1.66

MC1LFI2 −4.37 5 2.49 −1.67

MC2LFI2 −4.08 5 2.41 −1.74

MC3LFI2 −4.72 5 0.65 −1.07

MC4LFI2 −4.32 5 1.55 −1.02

MC5LFI2 −2.91 5 1.70 −0.02

MC6LFI2 −4.60 5 0.67 −1.07

MC7LFI2 −3.95 5 2.18 −1.02

MC8LFI2 −2.99 5 1.50 −0.03

MC9LFI2 −4.15 5 1.48 −1.07

MC10LFI2 −5.15 5 0.26 −1.07

Name ln (E) N Nunc ln (Lmax)

PLI −8.11 3 −3.38 −4.72

MC1PLI −8.10 6 −3.47 −1.01

MC2PLI −8.12 6 −3.47 −1.07

MC3PLI −8.34 6 −5.62 −1.07

MC4PLI −8.00 6 −1.33 −4.57

MC5PLI −7.68 6 −1.41 −4.56

MC6PLI −8.29 6 −5.18 −1.07

MC7PLI −8.84 6 −1.33 −4.57

MC8PLI −8.69 6 −1.41 −4.56

MC9PLI −8.54 6 −7.56 −1.07

MC10PLI −8.56 6 −0.79 −4.56

Table 2. Bayesian analysis for the Large-Field (quadratic) Inflation and Power-Law Inflation models.

before the inflaton does, and is subdominant when this happens. In Ref. [48], it is shown
that almost the same predictions as for the single-field models are obtained in this case too.
However, reheating dynamics is more complicated and contrary to case 1 where reheating is
only made of a matter phase, case 2 contains a matter phase, a second inflation phase, an
other matter phase, a radiation phase and then a matter phase again. In practice, it turns
out that the values of ∆N∗ it yields are closer to the single-field ones, which is why the effect
described here is smaller in these cases.

For the other reheating scenarios, predictions can be very different from the single-field
ones, and we now review our four prototypical potentials one by one. For Higgs Inflation
(table 1, left panel), since the single-field version of the model already provides one of the best
possible fits to the data, as expected, including an extra light scalar field leads to decreasing
the Bayesian evidence in all reheating scenarios. However, according to the Jeffrey scale,
this change is “inconclusive” in most cases (and only “moderately disfavoured” in reheating
scenarios 3 and 10). This means that, at the Bayesian level, Plateau models such as Higgs
Inflation are robust under the introduction of extra light degrees of freedom. In reheating
scenarios 4, 5, 7 and 8, nS varies between the single-field prediction and 1, which explains why
the evidence decreases. The main differences between these cases is that in scenarios 4 and
7, large non-Gaussianities can also be produced while in scenarios 5 and 8, non-Gaussianities
always remain within the observational bounds. For this reason, it may seem counter-intuitive
that the evidence of cases 5 and 8 is slightly lower than the one of cases 4 and 7. This means
that non-Gaussianities play a negligible role in constraining these models, and that most
parameters that are excluded because of too large non-Gaussianities are already excluded
because of too large values of nS. Non-Gaussianities observational constrains are therefore
still too weak to really constrain these models. Finally, reheating scenarios 3, 6, 9 and 10
contain a second phase of inflation which means that the scales observed in the CMB exit
the Hubble radius closer to the end of inflation where the potential is steeper (hence smaller
values of nS and larger values for r), which is why these models have lower evidence, the
most disfavoured scenario being case 10.
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For Natural Inflation (table 1, right panel), let us again note that no radical change is
observed when introducing a light scalar field. The single-field version of the model produces
a too small value for nS which is why it is “moderately disfavoured” compared to, say,
Higgs Inflation. In reheating scenarios 4, 5, 7 and 8, nS varies continuously between the
single-field prediction and 1, crossing the “sweet spot” of the data. However, this only
yields a small increase of the Bayesian evidence of these four cases compared to reheating
scenario MC1, confirming that, as already mentioned, parameters achieving the right scalar
tilt are fine-tuned. In fact, only cases 5 and 8 are preferred to the single-field version of the
model (although at an “inconclusive” level). Indeed, only in these cases, non-Gaussianities
remain within observational constrains. This means that contrary to Higgs Inflation, current
observational constraints on non-Gaussianities are already relevant for these models. Finally,
cases 3, 6, 9 and 10 produce values of nS that are even smaller than the single-field predictions,
and are therefore disfavoured. The worst scenario is again 10, but it is only weakly disfavoured
with respect to the single-field version of the model.

For large-field models such as Large-Field Inflation, depending on the power index p of
the potential (3.1), larger modifications in the Bayesian evidence can be observed. The values
for a quadratic potential are displayed in the left panel of table 2 while other values of p are
dealt with in appendix B. The single-field versions of the large-field models suffer from a value
for r which is too large compared with the current observational constrains. In scenarios 4,
5, 7 and 8, the corresponding value decreases. This is why, in cases 5 and 8 where no large
non-Gaussianities are produced, one obtains larger Bayesian evidence than in the single-field
case. For a quadratic potential, the difference in only “inconclusive” (with respect to single-
field) or “weak” (with respect to MC1) according to the Jeffreys scale, and the best scenario
(MC5LFI2) still remains “moderately disfavoured” with respect to the best single-field models
such as Higgs inflation. For a quartic potential however (see appendix B), the effect is much
larger as cases 5 and 8 are “strongly favoured” with respect to their single-field counterpart.
The best scenario, MC5LFI4, is even in the “inconclusive” zone of Higgs inflation. From a
Bayesian perspective, this scenario therefore belongs to the best models of inflation. On the
contrary, because large non-Gaussianities are produced in cases 4 and 7, the decrease in r is
not enough to “rescue” these models that even have slightly worse Bayesian evidence than
their single-field versions. This means that, as in Natural Inflation but contrary to Higgs
Inflation, non-Gaussianities already are a constraining observable for these models. In cases
3, 6, 9 and 10, smaller values of r are obtained when p > 2, but nS reaches unacceptably
small values in these regimes. This is why these scenarios are disfavoured, even compared to
their single-field counterpart.

Finally, Power-Law Inflation is displayed in the right panel of table 2. Being conformally
invariant, its predictions do not depend on ∆N∗, and there is no reheating kinematic effects
in these models. This is why, as already noticed, the reheating scenarios MC1 and MC2 have
exactly the same Bayesian evidence as the single-field version of the model. In practice, the
Bayesian evidence of all reheating scenarios are extremely low and close to the numerical
limit of our code, so it is not easy to well resolve the differences between them. However,
one can see that all scenarios are within the same “inconclusive” zone. This means that they
are all equally strongly disfavoured. This also reinforces the statement that, for the models
considered in the present paper in particular and for inflation in general, reheating kinematic
effects play an important role, to which the data are now sensitive.
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Figure 2. Toy model described in section 3.2. In the left panel, the flat prior Π with standard
deviation Σ, and the Gaussian likelihood L that peaks at θML and has standard deviation σ, are
displayed. In the right panel, the Bayesian complexity C of the model is given in terms of Σ/σ.

3.2 Complexity and Number of Unconstrained Parameters

As shown in section 2.2, Bayesian evidence is not sensitive to unconstrained parameters.
Concretely, this means that if one adds a new parameter to a model, if this parameter does
not change any of the model predictions, the Bayesian evidence remains the same. In this
case, the model with less parameters may be considered more “simple”. This is why the idea
of “complexity” naturally arises in Bayesian analysis. At first sight, the models considered
here are more “complex” than pure single-field scenarios as they contain more parameters.
However, the data may be more efficient in constraining these parameters and the relevant
question is rather how many unconstrained parameters these models have. A well-suited
measure of the number of free parameters that the data can actually constrain in a model
is provided by the relative entropy between the prior and posterior distributions [69] (the
Kullback-Leibler divergence). In Ref. [70], it is shown that such an effective number of
parameters, called Bayesian complexity C, can be written as

Ci = −2 〈lnL (θij)〉p + 2 lnL
(

θML
ij

)

, (3.5)

where 〈·〉p denotes averaging over the posterior p (θij|D,Mi) and θML
ij is the parameters values

where the likelihood is maximal. Bayesian complexity therefore assesses the constraining
power of the data with respect to the measure provided by the prior.

To see how this works in practice, let us consider the toy example depicted in the left
panel of Fig. 2. This model has a single parameter θ with a flat prior between −

√
2Σ and

√
2Σ

(Σ is the prior standard deviation). Let us assume the likelihood to be Gaussian, centred
over θML and with standard deviation σ. For simplicity, in the expressions given below, let
us assume that θML = 0 so that the prior and likelihood are centred over the same value.
Making use of Eq. (2.4), the Bayesian evidence of this model is given by

E =

√
π

2
Lmax

σ

Σ
erf

(

Σ

σ

)

, (3.6)
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and one recovers the features commented on in section 2.2, namely the fact that the Bayesian
evidence increases with Lmax but decreases with Σ/σ. Using Eq. (2.5), the posterior distri-
bution of the model can then be calculated, and one obtains for the Bayesian complexity

C = 1− 2√
π

Σ

σ

e−Σ2/σ2

erf (Σ/σ)
. (3.7)

One can see that, contrary to the Bayesian evidence in Eq. (3.6), the complexity only depends
on the ratio Σ/σ and not on Lmax. It is displayed in the right panel of Fig. 2. When Σ ≫ σ, θ
is well measured and accordingly, the complexity (i.e. the number of constrained parameters)
goes to one. On the contrary, when Σ ≪ σ, the data does not constrain the parameter θ and
the complexity vanishes.

From this example, it is clear that Bayesian complexity allows us to quantify the number
of unconstrained parameters

Nunc = N − C . (3.8)

The models considered in the present work have the same number of inflaton potential param-
eters as their single-field counterpart. As already mentioned, see Eq. (2.2), their predictions
also depend on {mσ, σend,Γφ,Γσ}, while their single-field analogues only rely on ρreh to de-
scribe the reheating sector. This is why 3 more parameters are involved, which can be checked
in the third column of the tables displayed above. However, the number of unconstrained
parameters differs in general by a different amount when comparing single-field models to
cases where an extra light field is present. In practice, one can check that this amount is
always larger than 0 (except for Power-Law potentials, but see below), hence there are more
unconstrained parameters, but also always smaller than 3, hence more parameters are con-
strained. For MC5LFI2 for example, 1.41 more parameters are constrained with respect to
the single-field version of the model. This means that the data is more efficient in constraining
parameters when an extra light scalar field is added. This should be related to the fact that,
as already stressed, the added parameters not only contribute to the reheating kinematic
description (which, at the effective level, boils down to one single parameter), but also to the
statistical properties of the perturbations themselves to which the added field contributes.
The interplay between these two effects lead to a suppression of degeneracies that Bayesian
complexity is therefore quantifying.

Finally, let us notice that for Power-Law Inflation, as well as for some reheating scenarios
of Natural Inflation, negative numbers of unconstrained parameters can be obtained. This is
because, when the best-fit likelihood of a model is very poor, its Bayesian complexity can be
arbitrarily large, hence Nunc in Eq. (3.8) becomes negative. In some sense, it means that the
model is so strongly disfavoured that the data calls for more parameters than it can offer.

3.3 Averaging over Reheating Scenarios

So far, Bayesian evidence of inflationary models where an extra light scalar field is present
have been given for each reheating scenario individually. However, in order to determine
whether predictions of purely single-field models of inflation are robust under the introduc-
tion of light scalar fields, and whether the inflaton potentials for which the data show the
strongest preference change once these extra fields are accounted for, one may want to derive
“consolidated” Bayesian evidence associated to the inflaton potential only, regardless of the
reheating scenario. This can be done by averaging over reheating scenarios in the following
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Name % ln (E)
HI 0.00

MC1HI 33.8 −0.42
− 0.44

− 0.45

MC2HI 1.1 −0.18
MC3HI 1.7 −1.21
MC4HI 21.6 −0.41

− 0.47MC5HI 7.3 −0.55
MC6HI 2.5 −0.81
MC7HI 22.0 −0.39

− 0.44
MC8HI 7.1 −0.51
MC9HI 2.9 −0.62
MC10HI 0.1 −1.59

Name % ln (E)
NI −3.42

MC1NI 34.0 −4.34
− 4.34

− 3.85

MC2NI 1.0 −3.97
MC3NI 1.7 −4.70
MC4NI 21.6 −4.18

− 3.82MC5NI 7.3 −3.08
MC6NI 2.5 −4.58
MC7NI 22.0 −3.67

− 3.51
MC8NI 7.1 −3.02
MC9NI 2.8 −4.05
MC10NI 0.1 −5.13

Table 3. Prior volume fraction (%) and averaged Bayesian evidence for the Higgs Inflation and
Natural Inflation models.

manner. For the purpose of illustration, let us consider two toy models M1 and M2, that
both depend on the same parameter θ. In model M1, θ is assumed to lie within the range
[a, b] with a flat prior distribution, while in model M2, θ lies within the range [b, c] with a
flat prior distribution too. The model M1+2 is defined to be the “union” of M1 and M2,
where θ lies in [a, c] with a flat prior distribution, so that M1 and M2 are simply sub-models
of M1+2. From the definition (2.4), one readily obtains

E (D|M1+2) =
b− a

c− a
E (D|M1) +

c− b

c− a
E (D|M2) . (3.9)

In other words, the Bayesian evidence of model M1+2 is obtained by averaging the evidence
of models M1 and M2, weighted by the relative fraction of the prior volume of M1+2 that
falls into their respective domains. Somehow, these prior volume fractions can be viewed as
priors for the sub-models M1 and M2 themselves.

This is the strategy we adopt here. In practice, starting from the global priors (2.11),
and using a fiducial, constant likelihood in our Bayesian inference code, we compute the
fraction of attempts that fall into each of the ten reheating scenarios. The corresponding
ten relative weights are given in the second columns of tables 3 and 4 for the four potentials
considered in this section (the analysis for other monomial large-field potentials is presented
in appendix C). One can see that these weights are roughly independent of the inflaton
potential, small differences being due to hard prior conditions (notably the requirement that
the scalar power spectrum can properly be normalised) that slightly depend on the inflaton
potential.

When a logarithmically flat prior is used for σend, the reheating scenarios that are
mostly populated, at the prior level, are 1, 4 and 7. Let us recall that, up to different
reheating parameters priors, case 1 corresponds to the single-field limit of the models under
consideration. Cases 4 and 7, on the other hand, are usually associated with larger nS,
smaller r and larger f

NL
. These are the scenarios that mostly contribute to the averaged

Bayesian evidence. In the third column of tables 3 and 4 is given the Bayesian evidence
corresponding to situations where Γφ < Γσ < mσ (cases 1, 2 and 3), Γσ < Γφ < mσ (cases
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Name % ln (E)
LFI2 −3.61

MC1LFI2 33.8 −4.37
− 4.38

− 3.91

MC2LFI2 1.0 −4.08
MC3LFI2 1.7 −4.72
MC4LFI2 21.6 −4.32

− 3.79MC5LFI2 7.2 −2.91
MC6LFI2 2.5 −4.60
MC7LFI2 22.0 −3.95

− 3.66
MC8LFI2 7.2 −2.99
MC9LFI2 2.9 −4.15
MC10LFI2 0.1 −5.15

Name % ln (E)
PLI −8.11

MC1PLI 9.8 −8.10
−8.15

−8.54

MC2PLI 2.3 −8.12
MC3PLI 3.6 −8.34
MC4PLI 6.5 −8.00

−8.07MC5PLI 1.1 −7.68
MC6PLI 5.3 −8.29
MC7PLI 49.1 −8.84

−8.77
MC8PLI 15.9 −8.69
MC9PLI 6.3 −8.54
MC10PLI 0.2 −8.56

Table 4. Prior volume fraction (%) and averaged Bayesian evidence for the Large-Field (quadratic)
Inflation and Power-Law Inflation models.

4, 5 and 6) and Γσ < mσ < Γφ (cases 7, 8, 9 and 10). The last column of these tables
contain the global, consolidated Bayesian evidence of the models under consideration. For
Higgs inflation, introducing an extra light scalar field decreases the logarithm of the Bayesian
evidence of the model by less than ∼ 0.5, at a level that is “inconclusive” according to the
Jeffreys scale. This is why we conclude that the best single-field models, of the Plateau
type, are generally robust under the introduction of such light scalar degrees of freedom.
For models that predict a value for nS that is too low such as Natural Inflation, one can see
that scenarios with an extra light scalar field remain, on average, in the “inconclusive” zone
of their single-field counterpart and are even very slightly disfavoured. The same holds for
large-field models predicting a value for r which is too large such as when the potential is
quadratic. When the potential is quartic however, models containing an extra light scalar field
are moderately favoured compared to their single-field version, and become only moderately
disfavoured compared to the best single-field models such as Higgs Inflation. For Power-Law
inflation, the situation is rather unchanged, and all versions of the model remain strongly
disfavoured.

3.4 Prior on σend

The results of the Bayesian analysis when the Gaussian prior (2.13) is used for σend are given
in appendix D. The averaged Bayesian evidence is also displayed in tables 5 and 6, and in
appendix E for other large-field models. At the prior level, one can see that the most pop-
ulated scenarios are 1, 2, 3 and 6. As already mentioned, scenarios 1 and 2 are close to the
single-field limit of the models under consideration. Cases 3 and 6, on the other hand, corre-
spond to situations where a second phase of inflation takes place. It is therefore interesting
to notice that scenarios corresponding to the original “curvaton” setup [30–33] (scenarios
5 and 8) only represent a few percents of the prior space and may not seem very natural,
if a Gaussian prior is adopted for σend (see however the caveats about such a prior choice
mentioned in section 2.4). This also emphasises the importance of not restricting the present
work to pure curvaton scenarios but investigating all possibilities. Since situations with extra
phases of inflation probe steeper parts of the inflaton potential, they are always disfavoured.
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Name % ln (E)
HI 0.00

MC1HI 11.7 −0.13
− 0.51

− 0.6

MC2HI 14.0 −0.14
MC3HI 24.7 −1.17
MC4HI 0.2 −0.10

− 0.68MC5HI 8.9 −0.12
MC6HI 34.2 −0.90
MC7HI 0.0 −0.70

− 0.83
MC8HI 0.7 −0.11
MC9HI 3.3 −0.66
MC10HI 2.1 −1.85

Name % ln (E)
NI −3.42

MC1NI 9.9 −3.70
− 4.19

− 4.25

MC2NI 11.2 −3.88
MC3NI 28.2 −4.65
MC4NI 0.2 −3.44

− 4.28MC5NI 6.9 −3.31
MC6NI 35.1 −4.68
MC7NI 0.0 −3.49

− 4.52
MC8NI 1.2 −3.82
MC9NI 5.6 −4.60
MC10NI 1.7 −5.17

Table 5. Prior volume fraction (%) and averaged Bayesian evidence for the Higgs Inflation and
Natural Inflation models, when a “Gaussian” prior is used for σend.

Name % ln (E)
LFI2 −3.61

MC1LFI2 10.1 −3.86
− 4.26

− 4.27

MC2LFI2 13.3 −3.98
MC3LFI2 28.2 −4.65
MC4LFI2 0.1 −3.56

− 4.28MC5LFI2 8.1 −3.41
MC6LFI2 34.0 −4.69
MC7LFI2 0.0 −3.59

− 4.35
MC8LFI2 0.5 −3.40
MC9LFI2 3.7 −4.26
MC10LFI2 1.9 −5.23

Name % ln (E)
PLI −8.11

MC1PLI 0.0 −8.11
−8.83

−8.88

MC2PLI 10.1 −8.56
MC3PLI 35.5 −8.92
MC4PLI 0.0 −8.89

−8.93MC5PLI 0.0 −8.89
MC6PLI 40.5 −8.93
MC7PLI 0.0 −8.98

−8.91
MC8PLI 1.3 −8.97
MC9PLI 11.0 −8.97
MC10PLI 1.5 −8.55

Table 6. Prior volume fraction (%) and averaged Bayesian evidence for the Large-Field (quadratic)
Inflation and Power-Law Inflation models, when a “Gaussian” prior is used for σend.

This is why we find that the averaged Bayesian evidence of all potentials considered in this
section is decreased when an extra light scalar field is present, and that the corresponding
models are “weakly disfavoured” compared to their single-field counterpart.

4 Conclusion

Let us now summarise our main results. In this paper, we have used Bayesian inference
techniques to investigate situations where an extra light scalar field is present during inflation
and reheating. Combining the analytical work of Ref. [48] with the numerical tools developed
in Refs. [11, 54], we have designed a numerical pipeline where ∼ 200 inflaton setups × 10
reheating scenarios = 2000 models are implemented. For simplicity, we have presented the
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results obtained for a few prototypical inflaton potentials only, but they are representative
of the generic trends that can be more generally observed.

We have found that plateau models, that already provide a good fit to the data in their
single-field version, are very robust under the introduction of a light scalar field, which only
decreases the Bayesian evidence at an inconclusive level. For hilltop potentials, single-field
scenarios usually lead to values of nS that are too low when the width of the hill is not
super-Planckian. When a light scalar field is added, the right value of nS can be obtained,
but this happens for very fine-tuned values of the extra field parameters and/or when large
non-Gaussianities are produced. As a consequence, the Bayesian status of these models is
not improved. The same holds for most large-field models, that give rise to values of r
that are too large in their single-field version. The only exception is quartic potentials, for
which we have found that reheating scenarios 5 and 8 are “strongly favoured” with respect
to their single-field counterpart, and that scenario 5 even lies in the inconclusive zone of (the
single-field version of) Higgs Inflation (the Starobinsky model).

To summarise, we have thus showed that the best models after Planck are of two kinds:
plateau potentials, regardless of whether an extra field is added or not, and quartic large-field
inflation with an extra light scalar field, in reheating scenarios 5 and 8.

The role non-Gaussianities play in constraining these models [52, 71–77] was also dis-
cussed. We have seen that current bounds on non-Gaussianities are already sufficient to
constrain hilltop and large-field potentials, but not plateau potentials. In the future, an
important question is therefore whether the most efficient way to constrain these models is
to improve measurements on nS and r or measurements on non-Gaussianities. We plan to
address this issue in a separate paper.

Different priors have also been compared for the vev of the added field at the end of
inflation. When it is set to its expected value from quantum dispersion effects, we have found
that the most natural scenarios are the ones containing extra phases of inflation, that are
generally disfavoured. This also means that the results of our analysis are sensitive to the
distribution chosen for the vev of the light field, and that given a model, such a distribution
can therefore be constrained. This may be relevant to the question [65, 66, 78] whether
observations can give access to scales beyond the observational horizon.

Finally, we have used Bayesian complexity to quantify the number of parameters that
are left unconstrained by the present analysis. We have found that, while the models studied
here have more unconstrained parameters than their single-field versions, they also allow
us to constrain more parameters. This is due to the fact that the added parameters not
only contribute to the kinematic description of reheating but also to the statistical prop-
erties of the perturbations themselves, to which the added field contributes. The interplay
between these two effects lead to a suppression of degeneracies that is responsible for having
more constrained parameters. This also means that non trivial constraints on the reheat-
ing temperatures can be obtained in these models, which we plan to investigate in a future
publication.
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A Reheating Cases
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Figure 3. Different possible reheating scenarios, depending on the values taken by Γσ, mσ, Γφ, Hend

and σend. Cases 1, 2 and 3 correspond to Γφ < Γσ < mσ < Hend; cases 4, 5 and 6 correspond to
Γσ < Γφ < mσ < Hend; cases 7, 8, 9 and 10 correspond to Γσ < mσ < Γφ < Hend. Within each
row, different cases are distinguished by σend/MPl which controls when σ dominates the total energy
density (the precise values for σend at the limit between the different scenarios are given in Ref. [48]).
The blue curves stand for the energy density of φ while the green ones are for σ.
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B Bayesian Results for Other Large-Field Models

In the following tables, we display the results of the Bayesian analysis when the inflaton
potential is given by Eq. (3.1) with p = 2/3, p = 1, p = 2, p = 3 and p = 4, as well as for
marginalising over p ∈ [0.2, 5].

Name ln (E) N Nunc ln (Lmax)

LFI −2.97 3 0.07 0.25

MC1LFI −3.32 6 3.50 0.23

MC2LFI −2.95 6 3.51 0.21

MC3LFI −3.08 6 2.53 1.06

MC4LFI −3.50 6 3.25 0.17

MC5LFI −1.62 6 3.44 1.44

MC6LFI −3.03 6 2.35 1.06

MC7LFI −3.53 6 2.86 0.16

MC8LFI −1.76 6 3.29 1.44

MC9LFI −3.05 6 2.07 1.06

MC10LFI −3.27 6 2.66 1.06

Name ln (E) N Nunc ln (Lmax)

LFI2/3 −1.52 2 0.36 0.16

MC1LFI2/3 −1.81 5 3.67 0.16

MC2LFI2/3 −1.37 5 3.78 0.16

MC3LFI2/3 −1.61 5 2.67 0.17

MC4LFI2/3 −2.02 5 3.46 0.14

MC5LFI2/3 −2.21 5 3.35 0.14

MC6LFI2/3 −1.53 5 3.57 0.28

MC7LFI2/3 −2.23 5 2.98 0.14

MC8LFI2/3 −2.35 5 3.01 0.14

MC9LFI2/3 −1.57 5 3.44 0.28

MC10LFI2/3 −1.80 5 3.43 0.28

Name ln (E) N Nunc ln (Lmax)

LFI1 −1.73 2 0.90 −0.27

MC1LFI1 −2.22 5 3.81 −0.32

MC2LFI1 −1.86 5 3.82 −0.33

MC3LFI1 −2.29 5 3.32 −0.23

MC4LFI1 −2.32 5 3.65 −0.24

MC5LFI1 −2.41 5 3.52 −0.23

MC6LFI1 −2.20 5 3.37 −0.24

MC7LFI1 −2.32 5 3.62 −0.25

MC8LFI1 −2.44 5 3.49 −0.23

MC9LFI1 −2.06 5 3.54 −0.23

MC10LFI1 −2.57 5 3.07 −0.23

Name ln (E) N Nunc ln (Lmax)

LFI2 −3.61 2 0.11 −1.66

MC1LFI2 −4.37 5 2.49 −1.67

MC2LFI2 −4.08 5 2.41 −1.74

MC3LFI2 −4.72 5 0.65 −1.07

MC4LFI2 −4.32 5 1.55 −1.02

MC5LFI2 −2.91 5 1.70 −0.02

MC6LFI2 −4.60 5 0.67 −1.07

MC7LFI2 −3.95 5 2.18 −1.02

MC8LFI2 −2.99 5 1.50 −0.03

MC9LFI2 −4.15 5 1.48 −1.07

MC10LFI2 −5.15 5 0.26 −1.07

Name ln (E) N Nunc ln (Lmax)

LFI3 −4.97 2 −0.17 −2.95

MC1LFI3 −5.60 5 2.55 −2.91

MC2LFI3 −5.31 5 2.42 −2.98

MC3LFI3 −6.34 5 −2.10 −1.07

MC4LFI3 −5.62 5 0.55 −1.75

MC5LFI3 −1.58 5 2.93 0.88

MC6LFI3 −5.95 5 −1.75 −1.07

MC7LFI3 −5.26 5 1.13 −1.74

MC8LFI3 −1.82 5 2.55 0.86

MC9LFI3 −5.48 5 −0.92 −1.07

MC10LFI3 −6.79 5 −2.48 −1.13

Name ln (E) N Nunc ln (Lmax)

LFI4 −6.10 2 −0.43 −4.06

MC1LFI4 −6.97 5 1.70 −4.07

MC2LFI4 −6.65 5 1.55 −4.12

MC3LFI4 −7.73 5 −5.30 −1.07

MC4LFI4 −6.92 5 −0.11 −2.83

MC5LFI4 −0.88 5 3.52 1.43

MC6LFI4 −7.27 5 −4.67 −1.07

MC7LFI4 −6.42 5 0.75 −2.79

MC8LFI4 −1.04 5 3.41 1.43

MC9LFI4 −6.75 5 −3.59 −1.07

MC10LFI4 −8.11 5 −5.71 −1.26
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C Averaging over Reheating Scenarios for Other Large-Field Models

Name % ln (E)
LFI −2.97

MC1LFI 34.0 −3.32
− 3.28

− 2.89

MC2LFI 1.0 −2.95
MC3LFI 1.7 −3.08
MC4LFI 21.6 −3.50

− 2.65MC5LFI 7.0 −1.62
MC6LFI 2.5 −3.03
MC7LFI 22.0 −3.53

− 2.74
MC8LFI 7.2 −1.76
MC9LFI 2.9 −3.05
MC10LFI 0.1 −3.27

Name % ln (E)
LFI2/3 −1.52

MC1LFI2/3 33.6 −1.81
− 1.78

− 1.95

MC2LFI2/3 1.1 −1.37

MC3LFI2/3 1.8 −1.61

MC4LFI2/3 21.6 −2.02
− 1.99MC5LFI2/3 7.3 −2.21

MC6LFI2/3 2.7 −1.53

MC7LFI2/3 21.9 −2.23

− 2.17
MC8LFI2/3 7.2 −2.35

MC9LFI2/3 2.9 −1.57

MC10LFI2/3 0.1 −1.80

Name % ln (E)
LFI1 −1.73

MC1LFI1 33.8 −2.22
− 2.21

− 2.28

MC2LFI1 1.1 −1.86
MC3LFI1 1.7 −2.29
MC4LFI1 21.5 −2.32

− 2.33MC5LFI1 7.3 −2.41
MC6LFI1 2.6 −2.20
MC7LFI1 21.8 −2.32

− 2.32
MC8LFI1 7.1 −2.44
MC9LFI1 2.9 −2.06
MC10LFI1 0.1 −2.57

Name % ln (E)
LFI2 −3.61

MC1LFI2 33.8 −4.37
− 4.38

− 3.91

MC2LFI2 1.0 −4.08
MC3LFI2 1.7 −4.72
MC4LFI2 21.6 −4.32

− 3.79MC5LFI2 7.2 −2.91
MC6LFI2 2.5 −4.60
MC7LFI2 22.0 −3.95

− 3.66
MC8LFI2 7.2 −2.99
MC9LFI2 2.9 −4.15
MC10LFI2 0.1 −5.15

Name % ln (E)
LFI3 −4.97

MC1LFI3 34.1 −5.60
− 5.62

− 3.53

MC2LFI3 1.0 −5.31
MC3LFI3 1.7 −6.34
MC4LFI3 21.7 −5.62

− 3.03MC5LFI3 6.9 −1.58
MC6LFI3 2.5 −5.95
MC7LFI3 22.1 −5.26

− 3.21
MC8LFI3 7.2 −1.82
MC9LFI3 2.9 −5.48
MC10LFI3 0.1 −6.79

Name % ln (E)
LFI4 −6.10

MC1LFI4 34.1 −6.97
− 7

− 2.91

MC2LFI4 1.1 −6.65
MC3LFI4 1.6 −7.73
MC4LFI4 21.7 −6.92

− 2.41MC5LFI4 6.6 −0.88
MC6LFI4 2.4 −7.27
MC7LFI4 22.1 −6.42

− 2.51
MC8LFI4 7.3 −1.04
MC9LFI4 2.9 −6.75
MC10LFI4 0.1 −8.11
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D Bayesian Results with a Gaussian Prior on σend

In this appendix, we give the Bayesian evidence and number of unconstrained parameters in
the case where a “Gaussian” (in the sense defined in section 2.4) prior for σend is chosen. The
value of the maximum likelihood Lmax is not reported since it is independent of the prior,
and is therefore the same as the one given in the tables of section 3 and appendix B.

Name ln (E) N Nunc

HI 0.00 2 0.92

MC1HI −0.13 5 3.91

MC2HI −0.14 5 3.87

MC3HI −1.17 5 3.19

MC4HI −0.10 5 3.92

MC5HI −0.12 5 3.92

MC6HI −0.90 5 3.40

MC7HI −0.70 5 3.20

MC8HI −0.11 5 3.93

MC9HI −0.66 5 3.60

MC10HI −1.85 5 3.11

Name ln (E) N Nunc

NI −3.42 3 −1.49

MC1NI −3.70 6 0.85

MC2NI −3.88 6 0.52

MC3NI −4.65 6 0.11

MC4NI −3.44 6 0.52

MC5NI −3.31 6 −0.26

MC6NI −4.68 6 0.22

MC7NI −3.49 6 0.10

MC8NI −3.82 6 −0.13

MC9NI −4.60 6 0.84

MC10NI −5.17 6 0.63

Name ln (E) N Nunc

LFI2 −3.61 2 0.11

MC1LFI2 −3.86 5 2.75

MC2LFI2 −3.98 5 2.60

MC3LFI2 −4.65 5 0.86

MC4LFI2 −3.56 5 1.98

MC5LFI2 −3.41 5 0.74

MC6LFI2 −4.69 5 1.10

MC7LFI2 −3.59 5 1.99

MC8LFI2 −3.40 5 0.53

MC9LFI2 −4.26 5 2.62

MC10LFI2 −5.23 5 1.74

Name ln (E) N Nunc

PLI −8.11 3 −3.38

MC1PLI −8.11 6 0.00

MC2PLI −8.56 6 −5.71

MC3PLI −8.92 6 −9.46

MC4PLI −8.89 6 1.90

MC5PLI −8.89 6 2.20

MC6PLI −8.93 6 −9.42

MC7PLI −8.98 6 2.80

MC8PLI −8.97 6 −2.54

MC9PLI −8.97 6 −8.93

MC10PLI −8.55 6 −3.33

Name ln (E) N Nunc

LFI −2.97 3 0.07

MC1LFI −3.11 6 3.18

MC2LFI −2.80 6 3.62

MC3LFI −3.83 6 2.09

MC4LFI −3.93 6 1.84

MC5LFI −2.64 6 1.26

MC6LFI −3.82 6 1.98

MC7LFI −3.79 6 1.90

MC8LFI −3.33 6 1.24

MC9LFI −4.32 6 1.15

MC10LFI −3.34 6 2.62

Name ln (E) N Nunc

LFI2/3 −1.52 2 0.36

MC1LFI2/3 −1.49 5 3.61

MC2LFI2/3 −1.42 5 3.72

MC3LFI2/3 −1.50 5 3.56

MC4LFI2/3 −1.44 5 3.60

MC5LFI2/3 −1.51 5 3.57

MC6LFI2/3 −1.49 5 3.54

MC7LFI2/3 −1.44 5 3.60

MC8LFI2/3 −1.64 5 3.34

MC9LFI2/3 −1.79 5 3.50

MC10LFI2/3 −1.90 5 3.45
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Name ln (E) N Nunc

LFI1 −1.73 2 0.90

MC1LFI1 −1.82 5 3.88

MC2LFI1 −1.84 5 3.85

MC3LFI1 −2.22 5 3.37

MC4LFI1 −1.81 5 3.85

MC5LFI1 −1.82 5 3.70

MC6LFI1 −2.22 5 3.32

MC7LFI1 −1.89 5 3.80

MC8LFI1 −1.82 5 3.69

MC9LFI1 −2.06 5 3.48

MC10LFI1 −2.66 5 3.14

Name ln (E) N Nunc

LFI3 −4.97 2 −0.17

MC1LFI3 −5.09 5 2.78

MC2LFI3 −5.20 5 2.69

MC3LFI3 −6.49 5 −2.24

MC4LFI3 −4.82 5 1.00

MC5LFI3 −3.48 5 1.21

MC6LFI3 −6.19 5 −1.44

MC7LFI3 −4.40 5 2.48

MC8LFI3 −3.77 5 0.40

MC9LFI3 −5.76 5 2.46

MC10LFI3 −6.94 5 1.17

Name ln (E) N Nunc

LFI4 −6.10 2 −0.43

MC1LFI4 −6.41 5 2.08

MC2LFI4 −6.58 5 −4.05

MC3LFI4 −8.00 5 −4.14

MC4LFI4 −6.04 5 0.56

MC5LFI4 −3.31 5 2.24

MC6LFI4 −7.66 5 −1.89

MC7LFI4 −5.48 5 1.62

MC8LFI4 −3.64 5 2.09

MC9LFI4 −7.09 5 1.51

MC10LFI4 −8.31 5 −0.49

E Averaging over Reheating Scenarios for Other Large-Field Models with

a Gaussian Prior on σend

Name % ln (E)
LFI −2.97

MC1LFI 8.6 −3.11
− 3.34

− 3.48

MC2LFI 11.7 −2.80
MC3LFI 29.6 −3.83
MC4LFI 0.2 −3.93

− 3.58MC5LFI 5.1 −2.64
MC6LFI 37.1 −3.82
MC7LFI 0.0 −3.79

− 3.91
MC8LFI 0.7 −3.33
MC9LFI 5.4 −4.32
MC10LFI 1.6 −3.34

Name % ln (E)
LFI2/3 −1.52

MC1LFI2/3 13.7 −1.49
− 1.46

− 1.49

MC2LFI2/3 27.2 −1.42

MC3LFI2/3 18.5 −1.50

MC4LFI2/3 0.1 −1.44
− 1.5MC5LFI2/3 11.2 −1.51

MC6LFI2/3 23.5 −1.49

MC7LFI2/3 0.0 −1.44

− 1.84
MC8LFI2/3 0.3 −1.64

MC9LFI2/3 2.0 −1.79

MC10LFI2/3 3.6 −1.90
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Name % ln (E)
LFI1 −1.73

MC1LFI1 13.4 −1.82
− 1.94

− 2

MC2LFI1 22.3 −1.84
MC3LFI1 20.8 −2.22
MC4LFI1 0.1 −1.81

− 2.1MC5LFI1 10.1 −1.82
MC6LFI1 27.7 −2.22
MC7LFI1 0.0 −1.89

− 2.3
MC8LFI1 0.6 −1.82
MC9LFI1 2.0 −2.06
MC10LFI1 3.1 −2.66

Name % ln (E)
LFI2 −3.61

MC1LFI2 10.1 −3.86
− 4.26

− 4.27

MC2LFI2 13.3 −3.98
MC3LFI2 28.2 −4.65
MC4LFI2 0.1 −3.56

− 4.28MC5LFI2 8.1 −3.41
MC6LFI2 34.0 −4.69
MC7LFI2 0.0 −3.59

− 4.35
MC8LFI2 0.5 −3.40
MC9LFI2 3.7 −4.26
MC10LFI2 1.9 −5.23

Name % ln (E)
LFI3 −4.97

MC1LFI3 8.0 −5.09
− 5.8

− 5.5

MC2LFI3 9.7 −5.20
MC3LFI3 32.3 −6.49
MC4LFI3 0.2 −4.82

− 3.03MC5LFI3 4.3 −3.48
MC6LFI3 37.9 −6.19
MC7LFI3 0.0 −4.40

− 5.37
MC8LFI3 0.7 −3.77
MC9LFI3 5.4 −5.76
MC10LFI3 1.4 −6.94

Name % ln (E)
LFI4 −6.10

MC1LFI4 6.4 −6.41
− 7.32

− 6.29

MC2LFI4 7.5 −6.58
MC3LFI4 34.0 −8.00
MC4LFI4 0.3 −6.04

− 5.83MC5LFI4 3.0 −3.31
MC6LFI4 40.3 −7.66
MC7LFI4 0.0 −5.48

− 2.51
MC8LFI4 0.8 −3.64
MC9LFI4 6.6 −7.09
MC10LFI4 1.1 −8.31

– 24 –



References

[1] Planck Collaboration, R. Adam et al., Planck 2015 results. I. Overview of products and
scientific results, arXiv:1502.0158.

[2] Planck Collaboration, P. Ade et al., Planck 2015 results. XX. Constraints on inflation,
arXiv:1502.0211.

[3] Planck Collaboration, P. Ade et al., Planck 2015 results. XVII. Constraints on primordial
non-Gaussianity, arXiv:1502.0159.

[4] A. A. Starobinsky, A new type of isotropic cosmological models without singularity, Phys. Lett.
B91 (1980) 99–102.

[5] K. Sato, First Order Phase Transition of a Vacuum and Expansion of the Universe,
Mon.Not.Roy.Astron.Soc. 195 (1981) 467–479.

[6] A. H. Guth, The Inflationary Universe: A Possible Solution to the Horizon and Flatness
Problems, Phys. Rev. D23 (1981) 347–356.

[7] A. D. Linde, A New Inflationary Universe Scenario: A Possible Solution of the Horizon,
Flatness, Homogeneity, Isotropy and Primordial Monopole Problems, Phys. Lett. B108 (1982)
389–393.

[8] A. Albrecht and P. J. Steinhardt, Cosmology for Grand Unified Theories with Radiatively
Induced Symmetry Breaking, Phys. Rev. Lett. 48 (1982) 1220–1223.

[9] A. D. Linde, Chaotic Inflation, Phys. Lett. B129 (1983) 177–181.

[10] J. Martin, C. Ringeval, and V. Vennin, Encyclopdia Inflationaris, Phys.Dark Univ. 5-6 (2014)
75–235, [arXiv:1303.3787].

[11] J. Martin, C. Ringeval, R. Trotta, and V. Vennin, The Best Inflationary Models After Planck,
JCAP 1403 (2014) 039, [arXiv:1312.3529].

[12] J. Martin, C. Ringeval, and V. Vennin, How Well Can Future CMB Missions Constrain
Cosmic Inflation?, JCAP 1410 (2014), no. 10 038, [arXiv:1407.4034].

[13] J. Martin, C. Ringeval, R. Trotta, and V. Vennin, Compatibility of Planck and BICEP2 in the
Light of Inflation, Phys. Rev. D90 (2014), no. 6 063501, [arXiv:1405.7272].

[14] J. Martin, C. Ringeval, and V. Vennin, Observing Inflationary Reheating, Phys.Rev.Lett. 114
(2015), no. 8 081303, [arXiv:1410.7958].

[15] N. Turok, String Driven Inflation, Phys. Rev. Lett. 60 (1988) 549.

[16] T. Damour and A. Vilenkin, String theory and inflation, Phys. Rev. D53 (1996) 2981–2989,
[hep-th/9503149].

[17] S. Kachru, R. Kallosh, A. D. Linde, J. M. Maldacena, L. P. McAllister, and S. P. Trivedi,
Towards inflation in string theory, JCAP 0310 (2003) 013, [hep-th/0308055].

[18] A. Krause and E. Pajer, Chasing brane inflation in string-theory, JCAP 0807 (2008) 023,
[arXiv:0705.4682].

[19] D. Baumann and L. McAllister, Inflation and String Theory. Cambridge University Press, 2015.

[20] D. Langlois and S. Renaux-Petel, Perturbations in generalized multi-field inflation, JCAP 0804

(2008) 017, [arXiv:0801.1085].

[21] S. Clesse and J. Rocher, Avoiding the blue spectrum and the fine-tuning of initial conditions in
hybrid inflation, Phys. Rev. D79 (2009) 103507, [arXiv:0809.4355].

[22] N. S. Sugiyama, E. Komatsu, and T. Futamase, Non-Gaussianity Consistency Relation for
Multi-field Inflation, Phys. Rev. Lett. 106 (2011) 251301, [arXiv:1101.3636].

– 25 –

http://xxx.lanl.gov/abs/1502.0158
http://xxx.lanl.gov/abs/1502.0211
http://xxx.lanl.gov/abs/1502.0159
http://xxx.lanl.gov/abs/1303.3787
http://xxx.lanl.gov/abs/1312.3529
http://xxx.lanl.gov/abs/1407.4034
http://xxx.lanl.gov/abs/1405.7272
http://xxx.lanl.gov/abs/1410.7958
http://xxx.lanl.gov/abs/hep-th/9503149
http://xxx.lanl.gov/abs/hep-th/0308055
http://xxx.lanl.gov/abs/0705.4682
http://xxx.lanl.gov/abs/0801.1085
http://xxx.lanl.gov/abs/0809.4355
http://xxx.lanl.gov/abs/1101.3636


[23] C. M. Peterson and M. Tegmark, Testing multifield inflation: A geometric approach, Phys.
Rev. D87 (2013), no. 10 103507, [arXiv:1111.0927].

[24] M. Biagetti, V. Desjacques, and A. Riotto, Testing Multi-Field Inflation with Galaxy Bias,
Mon. Not. Roy. Astron. Soc. 429 (2013) 1774–1780, [arXiv:1208.1616].

[25] D. Battefeld, T. Battefeld, and S. Schulz, On the Unlikeliness of Multi-Field Inflation:
Bounded Random Potentials and our Vacuum, JCAP 1206 (2012) 034, [arXiv:1203.3941].

[26] L. Perreault Levasseur, V. Vennin, and R. Brandenberger, Recursive Stochastic Effects in
Valley Hybrid Inflation, Phys. Rev. D88 (2013) 083538, [arXiv:1307.2575].

[27] C. P. Burgess, M. Cicoli, and F. Quevedo, String Inflation After Planck 2013, JCAP 1311

(2013) 003, [arXiv:1306.3512].

[28] S. Renaux-Petel and K. Turzynski, On reaching the adiabatic limit in multi-field inflation,
JCAP 1506 (2015), no. 06 010, [arXiv:1405.6195].

[29] L. C. Price, J. Frazer, J. Xu, H. V. Peiris, and R. Easther, MultiModeCode: An efficient
numerical solver for multifield inflation, JCAP 1503 (2015), no. 03 005, [arXiv:1410.0685].

[30] A. D. Linde and V. F. Mukhanov, Nongaussian isocurvature perturbations from inflation,
Phys.Rev. D56 (1997) 535–539, [astro-ph/9610219].

[31] K. Enqvist and M. S. Sloth, Adiabatic CMB perturbations in pre - big bang string cosmology,
Nucl.Phys. B626 (2002) 395–409, [hep-ph/0109214].

[32] D. H. Lyth and D. Wands, Generating the curvature perturbation without an inflaton,
Phys.Lett. B524 (2002) 5–14, [hep-ph/0110002].

[33] T. Moroi and T. Takahashi, Effects of cosmological moduli fields on cosmic microwave
background, Phys.Lett. B522 (2001) 215–221, [hep-ph/0110096].

[34] N. Bartolo and A. R. Liddle, The Simplest curvaton model, Phys.Rev. D65 (2002) 121301,
[astro-ph/0203076].

[35] K. Dimopoulos, D. Lyth, A. Notari, and A. Riotto, The Curvaton as a
pseudoNambu-Goldstone boson, JHEP 0307 (2003) 053, [hep-ph/0304050].

[36] D. Langlois and F. Vernizzi, Mixed inflaton and curvaton perturbations, Phys.Rev. D70 (2004)
063522, [astro-ph/0403258].

[37] G. Lazarides, R. R. de Austri, and R. Trotta, Constraints on a mixed inflaton and curvaton
scenario for the generation of the curvature perturbation, Phys.Rev. D70 (2004) 123527,
[hep-ph/0409335].

[38] T. Moroi and T. Takahashi, Implications of the curvaton on inflationary cosmology, Phys. Rev.
D72 (2005) 023505, [astro-ph/0505339].

[39] D. H. Lyth, C. Ungarelli, and D. Wands, The Primordial density perturbation in the curvaton
scenario, Phys.Rev. D67 (2003) 023503, [astro-ph/0208055].

[40] S. Weinberg, Must cosmological perturbations remain non-adiabatic after multi-field inflation?,
Phys. Rev. D70 (2004) 083522, [astro-ph/0405397].

[41] M. Lemoine and J. Martin, Neutralino Dark Matter and the Curvaton, Phys. Rev. D75 (2007)
063504, [astro-ph/0611948].

[42] D. Langlois, F. Vernizzi, and D. Wands, Non-linear isocurvature perturbations and
non-Gaussianities, JCAP 0812 (2008) 004, [arXiv:0809.4646].

[43] M. Lemoine, J. Martin, and G. Petit, Curvaton Decay into Baryons, anti-Baryons and
Radiation, Phys. Rev. D78 (2008) 063516, [arXiv:0802.1601].

[44] T. L. Smith and D. Grin, Probing a panoply of curvaton-decay scenarios using CMB data,
arXiv:1511.0743.

– 26 –

http://xxx.lanl.gov/abs/1111.0927
http://xxx.lanl.gov/abs/1208.1616
http://xxx.lanl.gov/abs/1203.3941
http://xxx.lanl.gov/abs/1307.2575
http://xxx.lanl.gov/abs/1306.3512
http://xxx.lanl.gov/abs/1405.6195
http://xxx.lanl.gov/abs/1410.0685
http://xxx.lanl.gov/abs/astro-ph/9610219
http://xxx.lanl.gov/abs/hep-ph/0109214
http://xxx.lanl.gov/abs/hep-ph/0110002
http://xxx.lanl.gov/abs/hep-ph/0110096
http://xxx.lanl.gov/abs/astro-ph/0203076
http://xxx.lanl.gov/abs/hep-ph/0304050
http://xxx.lanl.gov/abs/astro-ph/0403258
http://xxx.lanl.gov/abs/hep-ph/0409335
http://xxx.lanl.gov/abs/astro-ph/0505339
http://xxx.lanl.gov/abs/astro-ph/0208055
http://xxx.lanl.gov/abs/astro-ph/0405397
http://xxx.lanl.gov/abs/astro-ph/0611948
http://xxx.lanl.gov/abs/0809.4646
http://xxx.lanl.gov/abs/0802.1601
http://xxx.lanl.gov/abs/1511.0743


[45] T. Moroi, T. Takahashi, and Y. Toyoda, Relaxing constraints on inflation models with
curvaton, Phys. Rev. D72 (2005) 023502, [hep-ph/0501007].

[46] K. Ichikawa, T. Suyama, T. Takahashi, and M. Yamaguchi, Non-Gaussianity, Spectral Index
and Tensor Modes in Mixed Inflaton and Curvaton Models, Phys. Rev. D78 (2008) 023513,
[arXiv:0802.4138].

[47] K. Dimopoulos, K. Kohri, D. H. Lyth, and T. Matsuda, The inflating curvaton, JCAP 1203

(2012) 022, [arXiv:1110.2951].

[48] V. Vennin, K. Koyama, and D. Wands, Encyclopaedia Curvatonis, arXiv:1507.0757.

[49] J. Ellis, M. Fairbairn, and M. Sueiro, Rescuing Quadratic Inflation, JCAP 1402 (2014) 044,
[arXiv:1312.1353].

[50] C. T. Byrnes, M. Corts, and A. R. Liddle, Comprehensive analysis of the simplest curvaton
model, Phys.Rev. D90 (2014) 023523, [arXiv:1403.4591].

[51] K. Enqvist and T. Takahashi, Mixed Inflaton and Spectator Field Models after Planck, JCAP
1310 (2013) 034, [arXiv:1306.5958].

[52] R. J. Hardwick and C. T. Byrnes, Bayesian evidence of the post-Planck curvaton,
arXiv:1502.6951.

[53] J. Martin, C. Ringeval, and V. Vennin. http://cp3.irmp.ucl.ac.be/~ringeval/aspic.html.

[54] C. Ringeval, Fast Bayesian inference for slow-roll inflation, Mon. Not. Roy. Astron. Soc. 439
(2014), no. 4 3253–3261, [arXiv:1312.2347].

[55] R. T. Cox, Probability, Frequency and Reasonable Expectation, American Journal of Physics 14
(Jan 1946) 1–13.

[56] H. Jeffreys, Theory of probability, Oxford University Press, Oxford Classics series (reprinted
1998) (1961).

[57] B. de Finetti, Theory of probability, John Wiley & Sons, Chichester, UK (reprinted 1974)
(1995).

[58] G. E. P. Box and G. C. Tiao, Bayesian Inference in Statistical Analysis, John Wiley & Sons,
Chichester, UK (1992).

[59] J. M. Bernardo and A. F. M. Smith, Bayesian Theory, John Wiley & Sons, Chichester, UK
(1994).

[60] E. T. Jaynes, Probability Theory. The logic of Science, Cambridge University Press,
Cambridge, UK (2003).

[61] J. O. Berger, Could Fisher, Jeffreys and Neyman have agreed on testing?, Statistical Science 18

(2003) no. 1 1–12. rejoinder: ibid., 28–32.

[62] R. Trotta, Applications of Bayesian model selection to cosmological parameters, Mon. Not.
Roy. Astron. Soc. 378 (2007) 72–82, [astro-ph/0504022].

[63] R. Trotta, Bayes in the sky: Bayesian inference and model selection in cosmology, Contemp.
Phys. 49 (2008) 71–104, [arXiv:0803.4089].

[64] V. Vennin, J. Martin, and C. Ringeval, Cosmic inflation and model comparison, Comptes
Rendus Physique (2015).

[65] K. Enqvist, R. N. Lerner, O. Taanila, and A. Tranberg, Spectator field dynamics in de Sitter
and curvaton initial conditions, JCAP 052 (2012) 1210, [arXiv:1205.5446].

[66] A. A. Starobinsky, Stochastic de Sitter (inflationary) stage in the early universe, Lect.Notes
Phys. 246 (1986) 107–126.

– 27 –

http://xxx.lanl.gov/abs/hep-ph/0501007
http://xxx.lanl.gov/abs/0802.4138
http://xxx.lanl.gov/abs/1110.2951
http://xxx.lanl.gov/abs/1507.0757
http://xxx.lanl.gov/abs/1312.1353
http://xxx.lanl.gov/abs/1403.4591
http://xxx.lanl.gov/abs/1306.5958
http://xxx.lanl.gov/abs/1502.6951
http://cp3.irmp.ucl.ac.be/~ringeval/aspic.html
http://xxx.lanl.gov/abs/1312.2347
http://xxx.lanl.gov/abs/astro-ph/0504022
http://xxx.lanl.gov/abs/0803.4089
http://xxx.lanl.gov/abs/1205.5446


[67] J. Martin and C. Ringeval, First CMB Constraints on the Inflationary Reheating Temperature,
Phys.Rev. D82 (2010) 023511, [arXiv:1004.5525].

[68] R. Easther and H. V. Peiris, Bayesian Analysis of Inflation II: Model Selection and Constraints
on Reheating, Phys.Rev. D85 (2012) 103533, [arXiv:1112.0326].

[69] D. Spiegelhalter et al., Bayesian Measures of Model Complexity and Fit, J. Roy. Stat. Soc. B
64 (2002) 583–639.

[70] M. Kunz, R. Trotta, and D. Parkinson, Measuring the effective complexity of cosmological
models, Phys. Rev. D74 (2006) 023503, [astro-ph/0602378].

[71] J. Valiviita, M. Sasaki, and D. Wands, Non-Gaussianity and constraints for the variance of
perturbations in the curvaton model, astro-ph/0610001.

[72] Q.-G. Huang, Large Non-Gaussianity Implication for Curvaton Scenario, Phys. Lett. B669

(2008) 260–265, [arXiv:0801.0467].

[73] K. Enqvist and T. Takahashi, Signatures of Non-Gaussianity in the Curvaton Model, JCAP
0809 (2008) 012, [arXiv:0807.3069].

[74] K. Nakayama and J. Yokoyama, Gravitational Wave Background and Non-Gaussianity as a
Probe of the Curvaton Scenario, JCAP 1001 (2010) 010, [arXiv:0910.0715].

[75] C. T. Byrnes, K. Enqvist, and T. Takahashi, Scale-dependence of Non-Gaussianity in the
Curvaton Model, JCAP 1009 (2010) 026, [arXiv:1007.5148].

[76] S. Enomoto, K. Kohri, and T. Matsuda, Non-Gaussianity in the inflating curvaton, Phys. Rev.
D87 (2013), no. 12 123520, [arXiv:1210.7118].

[77] J. Fonseca and D. Wands, Primordial non-Gaussianity from mixed inflaton-curvaton
perturbations, JCAP 1206 (2012) 028, [arXiv:1204.3443].

[78] C. P. Burgess, R. Holman, and G. Tasinato, Open EFTs, IR Effects and Late-Time
Resummations: Systematic Corrections in Stochastic Inflation, arXiv:1512.0016.

– 28 –

http://xxx.lanl.gov/abs/1004.5525
http://xxx.lanl.gov/abs/1112.0326
http://xxx.lanl.gov/abs/astro-ph/0602378
http://xxx.lanl.gov/abs/astro-ph/0610001
http://xxx.lanl.gov/abs/0801.0467
http://xxx.lanl.gov/abs/0807.3069
http://xxx.lanl.gov/abs/0910.0715
http://xxx.lanl.gov/abs/1007.5148
http://xxx.lanl.gov/abs/1210.7118
http://xxx.lanl.gov/abs/1204.3443
http://xxx.lanl.gov/abs/1512.0016

	1 Introduction
	2 Method
	2.1 Inflation with an extra light scalar field
	2.2 Bayesian Approach to Model Comparison
	2.3 Fast Bayesian Evidence Computation
	2.4 Prior Choices

	3 Results
	3.1 Prototypical Inflaton Potentials
	3.2 Complexity and Number of Unconstrained Parameters
	3.3 Averaging over Reheating Scenarios
	3.4 Prior on end

	4 Conclusion
	A Reheating Cases
	B Bayesian Results for Other Large-Field Models
	C Averaging over Reheating Scenarios for Other Large-Field Models
	D Bayesian Results with a Gaussian Prior on end
	E Averaging over Reheating Scenarios for Other Large-Field Models with a Gaussian Prior on end

