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Future galaxy surveys promise to probe local primordial non-Gaussianity at unprecedented preci-
sion, o(fnL) < 1. We study the implications for multifield inflation by considering spectator models,
where inflation is driven by the inflaton field, but the primordial perturbations are (partially) gen-
erated by a second, spectator field. We perform an MCMC likelihood analysis using Planck data to
study quantitative predictions for fni, and other observables for a range of such spectator models.
We show that models where the primordial perturbations are dominated by the spectator field,
while fine-tuned within the broader parameter space, typically predict fnr of order unity. There-
fore, upcoming galaxy clustering measurements will constitute a stringent test of whether or not the
generation of primordial perturbations and the accelerated expansion in the inflationary universe

are due to separate phenomena.
I. INTRODUCTION

Inflation is the leading theory describing the early uni-
verse [1—4], addressing both the standard problems of
the hot big bang model (horizon problem, etc) and gen-
erating the primordial curvature fluctuations that are the
seeds of the structure of the universe observed today. All
this can be achieved, in a manner consistent with all cur-
rent data, with the introduction of a single scalar field.
However, there is no theoretical reason to expect only
one field to be important in the early universe, and in-
deed fundamental physics models, such as those rooted
in string theory, commonly predict multiple scalar fields
(e.g. [5-7]). Moreover, multifield models provide an alter-
native important for falsifying the single-field paradigm.

A critical method for testing the single- vs. multi-
field nature of inflation is to look for local primordial
non-Gaussianity (PNG), characterized by the parameter

298 [8] (since we exclusively consider PNG of the local
type, we will often omit the qualifier “local”). While
single-field models predict negligible local PNG [9, 10],
N = —5/12(ng — 1) (see e.g. [11, 12] for caveats to
this rule), where ng is the scalar spectral index, mul-
tifield models can generate observably large fnr, (see
[13] for a review). The strongest current limits on fnr,
come from the bispectra of cosmic microwave background
(CMB) fluctuations, observed by the Planck satellite,
fxL = 0.8 £ 5.0 [14]. However, near-future galaxy sur-
veys have the potential to improve on this significantly
[15], taking advantage of an exciting new signal. In the
presence of local PNG, the bias of galaxy density pertur-
bations relative to the underlying matter density receives
a scale-dependent correction, with scaling Ab(k) o< k=2
(where k is the wave number), which becomes important
on scales comparable to the Hubble scale [16-19]. By
probing this characteristic signal on ultra-large scales,
upcoming surveys such as SPHEREx [20-22], LSST [23]
and EUCLID [24] are expected to improve on the current

Planck constraint!, eventually leading to order unity pre-
cision [26-29], o(fn1) < 1.

The motivation of this article is to address, in a quan-
titative way, what such a future fyr, constraint can teach
us about multifield inflation, and what signal we might
expect to find.

While in single-field models the curvature perturba-
tions are conserved from the time the modes of interest
exit the horizon, in multifield inflation the perturbations
can undergo super-horizon evolution after this time. This
leads to a rich and complex phenomenology, where the
final non-Gaussianity may strongly depend on physics
both during and after inflation, including the reheating
process. While large fnr, is not generic in multifield infla-
tion, often requiring significant fine-tuning [30], a num-
ber of interesting models have been identified where large
(by large we mean |fni| 2 1) non-Gaussianity is gen-
erated. Examples include the curvaton [31-35], modu-
lated reheating [36—40], models with an inhomogeneous
end to inflation [41-44], the axion-quadratic model where
an adiabatic limit is reached before reheating [45-47],
two-field models with non-Gaussianity generated during
slow-roll inflation [30], hybrid inflation [48, 49], N-flation
[6, 50, 51], modulated trapping [52], and velocity modu-
lation [53].

Although many previous studies have provided use-
ful general, analytic insights into generation of non-
Gaussianity in multifield inflation (see e.g. [30, 54-56]),
an alternative approach is to use MCMC techniques to
numerically sample the full parameter space of a num-
ber of multifield models (cf. [57-61]), given constraints
from Planck on fnr,, ns and the tensor-to-scalar ratio r
(and implicitly on the scalar amplitude Ag). This is the

I Next-generation CMB missions may also significantly improve
the fni constraint relative to the Planck limit, see e.g. [25].



approach we will take here, paying specific attention to
the predictions for the distribution of fyi, compared to
o(fnn) S 1. To compute the evolution of perturbations,
and fnr, in particular, we will use the N formalism [62—
65].

Instead of attempting to somehow sample the full
space of multifield models, we restrict ourselves to an
interesting subset, so-called “spectator models” (see also
e.g. [47, 66-68]), that capture key phenomenology of gen-
erating large fxr,. As a matter of definition, we assume
there are two fields during inflation, described by a sepa-
rable potential: the inflaton field, ¢, which at horizon exit
dominates both the curvature perturbation and the back-
ground energy density, and a spectator field, y, which is
subdominant at this time, but the perturbations of which
(partially) determine the final curvature perturbation.
These models are a natural extension beyond single-field
inflation, with the inflaton still “driving” inflation. In
particular, in the “spectator-dominated” regime, where
the final curvature perturbations are dominated by the
spectator contribution, these models simply separate the
two main features of inflation: the inflaton drives the
background expansion, while the spectator generates the
primordial power spectrum. Our main interest will be
in this latter regime, as it is here that large fnr, can be
produced.

In addition to simplifying calculations and thus allow-
ing for easier insights, requiring x to be subdominant
during inflation (or at least at horizon exit) plays an im-
portant role in generating large fni,. The reason is that,
quite commonly, if both fields individually have flat po-
tentials (small ratios of the first and second derivatives
relative to the potential itself, in Planck units), then fni,
is typically suppressed. However, if the potential of x is
small compared to the total energy density, it is allowed
to have a “non-flat” potential while still satisfying the
slow-roll conditions (since the latter depend on the ra-
tios of potential derivatives to the total energy density).
As we will see, evading this flat potential restriction is
what makes it easier to generate large non-Gaussianity
with the spectator field.

Since we wish to sample a concrete parameter space
and compare to current data, we will study three specific
spectator models (these models are not necessarily spec-
tator models, but we will restrict them to the parameter
space where they are), covering a range of mechanisms
for converting perturbations in the spectator field into
curvature perturbations: (A) a quadratic-axion poten-
tial, with conversion while both fields are rolling, (B) the
curvaton, with conversion after the inflaton has decayed
into radiation, and (C) modulated reheating, with con-
version at the time of reheating.

By choosing specific models, our approach sacrifices
generality, but the benefit is that we will be able to de-
rive concrete, quantitative predictions for the probability
distribution of fxr, and other quantities. In particular, it
is commonly claimed that various models naturally gen-
erate order unity fnr, [15, 40, 56, 69, 70], which we will

back up here with a complete likelihood analysis.
Specific questions we will consider are:

e Do spectator-dominated models (which are the
ones interesting for fn,) require fine-tuning of pa-
rameters?

e What is the posterior probability of finding | fn1.| =
1 in spectator-dominated models?

e How does fnr relate to model parameters, and
what would measuring fnr, ~ 1 tell us about the
parameter space?

e What is the complementarity between primordial
non-Gaussianity and searches for primordial tensor
modes?

The article is organized as follows. In Section II, we
review general formalism describing inflation and the pri-
mordial curvature perturbations. In Section I1I we intro-
duce spectator models in general and in particular the
three scenarios of interest. In Section IV, we discuss the
observational constraints that we will compare the mod-
els with. In Section V, we describe the results of our like-
lihood analysis of the three models and in Section VI, we
provide a final discussion and summarize our results.

II. GENERAL FORMALISM

In single-field inflation, the comoving curvature per-
turbation on uniform density hypersurfaces, ¢ [71], is
non-linearly conserved after horizon exit [72, 73]. Thus,
the statistics of ¢ remain frozen through the subsequent
evolution of the inflationary universe and the potentially
complicated phase of reheating. In particular, according
to the powerful single-field consistency condition [9, 10],
the level of local non-Gaussianity remains frozen at the
negligible value fxi, = —5/12(ns — 1).

The situation in multifield inflation is more compli-
cated. The additional field(s) lead to entropy perturba-
tions at the time of horizon exit, which can be transferred
into the curvature perturbation through super-horizon
evolution, thus modifying the primordial power spectrum
and non-Gaussianity of (. Eventually, inflation ends and
reheating takes place, giving rise to the radiation domi-
nated, conventional hot big bang phase. We will assume
that here the universe reaches a state of thermal equi-
librium without non-local conserved quantum numbers,
which implies that after reheating, perturbations are adi-
abatic, and ( is conserved [74—76] until horizon re-entry
at a much later time. Thus, the statistics of ¢ just af-
ter reheating describe the standard adiabatic primordial
fluctuations and feed into the calculation of observational
phenomena in the late(r) universe, such as the cosmic mi-
crowave background anisotropies and cosmological large-
scale structure.

In the models considered in this work, entropy-to-
curvature conversion, and in particular the generation of



non-Gaussianity in ¢, can take place both during inflation
and /or during the period between the end of inflation and
the time of reheating. By the latter we mean the time
reheating/thermalization completes and the hot big bang
phase with adiabatic perturbations is reached. In the fol-
lowing, we will give a brief overview of our treatment of
evolution during both of these phases, and of how the
perturbations are computed. We mostly follow standard
methods and refer to the vast literature, e.g. the reviews
[13, 77], for more details.

A. Background Evolution

We will assume inflation is described by two scalar
fields with a sum-separable potential,

W(¢,x) =U($) + V(x)- (1)

The slow-roll parameters are then defined as,
o _ mhy (U 5 o Uss
€ s 0 T =Mp W

m2, (Vo> v,
c= TR () rEmb @

where a field subscript defines a derivative w.r.t. the field
and mp; = (87G)~1/? is the reduced Planck mass (the
standard Planck mass is Mp; = /87 mp;). We work in
natural units, c = A = 1. We also define a total slow-roll
parameter € = €? 4¢€X, which to leading order in slow-roll
parameters equals e = —H/H?. Making the standard
slow-roll assumption (i.e. taking the slow-roll parameters
above to be small), the Friedmann equation takes the
form,

3mi H? = U(¢) + V(x), (3)

where H = a/a is the Hubble rate (dots denote time
derivatives). Under the same slow-roll approximation,
the equations of motion for the fields read,

3H¢ = —Uy
3HY = —V,. (4)

The above describes the background evolution during
inflation while both fields are slowly rolling. After this
period, but before reheating, there are many possible sce-
narios. We will discuss several of these in more detail in
the upcoming sections about the three specific models of
interest. Broadly speaking, there are two main types of
transitions. For a field of mass m, when the Hubble rate
drops down to H = m, the field starts oscillating around
the minimum of its potential. Assuming the potential is
quadratic around this minimum, the energy density of the
field, averaged over oscillation cycles, decays like that of
pressureless matter, p oc a~2, where a is the cosmic scale
factor.

The second type of transition takes place when a field
converts its energy into radiation through decays or non-
perturbative particle production. This reheating process
is generally very complex, but we will model it in a simple
way by assuming that reheating occurs instantaneously
when H =T, where I is a decay rate to particles in the
post-inflationary heat bath. The instantaneous reheat-
ing approximation is commonly made in the literature
[34, 78-80], but it must be noted that a more realistic
treatment of reheating could non-negligibly alter the pre-
dictions for the primordial perturbations (see [81] for a
review). After this transition, the energy density for-
merly in the field decays like p ~ a=*. We will consider
scenarios where the two fields are converted to radiation
at different times. When used without specific context,
we will reserve the term “reheating” for the final process
leading to the hot big bang phase.

B. Perturbations

We compute the evolution of perturbations by taking
advantage of the separate universe/dN formalism [62-
65], which allows us to express the curvature perturba-
tion in terms of field perturbations d¢., dx. at the time
of horizon exit, t,. In the large-scale limit, & — 0, we
can treat perturbed regions of the universe as separate
FLRW universes obeying the background equations. The
evolution of perturbations can then simply be obtained
by considering the difference between background quan-
tities in these separate universe patches. In particular,
the curvature perturbation { can be computed in terms
of the difference in the number of e-foldings of evolution
between two patches. Specifically, at ¢, on a spatially
flat hypersurface, consider a patch of the universe at x.
Then, the curvature perturbation ( at some later time ¢,
is simply the perturbation to the number of e-foldings of
expansion needed to get from ¢, to the constant energy
density hypersurface, dp = 0, at time t.. In terms of the
initial field perturbations on a spatially flat hypersurface,
0 = p(ts, X) = (ts), OXx = X(tx, X) = x(tx) (Where (L)
and x, are the background values),

((te) = ON(ts,tc) = Ny, 0¢s + Ny, 0x- (5)
+ IN4 6. 002 + ANy X2+ Ny, 604 0xs + .-,

where we have dropped the position coordinate x, and
on the right hand side also the time dependence. Here,

Nt t) = / “atH (), (6)

and Ny, = ON/J¢., etc.

The § N formalism thus allows us to compute perturba-
tions purely in terms of the evolution of slightly different
FLRW background universes. Note that by writing ¢ in
terms of d¢, and dy, only, we have implicitly assumed
the perturbations have reached the space of inflationary
growing/attractor solutions. In general, a model with



two fields has four degrees of freedom, d¢ and dy in ad-
dition to d¢ and dx (defined on a hypersurface of zero
spatial curvature). However, by assuming the slow-roll
approximation, we have turned second order equations
of motion into first order ones, thus reducing the effec-
tive number of degrees of freedom to two.

Note finally that at t., we have to first order,

Y 26f 5

T 26, mpi

and the non-Gaussianity in (. is negligible [82]. The
above expression in terms of the slow-roll parameters as-
sumes that the potential slopes are positive. Negative
slopes lead to corresponding minus signs in the above
expression.

C. Connecting to Observation
In the 0N formalism, the dimensionless power spec-
trum of curvature perturbations is given by

kBPC 2 2 .
Pe= Tt = P (V2 4 N2 with P =

i 2

2 )

(3)
where P, is the dimensionless power spectrum of the field
perturbations d¢, and Jy. at horizon exit, and H, is
the Hubble parameter at t,. A useful quantity in the
following is the fraction of the primordial power spectrum
generated by the field yx,

2
Pelx _ Ny, ]

R=

9)

In addition to the amplitude, another important ob-
servational property of the primordial power spectrum is
the spectral index ng. Taking the derivative of the power
spectrum (8), one can express this quantity in terms of
the slow-roll parameters at ¢, [65, 83],

2
ne—1=—2¢,+2RnX+2(1—R)n? —
mi, (N2, + 82,
(10)
Similarly, the tensor-to-scalar ratio is given by,
8
r= . (11)
mi, (N2, + N2
Finally, the local non-Gaussianity parameter is?,
5 N, N.
=Z|(1=R 2 Px P R2 X X *
INL 6 [( ) Nq% + N%
+2R(1-R) Nox.
N¢* Nx*

2 Note that we use a sign convention consistent with Planck, but
opposite to that of [9, 65].

Thus, non-Gaussianity can be generated through non-
linear evolution of initial field perturbations into the cur-
vature perturbation. The expression above neglects a
small, slow-roll suppressed contribution due to intrinsic
non-Gaussianity in d¢. and dy. [82].

Finally, we note that in the presence of local non-
Gaussianity, the statistics of ¢ (the amplitude of the pri-
mordial power spectrum, fyi,, etc.) observable in our
local Hubble volume may differ from the global statistics
[84-86] due to modes on scales larger than our Hubble
volume giving rise to field perturbations with non-zero
mean in our Hubble volume. Indeed, if we interpret the
field values at horizon exit, ¢, and x., as the global back-
ground values, the statistics predicted in the standard
formalism discussed above only describe our Hubble vol-
ume if the mean perturbations in our Hubble volume to
these fields are zero. However, we could also interpret ¢,,
X« as the local background values in our Hubble volume
(i.e. absorbing the super-Hubble volume perturbations),
in which case the predictions of the standard formalism
are directly applicable. This is not unreasonable as even
the global initial field values are a priori unknown free
parameters anyway.

III. SPECTATOR MODELS

As motivated in the Introduction, in this paper we fo-
cus on spectator models, which we will review in this Sec-
tion. We define these here by requiring that the initial
curvature perturbation at horizon exit, (., is dominated
by the perturbation in the inflaton ¢. This requirement is
satisfied if the slow-roll parameter ef is much larger than
X (cf. Eq. (7)). The perturbation dx. then describes an
isocurvature/entropy perturbation. We also separately
require that the energy density of the Universe at the
time of horizon exit is dominated by the inflaton poten-
tial, i.e. at this time inflation is “driven” by the inflaton
field. In equations, this comes down to,

ef >eX & U,>V, Spectator Models

In these models, the parameter R now distinguishes be-
tween the regimes where the final curvature power spec-
trum is dominated by inflaton (@) or spectator (x) fluc-
tuations,

R =~ 0:
R ~ 1:

Inflaton-Dominated Regime

Spectator-Dominated Regime

The spectator-dominated regime is particularly inter-
esting for the generation of observable levels of non-
Gaussianity and is the main focus of this work.

In the spectator limit, where in particular & > €X,
a pure (i.e. at fixed x) initial inflaton fluctuation J¢.

describes an adiabatic perturbation®, which corresponds

3 In general, one can define the initial adiabatic field perturbation



to a conserved curvature perturbation (. Therefore, in
spectator models, we have

Ny ~ const., (13)

1
* T V26 mp)

so that the final power spectrum is given by,

1 1 1 H,\?
~—P,=———(— | . 14
Pe 1-R © 1— R 2e,m3, <2ﬂ') (14)

Thus, the conversion of entropy to curvature can only
increase the power spectrum, leading to a large boost
in power in the spectator-dominated regime. The scalar
spectral index, Eq. (10), for spectator models simplifies
to,

ns —1= =2+ 2R +2(1 - R)(n? - 2¢.),  (15)
so that it varies between

ne—1 = —6e, +2n?
ng—1 = —2¢, + 2n¥

*

(inflaton-dominated regime)

(spectator-dominated regime)

Note that both asymptotic values are of order slow-roll,
and are entirely determined by the slow-roll parameters
at horizon exit.

Since the tensor power spectrum remains constant af-
ter horizon exit, the tensor-to-scalar ratio for spectator
models is suppressed for R > 0,

r=16(1— R)e,. (16)

The suppression of r in the spectator-dominated regime is
both a feature and a bug. On the one hand, it becomes
exceedingly difficult to detect primordial tensor modes
observationally. On the other hand, large-field inflaton
models that are currently ruled out because they predict
a value of r above the observationally allowed range can
be put in concordance with the data by adding a spec-
tator field that seeds a large fraction of the primordial
power spectrum (we will discuss this further in Section
VD).

Regarding the non-Gaussianity in spectator models,
the general expression for fyi, in Eq. (12) contains three

terms. In the spectator limit, in particular when € > e
(cf. discussion above Eq. (13)), an initial perturbation in
the inflaton direction (dy, = 0) is to a good approxima-
tion an adiabatic perturbation. For such a perturbation,
in the § N formalism, ( = § N at any time is then approx-
imately given simply by the contribution at the time of

as (0px, 0Xx),q = 0= <\/267¢/\/§, \/267/\/2) o (¢, %) (where
we assumed the slopes of the potentials to have the same sign and
we have used the slow-roll approximation). In other words, dp«
describes a perturbation along the background field trajectory.
The normalization is chosen such that dps can be obtained by
a local rotation in field space. One then has N,, = 1//2e.
(cf. Eq. (7)), which is conserved.

horizon exit from the perturbation §¢, along the back-
ground trajectory (and is therefore approximately con-
served), Ny =~ U(¢+)/Uy(¢+), etc. This means that Ny
and Ngg are given by the same expressions as in single-
field inflation and in particular that Nge /Nd2> is slow-roll
suppressed as in single-field inflation. Moreover, since in
this limit, Ny is a function of ¢ only, Ng, is equal to
zero. Thus, the Ny4 and Ny, terms in Eq. (12) are neg-
ligible for our purposes (we remind the reader that we
are focused on probing fyr, with order unity precision),
allowing the following approximation,

5_ o5 N
fNL — *R2 Xox X x ) (17)
6 N2,

We will see that the above expression can give rise to
large fni, for R ~ 1.

We will discuss this more quantitatively in Section
VD, but we see here already the complementarity be-
tween measuring primordial tensor fluctuations and non-
Gaussianity (of the scalar fluctuations). For large-field
inflaton potentials in the inflaton-dominated regime, r is
within reach of empirical tests, but fxr, is too small to
be detected in the near future, whereas in the spectator-
dominated regime, r is strongly suppressed and difficult
to detect, but fxr, can be within observational reach.

A. Three Specific Spectator Models

In the following sections, we will introduce the three
specific spectator models for which we will study obser-
vational predictions and constraints. For the spectator
field potential, V' (x), we will consider both an axion-like
periodic potential and a quadratic potential, which we
will discuss in more detail further below.

For the inflaton field, we consider simple, large-field
(e.g. power law) potentials. Since our main interest is in
the properties of the spectator field and how it generates
fNL, the details of U(¢) are less important for our study
than the properties of x and the transfer of its perturba-
tions. The spirit of our approach to the inflaton potential
is that there is in principle ample freedom in its form to
always be able to fit at least ny and A, and that fnr,
is relatively insensitive to the details of U(¢). In prac-
tice, to keep the calculations as simple as possible, our
main implementation of the inflaton potential will be a
quadratic potential,

U(¢) = gmg ¢, (18)

where we treat the field value at horizon exit, ¢., as a free
parameter. We will briefly consider a more general setup,
with varying power law index of the inflaton potential,
in Section V D.



1. Case A: The Quadratic-Azion in the Horizon Crossing
Approzimation

We first consider a model where the spectator field is
governed by a periodic, axion-like potential,

Vi) = 1V [1 + cos (2?)} , (19)

where f is a “decay constant”, and V{ gives the nor-
malization of the potential. In the case under considera-
tion where the inflaton is described by a quadratic poten-
tial, this is the quadratic-axion model [45-47]. This is a
known, simple example of a model capable of generating
large non-Gaussianity (|fnr.| 2 1) during or slightly after
slow-roll inflation without necessarily relying on mecha-
nisms during the reheating phase. We explain below why
this is, after introducing the approximation we will use to
compute perturbations in this model. The assumption of
a quadratic potential for the inflaton is not crucial so that
the quadratic-axion model is merely a specific example
of a broader class of “inflaton-axion” models.

During inflation, while both fields obey the slow-roll
conditions, the number of e-foldings between ¢, and some
later time t., is given by*

1 [ U 1 (X V
N:——/ —dqﬁ——/ —dy.  (20)
mp, 6. Us mp, - Yx

Assuming a zero spatial curvature hypersurface at t, and
a constant energy density surface at ., the § N formalism
allows us to write the curvature perturbation at t. as,

1 U 1 174
(le) = 0N = [m%l (w)* Ot (vxl ‘”“]

1 U 1 \%4
[m%n (Uzb)c m12>1 Vi) (

which is straightforwardly extended to higher orders.
Since we have fixed the gauge at t., the perturbations
d0¢. and 6y, are fully specified in terms of d¢, and y..
This enabled [65] to derive analytic expressions for ¢ in
terms of d¢, and dy, only. The d¢. and dx. contribu-
tions make these expressions rather complicated.

The Horizon Crossing Approzimation (HCA) - If, how-
ever, before t., an adiabatic limit is reached where, in-
dependently of the initial perturbation, the fields al-
ways end up on the same field trajectory, the contri-
butions from the perturbations at ¢, can be neglected.

4 The case of a sum-separable potential during slow-roll is special
in the sense that IV can be written as a path-independent integral
through field space. In other words, there exists some function
defined for all ¢ and x, and N is simply the difference of that
function between the end point (¢, xc) and the starting point
(¢, xx)- It is this property that allows the derivation of closed
analytic expressions for the curvature perturbation as in [65].

In this limit, the perturbations are well described by
the so-called Horizon Crossing Approximation (HCA)
[45, 50, 87] and are fully expressed in terms of the field
perturbations at horizon exit (we note that, in single-
field inflation, this assumption is generally satisfied at all
times after horizon exit under the standard assumption of
being on the single-field attractor solution, thus explain-
ing why ( is conserved in single-field inflation). The HCA
simplifies the expressions for the perturbations and their
non-Gaussianity considerably, giving easy insights in the
multifield phenomenology and allowing us to straightfor-
wardly identify models with the potential for generating
large non-Gaussianity.

Before explicitly writing the HCA expressions to sec-
ond order, it is useful to define slow-roll parameters for
the individual potentials (cf. Eq. (2)),

N m2, (Us\> U,
w2 (T) wemn @

2 U U
N m2, (Vi\> v,
X = TPI <V>f) , X = m%l %

While the true slow-roll parameters, normalized by the
total energy density W, are required to be small for the
slow-roll approximations to hold, the individual slow-roll
parameters can in principle be larger than unity. In par-
ticular, for spectator models, &~ ed ~ €x, ﬁf ~ nf, but
&X = (Wi V)2 el > €, nx, = (W, /Vi)nk > nk.

In terms of these, the HCA gives,

1 1
mp) Nq;* =, mp) N. e v (23)
2¢? V/2éX
~¢ ~X
n n
m%’l Ng‘b*d?* =1- 2;75 ) ml%'l NX*X* =1- 25)(;

and Ng_,, = 0. Thus, assuming a spectator model, to
be in the spectator-dominated regime, say Ni* > N2*,
one requires

& < ~e,. (24)

This means one needs a very small value of €. Next,
assuming the spectator domination requirement is fully
satisfied (R & 1), the non-Gaussianity is given by,

5 N, . 5 N 5 _
fNLNE%ZE(%f—Uf)%_Enf- (25)
X

Therefore, for a spectator dominated model to generate
large non-Gaussianity, one needs a large individual slow-
roll parameter |7¥| > 1. This is not inconsistent with
slow-roll inflation because 1Y is suppressed relative to
7X. This argument (based on the simple HCA assump-
tion), nicely illustrates the more general point that, in
multifield inflation, if both fields contribute significantly
to the energy density of the universe, the slow-roll con-
ditions typically restrict fnr, to be small, and that this
limitation can be evaded by considering spectator fields,
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FIG. 1: Tllustration of the behavior of the background densi-
ties in the quadratic-axion scenario (Case A), as a function of
the number of e-folds N. We show two scenarios, depending
on whether the spectator field/axion, x, starts rolling down
its potential before (dark blue) or after (light blue) the end of
inflation. As illustrated, in the latter case, x could generate a
brief second phase of inflation before it starts oscillating. We
assume that reheating only occurs after the phase is reached
where both energy densities decay like p ~ a~% and that the
reheating process does not alter the curvature perturbations.
After reheating, the universe is filled with radiation (thick
red and pink for scenario 1 and 2 respectively) with adiabatic
perturbations.

which may have very non-flat potentials without violat-
ing slow-roll because their energy density contribution is
small.

The requirements of ultra-small éX and large nX are
naturally incorporated in the axion model, Eq. (19), if
the initial field x, is placed near the top of the cosine
potential. In the limit x./f — 0, the slope of the poten-
tial asymptotes to zero, while the curvature approaches
a constant, thus satisfying the two conditions. By hav-
ing the amplitude V low, the slow-roll conditions are
satisfied as well. This ability to produce large fni,, to-
gether with the fact that axion potentials can be realized
in a technically natural way from a more complete La-
grangian, makes the inflaton-axion model theoretically
appealing.

To illustrate the background evolution of the fields in
this model, we schematically plot the energy densities as
a function of the number of e-folds N in Figure 1. We
show two scenarios. In both, the energy density of yx is
subdominant throughout the inflationary period driven
by the inflaton ¢. In the first scenario, x starts rolling
with its energy density decaying according to p, o a3
slightly before the end of inflation (dark blue curve). Af-
ter this, inflation ends, and both components decay like
matter. Later, reheating takes place, after which we as-
sume the total energy density of the universe to exist in
the form of radiation (thick red curve). In the alternative
scenario, x starts rolling/oscillating after the end of infla-
tion. While not always the case, in the scenario shown,
this happens after x has come to dominate the energy
budget of the universe, thus leading to a second phase of

inflation of modest duration. Again, after both fields end
up decaying proportional to a3, reheating takes place,
and the universe is filled with radiation (thick pink).

Which scenario takes place depends on the model pa-
rameters in a relatively straightforward manner. The
time that x starts rolling (exits slow-roll) is partially
determined by comparing the Hubble rate to the mass
associated with the axion potential,
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Tuning the initial field value to be close to the hill-
top, x«/f < 1, however, will delay this moment. For
my > mg and X,/ f not too small, x can thus start rolling
before the end of inflation, as shown in scenario 1. If Vj
is sufficiently large, x can also come to dominate the uni-
verse before the end of inflation, thus lengthening the
duration of inflation (not shown). In most cases relevant
to our likelihood analysis, x starts oscillating well after
the end of inflation. For large f and small x./f, x first
drives a second phase of inflation (scenario 2), but in a
large fraction of parameter space, this is not the case,
i.e. x starts oscillating when its energy density is smaller
than or comparable to p, (not shown).

Validity of Horizon Crossing Approzimation - We now
come back to the question of the range of validity of the
HCA. The approximation is exact if an adiabatic limit is
reached while both fields are in the slow-roll regime®. In
practice, even if this is not the case, if after inflation a
phase is reached where both fields oscillate around their
minima (with energy densities decaying like p oc a=3), so
that ¢ = const., then the HCA still turns out to be a
reasonable approximation in many cases (see e.g. [45]).

To test the range of validity of the HCA in the
quadratic-axion model, we have numerically computed
the perturbations into the { = const. phase using the
exact 0N formalism and compared the results to the
HCA predictions. We describe the details in Appendix
B, but the main result is that, for the parameter space
we will study here, the Horizon Crossing Approximation
is a good estimator of fyi, to within a factor of less than
two. In addition, we introduce an f-dependent correc-
tion factor that brings the HCA prediction in much bet-
ter agreement with the exact numerical calculation. We
use both prescriptions separately in our likelihood anal-
ysis to bracket the possible range of fyr, values. Both
prescriptions give qualitatively similar results.

5 When this is not the case, it is possible to modify ¢ at the end
of inflation through the dependence on d¢. and dx. which is
neglected in the HCA. In particular, models where the fields are
on a turning trajectory at the end of inflation can generate large
/N1 in a way not captured by the HCA.

While (¢ is constant in such a phase, this is not necessarily an
adiabatic limit, as entropy perturbations may still exist. Only
if these entropy perturbations are not converted to curvature
through reheating at a later stage, will {( remain constant into
the hot big bang phase.

o



Finally, for Case A, we assume that reheating does not
modify ¢ after the ( = const. phase described by the
HCA. In the simplified instantaneous reheating picture,
this would correspond to reheating taking place on a con-
stant total energy density hypersurface.

2. Case B: The Curvaton

For Case B, we consider a simple quadratic potential
for the spectator field,

V(x) =

The curvaton scenario [31-35] relies on a post-
inflationary phase where ¢ has already decayed into radi-
ation and yx is oscillating around its minimum. Thus, the
energy density of y grows relative to that of ¢ and per-
turbations dx are converted into curvature perturbations.
It is known that in the limit where the curvature per-
turbations are dominated by dy, large non-Gaussianity
(IfnL] 2 1) can be generated [78].

Here, we consider the following specific curvaton sce-
nario, with three main phases, as illustrated in Fig. 2.
The first phase is the period of inflation, where both fields
are slowly rolling. This phase ends when Hgng = mg, at
tend, after which the inflaton starts oscillating around its
minimum, with energy density decaying like pressureless
dust, ps < a3. We assume that at some point during
this phase, the inflaton decays into radiation, leading to
Pg X a~* evolution (we keep using the subscript ¢ even
though at this point the component consists of radiation).
The second phase ends at Heuyry = my < Mg, at teury,
when the spectator field starts oscillating around its mini-
mum, leading to p, = %mi ey (@/acury) 3. We refer to
this third phase as the curvaton phase. It ends when also
the curvaton decays into radiation at Hyep = I'ren < my.
We assume all transitions take place on constant total
energy density slices so that ( is conserved across the
transitions. While we assume throughout this paper that
after reheating the perturbations are purely adiabatic, we
refer to [59] for a recent study of the observational con-
sequences of persisting isocurvature fluctuations.

For the curvaton scenario, we will make a slightly
stronger assumption than the usual spectator require-
ments, namely that x is subdominant not just at t,,
but until the beginning of the curvaton phase, tcurv,
ie. %mi Xy < 3mé, mi. This allows for simple an-
alytic expressions for the spectator contributions to the
final curvature perturbations [78] and for the evolution
from x4 tO Xcurv- At the linear level, we use

mi X2 (27)

[N

27")( reh
= = 28
X 3X* 9 ( )
where Y, is the initial field value and
3
Ty = Px (29)
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FIG. 2: TIllustration of the behavior of the background den-
sities in the curvaton scenario (Case B). After the inflaton
has decayed into radiation (at H = T'y), py ~ a~*, an un-
til then subdominant spectator/curvaton field x starts os-
cillating around its potential minimum. Since py ~ a”® in
this phase, its energy density may become important and its
perturbations can be converted into curvature perturbations.
This curvaton phase ends at H = I'\enh, when we assume y
decays into radiation with adiabatic fluctuations without fur-
ther modifying the curvature perturbations.

gives the relative contribution of the curvaton to p + p
during the curvaton phase (7 ren = 7y evaluated at tyep).
The non-Gaussianity parameter is given by

5 3
fan = 6R2 (—rwh —2+ ) ) (30)

27’)(,1rch

From Eq. (28), one needs small . (< v/2¢. mp;) to reach
the spectator-dominated regime. Assuming R ~ 1 is in-
deed obtained during the curvaton phase, if this happens
while 7, is small, the non-Gaussianity can be very large
fnr, ~ 5/(4ry). If and when the curvaton phase con-
tinues to the point where p, dominates (r, — 1), the
asymptotic value fnr, = —5/4 is reached.

The results only minimally depend on exactly when
during the second phase the inflaton decays into radia-
tion”. Therefore, to keep the analysis minimal, instead
of including a free parameter I'y to describe this transi-
tion, we simply consider the extreme case, where ¢ decays
immediately at tonq. We have checked that using the op-
posite extreme, where it decays at tcurv, leads to very
similar results.

7 Varying the time of decay slightly changes the evolution of x
between tonq and teury and therefore affects the curvaton energy
density at tcurv and thus ry.



3. Case C: Modulated Reheating

For Case C, we again consider a simple quadratic po-
tential for the spectator field,

V(x) = im? x> (31)

In the modulated reheating scenario [36-40] (see, e.g. [88,
89] for recent studies), the decay rate of the inflaton,
which determines the time of reheating, depends on the
spectator field x. Then, even if x contributes negligi-
bly to the energy density of the universe, the quantum
fluctuations in x at horizon exit can be transferred into
curvature perturbations through the reheating process
(the reheating hypersurface is not one of constant energy
density, but is modulated by x). This is a well known
scenario producing large fnr, [40].

Modulated Reheating

)

Mg

H

log(p)

N

FIG. 3: Tllustration of the behavior of the background densi-
ties in the modulated reheating scenario (Case C). After in-
flation, the inflaton oscillates around its potential minimum
and decays into radiation when H = T'yen(x). The specta-
tor field x, which has negligible energy density at the time of
reheating, modulates the hypersurface of reheating and may
thus convert its fluctuations into curvature perturbations. We
assume that after reheating by ¢, the spectator field x plays
no further role (e.g. promptly decaying itself), leading to a
universe composed of radiation with adiabatic perturbations.

The specific case we consider here, see Figure 3, con-
sists of two phases: the standard inflationary phase, end-
ing at Heng = mg, and a subsequent phase where the in-
flaton oscillates around its minimum and Yy is still slowly
rolling. This phase ends at tyen, when Hyen = Tren(X)-
We assume y is subdominant all the way up to tyen,
%mi X%, < 32, (Xren), and that it plays no role in the
generation of curvature perturbations other than through
the reheating process. In particular, we assume that af-
ter tren, x decays into radiation as well without further
modifying (.

For the reheating of the inflaton, we consider a toy
model where decay to fermions (¢q) is the dominant pro-
cess, through a coupling term of the form,

LD -\x)9dq. (32)

The decay rate is then [90]

my A*(x)
8t
For the dependence of the coupling constant on y, we

choose a simple expansion truncated at quadratic order
(see also, e.g., [91, 92]),

lyen = (33)

2

A(X) =A0+A1ﬁ+%& (;}) . (34

where M., is a cutoff scale in the effective field theory,

M. > H,, and the dimensionless parameters Ag, A1, A2

are at most of order unity (additional bounds are de-
scribed in Appendix A).
Following [88], we use,

_ 1 F/eh aXlreh

Ny, =—= =t
) 6 1_‘reh 8X* ’ (35)
and
fNL —5(1— Tien F;/eh _ Tren (OXreh)_2 82Xreh
(Tre)®  Then \ Oxs Nz |

(36)
where primes denote derivatives w.r.t. xren. We include
the contributions due to the evolution of the spectator
field between t, and t,e, as in [88]. The expression for fyi,
shows that, if the spectator-dominated regime is reached,
one would naturally expect | fxr| ~ 5. We will make this
more quantitative in Section V C.

IV. COMPARISON TO OBSERVATION

A. Current CMB Constraints

We derive constraints on the three spectator models
discussed above using the most recent Planck cosmic mi-
crowave background measurements [93] of n, and fxr..
For r, we use the joint analysis by Planck and BICEP2
of B-modes on the subset of the sky covered by BICEP2
[94] (which is why we will not include a correlation be-
tween ng and r in our likelihood). Specifically, we model
the measurements by Gaussian likelihoods (restricted to
r > 0 for ) with mean and standard deviation,

ns = 0.9645 4 0.0049, (37)

r = 0.0497 £ 0.0383, (38)

where ng and r are defined relative to a pivot scale k, =
0.05 Mpc~!, and

fxr = 0.8 £5.0. (39)

We then apply standard Markov Chain Monte Carlo
(MCMC) techniques using the python package emcee [95]
to derive constraints on the spectator parameters.



We summarize the parameter space and physically mo-
tivated priors for each model in Appendix A.

Planck also provides a measurement of the amplitude
of the primordial power spectrum, Ay = P¢(k.), namely
[93, 96]

In (10'°A,) = 3.094 + 0.034. (40)

We treat this measurement differently than the con-
straints on ng, 7 and fyp,. The reason is that we still
have the freedom to take out an absolute energy scale
from the equations describing our models by rescaling
various model parameters. We can choose this energy
scale to be the normalization of the inflaton potential,
in this case mi Specifically, if we define rescaled quan-
tities,~V(X) - V(x) = V(x)/m3, m — m = m/myg,
I' - T = I'/my, etc. (but leave the fields unchanged),
the evolution equations retain the same form given pre-
viously, but in terms of the “tilded” quantities. The ob-
servables ng,r and fyi, are also independent of the over-
all mass scale mg. The main quantity that does depends
on mg is As. Therefore, we will in practice sample the
rescaled parameters and, instead of also treating mgy as
a free parameter, it is implicit that at each point in pa-
rameter space it is tuned in order to obey the Ay con-
straint. One subtlety in this approach is that physical
constraints and priors (see Appendix A) sometimes are
naturally given in terms of absolute, not rescaled, scales.
In order to translate these priors to the rescaled param-
eters, we will simply use a fiducial value for the overall
mass scale, mid = 1.6-10'3GeV (the mass scale required
to reproduce the observed A, for an inflaton-dominated
model with ¢, = 15mp;). This is a reasonable choice
because the variation in m¢ needed to fit A, is relatively
small compared to the very wide prior ranges considered
here.

In principle, there is a constraint in addition to the
measurements of ng, r, fni, and Ag, namely on the num-
ber of e-foldings of inflation between horizon exit of the
mode of interest and the end of inflation, N,. Working
backwards in time from the present, one can compute
how far outside the horizon a given mode with wave vec-
tor k, was at the time when inflation ends, which in turn
specifies how many e-folds before the end of inflation that
mode must have exited the horizon (see e.g. [93, 97]),

Hen k*
N. +In ( d> =61.7—1In <_1>
H, 0.05Mpc
2
1 In 9 (Tren) + lln Heng
12 106.75 4 \3mj,

1-— Swreh th
I Hren ) 4
T T T ween) n(H2 4D

end

Here, wyen is the effective equation of state between the
end of inflation and the finalization of the reheating
phase, and g.(Tyen) is the effective number of degrees
of freedom at the temperature of reheating.
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Therefore, in those models considered here that spec-
ify the reheating history (Cases B & C), the expansion
history after the end of inflation fixes the number of e-
foldings N, before the end of inflation at which our mode
of interest (at the pivot scale k.) must have exited the
horizon (technically, it fixes N, + In(Hena/Hs)). Thus,
in these cases, the matching relation (41) in principle
provides an additional constraint equation that essen-
tially fixes ¢, in terms of the other parameters so that
¢+« is not truly a free parameter. However, in princi-
ple, one could readily use the remaining freedom to tune
the shape of the inflaton potential (beyond the quadratic
form) to match N,. More specifically, for given values
of ¢, and of the value of N, + In(Henq/H.) required by
the post-inflationary history, if we introduce additional
parameters to describe an inflaton potential of more gen-
eral form than the quadratic one (for instance promoting
the power law index to a free parameter, or even going be-
yond the power law shape), we can in principle adjust the
additional parameter(s) to satisfy the matching equation,
thus leaving ¢, a free parameter. To keep our treatment
as straightforward as possible, instead of adding new pa-
rameters describing a more general inflaton potential and
applying the mode matching to N,, we simply do neither
and treat ¢, as a free parameter . Since, again, our main
focus is the properties of the spectator field and fyy,, this
minimally affects our results. In particular, fyr, is rather
insensitive to these choices. We will briefly consider a
more general setup, with varying power law index of the
inflaton potential, in Section V D.

B. Future Galaxy Clustering Constraints

Our MCMC runs exclusively include current CMB con-
straints. However, the motivation of this paper is to
quantify the constraining power of next-generation mea-
surements in the resulting space of multifield/spectator
models allowed by current data. In particular, we are
motivated by upcoming galaxy surveys, which, using
scale-dependent halo bias, target order unity precision
on local primordial non-Gaussianity, o(fnp) < 1. In-
stead of modeling any specific survey, we will simply com-
pare the posterior parameter and observable distributions

from Planck data to this approximate level of constraint,
Afn ~ 1

V. RESULTS

A. The Quadratic-Axion in the Horizon Crossing
Approximation

We first consider the quadratic-axion model using the
(improved) Horizon Crossing Approximation, see Section
IITA 1 and Appendix B. The predictions of fyi, for this
model will turn out to be very sensitive to the upper
bound chosen for the “axion decay constant” f. Since



in a UV complete theory, it may be difficult to generate
axion-like potentials with f larger than the Planck scale
[98, 99], our default choice will be f < My = /87 mp
(note that My, is not the reduced Planck mass here). To
illustrate the dependence on this cutoff, we will also show
results for the prior f < 3Mp (see Appendix A1 for the
other parameter priors).

In order to gain insight on what the allowed parame-
ter space looks like, let us highlight what imposing the
spectator-dominated regime means. Within the HCA, R
has a very simple form and R > 0.9 translates into,

X o I

f 32
This behavior is clearly visible (specifically the contour
edges at bottom-right) from Fig. 4, where we plotted
the 2D 68% and 95% confidence level (C.L.) contours
from our MCMC chains in the plane (x./f, f), in the
spectator-dominated (Spec-Dom) regime. Note that be-
cause of the form of the expressions in Eq. (23), R is
independent® of V5. The upper bounds in the vertical
direction in Fig. 4 come directly from the priors on f.
Throughout this paper, since bounds in the posterior pa-
rameter space are partially determined by (broad) priors,
not just by the Planck measurements, the shapes of the
posterior distributions commonly deviate from the nar-
row, Gaussian distributions one may find in a completely
data dominated case with small error bars.

(42)
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FIG. 4: The parameter region where the spectator field domi-
nates the curvature perturbations (R > 0.9) in the quadratic-
axion/HCA model (Case A). Unless otherwise stated, we show
68% and 95% C.L. contours. We show results for two choices
of prior, namely an upper bound on the “axion decay con-
stant” f < Mp in red, and in purple a bound f < 3Mp;. The
requirement x./f < f, cf. Eq. (42) and discussion in main
text, is apparent.

Since we envision x/f as an axion phase, our prior
expectation is for x, to be uniformly distributed in the

8 In the HCA, the only place where V{ explicitly appears is in the
spectral index ng, see Eq. (15).
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interval [0, f/2]. Therefore, the requirement of very small
X+/f in Eq. (42) corresponds to significant fine-tuning of
initial conditions. Indeed, if we do not explicitly impose
R > 0.9 in our MCMC runs, this condition is satisfied
less than 1% of the time, while most of the points in the
chains are concentrated in the inflaton-dominated R < 1
region, with fnr, &= 0. However, this region corresponds
precisely to the case that is very similar to single-field
inflation. In order to explore the features that are specific
to the presence of the extra field, we will now focus on
the spectator-dominated regime (R > 0.9), keeping in
mind that this is a fine-tuned subset of models. In this
regime, we are pushed towards large values of f, close to
the prior upper bound, because large f allows for a larger
range of initial field values satisfying Eq. (42).

The phenomenology of the background energy den-
sities in the spectator-dominated parameter regime of
I S My, x«/f S f/(3n%¢.) depends on the value of
Vo/ mi For the largest values of this quantity allowed
by the spectator requirement and by the constraint on
n¥ coming from ns, p, starts decaying like a= slightly
before the end of inflation. However, given our broad
prior, most of the posterior volume corresponds to much
smaller values of Vp/m2. In that regime, x starts os-
cillating well after inflation, when ¢ is already oscillat-
ing itself and py decays like matter. In particular, for
[ = My and x./f = f/(37%¢.), x comes to dominate
the total energy density of the universe before it starts
oscillating, leading to a short second phase of inflation
(the second scenario in Figure 1). Lowering f (still with
X«/f = [/(37%¢.) and still assuming the low Vp/m3
regime), the ratio py/pys at the time when y starts oscil-
lating goes down, and there is no second phase of inflation
once f < 0.1Mp.

In Fig. 5 we plot the posteriors for fyr, for the two
different choices of upper bound on f. As discussed in
Appendix B, we show results both assuming the standard
Horizon Crossing Approximation, and the improved ap-
proximation calibrated on numerical calculations. The
curves for the default prior f < Mp; are well within the
Planck CMB bound, with typical values of fni, of order
unity. This is thus within range of future experiments,
especially if o(fnr,) could be pushed significantly below
one.

We can understand the fyr, distribution better by
noting that, in the fully spectator-dominated limit,
cf. Eq. (25),

572
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The maximum value f = My, then corresponds to fxi, =
—0.65, thus explaining the cutoff in the fyr, distribution.
This cutoff is smoothed out because we consider the range
R = 0.9 — 1 and the expression for fyr, above is to be
multiplied by R?. The relation between f and fyr, also
makes clear that the posterior is dominated by a limited
range of f just below and up to the cutoff. Therefore, it is
the prior of a sub-Planckian decay constant that pushes

N (43)
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FIG. 5: Posterior distribution of fni, in quadratic-axion sce-
nario (Case A), assuming Planck constraints on fxr, ns and
r. The blue curve shows the general fxr distribution in this
model, dominated by the inflaton-dominated regime, where
fnxn &~ 0. In red and green (see main text and Appendix for
discussion of the two approaches), we impose the condition
that the curvature perturbations are dominated by the spec-
tator x (R > 0.9). In this regime, while the exact shape of
the fni posterior is prior dependent (cf. purple curve), fnr
is generically of order unity (58% probability of |fxr| > 1 for
our default prior f < Mp, red curve).

us towards |fxr| = 1 (assuming the perturbations are
dominated by the spectator field in the first place). For
the more inclusive prior, f < 3My,, the typical value of
fn1 is significantly smaller. The low non-Gaussianity at
large f can be understood by noting that in this limit,
V(x) becomes more and more like a flat, slow-roll poten-
tial, which naturally has slow-roll suppressed fni,.

We illustrate the relation between f and fyr, in Figure
6, which shows the joint posterior distribution of f and
fnL in the spectator-dominated regime. This figure also
clearly illustrates the difference in the dependence of fxr,
on f between the HCA and the rescaled/improved HCA.
Note however that the main qualitative conclusions are
not strongly affected by whether or not the correction
factor is applied and are thus not sensitive to the exact
details of the approximation used to compute fr,.

B. The Curvaton

For the curvaton, we find that the spectator-dominated
regime is reached for low initial field values x. and low
ratios I'yen/m,, the latter corresponding to a long re-
heating phase. This is illustrated in Figure 7, which
shows the posterior probability distributions (68 and
95% confidence level) in the spectator-dominated regime
(R > 0.9). The blue regions include all CMB measure-
ments discussed above, while the unfilled contours are
derived without including the Planck fni, measurement.

The spectator-dominated parameter region can be un-

12

fNL

=27 B Spec-Dom (R>0.9), f< My, rescaled HCA
B Spec-Dom (R>0.9), f< Mg, HCA
I Spec-Dom (R>0.9), f<3Mp, rescaled HCA

Planck 2015

—0.8 06 04 —-02 00 02 04 06
logio(f/ Mp1)

FIG. 6: Joint posterior distribution of fnxi, and “axion decay
constant” f in quadratic-axion model. The red (purple) con-
tours show the posterior restricted to the spectator-dominated
regime with a prior f < Mp1 (f < 3 Mp1). The green contour
shows the same, but without the correction factor applied to
the HCA prediction. The dashed horizontal lines indicate the
current 1o range from Planck, and the level of the constraints
aimed for by future galaxy surveys, |fxi| ~ 1.
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FIG. 7: Posterior parameter distribution in the spectator-
dominated regime of the curvaton model (Case B). The black
contours show the constraints without the Planck bound on
fni, while the blue filled contours show the result with all
Planck constraints. For the spectator (i.e. curvaton) to dom-
inate, reheating needs to occur very long after the start of
oscillations in the curvaton (extremely low I'yen/m. ), repre-
senting a fine-tuning. The upper bound on I'ien/m, becomes
stricter for small initial field values, x«, as explained in the
text.

derstood as follows. The requirement N, > N4 can be



phrased as (cf. Egs. (13), (28)),

Doreh ¢;‘ : (44)
X mp)

Since by definition 7y ren < 1, we clearly at least need
X« ¢« < mp,. Assuming this is satisfied, there is in
addition the requirement that r, cn is not too small.
As long as 7y ren << 1, it is easy to show that ry yen ~

X2/ My [Tren/m?,, translating Eq. (44) into the require-

ment,
1—‘re * 2
b« <X> . (45)

Thus, the smaller the value of y,, the more the ratio
Iien/my has to be tuned to extremely small values. In
physical terms, we are forced towards low initial field
values, but the smaller y, is, the smaller the ratio of
curvaton to radiation energy density is at the start of
the curvaton phase, and thus the longer the curvaton
phase needs to last to make the curvaton fraction r, non-
negligible.

The above explains well the unfilled contours in Fig-
ure 7. The blue regions show that when the Planck fni,
bound is added, an additional part of parameter space
is excluded. Namely, in the curvaton-dominated regime,
and for small ry ;cn, we have fnr, ~ r;;eh so that the
Planck bound forces

Freh
My

< (fienck ) 4 (46)

(where the 20 Planck bound is f{1*2ek ~ 10), thus ex-
plaining the steeper scaling of the maximum value of
Tyen/m, with x, in the filled blue regions.

Is the spectator-dominated regime fine-tuned? We have
seen above that to satisfy the condition of large R, one
needs an extremely large hierarchy between the scales
m,, and I'.ep, translating to a reheating scale many or-
ders of magnitude below the inflation scale. In this sense,
the regime where the spectator/curvaton is important is
very fine-tuned. Moreover, we require small initial field
values in Planck units. At the same time, we find the
posterior probability for, say, R > 0.5 vs. R < 0.5,
to be of the same order?. The reason for this is that
we imposed logarithmic priors on Iy, etc, with very
small lower bounds, reflecting the huge hierarchy between

9 The probability of being in the spectator-dominated regime is
increased somewhat by the upper bound on the tensor-to-scalar
ratio, but this is partially an artifact of our choice of a quadratic
inflaton potential, which in the inflaton-dominated regime is in
tension with the data (one can fit ns at the cost of too large
a value of r). We have considered the more general case of a
varying inflaton potential power law index, see Section V D, and
find that in this case, the probability of being in the spectator-
dominated regime is somewhat suppressed compared to the ¢?2
model.
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the minimum allowed reheating scale (here chosen to be
H.., ~ 1073 GeV, corresponding to Tiep ~ 1 TeV, see
Appendix A) and the Hubble scale at the end of inflation,
Hena ~ 1013 GeV. We also find that the posterior distri-
bution of R (not shown) is bimodal, with peaks at R =0
and R = 1. This is again a prior driven effect. There is
simply a large parameter volume in the regions where ei-
ther the spectator or inflaton domination conditions are
saturated, cf. e.g. Eq. (45), and only an order of magni-
tude of parameter range in the intermediate regime.
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FIG. 8: Posterior distribution on fni in curvaton scenario
(Case B), assuming Planck measurements of fxi,, ns and r.
The blue curve shows the general fni, distribution in this
model, while the red curve is restricted to spectator dom-
ination, where curvature perturbations are mostly sourced
(R > 0.9) by the curvaton x. In this regime, wile the ex-
act shape of the fni, posterior is sensitive to priors, fni, is
generically of order unity (79 % probability of |fxr.| > 1). In
particular, most of the posterior probability is in the parame-
ter region where the curvaton phase has lasted long enough for
the curvaton to dominate the background energy density of
the universe, ry,en — 1, so that the non-Gaussianity reaches
its asymptotic level, fnr, — —5/4.

In Figure 8, we consider the posterior distribution of
fn1 both in the general model, and in the spectator dom-
inated regime. In the latter case (red), the peak corre-
sponds to the scenario where the curvaton stage lasts long
enough for the curvaton to dominate the energy budget of
the universe, ry ren — 1 and fx, — —5/4. We find that
79% of the posterior distribution has |fnr| > 1, making
future constraints at this level extremely interesting. In
particular, fn, = —5/4 is clearly an important target.

The dominance of the peak at fnx;, = —5/4 reflects
that our priors allow a large parameter volume where
Ty,reh = 1 is saturated, i.e. once I'iep, is low enough for
the curvaton to dominate the background energy, lower-
ing I'.en further by orders of magnitude will maintain
fxL = —5/4. If we had imposed priors that penal-



ize a large hierarchy between I'\e, and m,, the results
would change, favoring the large negative fnr, regime
(low 7y ren) relative to fxr, = —5/4. Of course, such
a change in priors would also make satisfying the condi-
tion of large R more manifestly fine-tuned. In the general
case (blue curve), we see the aforementioned bimodal-
ity of the posterior of R, with the inflaton-dominated
regime leading to the single-field value fyi, =~ 0 and the
spectator-dominated case giving fnr, = —5/4.

fxu
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IOgIOXz V mx /Freh/m}‘?l

FIG. 9: Posterior distribution of fx1, vs. combination of model
parameters in the curvaton model, restricted to the spectator-
dominated regime (R > 0.9). The parameter combination
XE\/mX/Freh/m%I is approximately equal to the ratio ry ren

for low 7y ,ren (Whereas large values of xf«/mx/I‘mh/m%l cor-
respond to ry ren = 1), making it a good proxy for fnr. The
dashed horizontal lines indicate the current lo limits from
Planck, and the constraints aimed for by future galaxy sur-
veys, | fxu| ~ 1.

Now focusing on the spectator-dominated regime, Fig-
ure 9 shows the joint posterior distribution of fyi, with
the parameter combination x2y/my /Tyren/m?,, which, as
explained above, is approximately equal to 7y ren for low
values of 7y yen. A future measurement of fxi, with order
unity precision thus may provide important information
on the curvaton model, and in particular on this param-
eter combination. In particular, for fxr, 2 —1, there is
a sharp relation between fnp and the above parameter
combination. If fyi, & —5/4 is found (and a large frac-
tion of the parameter space gives this result), it would tell
us that log;o(x21/my/Tren/m3,) 2 1.5. In this regime,
fn1 unfortunately does not distinguish between different
values above this lower bound.
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FIG. 10: Spectator-dominated regime (R > 0.9) of the mod-
ulated reheating model (Case C). The contours show the pos-
terior distribution of the first- and second-order coefficients of
x in the inflaton coupling constant determining the reheating
decay rate, see Eq. (34). The black dashed contours depict
constraints without the Planck bound on fn1, for general R.
The strong correlation between the two parameters shown is
due to the joint dependence on the cutoff mass M.. The black
solid contours additionally require R > 0.9. This spectator-
dominated regime thus corresponds to strong dependence of A
on . The filled blue contours finally add the Planck fnr, limit,
limiting the final allowed region to lower values of Az /M?2.

C. Modulated Reheating

In the modulated reheating model, the spectator-
dominated regime is reached if (cf. Eq. (35)),

N b
- 47
y > mZ (47)

(the transfer function from x. to Xyren generally has
a small effect), corresponding to large A;/M. and/or
Ao Xren/M? (most of the weight in the prior distribution
of Ao lies around values of O(107!) because of the uni-
form prior). This region is shown in Figure 10. The filled
contours show the usual confidence regions with the prior
R > 0.9, including all Planck data discussed, while the
solid empty contours represent the same region, but with-
out the fyr, bound.

We have also (dashed empty contours) included the
posterior in the general model, i.e. without the spectator
domination requirement on R (and also without the fnr,
measurement included), to illustrate that the strong cor-
relation between \; /M. and \o/M? is there regardless
of the requirement on R. It is mostly prior driven, and
comes from the fact that both quantities scale with the
same cutoff mass M, (and that the dimensionless quanti-
ties A1 and Ay follow uniform priors). What the require-
ment of spectator domination does is to shift A\, /M. and



Ao/M? to larger values along the correlation direction, as
shown by the solid black contours and filled blue regions.

Thus, spectator domination requires an effective cutoff
scale M. not much larger than ~ 0.1 mp;, allowing the
effect of x on A to be large enough. Since we do not
want any contribution to A to be larger than unity, the
requirement of large A\; /M, and A2/M? in Planck units
does again mean we need small initial field values, y, <
mp1, which can be considered fine-tuning. For the same
reasons discussed in the curvaton case, related to our
choice of priors, our chains do give a bimodal distribution
of R with peaks of comparable amplitude at R = 0 and
R =1 despite this fine-tuning.
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FIG. 11: Posterior distribution of fni, in modulated reheat-
ing model (Case C), assuming Planck constraints on fxr, ns
and r. The blue curve shows the general fnr distribution
in the model, while the red curve is restricted to spectator
domination (R > 0.9), where fluctuations in x dominate the
final curvature perturbations due to their effect on reheating.
In the former (general) case, a large fraction of the posterior
probablity lies in the inflaton-dominated regime with negli-
gible fnr.. In the latter case, while the exact shape of the
fnL posterior is sensitive to priors, fnr, is generically of order
unity (72% posterior probability of |fxi| > 1), with a broad
distribution.

Figure 11 depicts the posterior distribution of fyr, for
both the general case and the spectator-dominated case.
In the latter case, we see a relatively broad distribution
of values (in contrast with the curvaton model), with
typical values of order |fxr| ~ 1 — 5 (we note that when
we do not implement the current observational bound on
/L, the distribution is significantly broader (not shown),
with typical values of order | fyr| ~ 10—20). We find that
72% of the parameter space in the spectator-dominated
regime has | x| > 1.

The distribution at the lower end has a relatively sharp
cutoff. This follows from the specific form of the expres-
sion for fnr, Eq. (36). Ignoring the evolution of x, it
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reduces to

1 1
fNL A5 (1 - Frehrfeh) _5 (1 _ >‘(><reh)/\(><reh)> )

(F{reh)2 2 ()‘/(Xreh))2
(48)

2
Since we have chosen the coefficients in the expansion of
the reheating coupling to all be positive, this gives an
upper bound fnr, < 5/2. This cutoff gets smoothed out
once the evolution of x is included (the partial derivatives
in Eq. (36)), thus explaining the shape of the red curve
at the high fxr, end.

In the general case (blue), the bimodal distribution
of R again leads to a superposition of the inflaton-
dominated regime’s fni, &~ 0 and the broader distribution
corresponding to the spectator-dominated regime.

T T ———————
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FIG. 12: Joint posterior distribution of fxr, and a combi-
nation of parameters describing the inflaton reheating decay
rate and its dependence on the field x, assuming spectator
domination (R > 0.9). A measurement of fxi, provides valu-
able information on the modulated reheating process, and in
particular the quantity A2Xo/A}, cf. Eq. (36). The dashed hor-
izontal lines indicate the current 1o limits from Planck, and
the constraints aimed for by future galaxy surveys, |fnv| ~ 1.

Studying fni, in the spectator-dominated scenario in
more detail, Figure 12 shows the joint posterior of fxr,
and Ao \g/A\2. This parameter combination mostly deter-
mines fnr, in the spectator-dominated regime if A’ is dom-
inated by the A; contribution and A by A, cf. Eq. (48). A
measurement of fyi, provides information on the modu-
lated reheating parameter space and in particular on this
combination of parameters describing the coupling of the
inflaton to x and to the particles into which it reheats.

In summary, while the physics behind the mechanisms
is very different, the modulated reheating has similar
phenomenology to the curvaton scenario. The main qual-
itative difference is that for spectator-dominated modu-
lated reheating, the fyi, distribution does not peak at a
special value (fx, = —5/4 for the curvaton). Instead,
it has a broader distribution, with a “smooth” cutoff



around fnr, ~ 5/2.

D. Observational Prospects
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FIG. 13: Phenomenology in the (ns,r) plane of models with
power-law inflaton potentials, extended beyond the single-
field case into the spectator domain (R > 0). Magenta con-
tours show current Planck constraints. Solid lines show pre-
dictions for inflaton-dominated models (R = 0, equivalent to
single-field). N, is the number of e-folds to the end of infla-
tion. The arrows connect the R = 0 regime to the spectator-
dominated regime (here, R = 0.95, shown in dashed). This is
for the common case of n¥ ~ 0, while crosses indicate the al-
ternative of large nX. Otherwise ruled out inflaton potentials,
such as U(¢) ¢* become viable again in the spectator-
dominated regime.

Spectator models are a relatively simple extension of
single-field inflation, which itself can be seen as the
inflaton-dominated corner of spectator model parameter
space. Regarding the inflaton potential, U(¢), we have
so far focused on the simple quadratic potential because
predictions for fni, are rather robust against the details
of the inflaton potential. Technically, however, to fit ng
and r well with realistic values of the number of e-folding
before the end of inflation, more freedom in the shape of
the inflaton potential is needed. In particular, let us con-
sider the class of power-law models,

U(9) x 6, (49)
where we will allow non-integer values of n.

Figure 13 shows the predictions for such models in
the (ngs,r) plane, compared to the Planck constraint.
The solid lines show the well known single-field /inflaton-
dominated (R = 0) case, cf. e.g. Fig. 12 in [93]. The dots
indicate the number of e-folds before the end of inflation,
N,. As is well known, the Planck data are already in
significant tension with the inflaton-dominated quadratic
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FIG. 14: Top: As Figure 13 (different scale and omitting
labels), but with results from MCMC analysis of curvaton
model (Case B) added in. Here, the power law index n of the
inflaton potential is treated as a free parameter and indicated
by color. The two sets of points from the Monte Carlo chains
correspond to inflaton domination (R < 0.1, blue) and specta-
tor domination (R > 0.9, yellow-red). The former prefer a low
index (n & 0.5 —1) as in the single-field case, while the latter
prefer a large index (n &~ 3 — 4). Bottom: For the same two
regimes (R < 0.1 and R > 0.9), now we show samples with
fnu instead of ns on the horizontal axis (dashed lines outline
the 95% C.L. regions). While the spectator-dominated regime
suppresses r, it leads to potentially detectable fnr..

model, but lower powers, e.g. U o ¢2/3 are in reasonable
agreement.

The effect of curvature perturbations more and more
generated by the spectator field, i.e. increasing R, is in-
dicated by the arrows, leading to the mostly spectator-
dominated scenarios (R = 0.95) shown in dashed lines,
cf. Eq. (15). Note that for a given R and a given infla-
ton potential, ns; does not generally have a fixed value
because it still depends on 7. However, we find that the
regime with negligible ¥ contribution often dominates so
that we chose X = 0 in this plot. To indicate the range
of effects from non-zero nX, the crosses show (ng,r) for
the maximum (positive) n¥ consistent with the require-
ment that the spectator field is slowly rolling until after
the end of inflation.



Figure 13 thus visualizes that, as the spectator field be-
comes more important, r goes down, making it easier to
evade the tensor-mode constraint, and ng shifts to larger
values. This means that: (1) models that are currently a
decent fit in the inflaton-dominated regime (low n power
laws) become poor fits in the spectator-dominated case
and (2) models with larger power law indices, ruled out
by Planck data in the single-field case, become viable
again in the spectator-dominated scenario.

We illustrate this for the curvaton model in Figure 14
(top), which shows the same curves, but in a zoomed-in
region. Here, we add the results of MCMC simulations,
as above but now treating the power law index n as an
additional free parameter with n = [1/2,4] and requir-
ing N, = [46,58]. The colored points show the inflaton-
dominated posterior region (R < 0.1) and the spectator-
dominated one (R > 0.9). Colors indicate the potential
power law index, confirming the picture described above,
with the inflaton /spectator-dominated regimes preferring
small/large values of n.

A major difference between the two regimes is that,
while in the inflaton-dominated case, r is always within
reach of upcoming B-mode searches (assuming a power
law potential), for R — 1, one can obtain r arbitrarily
close to zero while perfectly fitting ng, cf. Eq. (16). This
is where primordial non-Gaussianity comes in, as illus-
trated in the bottom panel of Figure 14. While in the
(fully) inflaton-dominated regime, the single-field consis-
tency condition effectively sets fi, to zero (the outlying
blue points with non-negligible fn1, are explained by their
spectator contribution, i.e. R ~ 0.1 and Ny, /N7 very
large), the spectator-dominated regime typically gener-
ates | fnr.| = 1. The same is true for the other two models
considered in this paper. The fact that r is typically large
in the inflaton-dominated regime is specific to large-field
potentials, such as the power laws chosen here. For dif-
ferent types of potentials, it is possible to have small r
even in the single-field /inflaton-dominated regime.

In summary, for inflaton-dominated models, fny, is
small and out of reach of near-future experiments, but r is
large (assuming a power law inflaton), while in spectator-
dominated models, values of fyi, within the scope of up-
coming surveys are common, but 7 is suppressed (we do
note that, while in the latter case, large fnr, is expected,
it is not impossible to be in the worst-case scenario where
both r and fxi, are negligibly small). Thus, in order to
unravel the mysteries of inflation, it is crucial for future
probes to aim their sights at both tensor fluctuations and
primordial non-Gaussianity.

VI. DISCUSSION & CONCLUSIONS

Upcoming galaxy surveys aim to significantly improve
constraints on local primordial non-Gaussianity, from the
current Planck bound fxr, = 0.8+5.0, to constraints with
uncertainties o(fn.) < 1. Motivated by this prospect,
we have here derived current constraints on a range of
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multifield inflation models given Planck CMB data and
physically motivated parameter priors, and compared the
resulting predicted values of fnr, to the expected future
constraints. Our goal was to obtain quantitative esti-
mates, given an inflationary model, of the discovery po-
tential of local non-Gaussianity with these future sur-
veys, and to quantify what such a future fyp, may teach
us about the physics behind inflation.

We have specifically focused on so-called spectator
models, where, while inflation is driven by the inflaton
field, the primordial curvature perturbations are par-
tially or fully generated by a second field, the “specta-
tor”. At horizon exit, this spectator field does not con-
tribute to the curvature perturbations, but its perturba-
tions can be converted into curvature perturbations after-
ward through super-horizon evolution. We have consid-
ered three specific mechanisms for this process with the
conversion occurring during different phases: (A) during
or after inflation before either field has decayed into ra-
diation, (B) after inflation while the inflaton has already
decayed into radiation and the spectator (i.e. curvaton)
oscillates around the minimum of its potential, and (C)
after inflation during the reheating process itself.

If the relative contribution of the spectator field to the
final primordial curvature power spectrum is close to one,
significant non-Gaussianity can be generated, which is
why our main focus has been on this set of “spectator-
dominated” models. While there are significant differ-
ences between the three scenarios (A)-(C), we will below
discuss some of the main general conclusions.

Typically, to be in the spectator-dominated regime,
some form of fine-tuning is required. For instance, in all
three scenarios, small values of the initial spectator field
value are needed. One might wonder if this tuning leads
to problems with the classical description of the back-
ground evolution, due to stochastic quantum fluctuations
in the field. However, as discussed in Appendix A, we
have throughout the paper explicitly restricted the anal-
ysis to field values much larger than the amplitude of the
quantum fluctuations (§x. ~ 6, ~ H, /27 ~ 10~ 5mp,
for large-field inflaton potentials) so that quantum effects
are guaranteed to be negligible even for the small field
values required to be in the spectator-dominated regime.
An additional example of apparent fine-tuning is that,
in the curvaton scenario, the reheating scale needs to be
tuned to be many orders of magnitude below the scale
of inflation and the curvaton mass, corresponding to ex-
tremely late reheating (although not in clear tension with
data). On the other hand, statements about fine-tuning
are always strongly prior dependent. For example, since
our MCMC analysis employed wide, logarithmic prior
ranges on most dimensionful parameters, we found in
both scenarios (B) and (C) that being in the spectator-
dominated regime is approximately equally likely as the
alternative. However, this does not remove the objection
that large hierarchies between parameters may be un-
natural from a model building perspective. Such theory-
based prejudice could have been incorporated by modi-



fying our priors, but we chose not to pursue this here.
Assuming spectator domination (R > 0.9), we have
quantified the posterior distribution of fyi, given current
Planck data for each of the three scenarios. We have
quantified the promise of next-generation fyr, measure-
ments by quoting the posterior probability of | fxr| > 1,
which we will summarize below. Assuming |fnr| > 1 can
be distinguished from zero at sufficient significance, this
gives the probability of detection of non-Gaussianity.
Conversely, if an upper bound |fni| < 1 is obtained
from the data, the posterior probability of exceeding
|fnL] = 1 tells us what fraction of the currently allowed
parameters space will be ruled out. However, the above
quantity does not tell the full story'® so below we
also quote what fraction of the posterior distribution
obtained without including the Planck fxr bound has
|fNn| > fﬁia‘;ggx = 10 (corresponding approximately
to the 20 Planck bound) and what fraction has | fyr.| > 1.

e Case A - Quadratic-Axion
With Planck fnr: P(|fxn] > 1) = 58%
Without: P(|fnr] > 1(10)) = 63(6)%

e Case B - Curvaton
With Planck fxp: P(|fzi| > 1) = 79%
Without: P(|fxi| > 1(10)) =83 (14)%

e Case C - Modulated Reheating
With Planck fxr.: P(|fxn] > 1) = 72%
Without: P(|fxr] > 1(10)) = 92(60)%

We see that in the modulated reheating scenario, the
Planck fxr, constraint has already ruled out a significant
fraction of the parameter space allowed without taking
PNG into account, but that in the other cases we are
only just starting to take advantage of fxr,. While, as we
have discussed, the numbers above are prior dependent
(especially in Case A, which relies on the maximum value
of the decay constant f being of order Mp;), they suggest
that, if inflation is described by one of these models where
the curvature perturbations are generated by a field other
than the inflaton, future fyi, searches with o(fnr) S 1

10 Since by default we included the Planck bound on fxi, to com-
pute the posterior, some caution is needed in interpreting the
posterior probability of getting |fn| > 1. If the fni poste-
rior without including the fynr, bound from Planck is very wide
compared to o(fnr) from Planck, the default posterior with
the Planck fni, bound included is essentially determined by
o(fnL) ~ 5, and saying that a bound with o(fnr,) < 1 rules out
a large part of currently allowed parameter space is equivalent to
the trivial statement that the future error bars are smaller than
the current ones. In this scenario, it could be that the Planck
fNL bound had already ruled out an overwhelming fraction of the
previously allowed parameter space, and a future tighter bound
will simply rule out a little bit more. Therefore, it is also impor-
tant to quantify how much better a future fny, constraint does
than the current CMB bound.
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have a good shot at a detection and will probe these
models well beyond the current Planck fyi, constraint.

If a detection of fyp, is achieved, the most important
implication would of course be the discovery of multifield
inflation (although there are caveats to the single-field
consistency conditions that allow non-zero fyp, in cer-
tain special single-field scenarios [11, 12]). In addition,
we have shown that a measurement of fyr, in the con-
text of the models above also tells us about the values
of certain parameter combinations, thus providing hints
about the nature of the multifield model describing the
early universe. We have also highlighted the complemen-
tarity between B-mode searches constraining primordial
tensor perturbations and measurements of galaxies and
the CMB constraining primordial non-Gaussianity. It is
such a multipronged approach that provides the best op-
portunity for improving our understanding of the physics
of the extremely early universe.

In conclusion, while large or order unity fni, is not a
general prediction of multifield inflation, it appears to be
quite generic in spectator-dominated models. Arguably,
these are the more interesting multifield models regard-
less of fn1,, as the case where the primordial fluctuations
are fully determined by the inflaton field is phenomeno-
logically indistinguishable from single-field models. The
appearance of order unity fyip, in spectator-dominated
and similar models has been highlighted many times in
the literature, but here we have sampled the full param-
eter space of a range of models, taking into account ob-
servational constraints, leading to a more comprehensive
quantitative assessment of the typical prediction for fni,
and of the spectator multifield phenomenology in general.
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Appendix A: Parameters and Priors

In this Appendix, we consider parameter priors and
other constraints assumed in the MCMC likelihood anal-
ysis. For each model, there is a set of basic parameter
priors, given in Tables I - III. On top of these priors,
various additional constraints, other than those from the
data discussed in the main text, are imposed. There can
be significant redundancy in these priors and constraints,
i.e. they are not all independent. Let us first consider re-
quirements that are imposed on all three models.

e First of all, we always demand the spectator defini-
tion given in Eq. (13) is satisfied. Secondly, we re-
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quire all four slow-roll parameters at t, to be small, ’param, ‘Description ‘ Prior ‘
€, €X, n?|,|nX| < 0.1. (A1) Vo/m3 |spectator amplitude [107°2m},, 10°m3,] (log)
. f spectator “decay constant” | [10™*mp, Mp1] (log)
e Moreover, for a clasglcal treatmer'lt of the .spe.ctgt'or xo/f |spectator initial phase [0,1/2] (lincar)
field to be appropriate, we require that its initial ] o
value is much larger than the initial quantum fluc- = inflaton initial field [10me1, 30me1] (log)

tuations,

H,
X« > 10 X 0x =10 X — (A2)
2m

(we use a fixed value H, = 4-1075mp).

e Unless otherwise noted, we apply logarithmic priors
to dimensionful parameters (and parameters that
were dimensionful before dividing out powers of

m¢).
e We will define the spectator-dominated regime by
the somewhat arbitrary threshold,

R>009. (A3)

TABLE I: Parameters and default priors for Case A: the
quadratic-axion model. Additional constraints on the param-
eters are described in the text.

’ Param. ‘ Description ‘

Prior ‘

X*
¢*

my /Mg

Iien/mg |spectator reheating rate

spectator mass

spectator initial field

inflaton initial field

[1072¢,1] (log)
[1072¢,1] (log)
[10 x H. /27w, mp1] (log)
[3mep1, 35mp1] (log)

TABLE II: Parameters and default priors for Case B: the

curvaton model. Additional constraints on the parameters
Let us now consider the specific parameters and pri- are described in the text.

ors/constraints for each model.

1. Priors Case A: Quadratic-Axion

e The parameters sampled in the MCMC and their
default prior ranges are given in Table I.

e As already incorporated there, we assume by de-
fault that the decay constant is sub-Planckian

f < Mp; (A4)

(note that this is the Planck mass, not the reduced
Planck mass), although we explicitly study how the
results depend on the upper bound.

e We impose a linear prior on y./f because in axion
models, this quantity arises as a random phase.

e The lower bound on Vj /m?5 is derived from the
requirement that reheating occurs at an energy
preh = 3mE H2, > (103 GeV)* (cf. [93]), i.e. before
the electroweak phase transition, and that before
that time the constant-( phase is reached where
both fields are oscillating around their potential
minima (see Fig. 1). Since the spectator/axion
starts rolling approximately'' when its mass My,
given by Eq. (26), exceeds the Hubble scale H, we
obtain an order-of-magnitude lower bound (assum-
ing mg ~ 10'* GeV) of (Vo/m3)min = 10772 m3,.

11 We have confirmed the dependence of the time x starts rolling
on Vp numerically.

2. Priors Case B: Curvaton

e The parameters sampled in the MCMC and their
default prior ranges are given in Table II.

e The curvaton scenario under consideration requires

Mg > My > Tren- (A5)
e As discussed in the main text, we require the cur-
vaton to be subdominant up to teury,

1.2 .2 2
§mX Xcurv < 3mx‘

(AG)

e Finally, we have determined the minimum value

of I'ien in Table I as in case A, requiring pren >

(10® GeV)?. This leads to the prior,
Frch

—et S 107%,
me

(A7)

3. Priors Case C: Modulated Reheating

e The parameters sampled in the MCMC and their
default prior ranges are given in Table III.

e The specific scenario under consideration corre-
sponds to the requirement,

me > I_‘reh(Xreh) > mx- (AS)

e We also impose

m
—X 51072,
me

(A9)



’Param. HDescription ‘ Prior

My /My || spectator mass [1072¢1] (log)

Ao reheating coupling parameter [0,1/2] (linear)

A reheating coupling parameter [0,1] (linear)

A2 reheating coupling parameter [0,1] (linear)

M. reheating cutoff parameter [10 X H.,mp1] (log)
X spectator initial field [10 x H. /27w, mp1] (log)
O inflaton initial field [3mep1, 35mpi] (log)

TABLE III: Parameters and default priors for Case C: the
modulated reheating model. Additional constraints on the
parameters are described in the text.

which ensures reheating takes place before the elec-
troweak phase transition (because I'ien, > my ).

e We require the coupling constant, Eq. (32), and its
individual contributions to be significantly smaller
than one'? (to rule out cases where the individual
terms are large but cancel due to opposite signs),

2
X 1 X
A 1/2 A 1/2, |\ 1/2.
| |< / ’ | 1| Mc < / ’ 2| 2| (Mc) < /

(A10)

e Finally, as already included in Table III, we demand
that the cutoff M., is significantly above the Hubble
scale at t,,

M, > 10 x H,. (A11)

In practice, we incorporate M, into redefinitions of
A1 and A and marginalize M, out analytically.

Appendix B: Testing the Horizon Crossing
Approximation

We discuss here the accuracy of the Horizon Cross-
ing Approximation for computing the curvature pertur-
bations and fyr, in the quadratic-axion model. To do so,
we numerically compute fyr, in the N formalism using
the full equations of motion, i.e.

¢+3Ho+ U,
X+ 3HY + Vy

3mp, H?

0
0
1%+ 17 +U() + V(x). (BL)

12 This does not ensure that non-perturbative effects are unimpor-
tant in the reheating process, but simply that the coupling con-
stant is small enough for the leading-order perturbation theory
expression for I'yep, to be valid. In addition to this, there may
well be non-perturbative effects even for small A, such as resonant
particle production from the vacuum.
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We compute the number of e-folds IV to a constant en-
ergy density hypersurface at a time when both fields have
started oscillating around their minima, so that ¢ has be-
come constant. From there, one can get the numerical
derivatives of N and compute fxi, using Eq. (12).

As discussed in the main text, if we do not impose the
spectator domination condition, the posterior is domi-
nated by points in parameter space where x./f is not
tuned to be small, so that the inflaton dominates the
final perturbations and fyr, = 0. Our main region of in-
terest for testing the HCA is thus the regime where we
explicitly impose the spectator domination condition,

X f

7 <33 et
This condition in turn favors larger values of f as they
leave a larger range of initial field values that satisfy the
above requirement. We thus mainly want to test the
HCA for models with f within, say, an order of mag-
nitude from the cutoff, i.e. f close to the Planck scale
M.

In Figure 15, we show fnr, as a function of the am-
plitude of the axion potential, Vg/ mi, for various values
of f in the range motivated above. For each parameter
choice, we find that fnp converges as x./f — 0 and in
the plot we have chosen values x./f < f/(37%¢.) such
that convergence has been reached. The results are min-
imally sensitive to the choice of ¢,.

For large values of f, the HCA (dashed lines) is a rea-
sonably good approximation to the exact numerical re-
sults (plus signs). For smaller f however, the HCA sys-
tematically overpredicts fxi,. For comparison, |fyr| < 5
(cf. Figure 5) corresponds to f 2 0.4Mp, between the
blue and light green results in Figure 15. In order to ac-
count for the difference between the HCA and exact re-
sult, we implemented a simple function of f that rescales
fnL to make it agree with the numerical results. We
show the new fnp, with this correction factor in solid
lines. With the correction factor included, the agreement
is quite good, except at high Vo/mé and low f (again,
the low f regime is less relevant in our MCMC analysis).
We note that the results do depend also on x./f. While
here we have shown the results in the low x./f — 0
limit, for values of x./f that marginally satisfy Eq. (B2),
we find a deviation from the results plotted here. How-
ever, the results are always within the range set by the
HCA approximation (dashed) and the HCA approxima-
tion modified with the correction factor (solid). In our
likelihood analysis, to bracket the range of fni, values,
we have considered results using either prescription.

We have also looked at how other quantities, such as
ns, r and R are different when using the full equations.
Those differences are much smaller, and if the HCA val-
ues are within the Planck constraints, so are the ones
from the full equations. Moreover, since our main focus
is primordial non-Gaussianity, the specifics of those other
parameters are of lesser importance to our analysis. In-
deed, as we mentioned before, they could be adjusted by

(B2)



a different choice of potential for the inflaton.

f£=0.1Mp, £=0.7Mp f=2Mp,
— f=0.2Mp=mp =~ — f=DMp
107,
+ Numerical fyr,
101}

[l
>

=

I

0O

>

10°}

— fx1 rescaled HC

1071k : : : : : : :
10° 10 10* 103 107 107! 10° 10! 107
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FIG. 15: Comparison of different approaches to calculating
fxi in the quadratic-axion model (Case A). We show |fxi|
as a function of Vo/ mi using the Horizon Crossing Approxi-
mation (dashed lines), the HCA with f-dependent correction
factor (straight lines) and the full numerical calculation in
the dN formalism (4). Results are computed in the limit
X«/f — 0 (see text) and we restrict the numerical computa-
tion to the range of Vo/m3 values relevant for our likelihood
analysis (|n¥X| < 0.1). While accurate at large f, the HCA is
only correct to order-of-magnitude level precision for f signif-
icantly below Mp;. We have used the numerical calculations
to construct an f-dependent rescaling function that brings
the HCA prediction in good agreement with the exact result.
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