
r >∼ 0.01 [16]) would rule out “small field” models of single field inflation, namely models in
which φ < Mp during inflation [17].

Clearly, these conclusions rely on the standard vacuum amplification mechanisms for
tensor and scalar perturbations during inflation (for a discussion see [18]), and on the fact
that the gw are the main cosmological source of the CMB B-modes. Alternative cosmological
sources have been studied in the literature, including primordial magnetic fields [19], phase
transitions [20–25], and topological defects [26, 27].

Although quite resilient (see [28]), even in the context of inflation the conditions (1.1-
1.2) may be invalid in presence of extra sources for scalar and / or tensor perturbations. For
instance, models have been proposed in which gw are produced from particles (and strings)
that are generated during the inflationary era through either sudden particle production or
through copious generation of vector quanta [29–42] 1. The major challenges for these models
normally resides in being able to ensure that an observably large production of gw has no
dangerous implications for the scalar sector [36]. Whatever the gw source is, it couples to
gw with gravitational strength. It will also couple with comparable or higher strength to the
field(s) responsible for the observed scalar perturbations. Therefore a strong gw source does
not necessarily implies a growth of the observable ratio 2

r =
Ph,vacuum + Ph,sourced

Pζ,vacuum + Pζ,sourced
(1.3)

once the increase of the scalar power is also accounted for. 3 Moreover, the sourced modes
are in general expected to be non-Gaussian, and therefore the observed Gaussianity of the
CMB anisotropies [5] typically results into strong limits on any given mechanism of particle
production. Rather ad-hoc constructions typically need to be advocated if one wants to both
respect these limits and generate a visible gw signal [36].

Another possibility has been explored in [43], where gw are sourced by the fluctuations
of a spectator scalar field during inflation (see [45] for more models where tensor modes are
generated by scalar fluctuations). In general, tensor modes that are generated at second
order in perturbation theory are expected to be suppressed with respect to the vacuum
perturbations. However, production at non-linear order may be enhanced in models where
the sourcing scalar field has a small sound speed. This is precisely the scenario presented in
[43]. In this model, inflation is driven by a single scalar field, in the presence of a spectator
field. The latter provides negligible contribution to the total energy density of the universe
during inflation and also negligible direct contribution to the power spectrum of curvature
fluctuations. The spectator field has a sound speed cs < 1, and the action at second order
for the field fluctuations δσ is

S(2)
δσ =

∫

d3x dτ a4
[

1

2a2

(

δσ
′2 − c2s (∇δσ)

2
)

− V [δσ]

]

. (1.4)

The authors of [43] computed the contribution to the power spectrum of gw arising at second
order from the convolution of σ fluctuations. In this setup the tensor power spectrum is

1Production of gw in inflationary models where the initial states for scalar and tensor perturbations are
non Bunch-Davies has also been considered (see e.g. [46–48]).

2In adding the power spectra we are using the fact that the vacuum and the sourced signal are statistically
uncorrelated.

3This is for example the case in models of warm inflation [49], as shown in [50].
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