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Abstract. Observations of the cosmic microwave background do not yet determine whether
inflation was driven by a slowly-rolling scalar field or involved another physical mechanism.
In this paper we discuss the prospects of using the power spectra of scalar and tensor modes to
probe the nature of inflation. We focus on the leading modification to the slow-roll dynamics,
which entails a sound speed ¢, for the scalar fluctuations. We derive analytically a lower
bound on ¢4 in terms of a given tensor-to-scalar ratio r, taking into account the difference
in the freeze-out times between the scalar and tensor modes. We find that any detection of
primordial B-modes with » > 0.01 implies a lower bound on ¢, that is stronger than the bound
derived from the absence of non-Gaussianity in the Planck data. For r 2 0.1, the bound would
be tantalizingly close to a critical value for the sound speed, (cs), = 0.47 (corresponding to
( ﬁ&uﬂ)* = —0.93), which we show serves as a threshold for non-trivial dynamics beyond
slow-roll. We also discuss how an order-one level of equilateral non-Gaussianity is a natural
observational target for other extensions of the canonical paradigm.
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1 Introduction

One of the central goals of modern cosmology is to determine the nature of inflation. While
measurements of the cosmic microwave background (CMB) and the large-scale structure
(LSS) are consistent with the predictions of single-field slow-roll models [1], we should still
ask to what degree observations require that inflation occurred in this way.

A systematic way to describe deformations of the canonical framework is the effective
field theory (EFT) of inflation [2]. This is a theory of the two massless fields that are
guaranteed to be present in any model of inflation: the Goldstone boson of spontaneously
broken time translations, m, and the graviton, h;;. In single-field slow-roll inflation the
role of the Goldstone boson is played by fluctuations in the inflaton field, which satisfy a
relativistic dispersion relation, w = k, and are only very weakly interacting. Deviations
from slow-roll inflation are parameterized by a non-trivial dispersion relation w(k), higher-
order self-interactions of 7 or couplings to other fields. A significant advantage of the EFT
framework is that it allows us to study scenarios where the accelerated expansion is not
necessarily driven by a weakly coupled fundamental scalar field.
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Figure 1. Graphical illustration of the threshold value (c;), = 0.47.

A well-motivated possibility is to modify the Goldstone dispersion relation by adding
a sound speed, w = csk [3]. While perturbative higher-derivative corrections to the slow-
roll dynamics can only induce small deviations from ¢s = 1 [4], models with ¢, < 1 are
characteristic of non-perturbative physics [5] or non-trivial dynamics [6]. The difference
between weakly and strongly coupled inflationary backgrounds is an important qualitative
distinction (see figure 1). As we will show, for the theory to be weakly coupled at all relevant
energies, the sound speed has to be above the critical value

(cs)x = 0.47. (1.1)

Finding that ¢; > (cs)x, would therefore be a strong indication in favor of the standard
scenario, while ¢s < (¢s)x requires physics beyond the slow-roll paradigm.

There are several avenues for probing a sound speed of the inflationary perturbations.
Famously, small ¢; enhances scalar self-interactions and hence leads to non-Gaussian correla-
tions. The amplitude of the induced equilateral bispectrum is fﬁfiuﬂ o c; 2, and the absence
of significant non-Gaussianity in the Planck data [7] puts a lower bound on the allowed value
of the sound speed: c¢; > 0.02 (95% CL). As we shall see, the critical sound speed (1.1)
corresponds to equilateral non-Gaussianity with ( ;‘iuﬂ)* = —0.93, which is two orders of
magnitude below the sensitivity of Planck [7] but two orders of magnitude above the slow-
roll expectation. This result is surprisingly robust, as similar thresholds, with | fﬁl%un\ ~ O(1),
exist for other cubic Goldstone interactions even when c¢; = 1. It is a universal feature that
order-one equilateral non-Gaussianity separates qualitatively distinct regions in the param-
eter space of the EFT of single-field inflation [2] and extensions thereof [8-10]. Probing
equilateral non-Gaussianity down to the order-one level is therefore an important and well-
motivated observational target [11-15].

The BICEP2 collaboration [16] has recently set a new standard for measurements of
B-mode polarization in the CMB by reporting a more than 50 detection at degree angular
scales. While we await confirmation of the primordial origin of the BICEP2 signal, it is a
timely issue to address the implications of a detectable tensor-to-scalar ratio for the physics
of inflation. In this paper we will show that any detection of primordial tensor modes with
r > 0.01 puts a lower bound on ¢, that is stronger than the Planck-only constraint.

Our bound originates from the fact that a small value of c¢s boosts the amplitude of
scalar fluctuations and hence suppresses the tensor-to-scalar ratio, which at leading order is
given by r = 16¢1cs, where e = —H /H? quantifies the deviation of the background from
perfect de Sitter space. A large value of r is only compatible with small ¢, if the value of
¢1 is much larger than in the canonical expectation in slow-roll models [17]: e.g. 1 ~ 0.01
in m2¢? chaotic inflation. However, for e; > 0.1, the expression for r receives an important
correction due to the fact that scalar and tensor fluctuations freeze out at different times,

H 2
r=16¢1cs <Ht) : (1.2)



where H; and H, denote the Hubble scales at the two freeze-out times. Since H < 0, when
the null energy condition is satisfied, we have Hy < H, and the tensor-to-scalar ratio receives
an additional suppression. This suppression becomes more significant for larger values of ¢;
(faster evolution of H) and smaller values of ¢s (larger separation of the freeze-out times).
This feature, together with constraints from the shape of the scalar power spectrum, leads to
an analytic lower bound on ¢ for a given tensor-to-scalar ratio. The ultimate expression for
the bound depends on various factors which we will explain in detail throughout the paper.
The upshot, however, is clear: a large B-mode signal constrains the sound speed much better
than measurements of CMB temperature fluctuations alone. Specifically, for r > 0.13 —
corresponding to the level reported by BICEP2 and also the benchmark of m?¢? inflation —
we find!

cs > 0.14, (1.3)

which would correspond to a bound on the ¢,-induced non-Gaussianity of order | fI™'| < 10.

Notice that this would be an order of magnitude stronger than the previous Planck-only
bound: fel™' = —42 + 75 [7].

To test our analytical approach we perform a joint likelihood analysis of the CMB data
from WMAP, Planck and BICEP2 without foreground subtraction.? We find, for constant
sound speed, ¢; > 0.25 (95% CL), which is consistent with (1.3) and supports our analytic
arguments. (The small discrepancy is almost entirely due to the preference for a negative
running of the spectral index in the CMB data, which favors a larger suppression factor
in (1.2). The tendency for negative running disappears if the low-¢ data is removed, and the
results from the numerical and analytic studies approach each other.)

Although a detection of primordial B-modes with » 2 0.1 would lead to a lower bound on
¢s remarkably close to the threshold value in (1.1), this does not mean non-Gaussianity may
be absent in future observations [12, 17, 21, 22]. In fact, the bispectrum remains an important
observable, and there exist at least three distinct possibilities for a detectable signal: first of
all, values of ¢ and fe3""! near the threshold (i.e. ¢ ~ 0.5 and | /2™ ~ O(1)) arise naturally
from strongly coupled backgrounds with a single scale. Second, there are other (technically
natural) deformations of slow-roll inflation that are unrelated to the sound speed [2, 23] and
therefore allow for potentially observable equilateral non-Gaussianity irrespective of a bound.
Finally, the presence of additional light degrees of freedom during inflation may also induce
a detectable bispectrum. Some of these scenarios, such as quasi-single-field inflation [24]
or non-adiabatic dissipative effects [9, 25], can lead to sizable equilateral non-Gaussianity.
These cases may be distinguished from the first two options through correlations between
the equilateral shape and certain squeezed limits.

The outline of the paper is as follows: in section 2, we derive an analytic bound on
the sound speed for a given value of the tensor-to-scalar ratio. This result follows from the
expression in (1.2) and relies on minimal input from the data. In section 3, we present a joint
analysis of data from WMAP, Planck and BICEP2 (without foreground subtraction) which
confirms our analytic expectation. We discuss the robustness of our results to variations in
the inflationary parameters and changes in the cosmological data sets. In section 4, we obtain

'Tn order to arrive at (1.3) we have assumed a constant sound speed. This is the case that is most relevant
for a direct comparison with the Planck limit ¢s > 0.02 (95% CL). We will also present bounds on ¢ that do
not make this assumption yet lead to qualitatively similar results.

2We warn the reader this analysis is performed as a case of study only, and future maps will be required to
properly assess the level of foregrounds in the BICEP2 region, e.g. [18-20]. Fortunately, the debate will soon
be settled by future CMB polarization measurements.



a critical value for c,, and a related threshold for f;%uil, from a unitarity bound in the EFT
of inflation. The threshold divides perturbative slow-roll inflation from strongly coupled
backgrounds for sound speed models. In section 5, we survey a range of well-motivated
scenarios, consistent with current data, which may produce a detectable level of equilateral
non-Gaussianity even for ¢g close to 1. We conclude with a summary and an outlook on
future prospects in section 6.

2 Implications of a B-mode detection

We begin with an analytic discussion of the consequences of a B-mode detection for infla-
tionary models with a sound speed (see also [12, 17, 21, 22]). The main result of this section
will be a lower bound on the sound speed as a function of the tensor-to-scalar ratio.

2.1 Spectra of primordial perturbations

Quantum fluctuations of any massless fields get amplified during inflation. Two massless fields
that are guaranteed to exist in any model of inflation are the curvature perturbation ¢ and
the graviton h;;. In comoving gauge, these fields are isotropic and anisotropic perturbations
to the spatial metric, respectively,

gij(t,@) = a2(t) [X Doy + 20451, )] | (2.1)

where h;; is transverse and traceless. The scale factor a(t) is that of an arbitrary quasi-de
Sitter background with Hubble expansion rate H(t) = 0; Ina. The dynamics of  may contain
a time-dependent sound speed c;(t). To describe the evolution of the Hubble parameter and
the sound speed, it is convenient to introduce the following flow parameters?

C“Ilé‘n H(Nl)

Ent+l = AN €0 = H(N) ) (2.2)
__dlnéd, _cs(N)
i1 = N M= (2.3)

where N = Ina and N; denotes an arbitrary reference time. Provided fluctuations are
produced in the vacuum,? the power spectra of ¢ and h;j in models with a sound speed are

1 H? 1
A2(k) = —gar>—— , (2.4)
¢ 872 Mgl E1Cs cobmal]
5 2 H?
Aj (k) = 22 5 (2.5)
Pllg—aH

to leading order in the flow parameters. Notice that while the scalar fluctuations are
evaluated when modes cross the sound horizon, csk = aH, the tensor fluctuations are
evaluated at k = aH. This fact will play a key role in what follows. As long as the

3In an abuse of terminology, we will sometimes refer the Hubble flow parameters ¢,, and the sound flow
parameters 0, as the ‘slow-roll parameters’.

4Scalar and tensor perturbations may also be produced from non-vacuum states. This possibility was
studied in detail in [9, 26, 27], where it was shown that non-Gaussianity may be able to discern these types
of models.



slow-roll conditions are satisfied, |e,| < 1 and |0,| < 1, the induced scalar spectrum has
an approximate power-law form

k ns—l—l—%as In(k/ko)
A2 = A, <> : (2.6)
ko
with A, ~ 2.2 x 107 and, to leading order,
Nng — 1= —261 — &9 — (51 s (27)

Qg = —25152 — E9€3 — (5152 .

The right-hand sides in (2.7) and (2.8) are to be evaluated when the pivot scale ko crosses
the sound horizon. Notice that the scalar running g starts at second order in the flow
parameters. This is a key feature of inflationary models, which will be important in our
analysis below. Throughout this section, we will assume €3 < €12 and d2 < d;1. This
approximation will be relaxed in section 3, where we present a numerical analysis at higher
order in the slow-roll expansion.

2.2 Origin of a bound on the sound speed

The fact that tensors and scalars freeze out at different times is important, as it implies
that the tensor-to-scalar ratio will depend on the ratio of the Hubble scales at the two

freeze-out times:
H\2
_ 2h
= 7A2 = 165105 <HS> 5 (29)

where H; = H(N;) and Hy = H(N;) denote the Hubble parameters at k = aH and ¢k = aH,
respectively. For ¢y < 1, the sound horizon is smaller than the Hubble radius and the scalars
freeze out before the tensors do (see figure 2). Since H < 0 by virtue of the null energy
condition, we have H;/Hs < 1 and the tensor-to-scalar ratio in (2.9) receives an additional
suppression. In order to quantify this effect, we evolve H(t) in the slow-roll approximation.
At next-to-leading order, we have

Hy=Hy(1—e1(Ny— No)+ ) Hy(1+eylneg +---), (2.10)

where £1 =¢1(N;) and the ellipses denote terms at higher order in ¢; and e,>2. Hence, we get
e 165165[1%—261111054—---}. (2.11)

The leading order expression, r = 16&1cs, implies that » ~ 0.1 with ¢; ~ 0.02 requires
€1 =~ 0.3. However, for such a large value of £; and such a small value of cg, the correction
in (2.11) is not small, i.e. 21 Incs >~ —2.4. To treat this regime of the parameter space, we
need to understand the In ¢s-enhanced contributions in the slow-roll expansion.

By definition, the ratio H;/H; is determined by an integral over the time-dependent
Hubble flow parameter €1 (NV):

In(H,/H,) = — / Y (NN = _5,AN, (2.12)



Figure 2. For ¢, < 1, scalars and tensors freeze out at different times.

where AN = N; — N, and & = ¢1(N), for N € [Ny, N;] as guaranteed by the mean value
theorem. At the same time, the horizon crossing conditions k = aH and csk = aH imply

H _la 1 _an

= = — . 2.13
H Cs Qi cs6 ( )
Combining (2.12) and (2.13), we find
“Ine,
AN = 1% (2.14)
1-— €1

which, after substitution into (2.12) and (2.9), leads to

1461

r=16g1c5 " . (2.15)

We see that the tensor-to-scalar ratio is suppressed for &1 = €1, while this effect can be avoided
if the dynamics leads to £; < e1. In order for (2.15) to become a meaningful expression,
we need to determine the auxiliary parameter £; in terms of the Hubble flow parameters ¢,
evaluated at Nj.

To leading order in the slow-roll expansion, we have €; ~ const. and hence &; ~ ;.
Since we are not keeping higher orders (unless they are Incs-enhanced), we should expand
the exponent in (2.15):

7~ 16e1ciT%1 (2.16)

S

This result corresponds to a resummation of the leading logarithm of (2.11), i.e. it is valid to
all orders in €1 In ¢g, but only holds to leading order in £1. As expected, r in (2.16) receives
an additional suppression for large €; and small ¢;. In fact, at fixed ¢y, the tensor-to-scalar
ratio reaches a maximum value at e = —(2Incs)~!, as can be seen in the left panel of
figure 3. Turning this around, a detection of r would imply a lower bound on the sound

speed, as shown in the right panel of figure 3. We see that r > 0.13 requires
cs >0.1. (2.17)

Notice that even values of r an order of magnitude smaller would give a bound on ¢, that is
as strong as the bound derived from the Planck measurement of the bispectrum.



0.22

0.18

0.14
Ccs  Cs

0.17

0.10 o B

40.10 0.13

10.06 0.09

0.02 0.05 0.1 0.2 0.5 1.0

Figure 3. Plots of ¢s(r,21) (left) and r(cs,e1) (right) as given by (2.16). The dashed contour in the
left plot shows the value of r for ¢, = 0.1. It has a maximum of r = 0.13 for ¢; = 0.2. The dashed
contour in the right plot illustrates the lower bound on ¢ for r = 0.13.

We emphasize that the bound in (2.17) is model-dependent and has assumed that €1 (V)
does not vary significantly. As we already alluded to, the lower bound on ¢; may be relaxed
if £/ < &1 in (2.15). This is achieved for large and negative values of €2,% so that &7 is large
at sound horizon crossing, but decreases quickly thereafter. However, a non-negligible g5 also
produces large logarithms. In appendix A, we show how to resum the e Incg terms. The
result is &1 = £1(1 — ¢;°2)/(e2In¢s), which implies

1+251-(1fcs_52) /(e21ncs)
r = 16e1cs .

(2.18)
In the left panel of figure 4, we see that r ~ 0.13 is now indeed consistent with small ¢, if
both e; and |eg| are large. However, having both of these parameters take on large values
induces a significant running of the spectral index as, cf. (2.8). Currents constraints on the
running thus restrict the size of £165. Indeed, imposing |a| < 2 x 1072 [1],% we recover a
bound on ¢, that is only marginally weaker than the previous bound; see the right panel of
figure 4.

2.3 Degeneracies and second-order corrections

Up until now we have only used minimal data input to derive an analytic constraint on
¢s: a lower bound on r and an upper bound on |as|. When we perform a detailed CMB
analysis, in the next section, we will get additional constraints from the precise shape of the
scalar spectrum. In particular, we have yet to take into account its near scale-invariance,
ie. ng >~ 0.96 [1]. Moreover, the numerical value of the bound on ¢, will be affected by
second-order corrections to the primordial spectra (2.4) and (2.5), which so far we have not
incorporated. We conclude this section with a brief discussion on how the main feature of
our complete analysis — a stronger bound on ¢, — can also be understood analytically.

5The case & > 1, namely €2 > 0, obviously introduces extra suppression in r, which strengthens the bound.
5This value follows from the 95% confidence interval, while taking as = 0 as the central value. We will
take into account the full data set in section 3.



04F 0.22

0.2
0.18 0.21
0.0
0.14 0.17
g2 —02 Cs Cs 0.10 - . . B r
—-0.4 0.10 0.13
0.08 - i
—0.6 0.06 0.09
—0.8 0.06 1
—0.02 L L L L 0.0!
0.02 0.02 005 0.1 0.2 0.5 1.0 B

Figure 4. Left: plot of ¢5(e1,e2), as given by (2.18), for = 0.13. The dashed contour corresponds to
the previous bound ¢s; = 0.1. The grey shaded area is the region that is consistent with the constraint
from the running: |e1e2| < 0.01. Right: plot of cy(r,e1,€2) as given by (2.18) with e3 — —0.01/e4
(the most negative value consistent with the bound on ay).

The most important second-order effect is a correction to the expression (2.18) for the
tensor-to-scalar ratio

14+2¢e1-(1—c5 2 ) /(e21ncs)
]

1— Cep+(2— C)51] , (2.19)

where C ~ 0.73. The importance of the extra terms in the square brackets depends on
the sizes of the flow parameters €5 and ;. Since both parameters appear at leading order
in the expression for ng, cf. (2.7), they are constrained by the near scale-invariance of the
spectrum. Moreover, we have seen that the combination of large r and small ¢, typically
requires relatively large values of 1. Consistency with the measured spectral index then
means that either d; or g2 (or a combination thereof) has to be chosen to cancel part of the
contribution from e1. These two possibilities correspond to two perfect degeneracies that
keep ns within experimental bounds:

e §; ~ —2¢;. Allowing for a time dependence in the sound speed gives enough freedom to
satisfy the constraints from ng and «; simultaneously. In particular, the time variation
of ¢s(t) can be chosen to nearly cancel the effect of the rather rapid evolution of the
Hubble parameter H(t). Setting ; ~ —2¢; makes any value of €1 consistent with the
measured value of n,. Moreover, if |e2| < 1072 then ¢ is not constrained by the bound
on the running «;. The analysis is then similar to what led us to figure 3. However, this
time we include the second-order correction in r, which along the degeneracy §; ~ —2¢;
becomes

P~ 16 cl 2 [1 —2.54 51} . (2.20)

S

Since g1 > 0, the correction in the square brackets suppresses r and we expect a stronger
bound on ¢; compared to what we found in (2.17). Indeed, > 0.13 now requires

cs > 0.15 for 6] ~ —2¢;. (2.21)

e g2 ~ —2¢1. Allowing for a varying e1, a potentially large contribution to ns from
g1 may be cancelled by choosing g9 ~ —2¢; while keeping c¢s constant (i.e. 4; = 0).



Along this degeneracy curve any value of €1 is consistent with the observed spectral
index. However, the running becomes a; = —2c169 — 46%, so that the constraint
las| < 2 x 1072 implies

€1 < 0.07. (2.22)

Moreover, the tensor-to-scalar ratio along the degeneracy is given by

1—(1—czsl>/lncs
o~ 16eqcs [1 +1.46 51] . (2.23)
Combining (2.23) and (2.22), and imposing r > 0.13, then leads to
cs > 0.14 for e9~ —2¢;. (2.24)

Notice that (2.24) can be read off from figure 4 as the overlap between ¢; ~ 0.07 and
the grey shaded region.

In the next section, we will present a complete CMB analysis. Remarkably, we will find only
small departures from the bound we arrived at analytically.

3 CMB analysis

A complete likelihood analysis can differ from the analytic bounds of the previous section
because of additional degeneracies between parameters or stronger constraints arising from
the precise form of the scalar power spectrum. We would like to understand to what degree
our analytic estimates have accounted for these effects. For purposes of illustration, we
will perform a joint likelihood analysis of data from WMAP, Planck, and BICEP2. We
appreciate the significant level of uncertainty in the modelling of dust foregrounds in the
BICEP2 region of the sky [18-20]. Our analysis will use the BICEP2 likelihood without
foreground subtraction, but we caution the reader that quantitative details of our results
are subject to change in the event that the BICEP2 likelihood is significantly revised after a
better understanding of the foregrounds. Our goal in this section therefore isn’t to derive a
quantitative bound on the sound speed, but to understand if our analytic approach could have
missed an unforeseen degeneracy that would allow the bound on ¢, to be evaded completely.
We will find that this is not the case and our analytic result is therefore a good reflection of
what could be expected of future data analyses. A similar analysis for the case of slow-roll
inflation has recently appeared in [28].

3.1 Inflationary spectra to second order

For consistency, we will use results for the scalar and tensor power spectra at second order
in the Hubble flow parameters (2.2) and the sound flow parameters (2.3); see [29-33]. We
write the power spectra in the standard power-law form

) k ns—l—i-%as In(k/ko)
A2(k) = 4, (ko) | (3.1)
k nt—i-%az In(k/ko)
A2(k) = rA, (k) , (3.2)
0



where ky = 0.05 Mpc~! is our chosen pivot scale. At second order, we then have

ng—1=—2e1 —eg — 01
— 262 — (3 —20C)e169 + Cegez — 36101 — 201 — (2—C)0102 — 07, (3.3)
Qs = —2e189 — €93 — 0102, (3.4)
ng = —2e1 — 263 —2(1 — C —Incy)ere9, (3.5)
ap = —2€1€9, (3.6)
r=16e1cs|1 4+ 2e1Ines — Cea + (2 — C)(Sl} , (3.7)

where C =2 — In2 — v (with v = 0.5772 the Euler-Mascheroni constant). Even the indices
ns and oz are now expressed in terms of slow-roll parameters evaluated when the pivot scale
crosses the sound horizon, cskg = aH. This is responsible for the Incs;-terms in the above
formulas. In appendix A, we show that the resummation of these logarithms gives

142¢e1-(1—c5 “2 ) /(e21Incs)
]

1—Cea+(2-0C)o1|. (3.8)
We will use this expression for the tensor-to-scalar ratio in our analysis. This allows us to
explore smaller values of ¢s; while maintaining perturbative control.

3.2 Joint analysis of Planck and BICEP2

This section describes the methodology and the results of a dedicated likelihood analysis
using data from WMAP, Planck and BICEP2.

The Planck likelihoods were described in detail in [34]. We use the CamSpec likelihood
for the Planck temperature power spectrum in the multiplole range 50 < ¢ < 2500 and the
Commander likelihood for 2 < ¢ < 49. As in the Planck analysis [35], we use the WMAP
polarization data for £ < 32. We will also show results with the low-¢ likelihoods excluded.
This helps to identify effects that are driven by the low-£ anomalies. We use all nine band-
powers of the BICEP2 observations [16, 36]. Pending a resolution in the debate about the
importance of dust foregrounds in the BICEP2 region, we use the BICEP2 likelihood without
foreground subtraction.

Our theoretical model consists of the standard cosmological parameters of the
ACDM model, Oicgm = {Qth, Qch2, O, 7'}, as well as the inflationary parameters
0; = {As,cs,e1,€9,€3,01, 02} characterizing the initial conditions. We also consider various
subsets of the inflationary parameters. We modified the Boltzmann code CAMB [38] to take
the spectra of section 3.1 as input and compute the joint likelihood P(d|f), i.e. the proba-
bility of the data d given the model parameters §. We use uniform prior probabilities P(6)
with prior ranges listed in table 1. The parameter space was sampled by a Markov-Chain
Monte Carlo (MCMC) method using the publicly available software package CosmoMC [37].
We ran twenty chains until the variation in the means of the chains was small relative to the
standard deviation (using R —1 < 0.02 in the Gelman-Rubin [39] criterion). In the plots
below we present the posterior probabilities P(6|d) for our model parameters. For most of
the analysis the cosmological parameters 0i.qy, are fixed to their best-fit Planck values [35],
except in section 3.3 where we marginalize over them and include baryon acoustic oscillation
(BAO) data [40, 41] to break degeneracies. Let us remind the reader that all bounds quoted
here are 95% confidence limits unless otherwise stated.
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Parameter Prior Physical Meaning

Qph? [0.005,0.1]  baryon density today

Q.h? [0.001,0.99] cold dark matter density today
1006nmc [0.5,10.0] angular sound horizon [37]

T [0.01,0.8] optical depth to reionization
In (101°4;)  [2.7,4.0] scalar amplitude

Cs [0.02,1.0] speed of sound

€1 [0.001,0.5]  Hubble flow parameter (HFP)
& [-0.5,0.5] HFP

€3 [-0.1,0.1]  HFP

3 [—0.5,0.5]  sound flow parameter (SFP)
5 [0.1,0.1]  SFP

Table 1. Parameters used in the CosmoMC analysis and their prior ranges.

The current best limit on ¢s comes from the absence of primordial non-Gaussanity in
the Planck data: c¢; > 0.02. This limit assumes a constant sound speed. To make a direct
comparison’ with the Planck analysis, we should therefore take the space of parameters to
be 0; = {cs,€1,e2}, while setting e3 = 012 = 0. We will consider this case first, and then
discuss what happens when we add additional inflationary parameters. The one-dimensional
marginalized posterior probability distribution for ¢, is shown in figure 5 and the inferred
bound on c¢; is

cs > 0.25 for 61 =0. (3.9)

We remind the reader that this bound was derived from the BICEP2 likelihood without
foreground subtraction. Including the effects of foregrounds would lower the bound, or might
even remove it completely if no primordial tensor signal survives further scrutiny. A complete
analysis will have to await the improved likelihoods that will appear with the Planck/BICEP
joint analysis.

While the split between €1 2 and €3 is well-motivated by the order at which they appear in
the slow-roll expansion, setting d; = 0 is a fairly artificial choice. For example, in (3.3) we see
that 41 contributes to the spectral index on the same footing as €1 2. As our baseline analysis,
we will therefore take 0; = {cs,e1,£2,01}. The left panel of figure 5 shows the marginalized
posterior probability distribution for the parameters c¢s and 1 for both the baseline analysis
and the case d; = 0. We see that larger values of g1 are allowed if we marginalize over finite
01. This feature can be understood in terms of the two degeneracies discussed in section 2.3.
For 1 > 0.01, one of the degeneracies must be enacted to accommodate the observed value
of ns. When §; = 0, the only option is €5 ~ —2e;, which is constrained by the limit on
as. On the other hand, if §; ~ —2¢; the constraint from the running is satisfied provided
lea| < €1, in which case the bound on ¢; is relaxed. The one-dimensional posterior for ¢ is
now given by the dashed curve in figure 5. The bound on ¢; is

cs>021  for 6 #0. (3.10)

"The Planck limit includes a marginalization over the parameter M3 discussed in section 5.2. Since this
parameter does not contribute to the power spectrum our bound does not need to be adjusted to make this
comparison.
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Figure 5. Left: 68% and 95% confidence contours of the marginalized posterior probability distribu-
tion for the parameters ¢, and 1. The red shows shows that case with 6; = 0, while the blue allows
for 6; # 0. Right: marginalized posterior probability distribution for cs, for §; = 0 (solid red line)
and 0; # 0 (dashed blue line). The Planck exclusion, ¢; > 0.02, is shown in grey.

We note that both (3.9) and (3.10) are somewhat stronger than the corresponding analytic
bounds in section 2.3. The goal for the remainder of this section is to understand the reason
for these stronger bounds and to determine their robustness to changes in our priors and
variations of the data sets. As we shall see, much of the difference is driven by the anomalies
in the low-¢ data.

3.3 Robustness of the bound

As we described in section 2.3, small values of ¢s could be made consistent with a large
tensor-to-scalar ratio, e.g. r > 0.13, if €9 < 0. However, this would require that the running
is positive, agy = —2e1e9 > 0, whereas it is well-known that negative running, as; < 0,
improves the fit to the low-¢ CMB temperature data [35]. When §; = 0, this tension then
produces a much stronger constraint on €9, along the €9 ~ —2¢; < 0 degeneracy, than we
would expect from the error on «; alone (see the red contours in figure 6). This constraint
is eliminated when we allow for d; # 0, and instead there is a clear tendency from the low-¢
multipoles to prefer e2 > 0 (see the blue contours in figure 6).

To test how much our bounds depend on the anomalously low power in the low-¢ CMB
data, we repeat the analysis without the low-¢ likelihoods. Removing the low-¢ data elim-
inates the preference for oy < 0 and hence allows g9 to take on a wider range of values.
In particular, for §; = 0, excluding the low-¢ multipoles allows for somewhat larger (and
negative) values of €5 (and hence smaller values of ¢g). This can be seen by comparing the
green and red contours in figure 6 or by considering the range of allowed e; with and without
the low-¢ data in figure 7. As expected, the new bound on ¢, is weaker than in the case of
the full data set,

cs>014  for 6, =0, £>50. (3.11)

For §; # 0, removing the low-¢ data has the effect of allowing large values of €1 which lower
the bound on ¢, combined with small values of €5 to satisfy the constraint from the running
(see the orange contours in the left panel of figure 6). In this case the main degeneracy
relevant to small values of ¢s is 97 ~ —2e1, where the combination of large negative d; and
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Figure 6. 68% and 95% confidence contours of the marginalized posterior probability distributions.
Left: contours for the parameters ¢s and g5 for §; = 0 and 6; # 0 both with and without the low-¢
data. We note that the full data set disfavors large negative €5, while it becomes allowed when the
low-¢ data is excluded. The contours for §; # 0 also show that the smaller values of ¢; push g5 — 0,
as we would expect from the constraint on ay along the §; ~ —2¢; degeneracy with large values of
€1. A similar feature does not appear when §; = 0, because in that case lower values of ¢, are allowed
along the €3 ~ —2¢; degeneracy. Right: contours for the parameters §; and €5 with and without
the low-¢ data. The tendency for positive g5 disappears when the low-¢ data is removed and large
negative values of §; are allowed when 5 is small.

small g9 is allowed (see the orange contours in the right panel of figure 6). As a result, the
bound on ¢, is also weaker,

cs>0.15  for & #0, £>50. (3.12)

The expressions in (3.11) and (3.12) essentially match the corresponding analytic bounds in
section 2.3. This strongly suggests that the previous difference between the analytic results
and the full likelihood analysis was driven by the low-¢ data.®

Finally, we wish to explore how robust our bounds are to changes in our priors. First, we
consider whether there is a significant difference between fixing the cosmological parameters
of the ACDM model (as we did so far) and marginalizing over them. The posteriors for ¢4 for
both cases are shown in figure 8 and we find little change to our results. Second, we allow for
the higher-order flow parameters €3 and d2 in the initial conditions. From (3.4) we see that
both parameters could potentially cancel the contribution to running from —2e1e5. However,
in order to achieve such a cancelation, €3 or do would need to be large. Allowing for such large
values is inconsistent with a hierarchical structure of the slow-roll parameters. Furthermore,
third- and higher-order slow-roll corrections which we are neglecting are not necessarily small
under such circumstances. If we restrict the range of parameter to be {d2,e3} € [—0.1,0.1],
we find little effect on cg; see figure 8 and table 2.

3.4 Prospects of future observations

Our bound on ¢, is approaching the critical value, (cs), = 0.47, yet experimental improve-
ments are required in order to reach it. The reason our bound is not stronger is due to

8Notice that allowing for §; # 0 in the analysis without the low-¢ data does not produce a significant
change in the bound on c¢;. See also section 2.3.
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Figure 7. 68% and 95% confidence contours for 4; = 0 with and without the low-¢ data are shown
in solid and dashed lines, respectively. The contours without the low-¢ data are filled in red. We see
that removing the low-¢ data allows for larger values of €1, which favors smaller cs. This is consistent
with the observation that a preference for negative ay is responsible for the strong limits on £; and

¢s shown in figure 5.
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Figure 8. Marginalized posterior probability distributions for c¢s for the complete CMB data (solid
lines) and without the low-¢ data (dashed lines). The labels ‘ACDM’ and ‘{e3,d2}” denote marginal-
izations over cosmological parameters and higher-order flow parameters, respectively.

the well-understood degeneracies of section 2.3. To improve the bound, we therefore have
to search for observables that break these degeneracies. We will briefly comment on a few

possibilities:

e A measurement of the tensor tilt, n; = —2e;, determines ¢ directly, and therefore
breaks all of the important degeneracies that limit the bound on ¢,. If r ~ 0.13, then
to get to cs > 0.47 at the 95% confidence level, would require o, ~ 0.01. Unfortunately,
to achieve this sensitivity is essentially impossible with CMB measurements alone [42].
Realistic projections for future constraints on n; may get down to o,,, ~ 0.1 [43], which

is not sufficient to significantly improve the bound on cs.
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CMBAll Towkike
0 =0 cs >0.25 ¢, >0.14
01 #0 cs >0.21 ¢4 >0.15
61 #0,ACDM ¢, >0.21 ¢, >0.13
01 #0,{e3,02} ¢s>020 ¢5>0.13

Table 2. Bounds on the sound speed with the low-£ likelihoods (CMBA11l) and without (Towkike).

e For a constant sound speed, §; = 0, the main degeneracy that limits the bound on
Cs 18 €2 >~ —2¢7. Improving the constraint on as ~ 4{-:% then limits the size of &1,
leading to a stronger bound on cs. In particular, if » ~ 0.13, we need g7 < 0.017
to get cs > 0.47. To attain this level of sensitivity requires o,, < 4 x 107, Notice
that, for such an experiment, the precise values of ny and r could in principle exclude
cs = 1. Bounding the running at the level o, ~ 1072 is within reach of near-term
CMB observations [43] and future galaxy surveys [44, 45], although some improvement
beyond these projections may be necessary to reach the critical value (cs), = 0.47.

e For a varying sound speed, 41 # 0, any constraints on ns; and ag can be satisfied if
01 >~ —2e1, provided €9 remains small. As a result, the bound on ¢, arises only from
the analytic properties of r(e1,¢€2,¢s) along the degeneracy. However, large values of
r are only consistent with small ¢, if 61 ~ —2¢; is relatively large. For example, to
achieve r ~ 0.13 with ¢; ~ 0.14 requires ; ~ 0.1 and é; ~ —0.2. These values of J; are
sufficiently large that they may be detectable. Specifically, the value of c¢s relevant for
the constraint from 7 is set at ¢ ~ 10? [16], whereas most of the modes in a given data
set are at £ ~ lyay > 102, Using 61 = ¢5/(csH), we have

01
Cs(lmax) = s (£ =10%) <€ma"> —0.07x 2 ( . (3.13)

£:102) - §1(¢=10%)/(-0.2)
T (s55)

0.14 3000

The value of ¢y = 0.07 at . =~ 3000, translates into f;‘iuﬂ ~ —52, which may be
reachable with future LSS surveys and/or high-resolution CMB satellites.” Similarly,
reaching the threshold cs(¢ = 10%) = 0.47, under the same assumptions, requires sensi-
tivity to flf{iuﬂ ~5( &%uﬂ)* = —4.4.

4 A theoretical threshold

Thresholds are an essential part of physics and targets for experimental searches. The
LHC was built in part to explore the unitarity threshold derived from the Fermi scale,
A ~ 47(v/2GF)~Y? ~TeV, including the possibility (ultimately disfavored by the discov-
ery of a weakly coupled Higgs boson) of strong dynamics, such as ‘technicolor’ or ‘compos-
ite Higgs’ models, playing a role in electroweak symmetry breaking. In cosmology, on the
other hand, current observational evidence has not yet ruled out inflationary backgrounds
driven by strongly coupled dynamics. In this section, we derive a (perturbative) unitarity

“Projections for these experiments (e.g. [46]) give o ;{i‘m) ~ 10. Although these forecasts are for con-

stant cs, most of the information in the surveys is at high ¢ (or k) and therefore insensitive to the variation
of ¢s. In particular, given that the number of modes scales like £2 (or k*), the scale dependence in (3.13) is
much weaker than the scale dependence of the signal-to-noise.
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threshold for the sound speed, (cs), = 0.47, and the associated equilateral non-Gaussianity,
( li(iuﬂ)* = —0.93, within the framework of the EFT of inflation [2]. In section 5, we will
review well-motivated scenarios that may produce a signal above the order-one threshold on
equilateral non-Gaussianity.

4.1 Sound waves in the early universe

The theory of the Goldstone boson w(t,x) was introduced in [2, 47]. In the so-called de-
coupling limit, where the mixing with gravity is ignored, m parameterizes the breaking of
time translations in a quasi-de Sitter background with a slowly evolving Hubble parame-
ter H(t). The Goldstone boson also characterizes adiabatic density perturbations, which
by definition, can be set to zero through the time diffeomorphism ¢ — ¢ — w(¢,«). In this
unitarity gauge, the fluctuations are described by the curvature perturbation ¢, which at
leading order is related to w via ( = —Hw. In this framework, standard slow-roll models are
described by the Lagrangian: £O = M§1H (t)(0,m)2. Different slow-roll models are distin-
guished only by the function H(t). The first natural deformation of slow-roll inflation can
then be parameterized as [2]

Sy = / d*z a® {Mng(t)(ﬁ,m)Q +2MP(t) |72 + 73 — ”(3”)2] } : (4.1)

a?

where we have only shown terms up to cubic order in w. Turning on finite My induces a
sound speed for the Goldstone modes

M2 H

2 S . .
* M2H - 2Mj

C

(4.2)

Crucially, a small sound speed (large M) simultaneously affects different orders in the Gold-
stone action. In particular, the contributions to the quadratic, 72, and cubic, 7 (9;m)?, La-
grangian are not independent, but are related by a non-linearly realized symmetry [2].'° This
feature allows power spectrum measurements to constrain the strength of certain interactions
in the theory.

4.2 Energy scales

Two of the important energy/frequency scales in the theory of the Goldstone bosons are the
freeze-out scale (H), and the symmetry breaking scale’' (f;); see figure 9. The freeze-out
of the Goldstone dynamics happens universally when the physical frequency of a mode (w)
drops below the Hubble scale.'? (The corresponding momentum depends on the dispersion
relation.) The symmetry breaking scale, on the other hand, is model-dependent. For models
with a sound speed, one finds [6]

fi=2M3}|H|cs. (4.3)

™

10The size of 72 is not fixed by the value of c¢,, and can be adjusted by another term in the EFT; see
section 5.2.

1VWe use fr to denote the symmetry breaking scale to highlight the analogy with the pion decay constant
in chiral perturbation theory.

12Here, we assume that the parameters that control the dynamics of the Goldstone boson vary slowly with
time or essentially remain constant. When the time variation becomes important, modes do not necessarily
freeze-out at w ~ H. Nevertheless, the following discussion on the role of the relevant energy scales remains
valid [48-51].
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Figure 9. Graphical illustration of the relevant energy scales in the EFT of inflation. Whether A,
is above or below f, is an important qualitative distinction.

In the slow-roll limit, ¢s — 1, this definition reduces to f2 — é. At energies below f, a
description in terms of the Goldstone boson is appropriate. Assuming vacuum fluctuations,
the ratio of H and f; is fixed by the amplitude of curvature perturbations [52]

1 H 207 +2
2 —_ -
ste L () ”

where 6, is the scaling dimension of 7. For sound speed models, we have §; = 1 and the
amplitude of curvature perturbations is enhanced by an inverse power of the sound speed,
A% o c; 1. The observed value for (4.4), Ag = 2.2 x 1079, determines

>~ 60H . (4.5)
Armed with a theory of the perturbations, a natural question is at what scale this theory
becomes strongly coupled.'® To answer this one re-writes (4.1) as [2, 6]
TRy
2 1 Te (82'7Tc)
2A2 a?

1, -~
Sy = / dtd*z o* 5 (Oume) — | b (4.7)

Here, we have rescaled the spatial coordinates, #* = c; ', to reinstall (fake) Lorentz invari-
ance in the quadratic part of the action, defined 7. = f27, and introduced the scale

5

e
(1-e)*

S

AY=2M3|H| (4.8)

131f we assume that a fundamental scalar field ¢ produces the inflationary background, then a sound speed
for the fluctuations arises from higher-derivative corrections to the kinetic term [4]

L2 (09)
E——§(6¢) + e +-e (4.6)
For gb < M? this is a perturbative correction to the slow-roll dynamics, and as such ¢s =~ 1. On the other hand,
for ¢ > M?, the higher-order terms that are hidden in the ellipses in (4.6) become relevant and the background
is non-perturbative. The computation of fffiuﬂ is not reliable from the term displayed in (4.6) alone, and the
relevant scale for the validity of the expansion must be sought within the theory of the perturbations. At the
same time, the theory of the Goldstone boson allows for more complicated situations where fluctuations are
not necessarily associated with a fundamental scalar field.
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3

We see that the contribution of the operator 7

is suppressed for ¢; < 1 and the dominant

non-linearity comes from 7, (51'71'5)2. For this reason, we will, for now, restrict to the effects

of 7. (52-770)2. We will return to a discussion of the operator 7'r§’ in section 5.2.

The high degree of Gaussianity of the observed CMB anisotropies implies that the
Goldstone modes are weakly coupled at freeze-out, w ~ H. This requires that the scale
A is above the Hubble scale, so that higher-dimension operators are suppressed by powers
of H/A < 1 at horizon crossing. However, extrapolating to higher frequencies the effects
of higher-order operators becomes more relevant, until the perturbative description breaks
down at the strong coupling scale (A). Perturbative unitarity is violated at the nearby

unitarity scale:'*
247

5
Whether this happens above or below the symmetry breaking scale is an important qualitative
distinction. The theory is close to a weakly coupled slow-roll background if A, > f, while
for Ay < fr the Goldstone action involves a completion below the symmetry breaking scale,
plausibly'® signaling strongly coupled dynamics.

Ay =" (1-c) A" (4.10)

4.3 A critical sound speed

The critical value A, = fr is an interesting target for future experiments. Using (4.10)
and (4.3), this threshold is related to a critical sound speed

2M2|H|(cs)? :
24% <1p1_|(c|()3)> = 2M 3| H|(cs)« = (Cs)x = 0.47. (4.11)
The threshold value (cs), is still far from the Planck-only bound, c¢s > 0.02.' On the
other hand, our analysis in this paper shows that any detection of primordial B-modes with
r > 0.01 improvesthis constraint on c¢s. Moreover, the bound we obtained using the BICEP2
data (without foreground subtraction), ¢; > 0.25, is already remarkably close to the unitarity
threshold.

To relate (4.11) to a threshold for the non-Gaussianity associated with the interaction
7(0;m)? in (4.1), we use

2
HOmY) — 85 1—(ca)y |, 03 4.12
(fNL x 324 (cs)2 T (412)
14 (5””)4
This scale is obtained from imposing partial wave unitarity in the quartic interaction: 5 (1162) /T14 T C

£ The computation may be found in appendix E of [6] after fixing a minor discrepancy with the numerical
coefficient in eq. (E.7), which should read:
5 1 (1-c)w* 5 w?

_2, b v 2 Y 4.9
ao 3><16772Mp21|H|cg 487 (1—c2) A4 (4.9)

The condition w* < A% follows from ag < 1/2, as required by unitarity.

5Weakly coupled completions of models with A, < fr were studied in [6, 53-57]. These models always
involve new physics parametrically below the scale A, and may be observationally distinguishable from their
strongly coupled counterparts.

6The bound on ¢s derived from the interaction 7%(81-7r)2 alone is ¢ > 0.04 [7]. The limit ¢s > 0.02 includes
a marginalization over an additional parameter M3 (see section 5.2 for the definition of Ms3). Since Ms
does not contribute to the two-point function, the limits presented in this paper naturally include such a
marginalization and should therefore be compared to the weaker limit.
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This experimental benchmark is still two orders of magnitude below the limit from the Planck

; )2
bispectrum measurement [7], fgiaﬂr) = 8+ 146. In the next section, we will describe the dif-
ferent types of physics involved in non-Gaussianity at or above the threshold given by (4.12).

5 Physics above threshold

It is apparent that there is a large window between the current bounds on non-Gaussianity
and the threshold, | f;%uﬂ]* ~ (O(1). This offers a wonderful opportunity to explore non-
canonical models through measurements of non-Gaussianity.'” In this section, we survey a
range of well-motivated theories that can produce a signal at or above the threshold. (See
also [12-14, 17, 21, 22], where combinations of the following scenarios have been reviewed.)

5.1 Omne-scale models & strong coupling

The standard example of strong coupling realized in nature is QCD. At low energies,
chiral symmetry is broken and the dynamics of QCD is described by the associated
(pseudo-)Goldstone bosons — the pions — whose interactions are described by the chi-
ral Lagrangian. The order parameter of the symmetry breaking is the vacuum condensate
(qq) ~ f2, with f playing the role of the symmetry breaking scale. Higher-order interactions
of the pions are also controlled by f,, making chiral perturbation theory a ‘one-scale’ theory.
(For example, the chiral Lagrangian includes the quartic term (1272 f;‘;)_l (9,m)*. Cubic
interactions are forbidden by parity.)

In cosmology, it may still be the case that interactions in the theory of the Goldstone
boson in the EFT of inflation are controlled by a single scale, like for the pion(s) of QCD
(without parity). Since inflation breaks time translations the analogy with chiral symmetry
breaking would correspond to a (time-dependent) vacuum condensate with 9;(qq) ~ f2. In
such a scenario the cubic interaction 7.(9;m)?/f2 (up to an order-one numerical coefficient)
would produce an order-one level of equilateral non-Gaussianity. This view is permitted
by the data which still allows for a sound speed near the critical value, corresponding to
one-scale models with A, ~ fr. The threshold (cs), = 0.47 is therefore a milestone for
strongly coupled inflationary dynamics controlled by a single scale.'® As we have shown in
this paper, a confirmed detection of primordial tensor modes by the BICEP2 collaboration
and improved bounds on the scalar spectrum by future experiments have the potential to
probe these theories.

'"One may worry that a threshold at | f;}“ilh ~ O(1) could be experimentally elusive. Indeed, future CMB
observations will not be able to reach this threshold [58]. On the other hand, the large number of modes
that LSS observations in principle offer may in the future allow us to access smaller values of fﬁ}fﬂ. This will
require a detailed understanding of secondary non-linearities in structure formation [59-63].

80One may be tempted to take the position that 0.47 ~ 1, and no further scrutiny is necessary. However,
this attitude ignores well-known examples where the discrepancy between a weak coupling computation and
its strong coupling counterpart is a small factor. For example, a computation of the entropy density s in
the quark-gluon plasma in terms of an effective ‘quasi-particle’ description fits lattice data qualitatively well,
i.e. s ~ 0.85s0, with so the entropy density of a non-interacting plasma, see e.g. [64]. This small difference,
(so — s)/so ~ 0.15, has been taken as evidence of weak coupling at the relevant temperatures. However, a
computation in a somewhat related theory (M = 4 SYM) revealed that s = f(\)so, with f(A\) — 3/4 in the
strong coupling limit A > 1 [65]. The proximity to the lattice computation suggests the quark-gluon plasma
may be strongly coupled. In this example the function f(\) changes merely by a factor of 1/4 when one
extrapolates between weak and strong coupling.
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5.2 Stable hierarchies

Going beyond sound speed models, the action for the Goldstone boson in the EFT of inflation
includes other cubic interactions [2]

- . Oim)? . 7(0;m)? 4 .
Sy = / d*z a® {—Mng [wz - %2)} + 203 [WQ - (a2)] + <2M§ - 3M§) 3

_HNR QP VN @R M oRom? Y
2 a 2 a 2 a

As it has been pointed out in the literature, a small sound speed generates a large radiative
correction to the parameter M3, namely My ~ My /c? [23, 66]. However, the converse is not
the case, and various terms in (5.1) may be large without inducing a significant modification
of the sound speed. We briefly enumerate these possibilities:

o Msj. It is techniciilly natural to have large M3 and small M, [10, 17, 22]. To see this,
let us set My = M,, = 0 and only turn on finite Ms:

: 4 3
Ly =M3H(8,m)* - §M§ (7%3 - 57'r2(a,m)2 4 ) : (5.2)

We should be concerned that a non-zero value of My will be generated through loops

. . N
7%—@77% + 7‘7—@< +o= 2M24<7'r2—7'r(8u7r)2+--->. (5.3)
or

However, running the loops all the way to the cutoff Ayy = (M§1|H|)3/4/M32, we only

get M ~ MSIH , even if Mj > MSI\H |. A large value of M3 is therefore consistent
with having only small deviations from ¢, = 1. This allows for large equilateral non-
Gaussianity that is not constrained by measurements of the power spectrum.

e M,,. We can avoid the constraints on ¢, by allowing for large values of My and Ms,
which changes the dispersion relation to be that of ghost inflation [67], namely w = k2 /p.
In this case, the relationship between r and e is broken, and hence the tilt of the power
spectrum does not constrain ¢s. The phenomenology of this setup was studied in detail
by [23], which we briefly summarize below.

The dispersion relation in this model takes the form:

2M§1H eyl AM}
2 (M3 + M3) M2+ M3~

k
w? =2k + — where PP =
p

(5.4)

The c2-term is negligible at horizon crossing provided that ¢ < H/p. Notice that this
constraint is not trivially satisfied, because we must require that the modes propagate
subluminally at horizon crossing, which implies 2 (H/ ,0)1/ 2 <. (The group velocity,
given by ¢, = dw/dk = 2k/p, must be bounded: ¢, < 1.)
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The non-linear dispersion enhances operators with a large number of spatial derivatives,
and one can determine that [23]

7 (0;m)? P
=0.25 = 5.5
fNL H ? ( )
M

027 (9jm)?
i =013 ——1——,
N H (M2 + M3)

(5.6)

for the two leading terms in the cubic action (5.1). It is interesting to note that self-
consistency (¢, < 1) implies that

7 (9;m)2
FEOmT S (5.7)

In other words, for this mechanism to be in operation we necessarily require non-
Gaussianity above the threshold.

5.3 Additional degrees of freedom

The EFT of inflation has been extended to include couplings of 7 to multiple (Goldstone-
like) light fields [8]. Ome of the main signatures of these type of models is non-Gaussianity
of the local type. The local shape, however, is highly constrained by the Planck data,

f\%f = 2.7+ 5.8 [7]. There is nonetheless a class of multi-field models, namely single-clock
models, in which surfaces of constant density are effectively controlled by a single degree of
freedom such that the consistency condition (implying a vanishing squeezed limit) is satisfied,
thus bypassing the Planck constraint on local non-Gaussianity [68]. On the other hand,
equilateral non-Gaussianity may still be generated even when c¢; = 1. We briefly describe
two examples:

e Dissipative dynamics. Various mechanisms have been proposed [25, 69] to produce
the observed density perturbations through non-vacuum fluctuations in models with
dissipative dynamics. Building upon ideas originally developed in the study of black
hole absorption [70, 71], an EFT approach to generic classes of dissipative models was
put forward in [9, 68]. The main idea is to systematically couple the Goldstone boson
to a dissipative sector described by composite operators O, whose correlation functions
are constrained by symmetries.'® These couplings can induce an effective friction term,
~m, in the equations of motion. For strongly dissipative systems, with v > H, the
power spectrum then depends on new parameters and is dominated by non-vacuum
fluctuations.

Non-Gaussianity in dissipative models was studied in [9, 68], where it was shown that
the non-linearly realized symmetries require the presence of a non-linear term in the
dynamics correlated with the leading order dissipation, v — —%*y(&ﬂr)z, among other
contributions. This term induces equilateral non-Gaussianity even when c¢; ~ 1, i.e.

;‘iuﬂ ~ —v/4H [9]. The bound from Planck on the equilateral shape then translates
(roughly) into v < 102H. In addition, the bispectrum has another peak at the ‘folded’
configuration: k1 = ko = %k‘g. This contribution is correlated with the size of the

equilateral shape. For v ~ O(10)H, one finds

1 .
fold 1
ol = - p (5.8)

19 A similar approach was used to study dissipation in fluids [72].
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with a negligible squeezed limit (dissipation erases memory quickly) [68]. These features
can be considered a smoking-gun for dissipative models, and a probe of the quantum
nature of the primordial fluctuations [14].2

o Quasi-single-field inflation. Equilateral non-Gaussianity also arises when the Gold-
stone mode couples to extra scalar fields with masses of order the Hubble scale, as
in models of ‘quasi-single-field inflation’ [24]. Since massive fields decay outside the
horizon, their interactions are localized at horizon crossing. This effect suppresses
the interactions of modes with different wavelengths and produces an approximately
equilateral shape for the bispectrum. The squeezed limit of the bispectrum and the
collapsed limit of the trispectrum depend on the mass of the field, allowing it to be
distinguished from the equilateral shape produced by higher-derivative interactions in
single-field inflation, or by non-adiabatic evolution as described above. Models of quasi-
single-field inflation arise naturally in inflationary theories with spontaneously broken
supersymmetry [10, 73, 74].

Quasi-single-field models can be generalized to include couplings to arbitrary addi-
tional sectors parameterized by composite operators O, as in the case of dissipative
dynamics [9]. In [75] the additional sector was taken to be a conformal field theory.
For this special case, the predictions are qualitatively similar to those of quasi-single-
field inflation. The phenomenology of more general cases is an open problem, but the
expectation is that equilateral non-Gaussianity will be common.

6 Conclusions and outlook

Inflationary models are characterized by a small number of important energy scales: the
freeze-out scale, H, the scale of time-variation of the background, fr, and the scale(s) char-
acterizing scalar self-interactions, A. Cosmological observables in the scalar sector are only
sensitive to the ratios fr/H and A/H. For example, the amplitude of curvature perturba-
tions fixes fr/H, while non-Gaussianity constrains A/H. Measuring tensors, on the other
hand, determines H /M and hence normalizes all energy scales relative to the Planck scale.
Famously, a large value of f; in Planck units, then correlates with a super-Planckian field
excursion [52, 76] and an enhanced UV sensitivity of the inflationary model [15, 58]. Whether
A is above or below f; is an important qualitative distinction. To decide this question, in
general, requires precision measurements of the non-Gaussianity corresponding to the inter-
actions associated with the scale A. However, in models with a sound speed c;, the leading
cubic interaction is related to the quadratic action by a non-linearly realized symmetry, and
both f; and A depend on ¢s. In this special case, power spectrum measurements can inform
us about the interacting theory by constraining the value of c;.

In this paper we have shown that consistency between an observable tensor amplitude
and the near scale-invariance of the scalar spectrum enforces a lower bound on the sound
speed. We found, analytically, that any observable tensor signal (r > 0.01) constrains the
sound speed above the bound obtained from the Planck temperature data alone. A joint
analysis of the Planck temperature data and the BICEP2 B-mode measurement (without

20 Another way to obtain non-trivial squeezed limits is to assume a state other than the vacuum as an initial
condition, i.e. an excited state. The most popular choice involves Bogoliubov states. This possibility, however,
is severely constrained by the data [49]. In dissipative models, on the other hand, the excited (semi-classical)
state is reached dynamically.
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foreground subtraction) also supports another related conclusion: a future detection of pri-
mordial tensor modes with » = 0.1 would lead to a bound on ¢4 which is an order of magnitude
stronger than current bounds derived from non-Gaussianity. In such scenario, the resulting
bound on ¢s would be tantalizingly close to a natural threshold,

(cs)e = 047, (6.1)

namely the value of the sound speed for which the unitarity scale associated with the leading
cubic interaction coincides with fr (see also [12, 13]). This corresponds to a related threshold
of equilateral non-Gaussianity with amplitude

7 (0;m)?
| fROm = 0.93. (6.2)

Values of ¢; below (6.1) signal non-perturbative physics [5] or non-trivial dynamics [6].
Although finding ¢; > (c¢s)« in future observations would disfavor the simplest deformation
of slow-roll inflation, it would not constrain significantly other possible (well motivated)
extensions. This is the case because the EFT of inflation allows for stable hierarchies in
which large interactions are possible without generating significant radiative corrections to the
quadratic action. These scenarios are not constrained by power spectrum measurements and
are only probed by the bispectrum and/or higher n-point functions. Similar thresholds of non-
Gaussianity, | f;‘iuﬂ]* ~ O(1), exist in these cases. Moreover, the presence of additional light
fields may also produce a signal above this threshold. This strongly motivates an experimental
effort to improve the bounds on equilateral non-Gaussianity to the order-on level.

Canonical slow-roll models may be thought of as the ‘Higgs mechanism’ of inflation,
in the sense that it is a weakly coupled completion of the EFT of inflation involving a
fundamental scalar field. However, current observations have not yet ruled out the possibility
that the UV completion of the EF'T of inflation is characterized by strongly coupled dynamics,
such as an analogue of compositeness in the electroweak sector, higher-derivative interactions
or additional degrees of freedom. Unlike in particle physics, where higher energies can be
explored by building more powerful accelerators, in cosmology we do not have direct access
to the unitarity thresholds because observations are always performed at a fixed energy
(corresponding to the freeze-out frequency during inflation). This means that sensitivity
to physics at (or above) threshold can only be achieved by increasing the precision of the
measurements. In this paper we have shown that observations of primordial B-modes together
with the study of non-Gaussianity, in particular of the equilateral type, offer a unique window
into the physics of the early universe and the nature of inflation. Finding that the primordial
perturbations remain Gaussian beyond | f;ciuﬂ]* ~ (O(1), or that measurements of the power
spectra lead to ¢s > (cs)x = 0.47, would provide strong evidence for canonical slow-roll
models. Conversely, a detection of non-Gaussianity above the threshold would open the road
to physics beyond the slow-roll paradigm.
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A Resumming large logarithms

In inflationary models with a non-trivial sound speed, scalars and tensors do not freeze out
simultaneously and the tensor-to-scalar ratio depends non-trivially on the evolution of the
Hubble parameter,

r = 16,142 [1 —Cer+ (2—C)0y + - ] , (A1)
where f (V)dN
€
515—17]\[, ANENt—NS7 (AQ)

and the bracket in (A.1) contains higher-order terms in the slow-roll expansion. In general,
the auxiliary parameter £; will be a function of the Hubble flow parameters &,. We will
assume a hierarchical structure and truncate the expansion at €,>4(/N) ~ 0. This implies
€3 ~ const. and

e9(N) = e9(Ny) 53N =Ne) (A.3)

Our goal in this appendix is to obtain € at leading order in €12 but to all orders in €2 Inc;.
In this way, (A.1) becomes a resummation of the leading logarithms of the form &; In ¢;, with
&1 incorporating all orders in €5 In ¢,.2" For completeness, we will also discuss how to include
eslncs corrections. In what follows, we will suppress explicit reference to Ny, i.e. all the
slow-roll parameters are understood to be evaluated at the freeze-out of the scalar modes.

Al eslncg
As we did throughout the main text, we consider e3 < €12 but keep all orders in €1. The
solution for £ then becomes

e1(N) =& (72 (N=Ney+geaca(N=N.)*-- ; (A.4)

such that (A.2) turns into

AN
ec? -1 e AN €3AN

TTETOAN S 2(2AN)2

{2 (1— e =28N) — 265 AN + (EQANF}] . (A5)

Let us first look at the ;2 dependence, as given by the leading term in (A.5). Then,
using (2.14), we have

e=2ANED) (1—c¢2)
o1 = — c1 = . . A6
LA e9AN (1) —oaTA e1 (1 —c5?) — c?ealncs (A-6)
The resummation of the leading logarithms only requires
1
Z1 R ey - 1—c %)+ A.
g1~ eq o lnc, ( Cy )+ ( 7)
Substituting this into (A.1), we get
1+2¢e1-(1—c5 “2) /(e2Incs)
r = 162,cs ro(1er ) Geaine [1—cag+2(1—0)51+--.}. (A.8)

This is the result that we have implemented in our analysis in section 3.

2INotice that for &1 ~ &1 = const. the expression in (A.1) resums all the €1 In¢s terms.

— 24 —



A.2 e3lncg

The expression (A.8) is valid to zeroth order in an expansion in 3. To compute the first-
order correction we may proceed perturbatively. Moreover, it is instructive to determine when
the €1 2Incg terms become important. Keeping only the leading logarithms, the expression
in (A.5) turns into

1 1
g1 =61 [1 —5 g9 lncy (1 + 553 In cs) + O (5% In cs)] . (A.9)

For |Inc,| < 3.91 (Planck, 95% CL), the Inc¢, terms produce an enhancement, but only be-
come non-perturbative for somewhat large values of the slow-roll parameters: a perturbative
treatment is justified provided |es| < 0.51 and |e3] < 0.75. Values at the boundary of the per-
turbative regime are highly constrained by the running of the spectral index, |as| < 2x 1072,
The numerical analysis in section 3.3, using |e1 2] < 0.5 and |e3| < 0.1, shows that it is self
consistent to work within a slow-roll expansion, and to ignore the 3 correction in (A.9) on
the boundaries of the 95% confidence contours.
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