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We continue the study of mild transient reductions in the speed of sound of the adiabatic mode during
inflation, of their effect on the primordial power spectrum and bispectrum, and of their detectability in the
cosmic microwave background (CMB). We focus on the regime of moderately sharp mild reductions in the
speed of sound during uninterrupted slow-roll inflation, a theoretically well motivated and self-consistent
regime that admits an effective single-field description. The signatures on the power spectrum and
bispectrum were previously computed using a slow-roll Fourier transform (SRFT) approximation, and here
we compare it with generalized slow roll and in-in methods, for which we derive new formulas that account
for moderately sharp features. The agreement between them is excellent, and also with the power spectrum
obtained from the numerical solution to the equation of motion. We show that, in this regime, the SRFT
approximation correctly captures with simplicity the effect of higher derivatives of the speed of sound in
the mode equation, and makes manifest the correlations between power spectrum and bispectrum features.
In a previous paper we reported hints of these correlations in the Planck data and here we perform several
consistency checks and further analyses of the best fits, such as polarization and local significance at
different angular scales. For the data analysis, we show the excellent agreement between the CLASS and
CAMB Boltzmann codes. Our results confirm that the theoretical framework is consistent, and they suggest
that the predicted correlations are robust enough to be searched for in CMB and large scale structure

surveys.
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I. INTRODUCTION

The paradigm of inflation as the explanation for the
origin of cosmic structures has entered a decisive new
phase. The latest data releases by the Planck [1] and
WMAP [2] collaborations point towards models of infla-
tion that produce a slightly red-tilted primordial power
spectrum and a negligible amount of scale-independent
bispectra, as predicted [3-5] by the simplest models of
cosmological inflation,' but with a mild deficit of power on
large scales. There are also mild hints of scale-dependent
features in the CMB power spectrum [2,6] and in the
primordial bispectrum [7]. Besides this, the discovery of
B-mode polarization by BICEP2 [8], if it is confirmed to be
the result of primordial tensor modes, would have striking
implications and put inflation on a much firmer footing.
A large tensor-to-scalar ratio of r~ O(0.1) suggests—
again, in the context of canonical models—a high scale
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These are slow-roll inflation models involving a single neutral
scalar field with a canonical kinetic term and in the Bunch-Davies
vacuum.

1550-7998,/2014/90(2)/023511(22)

023511-1

PACS numbers: 98.80.Es

of inflation around 10'® GeV, a Hubble parameter H ~
10 GeV during inflation and a large, trans-Planckian
excursion in field space for the inflaton [9].

According to [10], there is currently a “very significant
tension” (around 0.1% unlikely) between the Planck temper-
ature (r <0.11 95% C.L.) and BICEP2 polarization
(r = 0.21097) results. The model-independent cubic spline
reconstruction [11] result shows that the vanishing scalar index
running (dn,/dIn k) model is strongly disfavored at more
than 3¢ confidence level on the scales k = 0.0002 Mpc~!.
Recently, several fundamental/phenomenological models
with features in the primordial spectra, such as sharp transition
in the slow-roll parameters [12], false vacuum decay [13,14],
initial fast roll [13], a non—Bunch-Davies initial state [15] or a
bounce before inflation [16], among others, were proposed
to explain the observed power deficit on large angular scales
by Planck experiments. Alternatively, the tension could be
resolved with new data releases.

Another consequence of the BICEP2 results is that a
large tensor-to-scalar ratio seems to indicate a high energy
scale of inflation around the grand unified theory (GUT)
scale. If confirmed, one would need to find a successful UV
embedding of the theory, and also deal with the problem of
mass hierarchies in the presence of multiple degrees of
freedom. This is challenging, but not impossible, and it
seems that the energy range available could in principle
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host the inflaton and the possible additional UV degrees
of freedom, while preserving a manageable mass hierarchy
for which an effective single-field theory is still possible.
The BICEP2 results also suggest that the inflaton field
underwent a super-Planckian excursion, which makes the
theory very sensitive to higher dimensional operators.
While we expect a (mildly broken) symmetry protecting
the overall flatness of the potential, this also leaves room
for the presence of transient phenomena happening along
the inflationary trajectory.

Among other phenomena, transient variations in the speed
sound of the adiabatic mode may occur in the presence of
additional degrees of freedom during inflation. For instance,
when an additional heavy field can be consistently integrated
out [17-22] (see also [23]), inflation is described by an
effective single-field theory [17,19,20,24-26] with a variable
speed of sound. In particular, changes in the speed of sound
result from derivative couplings2 [18-20,27-32]. Transient
variations in the speed of sound will produce correlated
features in the correlation functions of the adiabatic curva-
ture perturbation [25,33-40]. They are worth taking into
account since we expect them to be very good model
selectors.

The detection of transients poses some interesting
challenges. The effects of a feature in the potential or a
localized change in the speed of sound depend on its
location (in time or e-folds), its amplitude and the
sharpness (or inverse duration). If transients are too sharp,
they can excite higher frequency modes that make the
single-field interpretation inconsistent (see, for example,
[17,18,41]). Notably, the best fit found so far in the data for
a step feature in the potential [6,42,43] falls outside
the weakly coupled regime that is implicitly required for
its interpretation as a step in the single-field potential
[44,45]. On the other hand, if the features are too broad,
their signature usually becomes degenerate with cosmo-
logical parameters, making their presence difficult to
discern. There is an interesting intermediate regime where
the features are mild (small amplitude) and moderately
sharp, which makes them potentially detectable in the
cosmic microwave background (CMB) and/or large scale
structure data, and also they remain under good theoretical
control. This regime is particularly important if the inflaton
field excursion is large and can reveal features in the
inflationary potential and the presence of other degrees of
freedom. At the same time, if slow roll is the result of a
(mildly broken) symmetry that protects the background in
the UV completion, the same symmetry might presumably
preclude very sharp transients.

In this paper we study mild and moderately sharp
features in the speed of sound of the adiabatic mode that
we define to be those for which the effects coming from a
varying speed of sound are small enough to be treated at

*Or, equivalently, turns in field space.
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linear order, but large enough to dominate over the slow-
roll corrections. This carries an implicit assumption of
uninterrupted slow roll.> We will show that this regime
ensures the validity of the effective single-field theory, even
though our analysis is blind to the underlying inflation-
ary model.

In order to compare any model with data, it is important
to develop fast and accurate techniques to compute the
relevant observables of the theory, in this case, correlation
functions of the adiabatic curvature perturbation. The
calculation of correlation functions is often rather compli-
cated and the use of approximate methods is needed.
The study of transients often involves deviations from
slow roll and may be analyzed in the generalized slow-roll
(GSR) formalism [38,40,46-52]. This approach is based on
solving the equations of motion iteratively using Green’s
functions. Although this formalism can cope with more
general situations with both slow-roll and speed of sound
features, one usually needs to impose extra hierarchies
between the different parameters to obtain simple analytic
solutions.

A notable exception that is theoretically well understood
is a transient, mild and moderately sharp reduction in the
speed of sound such as would be found in effectively
single-field models with uninterrupted slow-roll inflation,
obtained by integrating out much heavier fields with
derivative couplings that become transiently relevant. In
this regime, an alternative approach is possible that makes
the correlation between power spectrum and bispectrum
manifest [36]. The change in the power spectrum is simply
given by the Fourier transform of the reduction in the speed
of sound, and the complete bispectrum can be calculated
to leading order in slow roll as a function of the power
spectrum. Hence we name this approximation slow-roll
Fourier transform (SRFT). One of the aims of this paper
is to compare the GSR and SRFT approaches. In order
to do this, we develop simple expressions within the GSR
approach and the in-in formalism for computing the
changes in the power spectrum and bispectrum due to
moderately sharp features in the speed of sound. These are
new and extend the usual GSR expressions for very sharp
features.

The other aim of this paper is to further scrutinize and
validate the results of our previous work [53], where we
searched for moderately sharp features in the Planck CMB
data. We reported several fits to the CMB power spectrum
and gave the predicted, correlated oscillatory signals for
the primordial bispectrum. The functional form of the
speed of sound was inspired by soft turns along a multifield
inflationary trajectory with a large hierarchy of masses, a

*In the particular case of reductions in the speed of sound
coming from turns along the inflationary trajectory, this has been
shown to be a consistent scenario.
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situation that is consistently described by an effective
single-field theory [18,19,28,32,54,55].

In the first part of this paper we study the intermediate
regime of moderately sharp features in the speed of sound
during uninterrupted slow roll, in which both the SRFT and
GSR approaches can give accurate results.

(i) In Sec. ITA we review the SRFT results for the
power spectrum and bispectrum, and in Sec. II B we
develop a simple formula within the GSR formalism
that reduces to the SRFT result for nearly all scales
and is valid for arbitrary functional forms of the
speed of sound within the regime we study.

In Sec. IIC, by comparing both results with a
numerical solution for the power spectrum, we show
that the SRFT method correctly captures the effect
of all the terms in the equation of motion in a very
simple way, while the GSR method requires the
inclusion of higher derivatives of the speed of sound
to match the numerical result. Nevertheless, there is
excellent agreement between both results with the
numerical solution.

Then we turn to the bispectrum. In Sec. IID we
compute the features in the bispectrum using the in-
in formalism, and we take into account the effect of
additional operators with respect to previous results
[38]. We show that, for transient reductions of the
speed of sound, the contributions arising from the
operators proportional to the amount of reduction
and to the rate of change are of the same order,
independently of the sharpness of the feature. In
addition, because we study the not-so-sharp regime,
we compute the linear correction to the approxima-
tion that other quantities do not vary during the time
when the feature happens.

In Sec. Il E we compare the bispectra obtained with
the SRFT approach and with the moderately sharp
approximation, finding remarkable agreement for
several functional forms of the speed of sound.

In the second part of this paper we perform a number
of additional consistency checks regarding the theoretical
framework and the statistical analysis carried out in a
previous paper [53].

(1) In Sec. IIl A we explain the choice of parameter
space used for our statistical search of transient
reductions of the speed of sound in the Planck data,
which was designed to be theoretically consistent. In
Sec. IIIB we check that adiabatic and unitary
regimes are respected, and therefore the fits found
in the data can be consistently interpreted as tran-
sient reductions in the speed of sound.

In Sec. IlIC we analyze the implications of the
BICEP?2 results for the consistency of an effective
single-field description of inflation. We conclude
that, even with an inflationary scale at the level of
the GUT scale, a single-field description may be

(i)

(iii)

(iv)

(ii)
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possible, and we argue that moderately sharp re-
ductions of the speed of sound are completely
consistent with an adiabatic evolution, i.e. an effec-
tive single-field regime.

In Sec. IIID we review the main results of our
previous work [53] and make an independent con-
sistency check using two different Boltzmann codes
and MCMC samplers, namely CLASS+MONTE
PyTHON versus CAMB+CosMOMC, finding great
agreement. We explicitly give the (small) degen-
eracy of the cosmological parameters with the
parameters of our model. Last, we also show the
polarization spectra and the local improvement of
our fits to the CMB power spectrum as a function of
the angular scale.

Finally, we leave Sec. IV for conclusions and an outlook.

(iii)

II. MODERATELY SHARP VARIATIONS IN THE
SPEED OF SOUND: PRIMORDIAL POWER
SPECTRUM AND BISPECTRUM

In the framework of the effective field theory (EFT) of
inflation [25] one can write the effective action for the
Goldstone boson of time diffeomorphisms 7(7, x), directly
related to the adiabatic curvature perturbation R(z, x) via
the linear relation’ R = —Hz. Let us focus on a slow-roll
regime and write the quadratic and cubic actions for z:

w1
S, —/d4xa3M%1€H2{?—?(Vﬂ)2}, (1)

A

S; = /d4xa3M1%1€H2{—2Hsc;2ﬂfr2 - (1=c?)z

x {7-[2 - % (Vﬂ)z} }

where ¢ = —H /H? and we are neglecting higher order
slow-roll corrections, as well as higher order terms in u
and s, defined as

(2)

_ ¢
2, s = .
c,H

(3)

u=1l-c

In this section we compare the different approaches to
evaluating the power spectrum and bispectrum of the
adiabatic curvature perturbation from (1) and (2) with a
variable speed of sound, and show the excellent agreement
between them.

The SRFT approach, developed in [36], is briefly
reviewed in Sec. I A. The advantage of this method is
that one obtains very simple analytic formulas for both

*In this work, we do not need to consider nonlinear correction
terms, since we are in a slow-roll regime. For further details on
this, see [5].
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the power spectrum and bispectrum computed from (1)
and (2). More importantly, correlations between features
in the power spectrum and bispectrum show up explicitly.
In Sec. IB we review the GSR formalism [35,38,
40,46,47,52,56,57] and compute the power spectrum from
the quadratic action (1) in the moderately sharp approxi-
mation. This method applies to more general situations
where slow roll is not necessarily preserved, but it requires
solving iteratively the equations of motion, which include
higher derivatives of the speed of sound. The GSR
formalism gives very simple expressions in the case of
very sharp features and has been used to calculate the effect
of steps in the potential and in the speed of sound (see, for
example, [38,51]).

In Sec. IIC we compare both methods with the power
spectrum obtained from the numerical solution to the
mode equations. We show that the SRFT method correctly
captures the effect of higher derivative terms of the speed of
sound in a very simple way, while the GSR method requires
the inclusion of all terms in the equations of motion to
match the numerical result at all scales (especially at the
largest scales).

Then we turn to the bispectrum. In Sec. II D we compute
the bispectrum from the cubic action (2) using an approxi-
mation for sharp features as in [38], but including the next
order correction and additional operators. Last, in Sec. I E
we check that the agreement with the SRFT result [36] is
excellent. An important point we show is that the con-
tributions to the bispectrum arising from the terms propor-
tional to (1 —c;?) and s in (2) are of the same order,
independently of the sharpness of the feature. We also
eliminate the small discrepancy found in [38] between their
bispectrum and the one obtained with GSR [56] for step
features in the scalar potential, due to a missing term in the
bispectrum.

A. Power spectrum and bispectrum
with the SRFT method

In this formalism [36] we assume an uninterrupted slow-
roll regime, which is perfectly consistent with turns along
|

ABr (k. ky, k3) = %

(kikaks)? | 2 ks

(27)*Pry {_ 3kiky [ ! <1
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the inflationary trajectory. In order to calculate the power
spectrum, we separate the quadratic action (1) in a free part
and a small perturbation:

1
S, = /d4xa3M12>1€H2{it2 - az(v”)z}

—/d4xa3M12,1€H2{ir2(1 -9} (4)

Then, using the in-in formalism [58,59], the change in the
power spectrum due to a small transient reduction in the
speed of sound can be calculated to first order in
u=1-c;?, and it is found to be [36]

APr
Pro

(k) = k /_ (; dr u(z) sin (2k7), (s)

where k = |Kk|, Pro = H*/(8z°eM3)) is the featureless
power spectrum with ¢, = 1, and 7 is the conformal time.
We made the implicit assumption that the speed of sound
approaches to one asymptotically, since we are perturbing
around that value.” Here we see that the change in the
power spectrum is simply given by the Fourier transform
of the reduction in the speed of sound. Notice that the
result above is independent of the physical origin of such
reduction.

For the three-point function, we take the cubic action (2),
written to first order in u and s, which implies that we
must have ||, [$]max << 1. We also disregard the typical
slow-roll contributions that one expects for a canonical
featureless single-field regime [5]. Therefore, for the
terms proportional to u# and s to give the dominant
contribution to the bispectrum, one must require that u
and/or s are much larger than the slow-roll parameters, i.e.
max(u, s) > O(e,n), as we will recall in Sec. IIT A. Using
the in-in formalism, one finds [36]

Lk \APr ks d (AP
2k) Pro  4k2dlogk \ Pr

1+ k+k5[1 kikyks\ AP
5 TR+ R+, B 3 _ kikaks R
- perm+47klk2k3 2k< k* = kiky — kyks — k3k, 2% ) Pry
_kiky + koky + ksky d  (APg n kikoks d*  (APg (6)
2k dlogk \ Pro 4k dlogk* \ Pr k:%z,ki’

> At the level of the power spectrum, the generalization to arbitrary initial and final values of the speed of sound c; q is straightforward,

provided they are sufficiently close to each other.
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where k; = |Kk;|, k= (k; +ky + k3)/2, and APr/Pry
and its derivatives are evaluated at k. From the result
above it is clear how features in the power spectrum seed
correlated features in the bispectrum. Note that in the
squeezed limit (k; — 0,k, = k3 = k) one recovers the
single-field consistency relation [5,60].

In the following sections, we compute the power
spectrum and bispectrum using alternative methods and
compare the results.

B. Power spectrum in the GSR formalism

One can calculate the power spectrum by solving
iteratively the full equations of motion (first in [46,47]
and further developed in [40,48,49,52,56,57]). The idea is
to consider the Mukhanov-Sasaki equation of motion with
a time-dependent speed of sound, namely

vy (7) 1d*z
2 T kaz—gﬁ v (7) =0, (7)
with v = zR, 72 = 2a*M3ec;? and
1dz . .
——i = a’H?[2 + 2¢ — 37 — 3s + 2e(e — 271 — 5)
zdt
+5(2 425 — 1) + 77 &), (8)
where we have used the following relations:
H B é é,
€ = ——— s = € —-—— , = s
" 2He He,
y - ©)
Cs P ~ n
t= , = -,
He, T m

and here the dot denotes the derivative with respect to
cosmic time. Defining a new time variable, dz, = c,dz, and
a rescaled field, y = \/2kc,v, the above equation can be
written in the form

d’y 2 g(lnz,)
dr? + <k2 ——2>y T2 Y (10)
where
/1 3 !
gEf 7 / , f= 27rzcl/216, (11)

and ' denotes derivatives with respect to In z,. Throughout
this section (and only in this section), unless explicitly
indicated, we will adopt the convention of positive con-
formal time (z, 7. > 0) in order to facilitate comparison
with [49,57]. Note that g encodes all the information with
respect to features in the background. In this sense, setting ¢
to zero represents solving the equation of motion for a
perfect de Sitter universe, where the solution to the mode

PHYSICAL REVIEW D 90, 023511 (2014)

function is well known. Considering the rhs of equation (10)
as an external source, a solution to the mode function can
be written in terms of the homogeneous solution. In doing
so, we need to expand the mode function in the rhs as
the homogeneous solution plus deviations and then solve
iteratively. To first order, the contribution to the power
spectrum is of the form [49]

lnPR—lnPR,O+/mdlnrcW(k16)G’(16), (12)

—o0

where the logarithmic derivative of the source function G
reads

G'==2(nf) +2(nf)", (13)

and the window function W and its logarithmic derivative
(used below) are given by

W(x) = 3 si;x(32x) 3 co)scz(2x) 3 sirzl)(CZx) _n

23

9 15
— (342 2 —
< 3+x2> cos(2x) + (2x

If we consider moderately sharp features in the speed of
sound, such that €, 7 < s, t, the leading contribution to the
function G’ is the following:

2 2 (aHz, 2 2 (aHr,
e c_1) 42 c_1)(4-
o =3+ 3 (fm) +3 (e

| (aHz,\?
+§Cl“)se3+%—g,

i) sin(2x). (15)

(16)

where ¢ is defined in (9). Moreover, when |s| < 1 but
t 2 O(1), the logarithmic derivative of G is approximately
given by

§

G ~s——
ST3H

(17)

where we have used that aHz./c, =1+ s. This result
agrees with the results of [57] in the mentioned limits.
In this approximation, the leading contribution to the power
spectrum is

ln’PnzlnPRp
+/°°d1n Wke,)s(z,) — > Wke,)—22
e | WART)SATe) =3 W) |-
(18)
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Integrating by parts the term proportional to the derivative
of s, we obtain

NP =InPg o+ / “dnz, [W(krc)—F%W’(krc)} s(z.)

—0o0

S in(2k
=InPro+ / dinz, [Smg(i%)—cos(Zkrc)]s(rc).

(e8] TL‘

(19)

This is the result that we will compare in Sec. II C with
the SRFT result (5). Let us recall that the regime in which
this expression has been derived is for moderately sharp
reductions such that O(e,n) < s < 1 and 1 = O(1). We
point out that the s term in the source function (17) provides
the dominant contribution to the power spectrum on large
scales. This can be seen by comparing W and W’ in (19),
which carry the contribution of s and §, respectively. We
will show in Sec. II C that when including this term, the
power spectrum at large scales matches the numerical
solution considerably better (see Fig. 3).

In the following, we will (i) derive an analytic expression
for the power spectrum (19) solely in terms of ¢ in order to
connect with the SRFT approach and (ii) find an analytic
approximation for arbitrary functional forms of the speed of
sound in the moderately sharp regime specified above.

(i) For the first point, one can integrate by parts (19) in

order to get a formula than only involves the speed
of sound. Doing so, we obtain

In P'R =1In P'R.O - /oo dlIn Te |:2 COS(ZkTL-)
_ sin(2kz,)
TC

+ 2kz, sin(ZkTC)} Incg(z,),
(20)

where we have used that s = dInc,/dInz, and that
the asymptotic value of the speed of sound is one;
otherwise the boundary term would not vanish.
Therefore, the expression above is only valid for
functional forms of the speed of sound that satisfy
¢s(t =0) = ¢,(r = o0) = 1. Let us restrict our atten-
tion to mild reductions of the speed of sound,
lu| = |1 — ¢;2| < 1, in which the SRFT approach is
operative. In that case, for mild and moderately sharp
reductions, the time 7, is very well approximated by
7, = 7. Furthermore, the logarithmic term of the speed
of sound can be expanded as follows:

Inc (7) =%<1 —c2(7)) + O(u?). (21)

Using the expansion above and the fact that
In(Pr/Pro) = In(1 + APr/Pro) = APr/Pro,

we can write

023511-6

PHYSICAL REVIEW D 90, 023511 (2014)

0
APr _ ¢ / de(1=c7?) {Sin(2kr)
Pro _

[oe]

1 1
+ cos(2kr) — yE sin(Zkr)]

T
AP 4 O[(kr)Y],  kr<1
_ "0 SRFT ’ (22)
APr + O[(kt)7Y], kr>1
"0 SRFT

where we have already returned to negative conformal
time. Notice that when k7 <« 1 we retrieve the SRFT
expression (5) with a subleading correction, O(kz),
inside the integral, and that for k7 >> 1 we also retrieve
the SRFT result. The regime kr ~ 1 will generally
involve large scales, where the change in the power
spectrum is small, as can be seen in Fig. 3.

(i1) In what follows we derive an analytic approximation

to the power spectrum (19) for generic forms of
the speed of sound, provided they are moderately
sharp, i.e. O(e,n) < s < land t 2 O(1). As in (i),
in this regime we can safely consider 7, = ¢ (7. Let
us drop the rest of assumptions made in point (i),
which were only made to establish connection
with the SRFT approach. We define the function
X(kt.) = —=W'(kz.) — 3W(kz.), which in general
can be decomposed as follows:

X(keggr) = pe(kegot) cos(2ke o7)
+ py(keg o) sin(2ke; 7)), (23)

where p. and p, denote the polynomials multiplying
the cosine and sine, respectively. Following [38], we
will parametrize 2 in terms of the height ¢, and the
sharpness f3, of the feature, and a function F describ-
ing the shape of the variation of the speed of sound:

A(r) = 2, {1 - a*F<—/}S In %)] . (24)

where 7, is the characteristic time of the feature and
we take o, < 1 to focus on small variations. The rate
of change in the speed of sound can be written at first
order in o, as follows:

i) = =g (A D) + 0. (23)

where ' denotes the derivative with respect to the
argument. Since we are considering sharp features
happening around the time 7, the functions involved
in the integral (19) will only contribute for values in
the neighborhood of 7. Note that for polynomials
with negative powers of kz, the approximation of
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evaluating them at kz, fails for small values of &z, First, we define the variable y = —f,In(z/z,), and we
since in that region they vary very rapidly. This may  expand the functions around 7 = 7, which is equivalent to
cause infrared divergences in the spectrum which, as  y/f, < 1. Then, at first order, the expansion of X in
we will see, can be cured by approximating the  (23) reads

polynomials to first order around kz ;.
y
cos |2kcgore| 1 —=
Jom o (15)

J sin [2kcsqoff ( - ﬂlﬂ . (26)

Substituting in (19) the above expansion and the definition of s (25), the change in the power spectrum is given by

ka dpc
y—=+
By d(kr)

X<kcs,01) = |:pc(kcs,07f) -

kt; dp;
+ |:pf (ch,OTf) - yﬂ_fd(k7>

APR - Oy

5 3 {[pc cos (2ke,ots) + pysin (2kego7/)] /oo dy cos (
R.0 o

0 2k
+[p.sin (2keggt4) — py cos (2ke ozy)] / dy sin ( ;’OTf y) F'(y)

kt dps dpc « chs, ‘
_ﬁ_f [d(kr) —Z¢ 1 cos (2k05,07f)] / dy cos < ﬁo fy)yF’(y)

d(kz) ’ o )
kty [ dp; . o . (2kegoty
E |:d<kf) ] s <2kC5,OTf):| /_oo dy Sin ( /)’S y yF’(y) )

!

2kcs.o’l'f

QF@)

N

sin (2kc; g7s) +

T

cos (2kc gty) — Pe

. (ko)

Note that the integrals above are the Fourier transforms of the symmetric and antisymmetric parts of the derivative of the
shape function F. We define the envelope functions resulting from these integrals as follows:

o 2kc, 1 0 2kc, 1
/ dy cos ﬂy F'(y) ==Dy, / dy sin “ ’OTfy F'(y) =5Ds, (27)
oo By 2 o0 Bs 2
© 2kC50Tf ﬂ d o ) 2szon ﬂ d
dyyF : =—"——"Dy, dyyF —ty)|=-—""—-—D,, (28
/_oo yy F'(y) cos< 5 y> 4c, gty dk s /_oo yy F'(y) sm( 4 Yy 4c, gz, dk as (28)

where Dy and D, are the envelope functions corresponding to the symmetric and antisymmetric parts of F, respectively.
Finally, the change in the power spectrum can be written as

AP 8 . .
PR? = % {[pc COos (2kCS~OTf) + P Sin (2kCS,OTf)}DA + [pc s (2kCS,OTf) — P COSs (2kcs,07f)]DS}
Oy dps . De d
— 2kcg 2kcg k—D
st L, o ) + 5], s ke
dp Pe| d
+ |:d(k‘l,') . COS <2kcs_07f) - d(k‘[) Sin (ZkCS,OTf):| kﬁD‘A } . (29)

Tr

Let us stress that the contributions from the second and third lines are comparable to the ones in the first line. The infrared
limit of the symmetric part is finite and tends to zero, which would not have been the case if we had only considered the
zeroth-order terms (first line). We will now substitute the values of the polynomials for the particular regime we are
analyzing, p. = 1/3 and p, = —1/(3kc,y7). In this case, the change in the power spectrum reads
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AP o, 1 ) .
7773,7(? =36 { {cos (2kcgotr) — kevors sin (2kcx,01f)] Dy + [sm (2kcgo7s) + crot; cos (2kcs.01f)} DS}
o 1 d 1 d
—— 1 |——sin(2k )| k—D —_— 2k N k—Dy ;. 30
72 { [(kcs.OTf)2 sin CS’OTf)} dk S [(kcs.on)Q cos{ CS’OTJ)] dk A} G0

1. Test for generic variations in the speed of sound

In this section we will test the approximation (29) in
comparison with the full integral (19). For the following
particular example, we will explicitly decompose ¢? into its
symmetric and antisymmetric parts:

2
=1 +A[1 — tanh (alni>} —I—Bexp{—ﬂ?(lni) ]
Tor Tog
7 \2
= {1 +A+Bexp{—ﬂ%<ln—> ]}
7o, s
7
+ {—Atanh (aln—)} . (31)
70,/ ) A

From the definitions (24) and (27), the envelope functions
are given by

477:A kTO, l
0. a sinh(zkzy /a)’

4/7Bkz k*zj
py = VB, o (LB, (32)
6* ﬁS ﬂs

Since the symmetric and antisymmetric parts do not
necessarily peak at the same time, the integrands involved
in each part take values around 7, and 7, respectively. We
test our approximation for different values of the param-
eters above, and show our results in Fig. 1. We can see that
the approximation is indeed very good, and that it allows us
to reproduce highly nontrivial power spectra. By allowing
P, and/or a to be small, we can see where the approxima-
tion starts to fail. We show these results in Fig. 2, where one
can see that for features with AN > 1 the approximation
breaks down.

DA:

C. Comparison of power spectra

In this section we apply both SRFT and GSR methods for
moderately sharp reductions to calculate the change in the
power spectrum, and compare them with the power
spectrum calculated from the numerical solution to the
mode equation (7). We will test a reduction in the speed of
sound that is purely symmetric in the variable

y = —PBsIn(z/7p):

> 32 (1nr)2
u=1-c;2=BeWN-N) = Be prng)” (33)

|

In Fig. 3 we show the comparison between the power
spectrum coming from the GSR result (29) with the one
coming form the SRFT method (5), and with a numerical
solution. In general terms, both methods are in good
agreement with the numerical solution. We also note that
at large scales the SRFT method reproduces the numerical
results better than the GSR method. This is partly due to the
fact that in the GSR approximation we have only taken a
subset of the terms in the source function. The agreement
would have been much worse if we had not taken into
account the term proportional to s, as the dashed line in the
right plot of Fig. 3 indicates. Note that kz; ~ 1 corresponds
to the first peak in the left plot of Fig. 3 above, precisely the
regime where we expect a discrepancy, as anticipated
in Eq. (22).

This shows that, in the regime of moderately sharp
variations of the speed of sound, the simple SRFT formula
(5) is capable of reproducing the effect of all the terms in
the equation of motion, and that there is no need to impose
any further hierarchy between the different terms of the
equation of motion in order to have a simple expression, as
long as slow roll is uninterrupted.

D. Bispectrum for moderately sharp reductions

In this section we will compute the change in the
bispectrum due to moderately sharp reductions in the speed
of sound using the in-in formalism. Instead of the SRFT
method reviewed in Sec. IT A, we will use an approximation
based on sharp features [38], as for the power spectrum. Our
starting pointis the cubic action in the effective field theory of
inflation, where we will only take into account the contri-
bution from variations in the speed of sound at first order:

Sy = / d4xa3M]2,l%{2Hsc;2R7:\’,2
LT 1
+(1=c;H)R [Rz - (VR)Z} } (34)

with R = —zH. For sharp features (f; > 1) and given the
parametrization in (24) and (25), one is tempted to think that
the contribution of s will dominate over the contribution of
(1 = ¢;?). However, we will show that the contributions
arising from both terms are of the same order, independently
of the sharpness ;. As dictated by the in-in formalism, the
three-point correlation function reads
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FIG. 1 (color online).

figures, are respectively given by A

Speed of sound as defined in (31) for three different values of the parameters. We show the power spectra
calculated with the full integral (19) (dotted line) and with the approximation (29) (solid line). The parameters, for the blue, olive and red
pi = o, =

[-0.021, —0.0215, —0.0043], B = [-0.043, —0.0086, —0.043], a*> = [exp(6.3), exp(6.3), exp(7)],
[exp(6.3),exp(6.3),exp(7)], 7o, = [—exp(5.6), —exp(5.55), —exp(5.55)], 79, = [~ exp(5.4), —exp(5.55), —exp(5.55)]. For the
first set of parameters the symmetric and antisymmetric parts have comparable magnitude, while for the second (third) set of parameters
the antisymmetric (symmetric) part dominates. As can be seen by the very good agreement between the full integral and the
approximation, the chosen parameters are all in the sharp feature regime

1

A
/o
/o
Il \ 0.02 0.02 4
| 7/_\
0.00 } 7=
\ 0.02
0.991 \ I fk (M A
¢, AP \ (' 5 p AP oo A
7 \ 7 0.00 P, YV
i k [Mpe™']
-0.02 \
0.981 ~0.02] -0.021
2 -l 0 1 2
N-No
FIG. 2 (color online).

Here we test when the approximation (29) starts to break down. The full integral (19) is represented by dashed
lines while the approximation (29) is given by solid lines. We take A = 0, B = —0.043, 7, = —exp(5.55) for the three profiles of the
speed of sound, and f, = ,

[exp(1),exp(3),exp(11/2)] for the blue, red and olive figures, ;espectively We see that the approximation
starts to fail for features with AN > 1.
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FIG. 3 (color online). Change in the power spectrum due to a reduced speed of sound given by (33), with the following choice of
parameters, B = —0.043, f, = 23.34, In(z;) = 5.55, corresponding to one of our best fits to the Planck CMB power spectrum [53].
LEFT: different methods to compute the primordial power spectrum: GSR in the sharp feature approach (blue), SRFT (red) and a
solution obtained from the numerical solution to the mode equation (7) (black dotted). RIGHT: differences of the GSR sharp feature
method (solid blue) and SRFT (red) against the numerical solution. The dashed blue line is the GSR sharp feature approach if we had not
taken into account the term proportional to s in the source function (17). The numerical solution is calculated choosing € = 1.25 x 107*
and 77 = —0.02. Higher values of ¢ need a proper accounting for the slow-roll corrections.

(R, Ri, Ra,) = <Re{2iRk](O)Rk2(O)Rk3 (0) / " g

/ d*xa‘*Ml%l C RHscPPRR2+(1 - ¢;2)RP — H2(1 - c;Z)R(VR)2]}>, (35)
where we have used that® @ = —1/(Hr). After expressing the functions R(z, x) in Fourier space and using the Wick

theorem, we obtain

. 0 dreM
(R R R ) =Re{zz i, O, 0 0) [* G2 [ @4, [ g,

x / Pad(ar + @+ s) X [Ase2u, (2 () (D)(6(k, — q1)3(k, — 42)5(ks — q5)
+Hk; <k} + {k; < k;})—67(1 —C_Z) L(T)ug, (1)ug, (7)6(ky — q;)6(k, — q2)5(k3 — q3)

=2t(1 — ¢;2)(qa - q3)ug, () ug, () uy, (7)(5(ky — q1)8(Ka — q2)8(k3 — q3) + {k; <Ko} + {klek3})]}'

(36)
For the leading order contribution, it suffices to use the zeroth-order mode function
iH ‘
uy (1) = ——=(1 + ikc, gr)e k507, (37)
\/4ec, ok®
and the three-point correlation function is then
®Note that the expression ¢ = —1/(Hz) is only valid for uninterrupted slow roll. In the case of slow-roll violations, especially for

sharp steps in the potential, the corrections may give additional contributions to the correlation functions.
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P o (27)" M8 0
(Rie R, Rie) = R0 TP 50k 4k, + k) /

8Kk o
—2TCV()(1
—672¢5 (1 — 72 kik3k3 —

dr{cos (Kc,o7)[4sc;?

PHYSICAL REVIEW D 90, 023511 (2014)

3 otkikaks (kiky + 2 perm)

¢5?)[ki(ky + k3) (k5 - k3) + 2 perm]] — sin (K¢, o7) [4sc5? el o (kik3 4 2 perm)
2(1 = ¢;7%)[k3 (k, - k3) + 2 perm]

+22%¢3(1 = %)k kaks[ky (K, - K3) + 2 perml]}, (38)

where K = k; + k, + k; and’ Pr = H?/(87%eM3c, ).
Before we proceed, some comments are in order:

(i) For steps in the potential, one also has to calculate
the contribution to the three-point function
coming from similar cubic operators. It is easy
to track the polynomials in k; arising from the
different operators if one pays attention to the
form of the mode functions (37). This way, we
noticed that the result for steps in the potential in
[38 (3.32)] is missing a term, so it should display
as follows:

1 K k3 + k3 + k3
L ~—€gepD 2% Ktk ks _ Kt;
k kzk’; 4 2ﬂ klkzk:;'l'f

k¥ + k3 + k3

xKrfcos(Krf)—< Kkt

Zz;é]kl kj
—-——K K K .
ok, T+ r> sin( rf)} (39)

This is indeed good news, since the missing term
(+Kt) above was the source of a small discrepancy
found by the authors of [38] with respect to
previous results [56], of order 10-15% on large
scales. We have checked that this discrepancy
vanishes when the extra term is introduced.

(i) We consider sharp features (5, > 1) peaking in 7,
and define the new variable y through 7 = ze =/bs,
as we did for the power spectrum. There are two
kinds of functions appearing in (38): polynomials
and oscillating functions. For the latter, we substitute
7 =1,(1 — y/p,) and do not expand further, in order
to keep the Fourier transforms. For the former, the
zeroth-order approx1mat10n T=1, (as in [38])
provides excellent results®, although we take the
next order and evaluate them at 7 = 7,(1 — y/f) to
test for not-so-sharp features. We will therefore
calculate the first order correction to previous
results. Furthermore, we consider, apart from the

"Notice that the definition of P o in Sec. Il A did not include
¢, since in the SRFT approach it is taken to be one.

8As opposed to the power spectrum, in this case we only have
polynomials with positive powers of kz, and therefore evaluating
them at k7 is already a good approximation for sufficiently sharp
features.

I

operator RR? (proportlonal to s), two extra
contributions, R* and R(VR)? (proportional to
u), and show that they all contribute at the same
order, independently of the sharpness f,. This is
because, although s is proportional to the sharpness
P, it is also proportional to the derivative of the
shape function, F’, defined in Eq. (25). On the other
hand, u is proportional to the shape function, but the
Fourier transform of F introduces an additional
factor, f3,, relative to the Fourier transform of F’,
cf. Egs. (27), (28) and (40)—(42).

(iii) The integrals in (38) contain Fourier transforms of
the shape function F and its derivative, given the
definitions in (24) and (25). The symmetric and
antisymmetric envelope functions arising from the
Fourier transform of F’ were already defined in (27)
and (28). For completeness, we will give the
complementary definitions obtained when integrat-
ing by parts:

[Forme (55)
[Forvm(5)-

T
dy y F(y) cos Of)
/_w” </3\

(e (en).

Kc \OTf
dy y F(y)sin ( >
/—oo Ps

et (r). e

where the slight change of notation between these
definitions and those in (27) and (28) is given by
K<2k. We also imposed that F asymptotically
vanishes when integrating by parts, which will be

the case in this calculation.
Taking into account the comments above, we calculate
the bispectrum to leading order (38) for the particular case
in which ¢,y = 1, so that we can compare to the SRFT

——7D
2KC3 ()Tf

40
2KCS OTf ( )
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method described in Sec. I A. We will express the bispectrum in terms of the normalized scale-dependent function

(ki ko, k3) defined by

3
(R, Rk, Rx,) = (27)*6(k; + Ky + k3)ABr = (27)"8(k; + k, + k3) EfNL(kl, Ky, k3) PR o MS,

o ki +K+13

, (43)
IR

and we will use the following identities for a triangle of vectors {k;, k,, ks}:

1
ki(k, - k3) + 2 perm = —

[\

1
k(K - k3) + 2 perm = 5 [k} + k3 + k3 — 2(k3k3 + 2 perm)],

(k3 + k3 + k3 — K (k ky + 2 perm) + 3k, koks],

1
k3 (ky + k3)(k, - k3) + 2 perm = 3 [K(k} + K+ k) — (k5 + &5 + k3) — K(k3k3 + 2 perm) — ki kyks(ky ks + 2 perm)].

(44)

Finally, the bispectrum contribution due to variations in the speed of sound as considered in the cubic action (34), to first
order in the size of the feature o, and to first order in the polynomial expansion 7 = z,(1 — y/f) reads

5 o
Ik ko k3) =

24K +13 K

kykok
+k3{cos(1(1f){;2f 253113 413 + 3 + K (kyky ++ 2 perm) — 3k, kyks | D,
3

T
+Ef [K(k‘l‘ + k54 k3) — (k] + k5 + k3) + K (kik3 + 2 perm) — 4k, ko k3 (ki ky +2perm)

kikoks
K

s KK

(k3 +k3+k3)—9

1
K

1 dD
- RK (K K+ k) =20k + 1 +K3) = 2k Kok (K Ky +2perm)]—=2

ey ko
K :| DS—3Tf K

[BK(k}+ k5 +k3) —2(ky + k5 + k3) — 4K (k3k3 + 2 perm) — 2k, ky k3 (ki ky +2perm)| D,

1 dD
{(k? +i3+13) +3K (kiky +2perm) - 3k1k2k3] d—KS

dK
dD

-l R ~206 4 2pem) (Do K ks (Dae D) 69

where the sin(K7y) in the last line contains the same terms
as the cos(Kzy), but changing Dg<>D, and 7« — 7/, as
indicated. This is the formula we want to compare with (6),
after proper normalization. Below, we show the comparison
for different functional forms of the speed of sound.

E. Comparison of bispectra

In this section we compare the bispectrum obtained
using the SRFT method (6) with that using the first order
approximation for sharp features (45). As a first example,
one can reproduce our test case of Gaussian reductions in
the speed of sound, cf. (50), by taking

F =exp {—ﬂ? (ln l) 2} =
T

1- c;z = —O'*e_ﬁ%(lné)z + O(G*)27 (46)

where the correspondence between this set of parameters
and the one used in [53] is 6, <> —B, 7,<>7), and f,<>/p.

dK

[
In this case F is symmetric in the variable y = —f, lnT—’f

and therefore only the symmetric envelope function DS
contributes, which is given by

2Kt K*72
Dy = — 5 I \/zexp <— 4ﬁ;>, D,=0. (47)

In Fig. 4 we show the excellent agreement between the
results obtained with (6) and (45) for the equilateral limit
k; = ko, = k3. We have checked that for other configura-
tions in momentum space, such as the folded or the
squeezed shapes, the agreement is very similar. Note that
in Fig. 4 we are plotting the absolute difference in fy;, and
comparing with the total envelope of the signal.9 At small

We point out that the total envelope of the signal is not given
by Dg or D, alone. The total envelope is a combination of both
functions, their derivatives, and the polynomials of k; that appear
in (45).
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FIG. 4 (color online).
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LEFT: bispectrum fyp signal in the equilateral limit with the normalization indicated in (43), given by a

symmetric reduction in the speed of sound as in (46) (TOP) and an asymmetric reduction as in (48) (BOTTOM), calculated with the
SRFT formula (6) (solid) and with the sharp approximation (45) (dashed). RIGHT: absolute difference between the signals showed in
the left plot (solid), together with the envelope of the signal (dashed). The grey strips represent the approximate scales of the first four
acoustic peaks of the CMB temperature spectrum. The parameters are 6, = 0.04, #, = 25.5, In(—7,) = 6. This gives |s|,,, = 0.42 for
the symmetric case and |s|,,,, = 0.55 for the asymmetric case. Note that in both cases the relative difference with respect to the envelope
is large only at very small scales, which in any case will be indistinguishable at the observational level. We are also within the limit

|s|max

scales one can see that the relative difference compared to
the total signal is high, due to the fact that the approxi-
mation for sharp features starts to fail for large values of Kz.
However, the absolute signal is insignificant at such small
scales.

As a second example, we propose a shape function with
an antisymmetric part:

2 A% ¢ -2
F=exp|-fi|In—) +pIn—| = 1—c;
Tr Tf

ﬂs —_f2 n_
= 0, (_> PSS L 06, )2,

Tf

(48)

for which the symmetric and antisymmetric envelope
functions read

< 1, where these signatures are reliable but sharp enough so that the sharp approximation works.

2K 2 — K%72 K
D= ”ﬁex( S )5

2K 2 — K12 K
Tf\/z_rex < 17 f) sin(zg":).

We show in Fig. 4 the equilateral bispectrum signal
produced by the asymmetric shape (48), again derived
using (6) and (45). As one can see in Fig. 4, the agreement
is also remarkable for functions with an antisymmetric part.

49)
D —

III. PARAMETER SPACE AND DETAILS
OF THE SEARCH

In our previous work [53] we proposed a test case
consisting of a Gaussian reduction in the speed of sound.
The functional form is inspired by soft turns along a
multifield inflationary trajectory with a large hierarchy
of masses, a situation that is consistently described by an
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effective single-field theory and uninterrupted slow roll
[18,19,28,32,54,55]. We parametrized the reduction in the
speed of sound as a Gaussian in e-folds N of inflation:

u=1-=c72=BePN-N) = BePIn”

, (50)

where f > 0 is the sharpness, B < 0 is the amplitude and
Ny (or 7p) is the instant of maximal reduction. Assuming
slow roll, the conformal time 7 is related to the e-folds of
inflation through In (-7) = (Ny, — N) —In (a;,H,)), where
ai, = a(Ny,) and Ny, is the time when the last ~ 60 e-folds
of inflation start. Notice that the quantity Ny, is irrelevant,
since all the quantities in e-folds are defined with respect
to N in-

A. Choice of parameter space

There are two main criteria that we followed in order to
determine the parameter regions that we explored:

(a) The angular scales probed by Planck (£ = 2-2500)
roughly correspond to certain momentum scales cross-
ing the Hubble sound horizon during the first Noyg =
7 e-folds of the last ~ 60 e-folds of inflation. If the data
contain features due to a reduced speed of sound, we
are most likely to find them in this “CMB window,” so
we choose to “look under the lamppost.” This means
that the sharpness f and the position N, are chosen so
that the reduction happens well within this window. As
a by-product, we avoid degeneracies with the spectral
index n, and the optical depth 7, due to very wide
reductions. '

(b) The SRFT calculation of the power spectrum and the
bispectrum is valid for mild and moderately sharp
reductions of the speed of sound. Also, the slow-roll
contributions to the bispectrum are disregarded with
respect to the terms arising from the reduced speed of
sound [36]. This means that the amplitude |«| and the
rate of change s = cffv must be much smaller than one,
while being (at least one of them) much larger than the
slow-roll parameters. As a bonus, later in the text we
will argue that |s| < 1 is tightly related to an adiabatic
evolution [18].

We took a very conservative definition for the total width
of the reduction (in e-folds): ten standard deviations,
AN = 10/+/2p. Then, from (a), the position N, and the
sharpness 8 should satisfy 5v/2f < Ny < Neys — 52
and 10\/2 < N¢yg. As to the perturbative regime, the rate
of change s of the speed of sound (50) reads

""Note that the lamppost is actually bigger, since any feature
happening in a particular window propagates in the primordial
power spectra to a bigger region. E.g. modes that leave the
horizon after the reduction in ¢, has finished are also affected by
it. Thus, it would be interesting to extend our search to larger
values of |zg].

PHYSICAL REVIEW D 90, 023511 (2014)

de,  BP(N — Ny)e PN-Nor st
T g - O

s(V) :c dN

Since we have to impose |s| < 1 for all values of N, it
suffices to impose this condition at the point where |s| takes

its maximum value |s(N, )| = |$],. determined by
1 1
N.=Not——/1+OB)=Ny£—., (52)
V2P V2P

which approximately corresponds to one standard deviation
of our Gaussian, and we have used that |B| < 1. Then the
condition ||, <1 translates into S < 2%+ O(B™").
Altogether, the allowed region of our parameter space is
taken to be [53]

O(e,n) < |B| < 1, (53a)
50 2
S <p<e (53b)
NCMB B
D Ny < News — —— (53¢)
Vap ot e o

Notice that, as explained above in (b), the bound
|B| > O(e,n) can be avoided if |s|,. > O(e,n). For
computational purposes, we use the parameter In(—z)
instead of N for the data analysis. The range for this
parameter is taken to be more strongly restricted than
by (53c¢):

4.4 <In(-19) <6. (54)

The features in the power spectrum and bispectrum are
linearly oscillating, as well as those tested in one of the
searches for bispectrum features by the Planck collabora-
tion [7, Sec. VII C 3]. The oscillatory frequency is deter-
mined by 7, and the range of frequencies covered in
Planck’s bispectrum analysis is equivalent to the interval
In(—7y) € [4.43,5.34], which motivated us to search in the
interval given above. Hence, our search is slightly larger
than theirs in this respect.

B. Perturbative unitarity and adiabatic evolution

In the recent works [44,45], consistency conditions
regarding inflationary models that produce features were
studied. In particular they derive several bounds from the
requirement that the theory describing the features is in the
weak coupling regime. In this section we clarify what these
bounds mean in the context of soft transient reductions in
the speed of sound, in particular for our test case [53].

In [45], they establish a hard upper bound on the
sharpness of the feature, based on the loss of unitarity
when the loop contribution to a correlation function
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becomes of the same order as the tree level correlator:'!

Pepm S 160, where fogy (labeled by the initials of the
authors of [45]) defines the sharpness of the fea-
ture: Begy = 1/(HAD).

Our sharpness parameter, /3, is related to that of [45] by
B = 50p2%g\;, Where we took the conservative definition of
the width to be ten standard deviations, as explained in
Sec. III A. This imposes the following bound on our
sharpness parameter:

Ing < 14. (55)

Since we restricted our search to 2 < In < 7.5, the fits we
found in that region [53] are perfectly consistent with the
bound given above. Even if we take the crude definition for
the width of only one standard deviation, the correspon-
dence would be # = Zgy;. and the bound would translate
to Inp < 10, which still leaves us in a safe region. The
analysis of [44] goes along the same lines as that of [45],
and similar results are obtained. They also identify addi-
tional scales above which the theory breaks down. Given
that we a priori constrained our search to a region of the
parameter space where the perturbative and adiabatic
regimes are respected, it remains by far within the bounds
derived in [44,45], and therefore the predictions obtained
are consistently interpreted by the underlying theory.

It was also found [44,45] that the best fit so far for steps
in the potential in the CMB [6,42,43] does not lie within
the allowed theoretical bounds. This calls into question the
consistency of the framework in which these predictions
are derived. More interestingly, this motivates a new
theoretical framework able to consistently describe those
predictions, since the data is blind to whether a theory is
internally consistent or not.

An important and evident conclusion of these analyses is
that very sharp features are problematic from the theoretical
point of view. In addition, one could speculate that if the
data finally points to inflationary scenarios with large field
excursions, a (slightly broken) symmetry should protect the
background, and then we would not expect to find sharp
features in the potential. This further motivates the study of
moderately sharp features, which are still safely described
by an underlying theory.

The previous results were obtained in the framework of
the effective field theory of inflation [25] taking into
account only the time dependence of the Hubble parameter,
and neglecting the variation of the rest of coefficients M.
First of all, it is not clear whether similar conclusions would
hold considering changes in the M% coefficients. It is
possible to construct the n-order Lagrangian for the case
of changes in the Hubble parameter and group all the terms
together in a single vertex (for example z") by successive

""This calculation is possible thanks to the fact that for the case
of a feature in the Hubble parameter the n-order Lagrangian
acquires a particularly simple form [61].
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integration by parts. However, this is in general very
difficult for changes in the M?% coefficients, since the
number of degrees of freedom is larger. In the absence
of a UV theory that gives us a recipe for consistently
calculating M#, any estimate on how they determine the
perturbative regime must be made with extreme caution.
Last but not least, the intuition in terms of scattering
amplitudes is borrowed from the standard quantum field
theory techniques which assume time-independent vertex
coefficients. Intuitively, this will be applicable to time-
dependent coefficients if they obey an adiabatic condition
of the form |1/AT| < 1, where T is the time scale of the
scattering process. Within this regime, higher order inter-
actions should be suppressed. Although this might relax the
strong coupling bound coming from the scattering ampli-
tudes, it is not clear how time dependence would affect the
other strong coupling scales, as treated in detail in [44].

C. Validity of the effective single-field theory
in the light of BICEP2

In this section we study the relationship between the rate
of change of the speed of sound and an adiabatic evolution,
or, in other words, how strong a turn can be without
invalidating the single-field description. Particle production
due to sudden turns has been previously studied (see e.g.
[41] and references therein), and it constitutes an important
consistency check for a valid single-field description.
However, the situation has become much more exciting in
the light of the new results of BICEP2 [8], which pose an
interesting challenge for effective single-field theories, as we
will explain below. Let us first discuss the adiabatic con-
dition in the context of integration of a heavy mode. The
validity of the effective single-field theory is subject to the
adiabatic condition [18]:

|[Frl < Mgl Frl. (56)

where F is the isocurvature fluctuation, associated to the
heavy mode, which we integrate out to get an effective
single-field description for the adiabatic curvature perturba-
tion. M ¢ is the effective mass of the heavy field, determined
by the turning rate in field space, the curvature of the scalar
potential in the heavy direction, and the curvature of the field
manifold (see e.g. [19]). The above condition can be recast
in terms of background quantities as follows'? [18]:

‘ —ln ) < Meff (57)

In a slow-roll regime, the conformal time is 7 = —1/(aH,),
and therefore Hydt = —dz/z. Using this relation, we can
rewrite the adiabatic condition (57) as follows:

We are disregarding a short transient at the start and end of
the turn, where a different condition is satisfied.
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Meff
H,

5| <<%(1 —¢2) (58)

Since in this paper we are focusing on the regime |s| < 1, it
is worth evaluating when the adiabatic condition (58) is
automatically satisfied given the requirement of not-so-sharp
turns |s| < 1. One can see that

2H
if 2<1-="9,
Meff

then (|s| < 1 = adiabatic). (59)

Given that in a valid EFT one should have M. > H,,
it is clear that the condition |s| < 1 will ensure an adiabatic
evolution. In terms of the effective mass, from (59) one can
see that, when the effective mass satisfies the lower bound

2H
My 2 |7‘0, (60)

the regime |s| < 1 automatically implies that we are in an
effective single-field regime." Note that these considerations
apply to any effectively single-field inflationary scenario
in which a large hierarchy of masses and slow roll are
respected.

Now let us turn the discussion to the possibilities one
has to achieve an effective single-field regime in the light of
the new BICEP2 results. In this context, the main concern
raised by their results is that a large tensor-to-scalar ratio
sets the inflationary scale to a value close to the GUT scale,
and therefore the energy gap in which the inflaton and the
possible additional UV degrees of freedom must cohabit
is not very large. Given this, having a large hierarchy of
masses does not seem so easy.

Putting in some numbers, a naive interpretation of r =
0(0.1) would support H, ~ 10'* GeV [62], leaving four
orders of magnitude to the Planck scale. If there is new
physics at the GUT scale (or above), then |s| < 1 and
1072 < |u| < 1 should be safely in the effectively single-
field regime. Then one could conclude that reductions in
the speed of sound of a few percent are well motivated,
and that the bound |s| < 1 implies an adiabatic regime.

To summarize, the new results by BICEP2, if confirmed,
leave about five orders of magnitude in which the UV
degrees of freedom and the inflaton must live together.
Although the energy gap is not gigantic, one would expect
the heavy physics energy scale to be at least a hundred
times larger than the Hubble scale, and therefore the
adiabatic condition is satisfied.

BWe stress that (60) is not an adiabatic condition; it is the
condition under which smooth turns (|s| < 1) imply an adiabatic
regime. Even if the lower bound (60) is violated, the condition
(57) will still ensure adiabaticity.
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D. Review of our search and further analyses

In our previous paper [53], we looked for correlated
signatures in the primordial power spectrum and bispec-
trum due to a Gaussian reduction in the speed of sound. We
found several fits to the Planck CMB power spectrum data
with an improvement,'* 2 < —Ay%: < 10, and calculated
the predicted correlated signals in the primordial bispec-
trum, whose shape turned out to be surprisingly similar
to a set of primordial bispectrum templates tested against
CMB bispectrum data by the Planck collaboration
[7, Sec. VIIC3].

Thanks to this similarity, we were able to qualitatively
compare some of our predictions to some of their fits,
finding a reasonable agreement [53]. But we also found
interesting differences: (1) the analysis of localized oscil-
lations in the bispectrum performed by Planck only covers
the region around the first acoustic peak, while our features
are more significant around the second and third; (2) some
of our best fits occur at values of |zy| corresponding to
oscillatory frequencies which are slightly higher than those
covered in Planck’s analysis. Thus, an extended search for
oscillatory features in the bispectrum data towards higher
frequencies and smaller scales would help in confirming or
falsifying our predictions. Although our fits are not very
significant at the level of the CMB power spectrum, the
mild agreement in the primordial bispectrum is more than
encouraging, given that this prediction is solely based on a
fit to the CMB power spectrum data, and that it comes from
a well motivated and consistent theoretical framework.

1. Review of main results and numerical
consistency check

The power spectrum features caused by a transient
reduction in the speed of sound described by Eq. (50),
parametrized by B, f and 7y, are combined with the
primordial spectrum of the ACDM Planck baseline model
described in[64, Sec. II], parametrized by an amplitude, A;,
and a spectral index, ny;. The primordial perturbations
evolve in a flat Friedmann-Lemaitre-Robertson-Walker
universe parametrized by the densities of baryonic and
cold dark matter, Q, and Q_4,,, and the current expansion
rate Hy. The damping due to reionization is parametrized
by the optical depth 7.;,. Those six standard plus three
feature parameters describe our cosmological model.

The features given by Eq. (5) are calculated using a
fast Fourier transform. The resulting CMB, calculated with
the Boltzmann code CLASS [64,65], is fitted to the ESA
Planck mission temperature data of March 2013, using the
likelihood provided by the experiment [66], and the low-¢
CMB polarization data of the WMAP experiment [2]. In
that fit, we use flat priors on the six cosmological
parameters and on B, Inf and In(—z,). The bounds on

1A similar result is obtained in the standard clock model [63].
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FIG. 5 (color online). Profile of Ay%, =—2AInL for the
features in the CMB power spectrum in the (Ing,In(-zy))
plane [53].

the priors are those defined in (53) and (54), ignoring
a priori the bound |B| > O(e, 7). The posterior probability
is then maximized over the prior bounds using Markov-
chain Monte Carlo (MCMC) methods, making use of the
MCMC sampler MONTE PYTHON [67].

As is usual when fitting small features on top of a large
data set, we found the likelihood (and hence the posterior)
probability distribution to be multimodal. As our features
are small and affect only a fraction of the data set, we
expect to find only mild degeneracies of the feature
parameters with the cosmological parameters. Due to the
mild character of the degeneracies (that we confirmed a
posteriori, cf. Fig. 6), we expect the likelihood to show its
multimodal character only within the parameter subspace
of the feature. Therefore, we start our search by mapping
the multimodal likelihood on this three-dimensional sub-
space. When the position and extension of the modes were
sufficiently well determined, we cropped unimodal regions
and sampled them allowing the cosmological parameters
(and also the likelihood nuisance parameters) to vary. With
this, we got the definitive posterior probability distribution
functions for the different modes.

Here we reproduce the results published in [53], in a little
more detail. The resulting profile likelihood can be seen in
Fig. 5. There, one can identify five modes, or defined
regions of the parameter space where the likelihood is
improved. The improvement is shown in Ay2, with 2, =
—2 InL and A meaning the difference with respect to
the likelihood of the ACDM Planck baseline model:
X2 = 9805.90, using the data sets mentioned above."”
Regions with improvements of —Ay%; <2 have been
discarded and are not shown in the plot.

As can be seen in Fig. 5, the modes are well-isolated
narrow bands of In(—zy), i.e. frequency of oscillation of the
primordial spectrum feature. For each of the modes shown
in the figure, the relevant parameter data is given in Table I:

"See the parameter tables at http://www.sciops.esa.int/wikiSI/
planckpla/index.php?title=File:Grid_limit68.pdf&instance=-
Planck_Public_PLA.
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TABLE 1. CMB power spectrum best fits (in parentheses), 68%
C.L. intervals and effective Ay? at the best fit value for each of
the modes. The prediction for the bispectrum for & is not reliable
(see [53]).

Mode —B x 10? Inp In(—70) Ay Smax
A (4.5)3.7538  (5.7)5.71)7 (5.895)5.9101095 —4.3 0.33
B (42)43+£2.0 (6.3)6.37)7 (5.547)5.550100!° —8.3 0.42
C (36)3.1718 (6.5)5.612 (5.331)53271092% _62 0.40
D 4.4 (6.5) (5.06) -33 048
& (1.5) (4.0) 4.61) -2.2 0.05

the numbers in parentheses are the best fit values, and the
parameter ranges, when given, are 68% C.L. regions.

The upper limit for In $ in the modes 3 and C is imposed
by the prior, as we will explain below. For the modes D and
&, no parameter ranges are given, due to their low
significance and non-Gaussian character; only the respec-
tive best fits are shown.

As expected, we find only small degeneraeies16
(lp] £0.15) between the feature parameters and the
ACDM parameters for modes .4, B and C. Cons-
equently, the best fits and 68% C.L. intervals of the
ACDM parameters reproduce quite accurately those of
Planck, cf. Table II. The correlation matrix for the mode B
is shown in Fig. 6. For the less significant modes D and &,
some of the correlations grow up to |p| < 0.30. This is
expected, since for lower In(—7;) the frequency of the fits
drops, getting closer to the frequency of the acoustic
oscillations.

In order to make our results from CLASS+MONTE
PyTHON more reliable, we cross-checked them with an
independent Einstein-Boltzmann solver and a different
MCMC sampler, namely CAMB [69] and CosMOMC
[70]. As an example, in Fig. 7 and Table II we explicitly
show this comparison for the most significant mode B by
varying both the primary ACDM parameters and the
additional sound speed reduction parameters. We find
excellent agreement between these two results.

2. Degeneracies in the modes and polarization

The CMB temperature data is not able to restrict the
maximum value of In 8, as one can see in Fig. 5 and in the
one-dimensional marginalized likelihood of Inf in Fig. 7
(middle-right panel). After some value of it, the likelihood
reaches a plateau with constant In(—7,) and increasing In f3.
As for the amplitude B, it is correlated with Inf with
correlation coefficient of order p ~ —0.3 (cf. Fig. 6)—we
find that the best fit for | B| increases along increasing In § in
each of these plateaus.

"“The correlation matrix is defined as pij =Cii/\/Cii- Cjjs
where C;; are the covariance matrix elements corresponding to
the parameters with indices i and ;.
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CAMB+CosMOMC vs CLASS+MONTE PYTHON consistency check: mean values and 68% (or 95%

where indicated) confidence intervals for the primary ACDM parameters and the additional sound speed reduction
parameters for the mode 3. We also show the parameter ranges found by the Planck collaboration [68] for a

featureless model.

Planck + WMAP polarization

Parameter CAMB CLASS Baseline [68]
100Q,h? 2.208 £ 0.027 2.214 £ 0.029 2.205 £ 0.028
Q.h? 0.1204 £ 0.0026 0.1203 £ 0.0027 0.1199 £ 0.0027
Treio 0.089 +0.013 0.090 +0.013 0.0891 0912
H, 67.16 £ 1.14 67.29 £ 1.21 673+ 1.2
n, 0.9600 £ 0.0070 0.9598 + 0.0074 0.9603 £ 0.0073
In(101°4;) 3.090 +0.023 3.088 +0.024 3.0891 0957

B —0.04579%% (95% C.L.) —0.04175%! (95% C.L.)

Inp 6.00350 (95% C.L.) 6.061,15 (95% C.L.)

In(—7) 5.55+0.06 (95% C.L.) 5.55£0.05 (95% C.L.) e

1 9797.25 9797.58 9805.90

The reason for the data not being able to restrict In # and
for this degeneracy is quite well explained by Figs. 8 and 9.
In the last one, we have plotted the CMB temperature and
E-mode polarization spectra of the best fit of the mode B
(white circle in Fig. 8), together with a similar fit (grey
circle in Fig. 8) that improves Ay, marginally and
saturates the s = 1 bound. Along the direction of simulta-
neous increase of In and |B|, the feature in the primordial
spectrum broadens towards smaller scales, while the
amplitude of the tail on the larger scales remains almost
constant. Since at smaller scales much of the primordial
signal is suppressed by diffusion damping in the CMB, no

B .70.34 —0.02 —0.06 —0.05 —0.00 —0.01 —0.01 0.01

Ing —0.34. 0.16 0.02 —0.00 0.03 —0.01 0.03 —0.02

In(—7,) |-0.02 0.16 .—0.00 —0.09 0.08 0.00 0.07 0.03

Wgp|-0.06 0.02 70.00.70.57 0.72 0.20 0.59 0.30

Wc [-0.05 —0.00 —0.09 —0.57 —0.09 -0.80 —0.33

HO —0.00 0.03 0.08 '0.72 0.13 0.35

A, [-0.01 -0.01 0.00 0.20 —0.09 0.13 0.21 .
Mg |-0.01 0.03 0.07 0.59 —0.80. 0.21 0.39

reio | 0.01 —0.02 0.03 0.30 —0.33 0.35
0 o YXQ P’S (Vs &

P wd
\0\/'(Q

FIG. 6 (color online). Correlation coefficients between the
feature and the cosmological parameters for the mode 5. Notice
the small correlations between the two sets of parameters, and the
rather large negative correlation between B and In /3.

significance is gained along the degeneracy direction,
causing a plateau in Ay%.

Photon diffusion at the last scattering surface has the
effect of polarizing the CMB signal through Thomson
scattering, so at smaller scales the polarization spectrum
will contain information about the primordial spectrum,
complementary to that of the temperature spectrum.
Therefore, the difference at small scales between two fits
in the same plateau (for example the red and the green
spectra in Fig. 9) is larger in the polarization spectra

—0.08 —0.06 —0.04 —0.02 4 5 6 7
B Ing

550 555 5.60
In(—70)

FIG. 7 (color online). CAMB+CosMOMC vs CLASS+MONTE
PyTHON consistency check: one-dimensional and two-
dimensional marginalized posterior distributions of the sound
speed reduction parameters for the mode B.

023511-18



INFLATION WITH MODERATELY SHARP FEATURES IN ...

8
6
4
2 3
<o) 0o
_25\‘1
— s =L00}" -4
008l "k i
! . -
b S =025 | Tt -8
-0.10 — -
4 5 6 7

FIG. 8 (color online). Profile of A;(gff = —2A In L for the mode
B in the (Inp, B) plane, showing the p = —0.34 degeneracy
between those two parameters. Some lines of s,,,, = const are
shown. Notice how the mode extends beyond the s = 1 prior limit.

(TE and EE). This suggests that the Planck polarization
data, expected to be released in 2014, may be able to set
stronger bounds on the maximum value of In f.

2 10 50 500 1000 1500
— Planck + WP
— In(—7))=5.547, Inf=6.3, B=—0.042

— In(—7,)=5.551, Inf=7.2, B=-0.065

2000

n n
1000 1500
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3. Local improvement at different
angular scales: Ay*(?)

Given a fit to the CMB power spectrum of some feature
model, it is interesting to know in which ranges of multi-
poles the feature describes the data better than the baseline
ACDM model. This kind of local improvement can only
be calculated approximately, since the temperature data
points at different multipoles are in general correlated.
Nevertheless, even a qualitative analysis can shed some
light on where the feature fits the data better than the
baseline model.

We have studied the local improvements along the
multipoles of the four relevant fits, modes 4 to D (we
show the result for mode B in Fig. 10). To do that, we have
binned the multipoles with AZ = 20 and substituted pieces
of the best fit for each mode into the best fit of the ACDM
baseline model. For the sake of simplicity, we use for
this analysis the preliminary fits found by keeping the
cosmological and nuisance parameters fixed to their best fit

2 10 50 500 1000 1500 2000
150 : T . T T
— Planck + WP

100f : — In(—7,)=5.547, InB=6.3, B=—0.042

— :
o : — In(—7)=5.551, mB="7.2, B=—0.065

< sof : 1
3 :
~ N
8. of ;
=| -50} :
S :
=1 -100F :
~150 ;
—~ 4r :
2y 5
3 2t :
B :
o :
< :
=) ~2f ;
'S :
< _at
H

n n n
2 10 50 500 1000
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Multipole, ¢ Multipole, ¢
452 10 50 500 1000 1500 2000
: T : : "
a0t — Planck + WP 1
. — In(—7) =5.547, Inf=6.3, B=—0.042
o 35 — In(-7,) =5.551, InB=7.2, B=-0.065 ]
4 s0f |
= 25f
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FIG. 9 (color online). Comparison of the two fits indicated in Fig. 8 with a white circle (red, dashed line) and a grey circle (green,
dotted line), in the TT, TE and EE CMB power spectra.
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FIG. 10. Gain in the likelihood of the best fit of mode B along
the multipoles. The grey area shows the local difference in each
bin, and the black line shows the accumulated difference for
increasing multipoles.

values (hence the small difference in the total Ay?; between
Fig. 10 and Table I).

The results show that mode .4 gains its significance
mostly in the first and third peak and loses some of it in the
second; modes B (see Fig. 10) and C gain most of their
significance in the third peak, lose some of it in the fourth
peak and improve a little again in the fifth and sixth. The
mode D does not fit the first and second peaks well, gains
most of its significance in the third peak and gains some
more in the fifth and sixth peaks.

IV. CONCLUSIONS AND OUTLOOK

A detailed understanding of the origin and detectability
of transient features in the primordial (and observed)
correlation functions is now more important than it was
before the BICEP2 results [8]. A large trans-Planckian
field excursion should detect any features present in the
scalar potential as well as changes in the dispersion
relation of the adiabatic mode, if they are there, and
arguably there were hints of both in the Planck data [6,7].
At the same time, a high inflationary scale leaves less
room for mass hierarchies in the UV completion that
would be needed to justify the single-field effective low
energy description. This is a problem for very sharp
features, as they tend to excite any higher frequency
modes coupled to the inflaton. We have argued that the
regime of moderately sharp features is particularly inter-
esting. Most likely these cannot be detected in any
particular data set and have to be searched for in
correlations between different data sets.

In this regime, the effect of a transient reduction in the
speed of sound can be calculated with the simple SRFT
approximation [36], in which the correlations between

PHYSICAL REVIEW D 90, 023511 (2014)

power spectrum and bispectrum are manifest. We empha-
size that the simple expressions (5) and (6) hold provided
O(e,n) < max (|1 = ci?|,|¢,/(Hey)|) <1 and ¢, =1
before and after the feature.

In this work we have presented an alternative way to
calculate both the power spectrum and bispectrum, by
consistently applying an approximation for moderately
sharp features, both to the GSR power spectrum
[Eq. (29)] and to the in-in calculation of the bispectrum
[Eq. (45)]. Within this regime, we have extended existing
GSR calculations of the power spectrum to less sharp and
arbitrary shapes of the speed of sound, and found excellent
agreement with the SRFT approximation in the regime
where both methods apply.

Given that the regimes of validity of the two methods are
not entirely coincident, we are now equipped with a robust
machinery that will allow us to describe features in the
speed of sound for a broader region of the parameter space.
Broad features can be calculated with the SRFT approach,
while sharp features can be calculated using GSR for the
power spectrum [Eq. (29)] and the in-in approach for the
bispectrum [Eq. (45)].

In a previous paper [53] we performed a search for such
correlated features assuming moderately sharp, mild reduc-
tions in the speed of sound of the adiabatic mode during
uninterrupted slow-roll inflation. We reported several fits to
the Planck CMB temperature spectrum data and predicted
the correlated signatures in the complete primordial bis-
pectrum. Whenever possible, we qualitatively compared
these with the bispectrum search by Planck and found
reasonable agreement. We have performed additional tests
to the results of our search in [53]. Namely, we have
repeated it using independent codes and found practically
equal results; we have studied more explicitly the small
degeneracies among the cosmological and feature param-
eters, and proposed the CMB TE and EE polarization
spectra as a way to break degeneracies among the latter;
and finally we have investigated at which multipoles each
of our fits describe the CMB temperature data better than
the baseline ACDM model.

The ability to make predictions in a wider region of the
parameter space of features is of particular relevance, since
new data sets may allow us to explore it. Besides, since
different experiments generally have different foregrounds
and systematics, a joint analysis could reduce the contami-
nation of the primordial signal on the overlapping scales. In
particular, we plan to extend our search to large scale
structure surveys [71].
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