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The first year of observations by the Planck satellite mission shows that the cosmic microwave
background fluctuations are consistent with Gaussian statistics in the primordial perturbations, a key
prediction of the simplest models of inflation. However, there are hints of anomalies in the cosmic
microwave background power spectrum and bispectrum. We check for the possibility that some of these
anomalous features have a common physical origin in a transient reduction of the inflaton speed of sound.
We do this by exploiting predicted correlations between the power spectrum and bispectrum. Our results
suggest that current data might already be sensitive enough to detect transient reductions in the speed of
sound as mild as a few percent. Since this is a signature of interactions, it opens a new window for the
detection of extra degrees of freedom during inflation.
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I. INTRODUCTION

The paradigm of inflation [1–6] in its simplest realiza-
tions is consistent with the latest data releases from the
Planck [7] and WMAP [8] satellites. However, hints of a
primordial oscillatory signal in the cosmic microwave
background (CMB) bispectrum [9] and of anomalies in
the CMB power spectrum [8,10] motivate a search for
correlated features produced by inflationary scenarios
beyond canonical single field [11]. Such a correlation is
in general expected and will differ depending on its
physical origin [12], so it can be used to discriminate
among inflationary mechanisms.
On the theory side, several mechanisms that produce

oscillatory features are being investigated. As first noted in
Ref. [13], a step in the inflaton potential causes features in
the spectra [14–24], and novel methodologies were devel-
oped in Refs. [25–30] for more generic transient slow-roll
violations. The effect of a variable speed of sound has also
been analyzed both in the power spectrum [31–33] (for
sudden variations, see Refs. [24,29,34–36]) and bispectrum
[30,33,37] (see Refs. [24,36] for sudden variations).
Different initial vacuum states (see, e.g., Refs. [38–41])
or multifield dynamics [42–45] may also cause oscillations
in the primordial spectra.
On the observational side, searches in the CMB power

spectrum data have been performed for a variety of
scenarios, such as transient slow-roll violations
[21,29,46–51], superimposed oscillations in the primordial

power spectrum [52–58], and more general parametric
forms (see Ref. [10] and references therein). In addition,
the Planck collaboration searched for features in the CMB
bispectrum for a number of theoretically motivated
templates [9]. In none of these cases has the statistical
significance of the extended models been found high
enough to claim a detection. Still, it is becoming clear
that hints of new physics (if any) are most likely to be
detected in the correlation between different observables.
In this spirit, this is the first in a series of papers in which

we search for transient reductions in the speed of sound of
the adiabatic mode consistent with (effectively) single-field
inflation and uninterrupted slow roll. We do this by
exploiting a very simple correlation between power spec-
trum and bispectrum noted in Ref. [33]. While more
general situations are possible, and have been considered
elsewhere [28,30], there is a particularly interesting regime
for which the complete primordial bispectrum is obtained to
leading order in slow roll [33]. The amplitude and the rate
of change of the speed of sound must be large enough to
dominate over slow-roll effects while being small enough
to allow a perturbative calculation of the effect on the power
spectrum and bispectrum.
Our test case consists of a Gaussian reduction in the

speed of sound occurring within the window of e-folds in
which the scales corresponding to the angular scales probed
by Planck exit the Hubble sound horizon. 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 effective single-field theory
[31,59–61] (see also Refs. [42,43]). Nevertheless, we stress
that reductions in the speed of sound are a more general
phenomenon within effective field theory (and hence may
have diverse physical origins).
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Our statistical analysis of the Planck CMB power
spectrum reveals several fits with a moderately improved
likelihood compared to the best ΛCDM fit. For each of
those fits, we give the associated full primordial bispec-
trum. The Planck bispectrum data have not yet been
released, but, due to a lucky coincidence, templates very
similar to our predictions have already been tested by
Planck [9] (inspired by a step in the potential). We find that
the predicted bispectra for some of our fits are reasonably
consistent with the best fits of Planck. In addition, some of
our best fits lie on a region of the parameter space not yet
analyzed by Planck. If confirmed, these correlations would
constitute evidence for transient reductions in the speed
of sound. It is interesting that rather mild reductions of the
order of a few percent may already be observable in
the data.

II. CORRELATED FEATURES IN THE
PRIMORDIAL SPECTRA FROM A TRANSIENT

REDUCTION IN THE SPEED OF SOUND

The quadratic action of a general single-field theory for
the adiabatic curvature perturbation R is

S2 ¼ m2
Pl

Z
d4xa3ϵ

�
_R2 −

ð∇RÞ2
a2

�

þm2
Pl

Z
d4xa3ϵ

�
1

c2s
− 1

�
_R2; (1)

where cs is the sound speed. The mode functions are easily
found for the free (cs ¼ 1) action in the first line. Using the
in-in formalism [62,63], the change in the power spectrum
due to a small transient reduction in the speed of sound, to
first order in u≡ 1 − c−2s , is found to be [33]

ΔPR

PR
ðkÞ ¼ k

Z
0

−∞
dτuðτÞ sin ð2kτÞ; (2)

where k≡ jkj, PR ¼ H2=ð8π2ϵm2
PlÞ is the featureless

power spectrum with cs ¼ 1, and τ is the conformal time.
Here we see how changes in the speed of sound, inde-
pendently of their physical origin, seed features in the
power spectrum. However, different inflationary scenarios
will give different coefficients for the cubic operators in the
action and therefore will in general be distinguishable at the
level of the bispectrum [12,61].
This method provides a clear advantage with respect to

those in which the mode functions are calculated from the
complete equations of motion [21,24,25,32,34], where
higher derivatives of cs appear and extra hierarchies must
be usually imposed. We have checked that both methods
agree for sudden variations of the speed of sound [64]. It is,
however, important to note that (2) assumes cs ¼ 1 in the
far past (τ ¼ −∞) and at the end of inflation (τ ¼ 0).

One can also calculate the bispectrum disregarding slow-
roll contributionsOðϵ; ηÞwith respect to u and s≡ _cs=Hcs,
which ensures that the standard slow-roll result [65] for
cs ¼ 1 is subdominant with respect to this leading con-
tribution, given by (see Ref. [33] for details):
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In this work, we choose to parametrize the reduction in
the speed of sound as a Gaussian in e-folds N as

u ¼ 1 − c−2s ¼ Be−βðN−N0Þ2 ¼ Be−βðln
τ
τ0
Þ2 ; (4)

where β > 0, B < 0 andN0 (or τ0) is the instant of maximal
reduction. Assuming slow roll, ln ð−τÞ ¼ ðNin − NÞ−
ln ðainH0Þ, where ain ¼ aðNinÞ and Nin is the time when
the last ∼60 e-folds of inflation start.
The angular scales probed by Planck (l ¼ 2–2500)

correspond to certain scales in momentum space crossing
the Hubble horizon during the first NCMB ≃ 7 e-folds of the
last ∼60 e-folds of inflation. The range of N0 and the lower
bound on β are chosen to give a reduction of the speed of
sound well contained within this CMB window. The range
of B and the upper bound β must be such that the
perturbative calculations are valid and the rate of change
of the speed of sound is small. We take juj; jsj ≪ 1.
Altogether, the allowed region of our parameter space is
taken to be [64]

Oðϵ; ηÞ ≪ jBj ≪ 1; (5a)

50
N2

CMB
< β ≪ 2e

B2 ; (5b)

5ffiffiffiffi
2β

p < N0 − Nin < NCMB − 5ffiffiffiffi
2β

p : (5c)

This is a very conservative choice. First, Eq. (5c) and the
lower bound in Eq. (5b) are more restrictive than the
condition that the feature be observable. For example, we
expect observable effects when the reduction occurs before
the CMB window, since it would effectively modify the
initial conditions of the modes, subsequently leaving the
sound horizon. We are also trying to avoid very broad
features that could be degenerate with cosmological
parameters as the spectral index ns and the optical depth
τreio, as well as highly oscillating features (for large values
of jτ0j) that make computational control difficult.
Second, this range is well within the region of the

parameter space where the cubic Lagrangian is much
smaller than the quadratic Lagrangian and hence is per-
turbatively under control. An extension to the full pertur-
bative region is currently under investigation [66].
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III. METHODOLOGY OF THE SEARCH

We consider features from a transient reduction in the
speed of sound described by the ansatz (4). For its three
parameters, we take uniform priors on B, ln β, and lnð−τ0Þ.
Their ranges are given by Eqs. (5) and a stronger restriction
than Eq. (5c),

4.4 < lnð−τ0Þ < 6; (6)

which is motivated by a search for bispectrum features
by the Planck collaboration [9, Sec. 7.3.3]. The model-
dependent bound jBj ≫ Oðϵ; ηÞ is ignored a priori.
The primordial power spectrum feature in Eq. (2) is

computed using a fast Fourier transform and added to the
primordial spectrum of the ΛCDM Planck baseline model
described in Ref. [67, Sec. 2]. The resulting CMB power
spectrum, calculated using the CLASS Boltzmann code
[68,69], is fitted to the Planck CMB temperature data [70]
and the WMAP CMB low-l polarization data [8],
using MONTE PYTHON [71] as a Markov chain
Monte Carlo (MCMC) sampler. We varied all cosmologi-
cal, nuisance, and feature parameters. For those last ones,
the likelihood probability distribution is found to be
multimodal. Though multimodal distributions are more
efficiently sampled using other methods (e.g., MULTINEST

[72,73]), we were able to perform the search using only
MCMCs (see Appendix A for details on the methodology
of the search).

IV. SUMMARY OF RESULTS

The result of our search, having discarded small signals
with Δχ2 > −2 (defined in Ref. [74]) over ΛCDM, is a
series of five well-isolated bands of almost constant
lnð−τ0Þ, with variable significance; see Table I and Fig. 1.
The amplitude B of the fits is rather small, Oð10−2Þ and

therefore comparable with neglected slow-roll terms. This
means the bispectrum is dominated by terms of order
s ¼ _cs=ðHcsÞ. The maximum values of s at the best fits for
the modes A to E in Table I are, respectively, 0.33, 0.42,
0.40, 0.48, and 0.05. Notice that the value of s for E is also

comparable to neglected terms, so the prediction for the
bispectrum based on Eq. (3) cannot be trusted in this case.
We therefore disregard this mode in the comparison with
the bispectrum.
For the modesA, B, and C, the table shows the 68% C.L.

ranges. For bands B and C, we were unable to put an upper
bound on ln β due to a degeneracy between that parameter
and the amplitude jBj. For those two modes, the upper
bound on ln β is set by the prior s < 1 in Eq. (5b), which is
saturated at ln β≃ 7.5. The best fit for B lies at s≃ 1, so we
present in Table I the second best [see Appendix B for the
predictions of mode B and an illustration of the ðB; ln βÞ
degeneracy]. The high-l CMB polarization data of the
upcoming 2.5 year data release of Planck should put an
upper bound on ln β, as well as confirm that we are not
fitting noise.
The lower bands D (and E) are less significant, and their

likelihoods much less Gaussian, so we only show their best
fits (for parameter constraints, see Refs. [64]). Despite their
low significance, they are worthy of mention because they
fall in the region overlapping with Planck’s search for
features in the bispectrum (see below).
The best fits and 68% C.L. ranges [67] of the six ΛCDM

parameters are quite accurately reproduced. We find two
mild degeneracies (jrj≲ 0.15) of lnð−τ0Þ with ωCDM and
H0 [64]. Best fits and confidence intervals are also
preserved for the nuisance parameters. The study of a
possible degeneracy with the lensing amplitude is left for
future work.
A gain of jΔχ2j≲ 10 is common in similar searches (see

Appendix C for a comparison with other searches for
features in the CMB power spectrum), which suggests that
CMB power spectrum data alone cannot justify the intro-
duction of these features. Nevertheless, the aim of this
paper is to show that low-significance fits can still predict
correlated features in the bispectrum which are possibly
observable with the current data. Model selection should be
done taking into account both observables (or, naturally,
any other combination).

FIG. 1 (color online). Profile of Δχ2eff ¼ −2Δ lnL for the
features in the CMB power spectrum in the ðln β; lnð−τ0ÞÞ plane.

TABLE I. CMB power spectrum best fits (in parentheses),
68% C.L. intervals and effective Δχ2 at the best-fit value for each
of the different modes. The prediction for the bispectrum for E is
not reliable (see the text).

# −B × 102 ln β lnð−τ0Þ Δχ2

A ð4.5Þ3.7þ1.6
−3.0 ð5.7Þ5.7þ0.9

−1.0 ð5.895Þ5.910þ0.027
−0.035 −4.3

B ð4.2Þ4.3� 2.0 ð6.3Þ6.3þ1.2
−0.4 ð5.547Þ5.550þ0.016

−0.015 −8.3
C ð3.6Þ3.1þ1.6

−1.9 ð6.5Þ5.6þ1.9
−0.7 ð5.331Þ5.327þ0.026

−0.034 −6.2
D (4.4) (6.5) (5.06) −3.3
E� (1.5) (4.0) (4.61) −2.2
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V. COMPARISON WITH THE SEARCH FOR
FEATURES IN PLANCK’S BISPECTRUM

A search for linearly oscillatory features was performed
on Planck’s bispectrum (cf. Ref. [9, Sec. 7.3.3]), using as a
template [75]

Bðk1; k2; k3Þ ¼
6A2ffeatNL

ðk1k2k3Þ2
sin

�
2π

P
3
i¼1 ki
3kc

þ ϕ

�
; (9)

where A ¼ Ask
1−ns� , As and ns are the amplitude and

spectral index of the primordial power spectrum, and k� ¼
0.05 Mpc−1 a pivot scale. They sampled the amplitude ffeatNL
over a coarse grid of wavelengths kc and phases ϕ.
Our features also present a linearly oscillatory pattern,

which comes from the Fourier transform in Eq. (2). These
oscillations enter the bispectrum approximately as
expðiPikiτ0Þ, cf. Eq. (3), which compares to Planck’s
search as τ0 ≈ 2π=ð3kcÞ. Thus, Planck’s search falls
inside lnð−τ0Þ ∈ ½4.43; 5.34�, while ours spans up to

lnð−τ0Þ ¼ 6ðkc ¼ 0.00519 Mpc−1Þ. The overlap includes
our modes C and D (and also the discarded E).
The search in Ref. [9] is later supplemented with a

Gaussian envelope centered at scales corresponding to the
first acoustic peak, which dampens the signal in subsequent
peaks for decreasing values of a falloff Δk [76]. The
envelope generally improves the significance, except for
the 2σ signal at kc ¼ 0.01375, 0.01500 Mpc−1. This
suggests that this band’s significance comes mostly from
the second and third peaks (the signal from the fourth on
would be most likely damped out).
In comparison, our best fits to the power spectrum

predict bispectrum features which are mild at the first
peak and more intense from the second peak onward. The
higher the value of ln β, the smaller the scale at which the
feature peaks. In the range of lnð−τ0Þ probed here, we were
not able to reproduce the improvement Planck appears to
see for features at the first peak. On the other hand, we find
good matching around the second and third peak scales
between the best fit ofDwith kc ¼ 0.01327 Mpc−1 and the
2.3σ signal of Planck at kc ¼ 0.01375 Mpc−1 with ffeatNL ¼
345 and ϕ ¼ π=2 (see Fig. 2). A milder matching also
occurs at the same scales between the best fit of C with
kc ¼ 0.01014 Mpc−1 and Planck’s 2.6σ signal with kc ¼
0.01125 Mpc−1 [77].
Although this matching is not easy to quantify, it

suggests enlarging the search in Ref. [9] to cover the
frequencies corresponding to modes A and B and to test
envelopes centered at smaller scales.

VI. CONCLUSIONS AND DISCUSSION

We have carried out a statistical search for localized
oscillatory features in the CMB power spectrum produced
by a transient reduction in the speed of sound. We have
found a number of fits and calculated the associated
primordial bispectra. Because of the small amplitude at
the best fits, the bispectrum prediction closely resembles
that of step inflation, tested by the Planck collaboration,
since a transient slow-roll violation switches on the same
operator in the cubic action. It is then straightforward to
compare our prediction with the templates used in that
search, and the agreement is surprisingly good. This is
remarkable, considering that these bispectrum features are
predicted from a search in the CMB power spectrum with a
very simple ansatz for cs.
The functional form chosen for the reduction in the speed

of sound is inspired by soft turns in a multifield inflationary
trajectory with a large hierarchy of masses, a situation that
is consistent with an effectively single-field description
with uninterrupted slow roll. Other functional forms and
parameter ranges are under investigation [66]. We stress
that our analysis is independent of the physical mechanism
behind the reduction.
We emphasize that the CMB power spectrum data alone

can hardly justify the introduction of features on top of the
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FIG. 2 (color online). Features corresponding to the best fit of
the mode D (see Table I), for which the comparison with Planck
analysis for the bispectrum is possible.
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ΛCDM model; a gain of jΔχ2j≲ 10 is not uncommon.
However, as we have shown, low-significance fits in the
power spectrum can still predict correlated features that
may be observable in the CMB bispectrum. Therefore,
model selection should take into account both observables
simultaneously.
Our results suggest that, by exploiting correlations

between different observables, current data might already
be sensitive enough to detect transient reductions in the
speed of sound as mild as a few percent, opening a new
window for the presence of extra degrees of freedom during
inflation.
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APPENDIX A: DETAILS ON THE
METHODOLOGY OF THE SEARCH

The primordial power spectrum features caused by a
transient reduction in the speed of sound, Eq. (2), are added
to the primordial spectrum of the ΛCDM Planck baseline
model described in Ref. [67, Sec. 2], parametrized by the
densities of baryonic and cold dark matter, the current
expansion rate, the optical depth due to reionization, and
the amplitude and spectral index of the spectrum of
primordial perturbations. The resulting CMB power spec-
trum is fitted to the Planck temperature data [70] and the
WMAP low-l polarization data [8].
We found the likelihood (and hence the posterior)

probability distribution to be multimodal for the parameters
describing the feature. Although multimodal distributions
are sampled more efficiently with methods such as mult-
modal nested sampling [72,73], we were able to localize
the different modes and split the parameter space into
multiple unimodal distributions using only Markov chain
Monte Carlo sampling. We achieved this making use
of the profile likelihood—the profile likelihood with
respect to a subset fαg of the parameters fθg is
LðαÞ ¼ maxfθg−fαgLðθÞ. We inspected the profile like-
lihood in the plane ðln β; lnð−τ0ÞÞ resulting from long-
tailed MCMCs over the feature parameters; it revealed the
position and rough size of the different modes, and we used
that information to crop unimodal regions. Finally, the

unimodal regions were sampled separately varying both
the feature and the Planck baseline model parameters
(and the likelihood’s nuisance parameters), in order to
obtain definitive posterior probability distributions for the
different modes.

APPENDIX B: THE MOST SIGNIFICANT
MODE IN THE POWER SPECTRUM

In this appendix we comment on the characteristics
of the mode B (see Table I), which has the highest
significance within the region of parameter space consid-
ered. As stated in the main text, within this mode (and also
in modes C and D), we find a positive correlation between
ln β and jBj: along the direction of simultaneous increase of
ln β and jBj, the feature in the primordial power spectrum
broadens toward smaller scales, while the amplitude of the
tail on the larger scales remains almost constant. Since the
signal at smaller scales will be suppressed in the CMB by
diffusion damping, no significance is gained along the
degeneracy direction, and this results in a plateau for Δχ2.
Along this plateau, the prior limit s < 1 in Eq. (5b) gets
saturated at ln β≃ 7.5 (see Fig. 3), and hence the prior sets
the upper bound for ln β. Since the damped temperature
signal at small scales “translates” into polarization via
Thomson scattering, the addition of the high-l CMB
polarization data of Planck should be able to set an upper
bound on ln β, as well as to confirm that the enhancement in
the likelihood comes not from fitting the noise.
We consider the second-best fit (Δχ2 ¼ −8.3), since the

best fit (Δχ2 ¼ −9.2) saturates the prior limit s < 1 in
Eq. (5b). For the former, we show a comparison with
Planck’s CMB temperature and polarization power spectra
in Fig. 4.
In Fig. 5 we show the prediction for the full primordial

bispectrum of the second-best fit. We expect the signal to be
observable in the CMB at scales around the second
and third acoustic peaks, since thereafter it will be
suppressed by diffusion damping. In relation to Planck’s
search in Ref. [9, sec. 7.3.3], this feature would be
localized at 68% C.L. within the interval kc ∈
½0.00801; 0.00826� Mpc−1. Thus, testing for it in the

FIG. 3 (color online). Profile of Δχ2eff ¼ −2Δ lnL for the mode
B in the ðln β; BÞ plane, showing the degeneracy between B and
ln β, and lines of s ¼ const. Notice how the mode saturates the
s < 1 bound.
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current data would require enlarging their search to higher
frequencies, i.e., smaller values of kc in Eq. (9).
Additionally, the significance should be highest when an
envelope is placed around the scales corresponding to the
second and third peaks of the CMB power spectrum.

APPENDIX C: COMPARISON WITH OTHER
SEARCHES FOR FEATURES IN THE CMB

POWER SPECTRUM

Because of the Fourier transform in Eq. (2), our features
oscillate as exp ði2kτ0Þ. Thus, it is natural to compare to
other searches for linearly oscillating features in the Planck
CMB power spectrum.
Reference [58] searches for nonlocalized features with

frequencies that compare to ours as ω2 ¼ 2jτ0j. In the
overlapping region, ω2 ∈ ½160; 810�, the authors find peaks
at roughly lnð−τ0Þ ∼ f5.0; 5.1; 5.3; 5.6; 5.7gðjΔχ2bf j≃ 8Þ.
We find three peaks in this region with similar significance;
it could be that the discrepancies come from signals at
scales at which our (localized) features are negligible.
Also, the Planck collaboration [10, Sec. 8] searches

for features motivated by step inflation, using the para-
metrization proposed in Ref. [48] with a frequency

FIG. 4 (color online). Comparison between the CMB temper-
ature and polarization power spectra of Planck (blue) and the
corresponding one of the second-best fit of mode B (red); see
Table I.
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ηf ¼ jτ0j. The profile likelihood in Ref. [10, Fig. 19, middle] reveals peaks at ln ηf ∈ ½4.5; 4.8�ðjΔχ2bf j≃ 2Þ and
ln ηf ∈ ½5.3; 5.7�ðjΔχ2bf j≃ 8Þ, which is consistent with our results.
It is worth noting that in both searches above the overall best fit occurs at lnð−τ0Þ≃ 8.2ðjΔχ2bf j ∼ 14Þ, too high a

frequency for the scope of this work.
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