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We identify examples of single field inflationary trajectories beyond the slow-roll regime that improve
the fit to Planck 2018 data compared to a baseline Λ cold dark matter model with power law form of
primordial spectrum and at the same time alleviate existing tensions between different datasets in the
estimate of cosmological parameters such as H0 and S8. A damped oscillation in the first Hubble flow
function—or equivalently a feature in the potential—and the corresponding localized oscillations in the
primordial power spectrum partially mimic the improvement in the fit of Planck data due to AL or ΩK.
Compared to the baseline model, this model can lead simultaneously to a larger value of H0 and a smaller
value of S8, a trend that can be enhanced when the most recent SH0ES measurement for H0 is combined
with Planck and BICEP-Keck 2018 data. Large scale structure data and more precise cosmic microwave
background polarization measurements will further provide critical tests of this intermediate fast-roll phase.
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Introduction.—Thanks to the precise measurement of the
cosmic microwave background (CMB) anisotropy pattern,
cosmology has entered a precision era. Although Λ cold
dark matter (ΛCDM) is still theoretically incomplete in
terms of the fundamental constituents of dark matter and
dark energy, new physics beyond the six parameters of the
flat ΛCDM concordance cosmology have not emerged yet
within Planck 2018 (P18) data [1,2]. Among the so-called
“anomalies,” P18 temperature data seem to indicate an
extra smoothing of the acoustic peaks at multipoles higher
than 800 and a low amplitude at multipoles lower than 40
with respect to what ΛCDM predicts. These effects are the
main reason why a phenomenological rescaling of the
lensing amplitude AL or a positive spatial curvature ΩK [1]
improve the fit for P18 temperature and polarization data at
nearly 3σ, although the stretches in these parameters are
reduced when P18 CMB lensing is included in the analysis.
Two theoretical explanations for this extra smoothing,

such as compensated CDM isocurvature perturbations and

primordial features, were proposed in [2]. The latter
consisted of an analytical template for superimposed
oscillations linear in the wave number with a Gaussian
envelope, similar to the form that can mimic CMB lensing
obtained earlier in the blind reconstruction [3], that can
mimic the smoothing of the acoustic peaks in a similar way
to AL for temperature anisotropies; whereas the amplitude
of compensated CDM isocurvature was drastically reduced
when the P18 CMB lensing was added [2]. Reconstruction
and analytical templates of primordial features mimicking
AL were further studied in [4].
In this Letter, we connect inflationary dynamics beyond

slow roll to the localized superimposed oscillations that
provide an improved fit to P18 data by employing a profile
in the Hubble parameter during inflation. Equipped with
this theoretical proposal, we then study how these particular
types of localized features possibly hidden in P18 data lead
simultaneously to a largerH0 and a lower S8 and, therefore,
potentially alleviate existing tensions of CMB data with
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Cepheid calibrated type-Ia supernova [5], galaxy cluster-
ing, and weak lensing data [6,7]. Other proposals to
increase H0, such as early dark energy [8] or some model
of scalar-tensor gravity [9] (see Refs. [10,11] for reviews),
also increase S8 that worsen the tension with galaxy weak
lensing data. Our Letter represents the first inflationary
solution leading simultaneously to higher H0 and lower
S8. We also derive the class of inflaton potential from
the Hubble parameter as new theoretical models of
concordance.
Model, methodology, data, and analysis.—In order to

reconstruct the Hubble flow parameters, we assume a
baseline parametrization in terms of the number of e-folds
N during inflation,

ϵbaselineH ðNÞ ¼ ϵ1 exp ½ϵ2ðN − N�Þ�: ð1Þ

N� is chosen as the e-fold at which the pivot scale
0.05 Mpc−1 crosses the Hubble radius. In this parametri-
zation, we obtain the spectral tilt as ns ≃ 1–2ϵ1 − ϵ2 and the
tensor-to-scalar ratio as r ≃ 16ϵ1. This correspondence
allows uncertainties on ns and r similar to those obtained
by sampling directly on physical parameters (see
Refs. [12,13] for an analogous result also by taking into
account the running). We now introduce an intermediate
fast-roll phase. The fast-roll phase proposed here is
modeled by localized sinusoidal oscillations in the
Hubble parameter,

ϵHðNÞ ¼ ϵbaselineH ðNÞ
�
1þ α cos ½ωðN − N0Þ�

1þ βðN − N0Þ2
�
: ð2Þ

The damping of these oscillations linear in N with
frequency ω is regulated by β. When β → 0, this evolution
generates resonant features [14–17] in the primordial
power spectrum (PPS), while for ω → 0 we obtain
sharp features [18–24]. In this general form, this flow
function generates an envelope of sinþ sin logþ sin oscil-
lations where, at N → N0, the sin log part is dominant
(similar to [25]).
For the inflationary dynamics defined by Eqs. (1)

and (2), we numerically solve for the Hubble parameter
and for the scalar and tensor equations using Bunch-Davies
vacuum initial conditions. For baseline analysis, we have
three free parameters in the perturbation sector, namely,
H2=ϵ1, ϵ1, and ϵ2, which correspond to the scalar ampli-
tude, scalar tilt, and tensor-to-scalar ratio [26]. When
Eq. (2) is used for inflationary dynamics, we allow the
fast-roll parameters to vary alongside the baseline param-
eters. Since there exist internal degeneracies within the fast-
roll parameters, we vary α, ω, and N0 and we fix
log10 β ¼ 2.5. Note that fixing this parameter does not
change the significance of the results noticeably [26].
We modified BINGO [27] to incorporate the Hubble flow

function (HFF) instead of inflationary potential and use it as

an add on to CAMB [28]. In order to capture the entire
primordial feature in the angular power spectrum, we
compute the angular power spectrum at every multipole
avoiding interpolation. CosmoMC [29] is used for parameter
significance estimation.
In terms of CMB data, we use the P18 [30] and BICEP-

Keck 2018 [31] likelihoods. We use four P18 dataset
combinations, i.e., TTþ low lþ lowEþ BK18 (denoted
as P18TTþ BK18), TTTEEEþ low lþ lowEþ BK18
(P18TPþ BK18), TTTEEEþ lowlþ lowEþ lensingþ
BK18 (P18TPLþ BK18), and TEEEþ lowlþ lowEþ
BK18 (P18TEEEþ BK18). We use Planck Plik binned
high-lTT, TEEE, and TTTEEE datasets, since the features
that help in resolving the concordance problem do not have
very high-frequency oscillations [4] (in certain cases, we
have also tested our models with unbinned Plik datasets and
found nearly identical results). We allow all the foreground
and calibration parameters corresponding to the datasets to
vary as fast parameters. We also use the recently released
H0 measurement from SH0ES [5] (denoted as S21) with
the above four data combinations separately.
Results.—The best-fit PPS obtained with BOBYQA [32]

for baseline and for the model with fast roll are plotted in
Fig. 1. In Table I, we tabulate the main results of our
analysis for the eight data combinations. Our model
provides 11 improvement in P18TP fit (in terms of χ2)
to the data with respect to the baseline. Most of the
improvement (8.3) comes from the P18TT data, but a
contribution to the improvement comes also from polari-
zation data, as our results with TEEE show. The features in
the PPS, introduced by the brief fast-roll phase are located
mainly between k ∼ 0.1 and 0.2 Mpc−1, close to the largest
multipoles probed by Planck. These oscillations are similar
to superimposed oscillations with a Gaussian envelope [2]
(bottom left panel of Fig. 1) and to the exact reconstruction
of the one spectrum PPS (top left panel of Fig. 1) that
mimics AL discussed in [4]. The improvement in the fit

FIG. 1. Best-fit power spectra (PS) compared with the corre-
sponding baseline ones for the same dataset combinations. The
reconstructed “one spectrum” from [4] is plotted in the top left
panel and the best-fit spectrum for superimposed oscillations with
a Gaussian envelope [2] to P18TP is plotted in the bottom left.
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mainly comes from the temperature power spectrum at
high multipoles (l ∼ 500–2000) as demonstrated in Fig. 2.
Primordial standard clock models [33–37] and Wiggly
Whipped Inflation [24] also provide similar improvement
in fit while fitting the outliers at somewhat larger scales
(l < 1200 and l < 1000, respectively). We find that the
AL effect in P18TT is mimicked by the fast roll during
inflation. Interestingly, at higher multipoles the physics of
fast roll and of AL have completely different out-of-phase
signals in the E-mode autocorrelation spectrum. Because of
the low signal-to-noise ratio, high multipole P18 data
do not help in distinguishing these two types of fea-
tures. Future ground-based observations, such as Simons
Observatory [38], CMB-S4 [39] complemented on large
angular scales by LiteBIRD [40], or cosmic variance
limited CMB space proposals such as PICO [41] or
CMBBHARAT [42] will be able to provide the litmus
test for these beyond standard model physics, as can be
seen in Fig. 2. We find marginally better results (10.7
improvement to the TPþ BK18 data), with the physics
of fast roll compared to the excess lensing effect (9.7
improvement [1]).
The correlations between the fast-roll and the cosmo-

logical parameters are plotted in Fig. 3. AL extension of the
baseline model is correlated with the fast roll, as discussed
for the localized linear oscillations in [2]. The degeneracy
between AL and the curvature ΩK and the tension with
other datasets have been discussed in detail in [43]. The top
two panels in Fig. 3 show the degeneracy between lensing

amplitude, curvature density, and the fast-roll dynamics.
The fast-roll amplitude α is negatively (positively) corre-
lated with AL (ΩK). We find that a fast-rolling inflaton is
able to bring the AL ¼ 1 and ΩK ¼ 0 back within the 1σ
C.L. In these two plots, we have used P18TTþ BK18 data
and we have also fixed the nuisance parameters, optical
depth, and ω to their best-fit values.
The bounds on the parameters quoted in Table I highlight

the degeneracy between a few other cosmological param-
eters. Importantly, with the improved fit to the data, the
intermediate fast roll also helps in shifting the posterior
distribution of H0 to higher values, as happens for AL.

FIG. 2. The best-fit angular power spectra and Plik binned data,
residual to the baseline best fit are plotted. The projected yellow
error band is what we expect for CMB-S4. [39].

TABLE I. Results from eight major data combinations from our analysis. Δχ2 values and their breakdown are quoted with respect to
the baseline best fits. We also provide the marginalized confidence limits (C.L.) of the α parameter (in percent) deviating from the
baseline α ¼ 0 value. The results for baseline are plotted in the top row of each data combination, while the results corresponding to
Eq. (2) are plotted at the bottom cells. Bounds on ns and r are provided using the HFFs assuming first-order approximation. In all cases,
the two sided bounds represent 68% C.L. and upper bounds [as in the case of 16ϵ1ð≃rÞ] represent 95% C.L. Without the addition of H0

priors, the mean value of H0 increases and S8 and Ωm decreases with fast roll.

Δχ2

Data Total CMB SH0ES C.L. 1 − 2ϵ1 − ϵ2 (≃ns) 16ϵ1 (≃r) H0 S8 Ωm

P18TTþ BK18 −8.3 −8.3 � � � 82.7
0.963� 0.005 < 0.036 66.86� 0.86 0.840� 0.022 0.321� 0.012
0.971� 0.007 < 0.040 68.06� 1.14 0.814� 0.027 0.306� 0.015

P18TEEEþ BK18 −2.7 −2.7 � � � < 68
0.969� 0.009 < 0.041 67.91� 0.77 0.814� 0.020 0.308� 0.010
0.968� 0.009 < 0.041 67.63� 0.86 0.819� 0.022 0.311� 0.012

P18TPþ BK18 −10.7 −10.7 � � � 72.5
0.965� 0.004 < 0.036 67.26� 0.59 0.835� 0.015 0.317� 0.008
0.969� 0.005 < 0.037 67.71� 0.66 0.826� 0.017 0.311� 0.009

P18TPLþ BK18 −8.4 −8.4 � � � 70
0.965� 0.004 < 0.035 67.35� 0.53 0.832� 0.012 0.315� 0.007
0.968� 0.004 < 0.037 67.63� 0.57 0.829� 0.013 0.312� 0.008

P18TTþ BK18þ S21 −19.5 −10.9 −8.6 > 99.9
0.976� 0.005 < 0.040 69.41� 0.68 0.781� 0.017 0.287� 0.008
0.986� 0.007 < 0.047 70.85� 0.78 0.754� 0.018 0.273� 0.008

P18TEEEþ BK18þ S21 −1.2 −1.0 −0.2 < 68
0.981� 0.008 < 0.046 69.76� 0.63 0.772� 0.016 0.284� 0.007
0.979� 0.009 < 0.040 69.77� 0.67 0.771� 0.017 0.284� 0.008

P18TPþ BK18þ S21 −19.3 −9.7 −9.6 98.6
0.973� 0.004 < 0.039 68.71� 0.53 0.802� 0.014 0.297� 0.007
0.978� 0.004 < 0.041 69.27� 0.58 0.791� 0.014 0.291� 0.007

P18TPLþ BK18þ S21 −11.5 −10.4 −1.1 92.1
0.972� 0.004 < 0.038 68.56� 0.48 0.808� 0.011 0.299� 0.006
0.975� 0.004 < 0.041 68.90� 0.51 0.804� 0.011 0.296� 0.006
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For temperature data, we find a shift in the mean value ofH0

by 1.3σ with only marginal increase in the uncertainty
compared to the baseline scenario. While earlier analyses
[2,44] reported that certain types of features in the primordial
spectrum decrease the inference ofH0 from CMB, therefore
increasing the tension with the local Hubble measurements,
our model, interestingly, ameliorates the tension. This
decrease in the tension allows us to include H0 prior from
the recent SH0ES [5] in the analysis. For the combined
datasets P18TTþ BK18þ S21 and P18TPþ BK18þ
S21, an intermediate fast roll in the dynamics improves
the fit to the data by a Δχ2 of 19–20 compared to the
baseline. About 11 improvement in fit comes from the CMB
data and nearly equal improvement is obtained from the χ2

from SH0ESH0 prior. The χ2 improves as the baseline does
not allow H0 to increase without worsening the fit to the
CMBdata.Wewould like to highlight that the χ2 fromCMB
in the joint P18TTþ BK18þ S21 and P18TPþ BK18þ
S21 analyses is better than the baseline fit to the CMB-only
datasets with H0 ∼ 70–71. We also find that the feature
parameters in the best fits for P18TTþ BK18 and for
P18TEEEþ BK18 are different, but become very close
once S21 is folded in.
In all the cases in Fig. 1 and in Table I, compared to the

baseline, we find that ns increases when we have fast-roll
dynamics. With the SH0ES H0 prior, the tilt decreases and
the oscillations remain located in the same scales with

marginally higher magnitudes. Polarization and thereafter
lensing addition to the temperature data restricts the shift in
the tilt while keeping the oscillations largely unaltered.
The intermediate fast roll, apart from providing a

physical solution to the AL problem in a flat universe
with a higher Hubble constant, also helps in reducing the
matter density and the σ8 normalization parameter (with
direct reconstruction a numerical solution was discussed
in [45,46]). A combination of these two parameters,
S8 ¼ σ8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωm=0.3

p
, is found to be lower than the baseline

value when the inflationary dynamics has an intermediate
fast-roll phase. Without any prior on the Hubble constant,
we find anticorrelation between α and S8 and a (as quoted
in Table I) 1σ decrease in S8 mean compared to the
baseline value in the analysis with temperature data. This
decrease makes the CMB data more compatible with the
galaxy clustering and weak lensing measurements from
DES [6] and KiDS [7] and brings in a new concordance.
Use of the prior on H0 further improves this agreement.
This is a very interesting feature compared to other
representatives of new physics discussed in the context
of Hubble tension, such as early dark energy [8] or models
in scalar-tensor theories of gravity [9,47,48] where S8
increases with H0.
Table I provides the confidence limits for the detection of

the intermediate fast roll. The highest P18TTþ BK18þ
S21 evidence (beyond 3σ) for fast roll is slightly decreased
by polarization and lensing to 2σ.
We conclude by providing the posteriors of the HFFs and

the derived potential for the scalar field, which follows
from our novel methodology. Using the FGIVENX [49]
package, we plot the confidence bands (Fig. 4) on the

FIG. 3. Correlations between fast-roll amplitude during infla-
tion and other cosmological parameters in P18TTþ BK18 data
(top) and in P18TTþ BK18þ S21 (bottom). The red bands
indicate the baseline bounds; the green band in the H0 (S8) plot
indicate the constraints from SH0ES [5] (KiDS [7]). See text for
more details.

FIG. 4. Bounds on inflationary dynamics and reconstruction of
the potential obtained from P18TPþ BK18þ S21 combination.
In the top, we plot the bounds on the fractional change in the
HFFs [ϵHðNÞ and d ln ϵHðNÞ=dN] as a function of e-folds with
respect to the baseline. The fractional change in the Hubble
parameter (reconstructed potential) during inflation is shown in
the bottom left (right). In all three plots, the inward to outward
bounding lines represent 1 − 3σ confidence contours. The orange
lines represent the best-fit dynamics. In the inset of the bottom
right plot, we compare the fractional change in the reconstructed
best-fit potential with respect to a slow-roll potential to the
analytical approximation in Eq. (3).
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relative difference of inflationary dynamics compared to
slow roll for P18TPþ BK18þ S21. The significant part of
the fast-roll phase lasts for 0.5e-folds and the change in the
Hubble parameter integrated from ϵHðNÞ can be distin-
guished in two parts: decaying oscillations and a step
function. Therefore, when the potential is reconstructed
using Vðϕ½N�Þ ¼ 3M2

PlH½N�2ð1 − ϵH½N�=3Þ, we find these
two features in the inflationary potential. Being agnostic
about the baseline potential, we compare the numerically
evaluated potential from the HFFs with the closely match-
ing analytical approximation,

ΔVðϕÞ
VbaselineðϕÞ

¼ α cos½ωðϕ − ϕ0Þ�
1þ βðϕ − ϕ0Þ2

: ð3Þ

Conclusions.—In this Letter, we have provided templates
in the HFF during inflation leading to primordial features
that mimic the effect of AL in the P18 data. We summarize
our findings below. (1) An intermediate fast roll in the
inflationary dynamics for a period of 0.5e-folds is able to
solve the lensing anomaly in a flat universe. This fast roll
has a completely different signature in the polarization
anisotropy spectrum compared to AL, which can be dis-
tinguished by more precise future CMB polarization
measurements at high multipoles. (2) This intermediate
fast roll provides nearly 11 improvement in fit compared
to the standard baseline model when compared with
Planck and BICEP-Keck 2018 data. Most of the improve-
ment (more than 8) comes from temperature data. (3)
Importantly, this fast-roll model simultaneously prefers a
higher value of H0 and lower value of S8 (only with CMB)
and matter density, which brings the CMB closer to the
local Hubble measurements and galaxy weak lensing
measurements. When priors on the Hubble parameter are
used with CMB, we find up to more than 3σ significance.
With better agreement to both CMB and SH0ES data, our
model provides nearly 20 improvement in fit compared to
baseline. (4) A reconstruction of inflaton features in the
potential from the HFF indicates the data suggested
damped oscillatory modification to slow roll.
The intermediate fast-roll phase also imprints signals in

the large scale structure, as studied for other types of
primordial features [22,50,51]. The characteristic frequency
of the superimposed oscillations can be detected in galaxy
correlation function or power spectrum with the ongoing
and upcoming surveys such as DESI [52], LSST [53], and
Euclid [54].
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