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Abstract. We study the capability of future measurements of the galaxy clustering power spectrum
to probe departures from a power-law spectrum for primordial fluctuations. On considering the
information from the galaxy clustering power spectrum up to quasi-linear scales, i.e. k < 0.1 h Mpc−1,
we present forecasts for DESI, Euclid and SPHEREx in combination with CMB measurements. As
examples of departures in the primordial power spectrum from a simple power-law, we consider
four Planck 2015 best-fits motivated by inflationary models with different breaking of the slow-
roll approximation. These four representative models provide an improved fit to CMB temperature
anisotropies, although not at statistical significant level. As for other extensions in the matter content
of the simplest ΛCDM model, the complementarity of the information in the resulting matter power
spectrum expected from these galaxy surveys and in the primordial power spectrum from CMB
anisotropies can be effective in constraining cosmological models. We find that the three galaxy
surveys can add significant information to CMB to better constrain the extra parameters of the four
models considered.
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1 Introduction

The results from the ESA satellite Planck [1, 2] led to important progresses in the context of inflation
[3, 4]. In fact they showed how the theoretical predictions of the simplest slow-roll inflationary models,
such as a flat Universe with nearly Gaussian adiabatic perturbations and a tilted spectrum, provide
a good fit to CMB temperature and polarization anisotropies. The BICEP 2/Keck Array/Planck
constraint on the tensor-to-scalar ratio at the scale k∗ = 0.05 Mpc−1 (the energy scale of inflation)
as r < 0.08 (V 1/4 ≈ 1.8 × 1016 GeV) at the 95% confidence level (CL) [5], has allowed to strongly
disfavour archetypal models such as a quadratic potential or natural inflation [4]. With the most
recent addition of the Keck Array 95 GHz, the constraint on primordial gravitational waves has been
further tightened to r < 0.07 at 95% CL [6].

Although a spatially flat ΛCDM model with a tilted power-law spectrum of primordial fluctu-
ations provides a good fit to Planck data, there are intriguing features in the temperature power
spectrum, such as a dip at ` ∼ 20, a smaller average amplitude at ` . 40 and other outliers at higher
multipoles. The features at ` . 40 in the CMB temperature power spectrum generate a particular
pattern at k . 0.008 Mpc−11, as also shown consistently by three different methods used to recon-
struct the primordial power spectrum (PPS) of curvature perturbations with Planck data [4]. Note
however that none of these puzzling features in the Planck temperature power spectrum constitute
statistically significant departures from a simple power-law spectrum generated within the simplest
slow-roll inflationary models.

There are several theoretically well motivated mechanisms during inflation which support devia-
tions from a simple power law for primordial fluctuations providing a better fit to the CMB tempera-
ture power spectrum. Some of these mechanisms are based on a temporary violation of the slow-roll
regime for the inflaton field and include punctuated inflation [7], a short inflationary stage preceded
by a kinetic stage [8] or by a bounce from a contracting stage [9], a string theory-motivated climbing

1Note that k ∼ 0.002 Mpc−1 roughly corresponds to ` ∼ 20.
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phase prior to inflation [10], a sharp edge in the first derivative of the inflaton potential [11], a step
in the inflaton potential [12, 13], a variation in the effective speed of sound [14–16], or a burst of
particle production during inflation [17, 18]. Resonant models instead include periodic oscillations in
the potential and therefore super-imposed periodic features to the PPS [19] (see [20] for a review on
primordial features). The case of periodic oscillations in axion monodromy inflation [21, 22] fall in
this broad class of models [23]. These features in the power spectrum are accompanied by specific
templates in the bispectrum (see [24] for a review): therefore primordial features can also be searched
in the bispectrum [25] or jointly in the power spectrum and bispectrum [26–28]. At present, no in-
flationary model fitting these features has been found to be preferred at a statistical significant level
over more standard models [4, 25].

Thanks to the sharpness of the CMB polarization transfer functions [4, 20], future CMB polar-
ization data will help in providing complementary information to further test if these deviations from
a simple power-law spectrum are statistical fluctuations or are of primordial origin. However, some
of the polarization imprints of primordial features in the E-mode power spectrum could be confused
with cosmic variance plus noise or could be degenerate with the physics of reionization beyond the
simplest modelling of an average optical depth [29]. For primordial features fitting the oscillations
at ` ∼ 20 − 40 pattern in the CMB temperature power spectrum, it has been estimated that the
confusion of a complex reionization phase could decrease the statistical significance in detecting the
features due to a step in the inflaton potential [12] from 8 to 5σ for a cosmic variance dominated
CMB experiment [29].

Beyond the handle of better measurements of CMB polarization, the current snapshot of the
PPS taken by Planck [4, 30] will be also further refined by future galaxy surveys as J-PAS 2 [31],
DESI 3 [32, 33], Euclid 4 [34, 35], SPHEREx 5 [36, 37], LSST 6 [38], SKA 7 [39] and others. Thanks
to the different sensitity of the matter power spectrum to cosmology, future galaxy surveys will be
useful to break the degeneracy among cosmological parameters encoded in the CMB angular power
spectra of temperature and polarization.

The main goal of this paper is to assess in a quantitative way the capability of the galaxy power
spectrum expected from future surveys having an accurate determination of redshift to probe few
selected examples of inflationary models with a violation of the slow-roll approximation which provide
a fit to the Planck 2015 data improving on the ΛCDM model. In particular we restrict ourselves to
DESI, Euclid and SPHEREx as a selection of future galaxy surveys which probe a sufficiently large
volume with an accurate determination of redshift, but with different characteristics (see section 4).

Our paper is organized as follows. After this introduction, in section 2 we describe the four
representative inflationary models which are taken as examples for a better fit to the Planck 2015
data, compared with the baseline ΛCDM model. In section 3 we review the Fisher matrix approach
and we describe the CMB data and galaxy surveys in section 4. In section 5 we presents our results
and we conclude in section 6, comparing our findings to previous studies in the literature [40, 41].

2 Deviations from a simple power law for primordial fluctuations consis-
tent with Planck

Primordial adiabatic fluctuations with a nearly Gaussian statistics and a smooth power spectrum 8 are
a generic prediction of standard - i.e. with a standard kinetic term - slow-roll single field inflationary
models with a Bunch-Davies vacuum. The amplitude As, the tilt ns and the running dns/d ln k of the

2http://www.j-pas.org/
3http://desi.lbl.gov/
4http://sci.esa.int/euclid/
5http://spherex.caltech.edu/
6http://www.lsst.org/
7http://www.skatelescope.org/
8We define the power spectrum for a variable X as PX(k) ≡ k3|Xk|2/(2π2), where Xk is the Fourier transform of

X.
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Table 1. Best-fit for the six standard cosmological parameters and the extra parameters obtained with the
BOBYQA algorithm [58] keeping fix the foreground parameters around their best-fit value for the ΛCDM case
with Planck TT + lowP [4]. The six cosmological parameters are: the CDM physical density ωc, the baryon
physical density ωb, the Hubble parameter H0, the average optical depth τ , the tilt and the amplitude of the
PPS, ns and As. See section 2 for details on the extra parameters for MI, MII, MIII, MIV.

Parameter Baseline MI MII MIII MIV
ωc 0.1198 0.1197 0.1198 0.1201 0.1184
ωb 0.02222 0.02228 0.02227 0.02223 0.2240

H0[km s−1 Mpc−1] 67.31 67.40 67.32 67.18 68.01
τ 0.078 0.085 0.088 0.082 0.085
ns 0.9655 0.9647 0.9655 0.9647 0.9723
ln
(
1010As

)
3.089 3.103 3.109 3.089 3.102

λc . . . 0.50 . . . . . . . . .
log10 (kc Mpc) . . . −3.47 . . . . . . . . .
∆ . . . . . . 0.089 . . . . . .
log10 (ks Mpc) . . . . . . −3.05 . . . . . .
Ast . . . . . . . . . 0.374 . . .
log10 (kst Mpc) . . . . . . . . . −3.10 . . .
lnxst . . . . . . . . . 0.342 . . .
Alog . . . . . . . . . . . . 0.0278
log10 (ωlog) . . . . . . . . . . . . 1.51
φlog/(2π) . . . . . . . . . . . . 0.634

power spectrum for the curvature perturbation PR(k):

ln [PR(k)] = ln (As) + (ns − 1) ln

(
k

k∗

)
+

1

2

d ns

d ln k
ln2

(
k

k∗

)
+ . . . (2.1)

are connected to the Hubble parameter H and the Hubble flow functions (HFF) εi during inflation:

As ≈
H2
∗

8π2ε1 ∗
(2.2)

ns − 1 ≈ −2ε1 ∗ − ε2 ∗ (2.3)
d ns

d ln k
≈ −2ε1 ∗ε2 ∗ − ε2 ∗ε3 ∗ , (2.4)

where ≈ denotes the lowest order in the slow-roll parameters and the pedix ∗ represents the value
of the quantity at the time in which the pivot scale k∗ crosses the Hubble radius during inflation
(k∗ = a∗H∗). The HFF functions are defined through an hierarchy of equations involving derivatives
of the Hubble parameter, i.e. εi+1 ≡ d ln εi

d ln a with ε0 ∝ H−1. When slow-roll holds with εi � 1, the
running and higher terms in the expansion (2.1) are suppressed - being quadratic or higher order in
the slow-roll parameters - and therefore the PPS is well approximated by a power-law. The extension
to non-standard kinetic term introduces an additional parameter, the inflaton sound speed [42, 43],
in general time-dependent with its own hierarchy of higher derivative coupled to the HFFs.

Features and/or localized bumps in the power spectra within single field inflation can occur when
the slow-roll approximation breaks down with ε1 and/or ε2 not small. In the following we consider four
well known examples of temporary violation of the slow-roll approximation and the relative analytic
approximation for the resulting curvature power spectrum. In this paper we restrict ourselves to an
inflaton with a standard kinetic term, since this class of models already provide a case sufficient for our
purposes and hereafter we refer to the standard PPS PR, 0(k) as defined in eq. (2.1) with d ns

d ln k = 0.

– 3 –



2.1 Model 1: An exponential cut-off on large scales with variable stiffness

As first model (hereafter MI), we analyze a power-law spectrum multiplied by an exponential cut-off,
introduced in [8], parametrized as:

PR(k) = PR, 0(k)

{
1− exp

[
−
(
k

kc

)λc
]}

. (2.5)

Here, eq. (2.5) reproduces a suppression of the curvature power spectrum at large scales by introduc-
ing two extra parameters: the first one, kc, selects the relevant scale where the deviation from the
smooth curvature power spectrum starts, while the second parameter, λc, adjusts the stiffness of the
suppression.

This simple parameterization is motivated by models with a kinetic stage followed by a short
inflationary phase in which the onset of the slow-roll phase coincides with the time when the largest
observable scales exited the Hubble radius during inflation. 9 On these largest scales, the curvature
power spectrum is then strongly suppressed due to the kinetic energy of the inflaton, and so the CMB
angular power spectra at the lowest multipoles. Note that the exact derivation of the PPS obtained
through a matching of an initial kinetic-dominated regime with a de-Sitter stage shows that the large
scale suppression is connected to the smooth nearly scale-invariant power spectrum by oscillations [8].
However, this exact derivation leads to a smaller improvement in ∆χ2 with respect to the smooth
phenomenological suppression described by eq. (2.5), as discussed in [4], and therefore we choose the
latter as the first representative case of this paper.

2.2 Model 2: Discontinuity in the first derivative of the potential

As a second model (hereafter MII), we consider a transition in the first derivative of the potential,
which leads to a localized imprint in the PPS, at the scales where the transition occurred [11, 45].
This specific model assumes a sharp change in the slope of the inflaton potential V (φ):

V (φ) =

{
V0 +A+(φ− φ0) , φ� φ0

V0 +A−(φ− φ0) , φ� φ0

. (2.6)

The two different slopes of the potential lead to different asymptotic values of the curvature power
spectrum, plus an oscillatory pattern in between. The curvature power spectrum can be obtained
analitically under the approximation |A+φ| , |A−φ| � V0 [11]:

PR(k) = PR, 0(k)×D(y,∆) , (2.7)

with:

D(y,∆) =1 +
9∆2

2

(
1

y
+

1

y3

)2

+
3∆

2

(
4 + 3∆− 3∆

y4

)2
1

y2
cos(2y)

+ 3∆

(
1− 1 + 3∆

y2
− 3∆

y4

)2
1

y
sin(2y) , (2.8)

where y = k/ks and ∆ = (A+ −A−)/A+. Here ks is the scale of the transition.

2.3 Model 3: Step in the inflaton potential

We now consider a different model (hereafter MIII) with a step in the inflationary potential [12] wich
predicts localized oscillations in the power spectrum. In this case the parameterization for the PPS
is derived from the potential:

V (φ) =
1

2
m2φ2

[
1 + c tanh

(
φ− φ0

b

)]
, (2.9)

9A change in the power spectrum at large scales might also be induced by first-order quantum gravity corrections
[44].
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where c is the height and d the width of the step localized at φ = φ0. This step-like feature in the
inflaton potential leads to a localized oscillatory pattern with a negligible difference in the asymptotic
amplitudes of the PPS. An analytic approximation for the PPS describing the step in the potential
has been obtained in refs. [46, 47]:

PR(k) = exp
{

lnPR, 0(k) + I0(k) + ln
[
1 + I2

1 (k)
]}

, (2.10)

where the first-order term is:

I0(k) = AstW
′
(
k

kst

)
D
(

k

kstxst

)
, (2.11)

and the second-order contribution is [47]:

√
2I1(k) =

π

2
(1− ns) +AstX

′
(
k

kst

)
D
(

k

kstxst

)
, (2.12)

where kst is the mode corresponding to the time of the transition and xst is related to the duration
of the violation of slow-roll. The window functions in eqs. (2.11) and (2.12) are:

W (x) =
3 sin(2x)

2x3
− 3 cos(2x)

x2
− 3 sin(2x)

2x
(2.13)

X(x) =
3

x3
(sinx− x cosx)

2
; (2.14)

the prime in this context denotes d/d lnx and the damping envelope is:

D(x) =
x

sinhx
. (2.15)

We can rewrite the full power spectrum of curvature perturbation as [46, 47]:

PR(k) = exp

{
lnPR, 0(k)

+
Astk

3
st

2k3

[(
18

k

kst
− 6

k3

k3
st

)
cos

(
2
k

kst

)
+

(
15
k2

k2
st

− 9

)
sin

(
2
k

kst

)]

·
k cosh

(
k

kstxst

)
kstxst

+ ln

[
1 +

1

2

(
π

2
(1− ns)−

3Astk
3
st

k3

[
k

kst
cos

(
k

kst

)
− sin

(
k

kst

)]

·
[
3
k

kst
cos

(
k

kst

)
+

(
2
k2

k2
st

− 3

)
sin

(
k

kst

)] k cosh
(

k
kstxst

)
kstxst

)2]}
, (2.16)

where Ast tunes the amplitude of the feature.

2.4 Model 4: Logarithmic super-imposed oscillations

As a fourth model (hereafter MIV), we study the case of logarithmic super-imposed oscillations to
the PPS:

PR(k) = PR, 0(k)

[
1 +Alog cos

(
ωlog ln

(
k

k∗

)
+ φlog

)]
. (2.17)

This pattern can be generated by different mechanisms. Axion monodromy inflation [21] motivates
periodic oscillations on a large field inflaton potential leading to an approximated analytic PPS as
in eq. (2.17) [23]. See also [48] for the most recent developments including drifting oscillations.
Logarithmic super-imposed oscillations can also be generated by initial quantum states different from
Bunch-Davies [49].
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2.5 Current constraints from CMB

All the four models described above have been analysed in ref. [4] (see also [47, 50–53, 55–57] for a non-
exhaustive list of works analyzing features with Planck data). In table 1 we show for each models the
best-fit parameters for the standard cosmological parameters and for the extra parameters obtained
with Planck TT + lowP [4]. We plot in figure 1 the PPS for the four representative inflationary
models and the baseline ΛCDM model. None of the four models is preferred by Planck TT + lowP
over the baseline ΛCDM model.10

For the cut-off model (MI), the best-fit for the effective scale kc, which marks the departure from
a tilted power spectrum, is found at very large scales with Planck 2015 data [4], i.e. kc ' 4 × 10−4

Mpc−1. The improvement in the fit for this model - ∆χ2 ≈ −3.4 for Planck TT + lowP [4] - is due
to the lower amplitude at ` . 40 for the CMB temperature power spectrum.

For the other two models, which include oscillations, the effective scale of the feature is instead
of the order of 10−3 Mpc−1. For the second model (MII) the improvement in the fit - ∆χ2 ≈ −4.5 for
Planck TT + lowP [4] - is due either to the lower amplitude at ` . 40 and to the feature at ` ∼ 20.
The model with a step in the potential (MIII) fits much better the feature at ` ∼ 20 and provides
∆χ2 ≈ −8.6. Note that a low value for the quadrupole and oscillations at ` ∼ (20 − 40) was also
present in WMAP data [59]; however, only the precision of the Planck measurement in the region of
the acoustic peaks has shown how the models discussed so far provide a better fit to CMB data than
the simplest extended model with a negative running of the scalar spectral index.

The model with logarithmic oscillations (MIV) provides ∆χ2 ≈ −10.8 for Planck TT + lowP [4],
which is mainly driven by fitting outliers from the best-fit ΛCDM at multipoles ` & 100.

10-4 0.001 0.01 0.1

2.0

3.0

1.5

k @Mpc
-1
D

1
0

9

❘

Hk
L

Figure 1. We show the PPS for a power-law spectrum (dashed black line), for MI (green solid line), for
MII (orange solid line), MIII (blue solid line) and MIV (magenta solid line). The parameters for the different
models are listed in table 1.

3 Combined Forecast for CMB and LSS

We use the Fisher matrix technique [60] for our science forecasts (as in the forecasts of DESI [32],
Euclid [35] and SPHEREx [37]). The Fisher matrix technique approximates the logarithm of the
likelihood as a multivariate Gaussian in the cosmological parameters {θi} around a maximum at {θ̄i},
which is a sufficient approximation for our purposes (see [61, 62] for a comparison of Fisher matrix

10The Bayes factors for the four models with respect to the baseline ΛCDM model are −1.4, −0.6, −0.3, −1.9 [4],
respectively, with the following priors [4]: log10 (kc Mpc) ∈ [−12,−3] and λc ∈ [0, 10] for MI, log10 (ks Mpc) ∈ [−5, 0]
and ∆ ∈ [−0.5, 0.5] for MII, log10 (kst Mpc) ∈ [−5, 0], Ast ∈ [0, 2] and ln (xst) ∈ [−1, 5] for MIII, Alog ∈ [0, 0.5],
log10

(
ωlog

)
∈ [0, 2.1] and φlog ∈ [0, 2π] for MIV.
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approach with a full likelihood Monte Carlo Markov Chain for cosmological models including massive
neutrinos and dynamical dark energy, respectively). The logarithm of the likelihood can be expanded
as a Taylor series and the Fisher matrix can be approximated as the second derivative around the
peak:

Fij = −
〈
∂2 lnL
∂θi∂θj

〉
= −∂

2 lnL
∂θi∂θj

∣∣∣∣
θ̄

. (3.1)

The diagonal elements of the inverse Fisher matrix bound the parameter variances:

Cov(θi, θi) ≥
[
F−1

]
ii
, (3.2)

where we perform the inversion of the matrix before.
In the next two subsections we describe the CMB and LSS likelihoods and the corresponding

Fisher matrices [63], which will be added to obtain our combined results.
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Figure 2. Lensed angular power spectra TT (left panel), EE (middle panel), TE (right panel) for the baseline
ΛCDM model (black dashed line), for MI (green solid line), for MII (orange solid line), MIII (blue solid line)
and MIV (magenta solid line). In the bottom panels we display the corresponding relative differences of the
models with respect to the baseline ΛCDM model.

3.1 Fisher matrix for CMB

We consider as CMB observables the lensed TT, EE and TE angular power spectra with the best-fit
parameters showed in table 1. In figure 2 we show these angular power spectra for the four best-fits
and the relative differences with respect to the baseline ΛCDM model.

To compute the Fisher matrix for the polarized CMB angular power spectra [64–68] we use
eq. (3.2) with observables being the autocorrelators of temperature and E-mode polarization, and
their cross-correlation.11 We consider the lensed polarized CMB angular spectra, although not taking
into account the CMB deflection angle information as a separate observable. The covariance matrix
for the observables is given by:

FCMB
ij =

∑
`

∑
X,Y

∂CX`
∂θi

(Cov`)
−1
XY

∂CY`
∂θj

, (3.3)

where we consider X, Y ∈ (TT,EE,TE) and the matrix Cov` is the symmetric angular power spec-
trum covariance matrix at the `-th multipole:

Cov` =
2

(2`+ 1)fsky

 (C̄TT
` )2 (C̄TE

` )2 C̄TT
` C̄TE

`

(C̄TE
` )2 (C̄EE

` )2 C̄EE
` C̄TE

`

C̄TT
` C̄TE

` C̄EE
` C̄TE

`

(
(C̄TE

` )2 + C̄TT
` C̄EE

`

)
/2

 , (3.4)

11In this paper we restrict ourselves to TT, EE, TE, although extensions of the models considered here exhibit a
non-trivial tensor-to-scalar ratio if the energy-scale of inflation is sufficiently large [69].
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Figure 3. In the top panel we show the non-linear matter power spectrum for ΛCDM (dashed black line),
for MI (green solid line), for MII (orange solid line), MIII (blue solid line) and MIV (magenta solid line). In
the bottom panel we display the corresponding relative differences of the models with respect to the baseline
ΛCDM model.

where C̄X` = CX` + NX
` is the sum of the signal and the noise, with NTE

` = 0. Here NX
` = w−1

X b−2
`

is the isotropic noise convolved with the instrument beam, b2` is the Gaussian beam window function,
with b` = e−`(`+1)θ2FWHM/16 ln 2; θFWHM is the full width half maximum (FWHM) of the beam in
radians; wTT and wEE are the inverse square of the detector noise level on a steradian patch for
temperature and polarization, respectively. For multiple frequency channels, wXb2` is replaced by the
inverse noise-weighted sum over channels. Eq. (3.4) includes sampling variance which accounts also
for the loss of information due to partial sky coverage for fsky < 1. We compute the CMB angular
power spectra in eqs. 3.3 and 3.4 using a modified version of the publicly available Einstein-Boltzmann
code CAMB 12 [70, 71] in order to calculate C` at each multipoles.

We consider a FCMB
ij which represents the CMB measurements at the timescales of the galaxy

surveys analyzed here. In this paper we restrict ourselves to noise sensitivity and angular resolution
to characterize the uncertainties in the CMB temperature and polarization spectra, although we know
that the accuracy of CMB anisotropies measurements are not governed only by noise sensitivity and
angular resolution, but limited in temperature at high multipoles by foreground residuals/secondary
anisotropies and at low multipoles in polarization by the Galactic emission. Since the time scales of
the surveys are different, and not only the Planck final data in temperature and polarization, but
possibly other measurements of CMB E-mode polarization on a large fraction of the sky, such as
from AdvACTpol [72], CLASS [73], LSPE [74], will be available, we consider two settings, one more
conservative (hereafter CMB-1) and another with better sensitivity and angular resolution (CMB-2).

We therefore consider the Planck 143 GHz channel as CMB-1 and the inverse noise weighted
12http://camb.info/
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combination of the Planck 70, 100, 143 and 217 GHz channels as CMB-2. We consider updated full
mission sensitivities and angular resolution as given in [2]. We consider fsky = 0.75, a sum up to
`max = 2500 in eq. (3.3).

3.2 Fisher matrix for spectroscopic galaxy surveys

We consider the galaxy clustering as observable for the Fisher LSS forecast in eq. (3.2). The simplest
model for the observed galaxy power spectrum assumes a linear and scale-independent galaxy bias,
with redshift space distorsions due to small peculiar velocities not associated to the Hubble flow [75]
given by:

Pg(k, z) = b(z)2
[
1 + β(k, z)µ2

]2
Pm(k, z)e−k

2µ2σ2
tot , (3.5)

where b is the bias, which maps the mass field into the galaxy density one, β ≡ f/b with f ≡
d lnD/d ln a is the growth rate, µ is the angle to the line of sight and Pm represents the dark matter
power spectrum in real space. In redshift space, the observed galaxy power spectrum can be modelled
by including inaccuracies in the observed redshifts as [76] in addition to the linear Kaiser effect. We
define σtot as

√
σ2

v + σ2
r where σr ' σ(z)c/H(z) is the spectrometric redshift error. We parametrized

the redshift dependence as σ(z) = σ̄z(1 + z) where σ̄z is the average redshift error within a redshift
bin. Moreover, σ2

v is the square of the velocity dispersion, which depends from the velocity power
spectrum, and we choose a value of σv = 7 Mpc for our fiducial value [78, 79], which corresponds to
a velocity dispersion of ∼ 500 km/s.

For a Poisson sampled density field, we obtain in addition a constant shot-noise contribution to
the power due to the finite number of galaxies per bin Pshot(z):

Pobs(k, z) = Pg(k, z) + Pshot(z) . (3.6)

We include in the observed galaxy power spectrum the geometrical effects due to the incorrect
assumption of the reference cosmology with respect the true/fiducial one [80, 81]:

P̃obs(k
ref , µref

k , z) =

(
Dref

A (z)

DA(z)

)2
H(z)

Href(z)
Pg(kref , µref

k , z) + Pshot(z) , (3.7)

where the prefactor is the Alcock-Paczynski (AP) effect [80, 82]. The true wave-numbers k and the
direction cosine µk calculated by assuming the reference cosmology are related to the ones in the true
cosmology through:

k = kref

√(
Hµref

k

Href

)2

+

(
Dref

A

DA

)2 [
(µref

k )2 − 1
]
, (3.8)

and

µk = µref
k

(
H

Href

)2
kref

k
. (3.9)

Under the assumption that the density field has a Gaussian statistics and uncorrelated Fourier
modes, the Fisher matrix for the broadband power spectrum eq. (3.7), for a given redshift bin with z̄
as centroid value, is [83]:

Fgg
ij (z̄) =

∫ kmax

kmin

d3k

2(2π)3

∂ ln P̃obs(k|z̄)
∂θi

∣∣∣
θ̄

∂ ln P̃obs(k|z̄)
∂θj

∣∣∣
θ̄
Veff(k|z̄) (3.10)

=

∫ kmax

kmin

k2dk

(2π)2

∫ 1

0

dµ
∂ ln P̃obs(k, µ|z̄)

∂θi

∣∣∣
θ̄

∂ ln P̃obs(k, µ|z̄)
∂θj

∣∣∣
θ̄
Veff(k, µ|z̄) , (3.11)

where the effective volume of the survey in Fourier space, which determines the mode counts, is [84]:

Veff(k, µ|z̄) =

∫ kmax

kmin

d3r

(2π)3

[
n̄g(z̄)P̃obs(k, µ|z̄)

n̄g(z̄)P̃obs(k, µ|z̄) + 1

]2

(3.12)

'

[
n̄g(z̄)P̃obs(k, µ|z̄)

n̄g(z̄)P̃obs(k, µ|z̄) + 1

]2

Vsurv(z̄) , (3.13)
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which depends on the geometrical volume of the survey, Vsurv, and on the average number density,
n̄g, of tracers in a specific redshift bin. We consider the information up to the quasi non-linear scales,
i.e. k ≤ 0.1 h Mpc−1 in all redshift bins. In these equations kmin is set by the slice volume in
the corresponding i-th redshift bin, i.e. kmin(z̄i) = 2π/ 3

√
Vsurv(z̄i). We consider k ≥ kmin(z̄i) with a

linear binning scheme, adopting the minimum ∆k = 1.4/ 3
√
Vsurv(z̄i) for which the correlation between

different bins can be neglected according to ref. [85]. Eq. (3.10) can be therefore rewritten as a binned
sum over k and µ:

Fggij (z̄) =
∑
k,µ

∂ ln P̃obs(k, µ|z̄)
∂θi

∣∣∣
θ̄

[Covk(z̄)]
−1 ∂ ln P̃obs(k, µ|z̄)

∂θj

∣∣∣
θ̄
, (3.14)

where

Covk(z̄) =
(2π)2

k2∆k∆µ

1

Veff(k, µ|z̄)
. (3.15)

We consider 10 bins in µ between 0 and 1. The derivative in eq. (3.14) is [76, 77]:

d lnPg

dθi
(k, µk|zi) '

∂ lnPm(k|zi)

∂θi
+

2µ2
k

1 + β(k|zi)µ2
k

∂β(k|zi)

∂θi

+

[
1 +

4β(k|zi)µ
2
k

1 + β(k|zi)µ2
k

(
1− µ2

k

)
+ µ2

k

∂ lnPm(k|zi)

∂ ln k

]
∂ lnH(zi)

∂θi

+

[
−2 +

4β(k|zi)µ
2
k

1 + β(k|zi)µ2
k

(
1− µ2

k

)
−
(
1− µ2

k

) ∂ lnPm(k|zi)

∂ ln k

]
∂ lnDA(zi)

∂θi

+
2

1 + β(k|zi)µ2
k

∂ ln b(zi)

∂θi
+

1

Pobs(k, µk|zi)

∂Pshot(zi)

∂θi
− k2µ2

k

∂σ2
tot

∂θi
, (3.16)

We compute the Fisher matrix using CAMB to calculate the exact linear matter power spectrum
for each bin and Halofit [86] to include its non-linear evolution on small scales. The derivatives in
eq. (3.14), and consistently in eq. (3.3), are calculated numerically with the symmetric difference
quotient:

∂ ln f(k|θ̄)
∂θi

' f(k|θi + ∆i)− f(k|θi −∆i)

2∆if(k|θ̄)
, (3.17)

where we choose the stepsize ∆i in order to reproduce the 68% confidence limit of the parameters θi.
We have checked that the results are stable with respect to changes in the stepsize.

We divide the array of independent parameters θ made by three subgroups: the cosmological pa-
rameters θ0 = {Ωc,Ωb, h0, τ, ns, ln

(
1010As

)
}, the extra parameters which describe the parametrization

of the primordial power spectrum θext and the nuisance parameters θnui = {b, Pshot, σ
2
tot} according

to ref. [76]. We consider a set of nuisance parameters per bin in order to avoide any possible prior
information on them. In this analysis we marginalize over θnui and we assume that they do not depend
on the cosmological parameters, θ0, and the extra ones, θext.

4 A selection of future LSS catalogs

In the coming years, an enormous effort will be put in the realization of large galaxy surveys having
the primary goal of determining the main cosmological parameters exploiting the information hidden
in the clustering properties. The power of a survey is based on its capability of providing the most
accurate positions and redshifts (corresponding to distances, when a cosmological model is assumed)
for the largest number of well-classified objects, distributed over the widest possible volumes. Different
strategies have been designed to optimize the scientific return of a galaxy surveys mantaining the
request in terms of observational time under control.

In this section we describe the three spectroscopic projects used in the following section for our
forecasts. They are different examples of future LSS surveys having a wide sky coverage: DESI is an
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example of ground-based survey following the multi-tracer approach; Euclid is a spectroscopic survey
from space observing mostly Hα emitting galaxies at relatively high redshifts (0.9 < z < 1.8) with
high redshift accuracy; SPHEREx is a proposed space mission covering a very large sky area, with
the peak of the observed galaxy density at lower redshifts compared to the other two surveys.

Figure 4. Number density of objects, per unit of redshift bin ∆z and per square degree, used for the
analysis. In the left panel we show the different tracers for DESI: LRGs (dashed), ELGs (dotted), QSOs
(dot-dashed) and the total population (cyan) with a redshift bin ∆z = 0.1. In the central panel we show
the ELGs population expected with Euclid with a redshift bin ∆z = 0.1. In the right panel we show two
galaxy populations obtained for SPHEREx by considering different redshift uncertainty: the dashed (solid)
line represent the observed objects considering a redshift uncertainty σ̄z ∼ 0.003 (0.01) with a redshift bin of
∆z = 0.2 between 0 and 1 and of ∆z = 0.6 for higher redshifts

.
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Figure 5. We show the redshift evolution of the linear bias for each of the surveys considered: red diamonds
for DESI, blue circles for Euclid, cyan triangles (squares) for SPHEREx1 (SPHEREx2).

4.1 Dark Energy Spectroscopic Instrument (DESI)

The DESI ground-based experiment [32] is expected to start observations in 2018 and to complete
in 4 years a 14000 deg2 redshift survey of galaxies and quasars. DESI will observe luminous red
galaxies (LRGs) up to z = 1.0, it will target bright [OII] emission line galaxies (ELGs) up to z = 1.7
and quasars (QSOs) up to z < 2.1. DESI will also obtain a sample of bright galaxies at smaller
redshifts (0.05 < z < 0.4) and one of higher-redshift (2.1 < z < 3.5) quasars looking for the Lyman-α
forest absorption features in their spectra. In our analysis we use for DESI the specifications from
ref. [33] (see in particular their table 2.3 and table 3.1). We consider a combined galaxy clustering
information for different tracers observed by DESI. In more detail, we use a simplified picture in which
we assume that the different populations of LRGs, ELGs and QSOs are contributing to an effective
unique population, covering thirteen redshift bins between z = 0.6 and 1.9 with width of ∆z = 0.1,
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and having an effective bias given by [87]:

beff(z) =
n̄LRG(z)bLRG(z) + n̄ELG(z)bELG(z) + n̄QSO(z)bQSO(z)

n̄LRG(z) + n̄ELG(z) + n̄QSO(z)
, (4.1)

where we assume:

bLRG(z) = 1.7 D(0)/D(z) (4.2)
bELG(z) = 0.84 D(0)/D(z) (4.3)
bQSO(z) = 1.34 D(0)/D(z) . (4.4)

This description is a good approximation of the exact multi-tracers approch in the limit of
independent tracers [87]. For this purpose, we have also reduced the number of objects in the total
sample as in [87] to include the effects of the target selection done to have a good redshift definition and
to avoid confusion between different tracers and with other astrophysical objects (see the left panel of
figure 4). The resulting effective bias is shown in figure 5. As error for the DESI spectroscopic redshift
we use σ̄z ∼ 0.001 [33]. As a reference, for DESI we obtain kmin ranging between (3.59− 4.71)× 10−3

h Mpc−1 for the different redshift bins here considered.

4.2 Euclid

The European Space Agency (ESA) Cosmic Vision mission Euclid [34] is scheduled to be launched
in 2020, with the goal of characterising the dark sector of our Universe. This will be done mostly
measuring the cosmic shear in a photometric surveys of billions of galaxies and the galaxy clustering
in a spectroscopic survey of tens of millions of Hα emitting galaxies. In this paper we will focus on
the wide spectroscopic survey, which will cover an area of 15000 deg2.

According to the updated predictions obtained by [88], the Euclid wide single-grism survey will
reach a flux limit FHα > 2 × 10−16 erg cm−2 s−1 and will cover a redshift range 0.9 < z < 1.8.
We consider nine redshift bins in this redshift range with the same width of ∆z = 0.1. With these
specifications and assuming a completeness of 70%, the expected density number of Hα emitters is
about 4000 objects/deg2, the redshift distribution of which (taken from table 3 of ref. [88]) is shown
in the central panel of figure 4. We can safely assume that the galaxy sample is composed by a single
tracer, ELGs, and then assume that the bias follows eq. (4.3). Finally we adopt as redshift accuracy
σ̄z ∼ 0.001 [35]. As a reference, we obtain kmin in a range (3.59−4.01)×10−3 h Mpc−1 in the different
redshift bins.

4.3 Spectro-Photometer for the History of the Universe, Epoch of Reionization, and
Ices Explorer (SPHEREx)

SPHEREx [36, 37] is a NASA proposed small explorer satellite having the goal of providing the first
near-infrared spectro-photometric image of the complete sky, thanks to its coverage of 40000 deg2 in
the wavelength range 0.75 < λ µm−1 < 4.8.

SPHEREx will collect spectra of galaxies at z < 1, covering the redshift range for clustering
studies that are not covered by the Euclid spectroscopic survey. Moreover it will observe high-redshift
quasars in its deep fields. In our analysis we will consider only the galaxy sample, assuming that the
fraction of sky usable for clustering studies is 75% of the whole sky, in strict analogy to what is done
in CMB analyses.

We consider two different configurations for SPHEREx 13, with σ̄z ∼ 0.003 (hereafter SPHEREx1)
and σ̄z ∼ 0.01 (hereafter SPHEREx2).

For the two different configurations we consider five redshift bins, between z = 0.0 and 1.0, and
one redshift bin, between z = 1.0 and 1.6, with a width of ∆z = 0.2 between 0 and 1 and of ∆z = 0.6
for higher redshifts. The adopted bias is shown in figure 5. As a reference, for SPHEREx we obtain
kmin in the range (1.60− 7.51)× 10−3 h Mpc−1.

13We wish to thank Olivier Doré and Roland de Putter for making available the SPHEREx specifications to us.
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5 Results and Discussions

We now discuss the uncertainties in the cosmological parameters obtained as result of our combined
CMB and LSS Fisher approach.

For the ΛCDM model the uncertainties in the cosmological parameters are reported in table 5.
Our results for the uncertainties from CMB and LSS are broadly consistent with the previous ones
in the literature [41, 89]. We need however to bear in mind that different assumptions for CMB
specifications were considered in ref. [41] and ref. [89].

Table 2. Forecasts for the marginalized 68% uncertainties for the cosmological parameters in the ΛCDM
model with our Fisher approach. The two results in the parentheses include the constraints obtained in
combination with the CMB Fisher matrix for the two configurations (CMB-1 and CMB-2, respectively). We
do not list the forecasted uncertainty for τ since it does not benefit from the inclusion of LSS.

DESI Euclid SPHEREx1 SPHEREx2
103 σ (Ωc) 11.6 (2.6/2.5) 9.6 (2.1/2.0) 13.1 (2.9/2.7) 7.1 (1.8/1.6)
103 σ (Ωb) 4.1 (0.28/0.26) 3.0 (0.25/0.23) 4.6 (0.30/0.29) 2.5 (0.23/0.21)
σ (H0) 4.0 (0.21/0.20) 3.0 (0.17/0.16) 4.4 (0.23/0.22) 2.6 (0.15/0.14)
102 σ (ns) 6.7 (0.26/0.24) 5.3 (0.25/0.22) 7.5 (0.26/0.23) 4.2 (0.24/0.22)
102 σ

(
ln

(
1010As

))
35.5 (0.80/0.71) 32.9 (0.74/0.67) 37.9 (0.83/0.74) 21.2 (0.74/0.67)
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Figure 6. CMB and LSS combined constraints on (ns, dns/d ln k) at 68% CL. Different lines refer to CMB
only (solid green), DESI (dashed cyan), Euclid (dashed red), SPHEREx (dashed orange) and SPHEREx
(dashed oblue). The contours for the LSS surveys are in combination with CMB-1 (CMB-2) in the left (right)
panel.

We have also analyzed the case in which the dependence in the wavelength of the spectral index
is allowed to vary, by fixing the fiducial model to (ns,dns/d ln k) = (0.9655, 0.0). We obtain the
following uncertainties (σ(ns), σ(dns/d ln k)): (0.0029, 0.0053) for DESI, (0.0027, 0.0047) for Euclid,
(0.0027, 0.0039)/(0.0026, 0.0036) for SPHEREx1/SPHEREx2, when the CMB-1 Fisher information
for the more conservative configuration is added. When combining the Fisher information for the
second CMB configuration with the LSS one, the errors are slightly decreased as can be seen in
figure 6. Being dns/d ln k = −0.003± 0.007 the current Planck measurement on the running [4, 30],
the parameter space with dns/d ln k exceeding the standard slow-roll predictions ≈ (ns − 1)2 will be
further probed by future galaxy surveys.

Geometrical distortions to the galaxy power spectrum due to the changes in H(z) and DA(z)
will cause both a horizontal and vertical shift in the observed power spectrum and introduce new
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Table 3. Forecasts for the marginalized 68% uncertainties for the features parameters for any survey consid-
ered in combination with CMB-1 (CMB-2 in parenthesis).

Model Parameter DESI Euclid SPHEREx1 SPHEREx2
(Best-fit) + CMB-1 (CMB-2) + CMB-1 (CMB-2) + CMB-1 (CMB-2) + CMB-1 (CMB-2)

MI λc (0.5) 0.22 (0.21) 0.22 (0.21) 0.22 (0.22) 0.21 (0.20)
log10 (kc Mpc) (-3.47) 0.40 (0.39) 0.39 (0.39) 0.41 (0.40) 0.38 (0.38)

MII ∆ (0.089) 0.034 (0.033) 0.031 (0.040) 0.034 (0.033) 0.027 (0.026)
log10 (ks Mpc) (-3.05) 0.077 (0.071) 0.071 (0.066) 0.079 (0.072) 0.061 (0.057)

MIII
Ast (0.374) 0.24 (0.22) 0.24 (0.22) 0.24 (0.22) 0.20 (0.19)
log10 (kst Mpc) (-3.10) 0.038 (0.026) 0.033 (0.024) 0.031 (0.027) 0.024 (0.022)
ln xst (0.342) 0.34 (0.30) 0.32 (0.29) 0.33 (0.30) 0.28 (0.26)

MIV
Alog (0.0278) 0.0035 (0.0032) 0.0030 (0.0028) 0.0038 (0.0035) 0.0025 (0.0024)
log10 (ωlog) (1.51) 0.0087 (0.0079) 0.0077 (0.0071) 0.0094 (0.0084) 0.0062 (0.0059)
φlog/(2π) (0.634) 0.020 (0.018) 0.017 (0.016) 0.021 (0.019) 0.014 (0.013)

degeneracies in the measured power spectrum [90]. The AP effect instead has a main impact on the
late-time parameters [91].

Overall, the impact of the geometrical distortions and of the AP term included in the analysis,
see Eqs. (3.7)-(3.8)-(3.9), mainly affect the uncertainties of the standard cosmological parameters of
the ΛCDM model and to a smaller extent the running of the spectral index. They have a small impact
on the uncertainties of the extra parameters of the models with features in the PPS, in particular
after having marginalized over the several nuisance parameters.

We now discuss our results for the four inflationary models with features considered. The results
are summarized in table 5.

Figure 7. Marginalized 2D 68% CL contours for the parameters (log10(kc Mpc), λc) of MI for CMB only
(solid green), DESI (solid cyan), Euclid (solid red), SPHEREx1 (solid orange), and SPHEREx2 (solid blue).
The dashed contours represent the 2D 68% CL CMB and LSS combined results. The configuration CMB-1
(CMB-2) is considered in the left (right) panel.

The effective very large scale of MI obtained as a best-fit for Planck 2015 [4] is a challenge for the
future galaxy surveys here considered (see figure 7). Such a modification on large scales seems a better
target for high-sensitivity CMB polarization experiments covering a large fraction of the sky, such as
Planck, AdvACTpol [72], CLASS [73], LSPE [74], which will provide an improved measurement of
the E-mode polarization on large scales. Note that the same type of suppression of this model has
been previously studied in [40]: however, the fiducial cosmological model in ref. [40] has been taken
with kc = 9.5 × 10−4 Mpc−1, i.e. a wavenumber which is almost three times larger than the one
suggested by the latest Planck data, and with a much steeper cut-off, i.e. λc = 3. The parametrized
suppression of PPS chosen in [40] would be therefore a much easier target for future galaxy surveys.
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Figure 8. Marginalized 2D 68% CL contours for the parameters (log10(ks Mpc), ∆) of MII for CMB only
(green), DESI (solid cyan), Euclid (solid red), SPHEREx1 (solid orange), and SPHEREx2 (solid blue). The
dashed contours represent the 2D 68% CL CMB and LSS combined results. The configuration CMB-1 (CMB-
2) is considered in the left (right) panel.

The model MII, with a discontinuity in the first derivative of the potential [11], has also two
parameters as the first model, but the resulting power spectrum has super-imposed oscillations ac-
companying the change in the amplitude of the PPS. These oscillations are non-zero at scales smaller
than the change in amplitude and can be therefore a target for future galaxy surveys. Whereas CMB
is sensitive to the preferred scale of the model, the matter power spectrum from galaxy surveys is also
more sensitive to the change in the amplitude of the power spectrum: for this model the complemen-
tarity of CMB and LSS is quite striking. As from figure 8, the scale of the feature would be probed
at higher statistical significance. Also in this case, a previous study [41] considered the capability of
Euclid when combined with Planck to discriminate this model for different values of the parameters.
However, in [41] a comoving scale ks = 6.8×10−2 Mpc−1, i.e. 8 times larger than the one suggested by
Planck 2015 data and used here, was considered. Again, such a choice would enhance the possibility
of detecting the feature either in CMB and LSS.
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Figure 9. Triangle plot with marginalized 2D 68% CL contours for the parameters (Ast, log10(kst Mpc),
ln(xst)) of MIII for CMB only (solid green), DESI (solid cyan), Euclid (solid red), SPHEREx1 (solid orange),
and SPHEREx2 (solid blue). The dashed contours represent the 2D 68% CL CMB and LSS combined results.
The configuration CMB-1 (CMB-2) is considered in the left (right) panel.

The model with a step in the potential (MIII) benefits from the addition of LSS, as it can be seen
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from figure 9. In this case the power spectrum of galaxy surveys is sensitive to either the amplitude
and the width of the ringing features in the primordial fluctuations; again, the scale of the feature
would be probed at high statistical significance.

For the fourth model considered, CMB and LSS can probe the amplitude of periodic oscillations
at high statistical significance: we obtain Alog = 0.0278± 0.0030 (Alog = 0.0278± 0.0028) at 68% for
CMB-1 (CMB-2) combined with Euclid. This parameterization was also studied in [41] but considering
a different best-fit with a smaller amplitude and a frequency of ωlog ∼ 10. Even if the constraint from
CMB only in [41] is tighter than the one we find, the improvement from CMB and Euclid in [41]
is in agreement with our finding. We also checked that our fiducial frequency, ωlog ∼ 32, does not
disappear in `-space (keeping the frequency fixed) due the acoustic transfer function. By decreasing
the amplitude of the periodic oscillations, the relative weight of the LSS increases with respect to
CMB in the combined constraints; we have explicitly checked that half of the amplitude can still be
detected at 3σ by CMB-2 + Euclid (see also fig. 11).
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Figure 10. Marginalized 2D 68% CL contours for the parameters (log10(ωlog), Alog) of MIV for CMB
only (green), DESI (solid cyan), Euclid (solid red), SPHEREx1 (solid orange), and SPHEREx2 (solid blue).
The dashed contours represent the 2D 68% CL CMB and LSS combined results. The configuration CMB-1
(CMB-2) is considered in the left (right) panel.

We stress that we have considered discrete bins linearly spaced for P (k) with the minimum
width (for every redshift slice) such as a diagonal covariance matrix is a good approximation [85].
We believe that this setting is more conservative than considering a continuous P (k) in the galaxy
likelihood evaluation, given three of the considered fiducial models have super-imposed oscillations. If
we were considering a continuous P (k), there would be no considerable changes for MI, but we would
obtain tighter constraints for the other three models.

6 Conclusions

In this paper we have studied the complementarity between the matter power spectrum from future
galaxy surveys which have an accurate determination of redshift and cover a wide volume, such as
DESI, Euclid and SPHEREx, and the one from the measurements of CMB anisotropies in temperature
and polarization to help in characterizing primordial features in the PPS. We have restricted ourselves
to models predicting features which improve the fit to Planck 2015 temperature data with respect to
the simplest power-law spectrum, although not at a statistical significant level.

By considering four representative deviations from a simple power-law PPS and including CMB
uncertainties compatible with future measurements, we have shown that any of the surveys considered
here with either a wide sky coverage and an accurate determination of redshift will be useful to decrease
significantly the uncertainties in the features parameters, as is clear from figures 7-8-9-10-11. As a best
case from table 5, we have shown that the combination of information contained in the three surveys
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Figure 11. Same plot as fig. 10 but with an amplitude smaller than by a factor 2.

considered can detect the model super-imposed logarithmic oscillations at more than 3σ; we have
explicitly checked that the same model with an amplitude smaller than by a factor 2 (Alog = 0.0189)
can be detected at 3σ by the combination of CMB and galaxy surveys considered here.

The synergy with future galaxy surveys was also explored in previous works [40, 41]. With
respect to these works, our study has compared different galaxy surveys with the most updated
specifications and has considered cosmological models which lead to an improved χ2 with respect
to the simplest ΛCDM model, with the most recent data [2, 4, 92]. Instead, previous works such
as Gibelyou et al. [40], in which the model with an exponential cut-off was studied, and Huang et
al. [41], which considered the sharp edge in the first derivative of the potential, have adopted fiducial
models with features in the PPS at comoving scales smaller than what current data seem to indicate.
By choosing smaller comoving scales for the features, MI and MII could be more easily distinguished
from a standard ΛCDM model, as the analysis of the fourth model explicitly shows.

Although not all (realistic and systematics) uncertainties have been taken into account in our
forecasts, we have conservatively limited ourselves to the CMB angular power spectra of temperature
and polarization fluctuations and to the power spectrum of galaxies from future surveys with an
accurate determination of redshifts. We therefore believe that we can be optimistic even in probing
features at large scales in the PPS for different reasons. In the first instance, other surveys as
LSST [38] (photometric) and SKA [39] (radio) will access even larger volumes than the ones considered
here. This aspect is particularly important since the features for three of the four models studied
here seem effectively located at scales which are at the edge of those probed by DESI, Euclid and
SPHEREx. Secondly, the deviations from a simple power law of primordial perturbations studied
here can be accompanied by imprints in the CMB and/or galaxy shear, as well as in the CMB and/or
galaxy bispectrum; these imprints in higher-order correlation functions can add to the ones we have
considered here to further test primordial features. We hope to include some of these effects in our
analysis elsewhere. Finally, future CMB space missions [93–95] will provide a final cosmic variance
limited measurement of the E-mode polarization which will be crucial in discriminating a primordial
origin of the features at ` . 40 in the temperature power spectrum from a statistical fluctuation.
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Note added

After this work was nearly completed, a paper forecasting Euclid-like and LSST-like capabilities [96]
for models with features in the power spectrum appeared on the archive. Where a comparison is
possible, our results are in qualitative agreement with those presented in [96].
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