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We propose to study the imprint of features in the primordial power spectrum with the primary CMB
after the subtraction of the reconstructed ISW signal from the observed CMB temperature angular power
spectrum. We consider the application to features models able to fit two of the large scales anomalies
observed in the CMB temperature angular power spectrum: the deficit of power at ℓ ∼ 2 and at ℓ ∼ 22.

We show that if the features comes from the primordial power spectrumwe should be find consistent
constraints of these features model from the CMB temperature angular power spectrum removing or
not the late ISW signal. Moreover, this method shows also some improvement on the constraints on
the features parameters up to 16% for models predicting a suppression of power of the quadrupole and
up to 27% for models with features at ℓ ∼ 22, assuming instrumental sensitivity similar to the Planck
satellite (depending on the goodness of the ISW reconstruction). Furthermore, it gives the opportunity to
understand if these anomalies are attributed to early- or late-time physics.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Although observations show how a spatially flat ΛCDM model
with a tilted power-law spectrum of primordial density fluctu-
ations provides a good fit to CMB temperature and polarization
anisotropies [1], there are interesting hints for newphysics beyond
the ΛCDM model based on slow-roll inflation in the WMAP [2]
and Planck data [3–5], such as anomalies in the large angular scale
pattern of CMB temperature anisotropies [2–19].

Anomalies in the CMB angular power spectra, as well as in the
darkmatter power spectrum, are predicted by several theoretically
well motivated mechanisms that occur during inflation; these
mechanisms support deviations from a simple power-law for the
primordial power spectrum, connected with the violation of the
slow-roll phase, and provide a better fit to the CMB data at ∼ 2σ .

In Fig. 1, it is plotted the comparison between the best-fit CMB
temperature power spectrum for the standard ΛCDM model and
the best-fits for some features models [4] which improve the fit
of CMB data. Although the difference between these models, the
cosmic-variance restricts our ability to discriminate between them
even with a perfect measure of the CMB anisotropies.

The situation improves if well-suited data in addition to the
CMB temperature anisotropies are available:

• CMB E-mode polarization have been highlighted as a possible
way to constrain primordial features with high confidence
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thanks to the narrower transfer functions compared to the
ones of the CMB temperature [20–23].

• The opportunity to look elsewhere for the imprint of primor-
dial features, as in the matter power spectrum, is a unique
chance to improve our current understanding of these possi-
ble anomalies; see for instance [24–33].

• Combined search for primordial features in the power spec-
trum and bispectrum is another promising way to test such
models thanks to the imprints on higher-order correlators
[29,34–39].

In this paper, we propose a further method to improve the
current understanding of the large scales CMB anomalies based
on the possibility to subtract the reconstructed integrated Sachs–
Wolfe (ISW) signal from the observed CMB temperature angular
power spectrum in order to constrain models with features in
the primordial power spectrum with the primary CMB. After sub-
tracting the ISW signal, possible by cross-correlating CMB maps
with tracer maps of the matter density fluctuation, we have the
opportunity to test the CMB angular power spectrum dominated
by the SW contribution at the largest scales like the primary CMB
signal generated at the last scattering surface. This technique has
been already proposed and applied to real data to study the sig-
nificance of anomalies at CMB maps level with and without the
contamination from the late ISW signal [40–43].

ISW, such as CMB lensing deflection, can be considered as fore-
ground contribution to the primary CMB signal. They can be used to
further study the information content from some late-time physics
(dark energy and small scales matter perturbation for instance),
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Fig. 1. CMB temperature angular power spectrum best-fit for ΛCDM (dashed
black), cut-off (red), kink (blue), step (green) models from Planck 2015 TT+lowP
data [4]. The yellow band represents the error bar from the cosmic-variance only
for ΛCDM. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

but they also ceil part of the primary CMB signal introducing some
degeneracies between primordial parameters and other ones.

The ISW contribution to the CMB temperature fluctuations in
direction n̂ is a secondary anisotropy in the CMB caused by the
passage of CMB photons through evolving gravitational potential
wells
δTISW
T

(n̂) = −

∫
dz e−τ (z)

[
dΦ

dz
(n̂ , z) +

dΨ

dz
(n̂ , z)

]
, (1)

where Φ and Ψ are the gravitational potentials in the longitudinal
gauge and e−τ (z) is the visibility function. On large scales, in a dark-
energy-dominated universe, CMB photons gain energy when they
pass through the decaying potential wells associated with over-
densities and lose energy on passing through underdensities [44].
This effect mainly contributes to large angular scales and therefore
at low multipoles, i.e. ≲ 100, since there is a little power in the
potentials at late times on scales that entered the Hubble radius
during radiation domination.

2. Primary CMB anisotropies temperature angular power spec-
trum

The different components that source the observed CMB tem-
perature are assumed to have a negligible correlation with the
others and drawn from a Gaussian distributions with mean zero
and a known covariancematrix. Therefore, the combination T obs

−

T ISW
= T primary

+ TN
+ T fg will be distributed as a Gaussian with

covariance matrix equals to the sum of the covariance matrices of
the noise and the primordial CMB.

By knowing the ISW contribution to the CMB temperature
anisotropies it is possible to reconstruct the primary CMB temper-
ature angular power spectrum at large scales

Cprimary
ℓ = CTT

ℓ − C ISW
ℓ , (2)

N primary
ℓ = N T

ℓ + N ISW
ℓ , (3)

where N ISW
ℓ is the noise of the ISW angular power spectrum after

the reconstruction.
ISW is generally reconstructed by cross-correlating CMB tem-

perature angular power spectrum with LSS galaxy surveys [45]

or other LSS tracers such as CMB lensing [46], thermal Sunyaev–
Zeldovich [47], intensity mapping emission lines [48] and clusters
of galaxies [49].

In order to quantify the errors from the reconstruction of the
ISW signal by cross-correlating the CMB with one or more LSS
tracers, we consider the standard theoretical signal-to-noise ratio
(defined according to [50,51]) to build the noise angular power
spectra for three different cases: a 3σ level reconstruction of the
ISW signal, compatible with the significance obtained in [52] by
cross-correlating the Planck temperature map with a compilation
of publicly available galaxy surveys [52]; a 6σ significance ex-
pected for next-generation of LSS galaxy surveys [48,53]; an ideal
case with a perfect reconstruction (∼ 10σ ) of the late-time ISW
signal with N ISW

≃ 0 in Eq. (3).

3. Fisher forecast formalism

With these definitions in hand, we can proceed to perform a
Fisher matrix analysis for CMB angular power spectra (tempera-
ture and E-mode polarization) [54–58]

FCMB
αβ =

1
2
tr

[
C,αC−1C,βC−1] , (4)

where

C =

[
C̄TT

ℓ C̄TE
ℓ

C̄TE
ℓ C̄EE

ℓ

]
. (5)

Here C̄X
ℓ is the sum of the theoretical spectrum CX

ℓ and the effective
noise N X

ℓ , which is given by the inverse noise weighted combi-
nation of the instrumental noise de-convolved with the beams of
different frequency channels. For the temperature and polarization
angular power spectra, a noise power spectrum with Gaussian
beam profile [54] has been used

N X
ℓ = σX b−2

ℓ . (6)

Here b2ℓ is the beam window function, assumed Gaussian, with
bℓ = e−ℓ(ℓ+1)θ2FWHM/16 ln 2; θFWHM is the full width half maximum
(FWHM) of the beam in radians; σT and σE are the square of the
detector noise level on a steradian patch for temperature and
polarization, respectively.

4. Models of features in the primordial power spectrum

We consider three inflation models that generate features in
the primordial power spectrum (see Fig. 1): the cut-offmodel [59]
which reproduces a suppression of power at large scales, and two
models which lead to localized features in the primordial power
spectrum, i.e. the kinkmodel [60] and the stepmodel [61]. Follow-
ing [28], the fiducial spectra are centred at their best-fit parameters
from Planck 2015 TT+lowP data [4] for each parameterization. The
primordial power spectrum can be written as the standard power-
law PR,0, modulated by the contribution dues to the violation of
slow-roll

PR(k) = PR,0(k) · PR, X (k) , (7)

PR,0(k) = As

(
k
k∗

)ns−1

, (8)

where As is the amplitude of the curvature power spectrum, ns is
the scalar spectral index and the pivot scale is fixed at k∗ = 0.05
Mpc−1.

The non-canonical contribution to PR for the cutoff model is
given by

PR, cutoff(y) = 1 − e−yλc , (9)

y ≡
k
kc

, (10)
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for the kinkmodel by

PR, kink(y) = 1 +
9
2
A2

kink

(
1
y

+
1
y3

)2

+
3
2
Akink

(
4 + 3Akink − 3

Akink

y4

)2 1
y2

cos(2y)

+ 3Akink

(
1 −

1 + 3Akink

y2
−

3Akink

y4

)2 1
y
sin(2y) ,

(11)

y ≡
k

kkink
, (12)

and for the stepmodel by

PR, step(y) = exp
{
I0(y) + ln

[
1 + I2

1 (y)
]}

, (13)

y ≡
k

kstep
, (14)

where the first- and second-order parts are

I0(y) = AstepW ′(y)D
(

y
xstep

)
, (15)

√
2 I1(y) =

π

2
(1 − ns) + AstepX ′(y)D

(
y

xstep

)
, (16)

where a prime denotes d/d ln y, and the damping envelope is

D(y) =
y

sinh y
. (17)

The window functions are

W (y) =
3 sin(2y)

2y3
−

3 cos(2y)
y2

−
3 sin(2y)

2y
, (18)

X(y) =
3
y3

(sin y − y cos y)2 . (19)

See Refs. [28,59–61] for a clear description of the models.

5. Results

After the ISW removal, the signal of the CMB temperature
anisotropies decreases at the large angular scales. On these scales
where the instrumental noise is negligible, this effect is compen-
sated by an effective lower cosmic-variance since

√
2/(2ℓ + 1)Cℓ,

i.e.

CTT
ℓ

CTT
ℓ + N T

ℓ

≈
Cprimary

ℓ

Cprimary
ℓ + N primary

ℓ

, (20)

assuming a negligible N ISW
ℓ . On the other hand, the primary CMB

is more sensible to the variation of the cosmological parameters
connected with the primordial power spectrum. It is possible to
see this effect by looking at the derivatives of the CMB temper-
ature anisotropies. In Fig. 2, the derivatives of the CMB primary
anisotropies respect to the features parameters are always larger
in amplitude compared to the derivatives of the observed CMB
temperature anisotropies.

We consider two different configurations of CMB experiment:
a representative of current CMB measurements by considering
the Planck 143 GHz channel full mission sensitivity and angular
resolution as given in [62] and a CMB cosmic-variance limited
experiment, both with fsky = 0.7. Results are collected in Table 1.

Assuming a perfect reconstruction of the ISW, we found that
for the cut-off model the errors decrease by 6% on λc and by 16%
on log10

(
kc Mpc−1) for an experimentwith Planck’s sensitivity. For

the kinkmodel the errors improve by a 17% onAkink and by 10% on
log10

(
kkink Mpc−1). The step model is the one that benefits more

Fig. 2. Derivatives of the CMB temperature angular power spectrum with respect
to the features parameters for the cut-off (top panels), kink (central panels), step
(bottom panels) models. The red dashed lines refer to the derivative of the full
observed CMB temperature angular power spectrumand the blue solid lines refer to
the derivative of the primary spectra. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

from this method, the errors improve by a 27% on Astep, by 25% on
log10

(
kstep Mpc−1) and by 19% on ln

(
xstep

)
.

The case with the subtraction of the 3σ and of the 6σ detected
ISW does not lead to any improvements for both the cut-off
and the kink models. Instead, for the step model there is still a
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Table 1
68% constraints on the features parameters for a Planck-like CMB experiment (left) and a cosmic-variance limited one (right). Constraints
are given for the standard case (full CMB) and after ISW subtraction by considering different levels of ISW detection.We report the best-fit
for the features parameters from Planck 2015 TT + lowP data [4].
Model Parameters Full CMB 3σ ISW 6σ ISW Primary CMB

cut-off λc = 0.50 0.218/0.176 0.340/0.234 0.264/0.196 0.204/0.162
log10

(
kc Mpc−1)

= −3.47 0.371/0.325 0.564/0.440 0.418/0.357 0.310/0.280

kink Akink = 0.089 0.0466/0.0334 0.0779/0.0430 0.534/0.0360 0.0387/0.0296
log10

(
kkink Mpc−1)

= −3.05 0.0962/0.0530 0.129/0.0564 0.105/0.0549 0.0866/0.0529

step
Astep = 0.374 0.257/0.125 0.344/0.130 0.247/0.126 0.187/0.120

log10
(
kstep Mpc−1)

= −3.1 0.0368/0.0165 0.0418/0.0174 0.0336/0.0168 0.0275/0.0160
ln

(
xstep

)
= 0.342 0.362/0.189 0.471/0.199 0.364/0.192 0.293/0.183

reduced improvement of 5% on the amplitude and 10% on the scale
parameter, even for these cases with injected noise from the ISW
reconstruction.

Feature models which predict departures from the standard
power-law primordial power spectrum will benefit from having
better measurements of large angular scale CMB E-mode polar-
ization at the cosmic-variance level. However, the cut-off model
affects the largest angular scales reproducing a suppression of
power at ℓ < 30 in temperature and ℓ < 10 in the E-mode
polarization. For this reason, the relative improvement does not
change when we consider a cosmic-variance limited CMB experi-
ment. The instrumental noise on the E-mode polarization is small
even for Planck on such scales. In this case the improvement from
the subtraction of the ISW signal is very small, ∼ 5%, even for
the case of perfect ISW reconstruction for all the three considered
models.

6. Conclusion

In conclusion, thismethod represent a consistentway to test the
origin of features in the CMB temperature angular power spectrum.

We show that the constraints on features parameters after
the ISW subtraction are expected to be consistent with the ones
obtained from full CMB. Moreover, this approach performs well
for the step model which fits the deficit in power at ℓ ≃ 20 − 30,
improving the constraints by 5−27% on the amplitude and by 10−

25% on the scale parameters, evenwithout bettermeasurements of
CMB polarization.

Finally, even if the final improvement for realistic cases of ISW
subtraction could lead to small differences in terms of constraining
power on the parameters of these features models, the subtraction
of the ISW signal could lead to a change in the pattern of the
largest scales of the CMB temperature anisotropies changing the
shape of the features. For instance, if an anomaly vanishes after the
subtraction of the ISW component to the CMB temperature, then a
primordial explanation would be eliminated.
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