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The integrated Sachs-Wolfe (ISW) effect predicts additional anisotropies in the cosmic microwave
background (CMB) due to time variation of the gravitational potential when the expansion of the Universe
is not matter dominated. The ISW effect is therefore expected in the early Universe, due to the presence of
relativistic particles at recombination, and in the late Universe, when dark energy starts to dominate the
expansion. Deviations from the standard picture can be parametrized by A ,;gw and Ajqw, which rescale the
overall amplitude of the early and late ISW effects. Analyzing the most recent CMB temperature spectra
from the Planck 2015 release, we detect the presence of the early ISW at high significance with A, gw =
1.06 £ 0.04 at 68% C.L. and an upper limit for the late ISW of A;;gw < 1.1 at 95% C.L. The inclusion of
the recent polarization data from the Planck experiment results in A gy = 0.999 £ 0.028 at 68% C.L., in
better agreement with the value A,gw = 1 of a standard cosmology. When considering the recent
detections of the late ISW coming from correlations between CMB temperature anisotropies and weak
lensing, a value of A;gw = 0.85 4 0.21 is predicted at 68% C.L., showing 40 evidence. We discuss the
stability of our result in the case of an extra relativistic energy component parametrized by the effective

neutrino number N4 and of a CMB lensing amplitude Aj .
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I. INTRODUCTION

Already in 1966, only two years after the discovery of
the cosmic microwave background (hereafter, CMB) radi-
ation [1], Sachs and Wolfe [2] presented the first compu-
tations of the gravitational redshift of CMB photons by
linear matter perturbations. This so-called “Sachs-Wolfe”
(SW) effect can be identified in two regimes: the non-
integrated SW (NISW) effect and the integrated SW effect
(ISW). The NISW is the predominant source of fluctuations
in the CMB on scales larger than ~10°. This effect measured
for the first time by the COBE satellite in 1992 [3] occurs at
the last scattering surface and provides the first indication for
a nearly scale invariant spectrum of primordial fluctuations,
as expected in inflationary theory (see e.g. [4,5]).

The ISW, on the contrary, is a “secondary” source of
CMB fluctuations, always subdominant with respect to
primary sources: it is produced between the last scattering
surface and today, and it gives a nonzero contribution
only if the expansion of the Universe is not entirely driven
by a nonrelativistic matter component. Therefore it will be
present after CMB decoupling (produced by the non-
negligible relativistic energy component in the total energy
density—early ISW), and at recent times when the expan-
sion of the Universe starts to be affected by dark energy
(late ISW).

Both eISW and /ISW provide an excellent probe for
“new physics.” A measurement of a late ISW is indeed
evidence for a nondark matter dominated expansion of the
late Universe, confirming the existence of a “dark energy”
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component. The /ISW combined with other cosmological
observables could also be used to constrain dark energy
parameters as its equation of state or effective sound speed
(see e.g. [6-8]). Moreover, the use of the /ISW to constrain
the neutrino mass has been proposed by [9].

The eISW, on the contrary, probes the amount of energy
stored in relativistic degrees of freedom at recombination.
The presence of extra-light particles like sterile neutrinos or
thermal axions at such epoch, then, can change its
amplitude. The early ISW can also be used to constrain
modified gravity models as discussed, for example, in [10].

The /ISW has been detected for the first time in [11] by
cross-correlating the map of the CMB sky measured by the
WMAP satellite with number counts of radio galaxies in
the NVSS survey and with the hard x-ray background
measured by the HEAO-1 satellite.

This detection has then been confirmed several times in
the past years by cross-correlations with different data
sets [12-20]. The last analysis obtained by the Planck
Collaboration [21] found an ~4¢ indication for /ISW, with
an amplitude in agreement with a cosmological constant
making up the entirety of the dark energy component.

The eISW cannot be probed directly, but it affects the
CMB angular spectrum of temperature anisotropies (see
e.g. [22] and the discussion in the next section). Constraints
on the amplitude of the eISW coming from the WMAP
satellite have been presented in [22].

In this paper we present new constraints on the /ISW and
the eISW effects from the recent measurements of the CMB

© 2015 American Physical Society
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temperature and polarization angular power spectrum
provided by the Planck satellite, and also discuss degen-
eracies with other parameters. Most notably, we found a
correlation between the amplitude of the eISW and the
effective lensing parameter A; in discrepancy with the
standard value at ~2 standard deviations.

The paper is organized as follows: In the next section we
describe the physics of the ISW effect and the parametri-
zation we have used. In Sec. III we present our data analysis
method, in Sec. IV we discuss our results and, finally, in
Sec. V we derive our conclusions.

II. THE ISW EFFECT

The ISW effect is a contribution to the CMB temperature
anisotropy given by the interaction of photons with time-
dependent gravitational potentials. At multipole ¢ and
linear order in temperature perturbations one has that [23]

O ()= [ dne= (k) = ko) (k). (1)

where 7 is the optical depth, 7, is the current conformal
time and An = 7, — 5. For times much earlier than recom-
bination (7 < #,..), CMB photons are tightly coupled to
electrons and protons by Compton scattering: this makes
e~"01) small enough that the ISW effect is negligible.

A. Early ISW: Theory

Equation (1) shows how there is a nonvanishing ISW
effect in the presence of time-dependent gravitational
potentials ¥ and ®. For modes that cross the horizon well
into matter domination, the gravitational potentials are
constant in time. So one expects the ISW to be mainly
present at times after recombination (since the energy
density of relativistic matter is still considerable at that
time). Because of this, one can estimate its contribution to
multipole Z by evaluating the Bessel function at n ~ #,..:
the result is (approximating ® ~ —W),

OISV (k) & 2 (kAee) {0 (k. 1) = W (k. tee) b, (2)

where 1y 1S a time late at matter domination. From Eq. (2)
one can see that [24] the early ISW adds in phase with the
Sachs-Wolfe primary anisotropy given by

sz(k) = jf(kAr/rec){@O (k’ nrec) + ‘Il(k’ nrec)}' (3)

We can see this from the fact that both anisotropies are
multiplied by the same Bessel function. This will increase
the height of the first acoustic peaks, with the first one
being boosted more than the others. The reason is that at
times right after recombination, perturbations with k <«
1/1,.c do not evolve, while perturbations with k > 1/n,..
are averaged out when integrated along the photon trajec-
tory. This means that the dominant contribution to the early
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ISW effect is due to perturbations with k ~ 1/#5,. that
approximately corresponds to the first acoustic peak; the
effect of @5V (k) on the angular anisotropy C, is sup-
pressed by the factor

p%ad(ﬂrec) _ (1 + Zrec)2
P (Tlrec) 1+ zeq

(4)

Therefore, even if neutrinos and other relativistic species
decoupled from the primordial plasma earlier than the
photons, the ISW will still depend on the number of
relativistic degrees of freedom at recombination: an increase
of the amount of radiation during this epoch (i.e. an effective
number of relativistic species N > 3.046) will delay the
advent of matter domination, make Zeq Smaller, and result in
a larger amplitude of the early ISW effect.

This is one of the main reasons why the cosmic micro-
wave background is sensitive to the redshift of matter-
radiation equality (and then to the amount of radiation at
recombination), thus opening the possibility of con-
straining the number of extra relativistic species with
CMB experiments.

B. Late ISW: Theory

The late ISW effect is active at more recent times, when
dark energy starts to play a role and the gravitational
potentials are decreasing, and its contribution to the CMB
power spectrum is sizable at large scales only [25]. The
observable effects of the ISW, in the times dominated by
dark energy, are mainly the following [26]:

(i) Focusing on scales corresponding to galaxy clusters,

where gravitational perturbations start growing, the
CMB photons experience an ISW effect caused by
the time dependence of the gravitational potential
inside these nonlinear structures. Therefore one
expects to find a correlation between CPW and
the density contrast observed by surveys [27,28].
These correlations can be used to distinguish be-
tween the standard ACDM universe and models that
try to explain the present day acceleration through
modifications of gravity [29,30].

(ii) The gravitational potentials that redshift CMB pho-
tons (late ISW) are the same that cause the weak
lensing distortions: the interplay between these two
effects gives rise to a non-Gaussian contribution,
which is encoded in the lensing-induced bispectrum
between small and large angular scales [31].

The correlation with these large-scale structure (LSS)
tracers has been investigated in [21], which studied the
cross-correlations of the temperature anisotropies with
both lensing potential and galaxy number counts, show-
ing that they yield a 4o detection of the late ISW. More
precisely, temperature-lensing correlations result in
Ajpsw = 1.04 £0.33, while including galaxy number
counts gives A;gw = 1.00 = 0.25.
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C. Parametrization of early and late ISW effects

In this paper we consider a parametrization of the ISW
amplitude in terms of two parameters A,gw and Aj;sw,
which rescale the contribution at early (A,sw) and late
(Apsw) times in the following way: we introduce in the
integrand of Eq. (1) a function f(5) given by

. AEISW fOI' > 30,
f(]’]) - {AIISW for < 30, (5)

where the standard scenario is given by A, sw =
Ajsw = 1. The reason why we have chosen z = 30 as a
turning point between the early and late contributions is
merely a phenomenological one: plotting the integrand of
Eq. (1) as a function of redshift with the caMB code [32],
one can see that its minimum lies near z = 30.

III. DATA ANALYSIS METHOD

We perform a Markov chain Monte Carlo analysis,
making use of the publicly available code cosmMomcC
[33,34]. Our baseline model is the standard six-parameter
ACDM model, which includes the baryon density Q, /2, the
cold dark matter density Qchz, the sound horizon angular
scale 6, the reionization optical depth 7, the amplitude and
spectral index of the primordial power spectrum of scalar
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perturbations In[10'°A;], and n,. We then include the two
amplitudes A, gw and A;sw of Eq. (5).

We first fix one of the two amplitudes to the standard
expected value and let the second one vary freely, but also
explore the case of the two amplitudes varying jointly. In
addition, we consider other one-parameter extensions to this
ACDM+Ajgw model, by varying separately the gravitational
lensing amplitude A; [35], the primordial helium abundance
Yp (assuming it to be an independent parameter in a
nonstandard Big Bang nucleosynthesis (BBN) framework),
and Tcyp (the blackbody temperature of the CMB at the
current epoch). When not varied, these parameters are fixed in
agreement with the standard cosmological scenario, namely,

) AL =1,

(i) N = 3.046,

(iii) Yp as a function of ,h? and the effective number of
relativistic species N equal to 3.046 (as expected
from the standard BBN),

(iv) Ty = 2.7255 K [36].

We impose flat priors, but also check the impact of a
Gaussian prior A;gw = 1.00 £0.25 (which will be
denoted by the “prior” label in the following plots and
tables). This prior is consistent with the 68% C.L. bounds
on the same parameter from [21], where the ISW-lensing
bispectrum induced on the Gaussian CMB anisotropies
by the lensing effect is estimated by cross-correlating the

TABLE 1. Constraints at 68% C.L. on the cosmological parameters in the extended ACDM model explored here using the Planck
TT + lowP data set.

Parameter ACDM + AEISW ACDM =+ Neff + AEISW ACDM =+ AL + AEISW
Quh? 0.0218 £ 0.0004 0.0218 £ 0.0005 0.0225 £ 0.0005
Q.h? 0.1201 £ 0.0022 0.1204 £ 0.0039 0.1170 £ 0.0027
1000 1.04072 £ 0.00049 1.04071 £ 0.00056 1.04126 £ 0.00056
T 0.076 £ 0.019 0.077 £ 0.022 0.059 + 0.020

ng 0.9724 £ 0.0080 0.974 £0.016 0.9750 £ 0.0081
In[10'94,] 3.080 + 0.037 3.083 +0.048 3.045 +0.041
Neff =1 308t8322 =3.046

A =1 =1 1.216 £ 0.11
Acisw 1.0641008 1.065 £ 0.043 1.018 4+ 0.046
TABLE II. Constraints at 68% C.L. on extensions of the ACDM model for the Planck TT, TE, EE 4 lowP data set.

Parameter ACDM + A, sw ACDM + N + A isw ACDM + A} + Aisw
Q h? 0.0222 + 0.0002 0.0222 £ 0.0003 0.0225 £ 0.0002
Q.h? 0.1199 £ 0.0015 0.1189 £ 0.0031 0.1 183f8f881156
1006 1.04072 £+ 0.00031 1.04087 £ 0.00045 1.04095 £ 0.00032
T 0.081 £0.017 0.080 +0.018 0.056100%

ng 0.9638 £ 0.0058 0.961 +0.010 0.967 + 0.0055
In[10'°4,] 3.098 +0.033 3.091 £ 0.038 3.04210048

Neff =1 2991r(())22? =3.046

AL =1 =1 11827538
Aisw 0.999 + 0.028 1.002 + 0.028 0.988 + 0.027
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Planck CMB maps with the Planck map of the lensing
potential [21].

We test the following data sets: the high-£ Planck
temperature and polarization power spectra in the range
30 < Z < 2500 (hereafter Planck TT and Planck TT, TE,
EE) combined with the low-£ Planck temperature and
polarization power spectra in the range 2 <7 <29 (denoted
as lowP) [37]. Regarding polarization spectra at high £, we
also test the WMAP power spectra in temperature and
polarization [38] up to £ = 1200. When T, is varied, we
also add information from baryon acoustic oscillation
(BAO) as reported in [39], in order to break degeneracies
among cosmological parameters.

IV. RESULTS
A. Early ISW: Results

We start from considering the case in which only
the early ISW effect is left free to vary. The results of

1.20

1.08

Aeisw

1.02

| B Planck TT+lowP

I | ]
0.96 |- | i
|
|

Planck TT,TE,EE+lowP
| . L L |

0.0216
QuH?

0.0208

FIG. 1 (color online).
data set and the Planck TT, TE, EE + lowP data sets.
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FIG. 2 (color online).
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our analysis are shown in Tables I and II in which we
report the 68% C.L. around the mean value of the
posterior.

By comparing the results given in the first column of
Table I with those shown by the Planck Collaboration in
[39] for a ACDM model, it can be noticed that the most
interesting effects which arise from the inclusion of A gw
as a free parameter are on the parameters 4 and ng: a
lower Q42 and a higher n than the standard ACDM case
are favored.

This can be understood looking at Fig. 1, which shows
the correlation between A,y with QA% and n,. A larger
A sw or a larger Q h? act in (almost) the same way on
the CMB spectrum, increasing the height of the peaks at
¢ ~100. This is reflected in the strong degeneracy
between A,iqw and Q.4 (left panel of Fig. 1); in fact
a higher value of A,gqw can be compensated by a
decrease of Quh? to keep fixed the height of the acoustic

1.20 ———
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Aeisw

1.02

I Planck TT+lowP ]
Planck TT,TE,EE+lowP A
L L L | L

[ | ]
0.96 |- —— .
!
|

L
0.975
ns

0.945 0.990

Two-dimensional posterior probability in the (Q,h%, A,igw) and (ng, A,sw) planes for the Planck TT + lowP

0.96 |- — .
|
|

| | W= Planck TT+lowP ]

0.88 | | Planck TT,TE,EE+lowP |

L P S S SR IS S ST A SR S S S SR S
2.0 2.4 2.8 3.2 3.6 4.0

Nefe

The left panel depicts the 68% and 95% C.L. allowed regions in the (A; , A,isw) plane for the Planck TT + lowP

and the Planck TT, TE, EE + lowP data sets. The right panel shows the 68% and 95% C.L. regions in the (N, A,sw) plane.
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TABLE III. Constraints at 68% C.L. on the amplitude of the
early-time ISW effect, A, qw, for the different combinations of
data sets and models.

Extended model ACDM+ Asw
AelSW
WMAP 1.0077905¢

Planck TT + lowP 1.064-008

Planck TT, TE, EE + lowP 0.999 + 0.028
Agsw +AL

Planck TT + lowP 1.018 + 0.046
Planck TT, TE, EE + lowP 0.988 +0.027
Aasw + Nege

Planck TT + lowP 1.065 4+ 0.043
Planck TT, TE, EE + lowP 1.002 £+ 0.028

AeISW + Npun
Planck TT + lowP

Planck TT, TE, EE + lowP
Aasw +Yp

1.066j§;§§
1.004 5557

Planck TT 4+ lowP 1.066 + 0.042
Planck TT, TE, EE + lowP 1.000 £ 0.028
Agsw + Tems

Planck TT + lowP + BAO 1.063 £ 0.046
Planck TT, TE, EE + lowP + BAO 1.001 £ 0.028

peaks of the CMB. The right panel of Fig. 1 shows the
68% C.L. and 95% C.L. allowed regions in the
(ng,Assw) plane: as the value of ng increases, a larger
A.sw 1s also allowed.

When we consider the Planck TT, TE, EE + lowP data
sets (first column of Table II) the bounds on the optical
depth 7 and the amplitude of the primordial spectrum
In[10'°A,] are displaced to higher values and the errors on
the cosmological parameters are reduced.

— wMaAP I ‘ I I
1.0 — Pianck TT+lowP ]
| — AL
[ —  +Nerr
08 __ T -1
+Yp
x F — +T, + BAO
(Eu 06 | CMB i
Q [
~
Q i
04 -
0.2 \ i
|
0.0 : : —_—
0.88 0.96 1.04 1.12
Aeisw

FIG. 3 (color online).
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Instead, as shown in Tables I and II, the inclusion of
gravitational lensing A; and of the effective number of
relativistic species Ny does not change significantly the
constraints on the parameters with respect to those obtained
by the Planck Collaboration [39]. Figure 2, left panel,
depicts the 68% and 95% C.L. allowed regions in the
(AL, A.sw) plane. Even if the early ISW and weak lensing
operate at very different scales, the latter is also sensitive to
the matter density Q,h> [40]: this explains the mild
correlation between these two parameters shown in the
left panel. The right panel of Fig. 2 illustrates the 68% and
95% C.L. contours in the (N, A.1sw) plane resulting from
the analysis of CMB data. Notice that, in contrast to what
was said in Sec. I A, these parameters appear uncorrelated.
Actually, instead, this agrees with the conclusions of [41],
in which the authors explain how a Y, “fixed” by BBN
consistency would not degrade the constraint on N, even
if A gw 1s left free to vary.

Table III depicts the 68% C.L. constraints on A gy for
the different cosmological models explored in this study
using different cosmological data. First, notice that the
Planck TT + lowP data alone already provide tighter
constraints than WMAP on A,gw. Using only the
Planck TT + lowP data, we can see that the inclusion of
the lensing amplitude Ay as a free parameter (in addition to
the standard ACDM picture) tends to diminish the lo
indication for an A,gw # 1. We also note that this
preference persists when we vary other parameters like
the effective number of relativistic species N, the running
of the scalar tilt n,,,, and the helium mass fraction Yp.
On the other hand, it vanishes when we consider the Planck
TT, TE, EE + lowP data for all different cosmological
models. These results are also summarized by the plots of

T T T 1T
— WMAP

1.0 " — Planck TT,TE EE-+low .
| — +AL
[ —  +Nefr
0.8 [ —  +nun ]
+Yp
x i +Tcems + BAO
£ 0.6
a I
\
Q |
0.4
0.2
0.0

One-dimensional posterior probability for the amplitude of the early-time ISW effect for the indicated data sets

and models. The black and blue curves correspond to a ACDM + A, gw model. The additional curves come from the indicated one-
parameter extension to this baseline model, for the Planck TT + lowP data set (left) and Planck TT, TE, EE + lowP data set (right).
When Tcyp is varied, BAO data sets [42—46] are included in the analysis, in order to break degeneracies between cosmological

parameters.
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I 0.99
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0.945 1= Acomiagswipol | T
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FIG. 4 (color online). Two-dimensional contours in the Q, h> —
ng plane, colored by the value of the parameter A,gw, for the
Planck TT + lowP and Planck TT, TE, EE + lowP data sets. The
black and blue contours show the two-dimensional posterior
probability in the Q4> — ng plane for the same data set and the
indicated models. The green contours include the addition of
high-# polarization.

Fig. 3 showing the one-dimensional posteriors for A, jgw in
the various extensions of the ACDM we discussed.
Figure 4 shows the 2D marginalized posterior distribu-
tion for Q, 4 and n using the Planck TT + lowP and Planck
TT, TE.,EE+lowP data sets. We consider two different
cosmological models: ACDM vs ACDM +A sw. Notice
that the correlation between 4 and n turns from positive
(ACDM) to negative (ACDM + A, sw). This is due to the
strong degeneracy between Q4% and A gy (already shown
in Fig. 1) that reduces the degeneracies between the other

_— I WMAP
— +Apisw prior ]
= Planck TT+lowP ]
—  +Apisw prior
—_— +AL
+Nefr

P/ Prax

0.0 0.5 1.0 1.5 2.0

FIG. 5 (color online).
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TABLE IV. Constraints at 68% C.L. (unless otherwise stated)
on the amplitude of the late-time ISW effect, A;qw, for the
different combinations of data sets and models considered
in the text.

Extended model ACDM+ Asw

Apsw

WMAP 0.958:03))
Planck TT + lowP < 1.14 (95% C.L.)
Planck TT, TE, EE + lowP < 1.11 95% C.L.)
Ajsw, prior

WMAP 0.958 157

Planck TT + lowP

Planck TT, TE, EE + lowP
Apnsw + Nege

Planck TT + lowP

Planck TT, TE, EE + lowP
Apsw + AL

Planck TT + lowP

Planck TT, TE, EE + lowP

0.853 +0.211
0.847303

< 1.14 (95% C.L.)
< 1.11 (95% C.L.)

< 1.25 95% C.L.)
< 1.12 (95% C.L.)

parameters of the ACDM model. Moreover, if also the
information from the Planck high-# polarization data is
included, the values of these three parameters tend to come
in accord with their standard ACDM value (see Table III),
even if the direction of the degeneracy between Q, 4> and n
remains positive.

B. Late ISW: Results

In this section we present the results obtained consid-
ering only the late ISW effect. Table IV presents the
constraints on Aj;qw for the different cosmological
data combinations considered here. Figure 5 contains

| L L AL
WMAP
+Agisw prior —1
Planck TT,TE,EE+lowP T
+Ag sy prior )
AL
+Nefr

P/Pmax

One-dimensional posterior probability for the amplitude of the late-time ISW effect for the data sets and models

discussed in the text. The black curves refer to a ACDM + A;qw, with the WMAP data set for the high-# polarization. The remaining
curves include the Planck TT + lowP data (left panel), and the Planck TT, TE, EE + lowP data (right panel). The “A;gw prior” label
indicates the inclusion of the Gaussian prior on Ajgw coming from the cross-correlated analysis of the CMB bispectrum and galaxy

clusters.
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| S - Planck TT+|0WP ‘
3 | Planck TT,TE,EE+lowP 1
1.6 | 1
|
|
|

Answ

1.0 1.2 1.4 1.6
AL

FIG. 6 (color online). Two-dimensional posterior probability in
the A} — Ajsw plane for the Planck TT + lowP and Planck TT,
TE, EE + lowP data sets. This posterior shows that, while the
amplitude of the late ISW effect and the lensing parameter A; are
not correlated, the inclusion of high-£ polarization data from
Planck brings the contours back in accord with A; =1 and

AIISW =1

the one-dimensional posteriors for the amplitude of the
late-time ISW effect in the various extensions of ACDM
model. Notice that when we consider the case with a
flat prior on Ajgqw, there is consistency with A;qw = 1
for the WMAP data set. The Planck TT + lowP and
the Planck TT, TE, EE 4 lowP measurements set the
95% C.L. upper limit of A;qw < 1.14 and Ajgw S 1.11
respectively. We note that Planck alone does not improve
significantly the constraint on A;qw Wwith respect to
WMAP measurements. This occurs because the late-time
ISW affects a region of CMB power spectrum multipoles
that is dominated by cosmic variance, rather than by
instrumental precision. Moreover the bounds on A;qw are
not affected if the effective number of relativistic species
(Ng) 1s included.

We also consider a Gaussian prior of A;gw = 1.00 £
0.25 from the bispectrum-LSS cross-correlation analysis,
which allows us to take into account the constraints
on the late ISW coming from LSS measurements. The
inclusion of the prior results in a tighter constraint from
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WMAP, while the posterior on A;gw when Planck data
set is considered is shifted towards A;qw = 1.

Figure 6 shows the 68% and 95% C.L. allowed regions
in the (Ap,Ausw) plane for the Planck TT + lowP and
Planck TT, TE, EE + lowP data sets. Notice that there is no
correlation between A; — A;gw. This was expected since
the late ISW is active at low £, while weak lensing operates
at high Z. Moreover there is a mild preference for a
nonstandard value of both parameters. Marginalizing over
A we obtain an upper limit of A;qw < 1.25 at 95% C.L.
using the Planck TT + lowP data set, while the inclusion of
high-# polarization measurements tightens the constraint at
Apsw < 1.12 at 95% C.L.

C. Early + late ISW

We conclude by considering the case of both A,qw
and Ajsw varying jointly. Constraints on these two
parameters are reported in Table V. The one-dimensional
and two-dimensional posterior probabilities for a selected
subset of data sets and models are shown in Fig. 7
and Fig. 8, respectively. As mentioned in Secs. IVA
and IV B, when compared with the results from WMAP,
the Planck data provide much tighter constraints on A gw
even when considering temperature only, while the
constraining power on A;gw 1s comparable.

The upper bounds on Aqw are well compatible with the
standard case for all data sets used, while there is a lo
preference of A,gw # 1 when using the PlanckTT +
lowP data set. We note, though, that such a preference
for A sw # 1 disappears when we let A; free to vary, as a
result of the mild degeneracy between the two parameters
discussed in Sec. [V A. Allowing the number of relativistic
species to vary does not alter the constraints with respect to
the minimal extension to ACDM.

The inclusion of small-scale polarization data signifi-
cantly tightens the constraints on A,qw, almost halving
the posterior width. On the other hand, as already
expected, it does not provide further information on
Ajsw, as highlighted by the superposition of both the
green curves with the solid red one in the top right
panel of Fig. 7.

TABLE V. Constraints at 68% C.L. (unless otherwise stated) on the amplitude of the late-time ISW effect A;5w and of the early-time

ISW effect A,qw for the indicated data sets and models.

Data set, model AlISW AeISW
WMAP, ACDM + Ajsw + Acisw 101179093 101970084
Planck PlanckTT + lowP, ACDM + A;gw + A.isw < 1.34(95%C.L. 1.055 4 0.044

Planck Planck TT —+ IOWP, ACDM + AIISW —+ AeISW + AL
Planck PlanckTT + IOWP, ACDM + AlISW + AeISW + Neff
Planck Planck TT, TE, EE + lowP, ACDM + A;sw + Acsw

Planck PlanckTT, TE, EE + lowP, ACDM + A;gw + A.sw + AL
Planck Planck TT, TE, EE -+ IOWP, ACDM —+ AlISW —+ AeISW —+ Neff

< 1.32(95% C.L.
< 1.35(95% C.L.

)
) 100950047
)

< 1.11(95%C.L.)
)
)

1.057t§;§§

0.994+0:9%7
0.985 + 0.028

0.9967 0038

< 1.12(95% C.L.
< 1. 10(95%CL
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FIG. 8 (color online). Two-dimensional posterior probability in
the A;sw — Asw plane for the Planck TT + lowP and Planck
TT, TE, EE + lowP data sets.

V. CONCLUSIONS

In this paper we study the constraints on the amplitude of
the integrated Sachs-Wolfe effect, both its early- and late-
time contributions.

We find that the Planck TT + lowP data are consistent
with a nonzero early ISW, with an amplitude A,qw in
agreement with A, ;qw = 1 as predicted by theory, with a 1o
preference of A, ;gw # 1 when considering extensions to the
ACDM model discussed in this work. We also confirm the
strong degeneracy between the amplitude of the early ISW

and parameters like Q4% and ng. Our analysis also hints for
a correlation between A qw and the lensing parameter Aj.

Regarding the late ISW, Planck data alone place a
constraint Ajgw < 1.1 at 95% C.L. When supplemented
with a prior on A;gqw coming from CMB temperature
anisotropy-weak lensing correlations, however, we find an
~4¢ detection Axgw = 0.85 + 0.21.

When we consider also the recent polarization data at
high # from the Planck Collaboration, we find that the
evidence for a nonstandard value of A,gw disappears.
The reason is that the addition of TE and EFE spectra leads
to a better agreement of data with the standard ACDM
model. More precisely, A,qw gets dragged towards 1
through its degeneracy with Quh? and ng, which return in
agreement with the ACDM best fit when polarization is
included.

On the other hand, using the small-scale polarization
spectra does not change the results obtained for A qw. Their
effect is to slightly tighten the upper bounds obtained when
considering only the temperature spectra.

When the two parameters are allowed to vary jointly, the
same pattern described above is reproduced.
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