Evidence for horizon-scale power from CMB polarization
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The CMB temperature power spectrum offers ambiguous evidence for the existence of horizonscale power in the primordial power spectrum due to uncertainties in spatial curvature and the
physics of cosmic acceleration as well as the observed low quadrupole. Current polarization data from
WMAP provide evidence for horizon-scale power that is robust to these uncertainties. Polarization
on the largest scales arises mainly from scattering at z . 6 when the universe is fully ionized,
making the evidence robust to ionization history variations at higher redshifts as well. A cutoff in
the power spectrum is limited to C = kC /10−4 Mpc−1 < 5.2 (95% CL) by polarization, only slightly
weaker than joint temperature and polarization constraints in flat ΛCDM (C < 4.2). Planck should
improve the polarization limit to C < 3.6 for any model of the acceleration epoch and ionization
history as well as provide tests for foreground and systematic contamination.

I.

INTRODUCTION

Whether or not the CMB temperature power spectrum
provides evidence for horizon-scale power in the primordial power spectrum depends on assumptions about spatial curvature and the physics of late-time cosmic acceleration. In the flat ΛCDM cosmology, roughly half of the
power at the largest angular scales is contributed by the
integrated Sachs-Wolfe (ISW) effect from the decay of
the potential during the acceleration epoch. Due to projection effects, these contributions primarily come from
fluctuations on scales smaller than a tenth of the current
horizon.
Indeed, the large ISW effect presents a challenge
for explanations of the observed low CMB temperature quadrupole in terms of the primordial power spectrum [1, 2, 3]. Nevertheless, this feature has motivated
many studies of models in which the usual, nearly scaleinvariant, inflationary power spectrum is modified by a
cutoff that suppresses large-scale power [4, 5, 6, 7, 8, 9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21]. In a flat
ΛCDM context, such models can marginally improve the
fit to temperature data over that of a power-law spectrum by removing power on scales k . 3 × 10−4 Mpc−1 .
The ISW effect prevents a more substantial improvement
from a horizon-scale cutoff. Models that suppress power
on smaller scales are disfavored by the data since the observed power in CMB temperature at ℓ & 4 is consistent
with the predictions of the power-law spectrum.
These CMB temperature-based conclusions depend
strongly on the model for late time acceleration. For
example, variations in the equation of state of the dark
energy, spatial curvature, and dark energy clustering
can change the ISW contributions at low multipoles
[22, 23]. In more exotic modified gravity models, a
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horizon-scale cutoff can actually be strongly favored. In
the self-accelerating braneworld model [24], a cutoff at
k ∼ 8 × 10−4 Mpc−1 is preferred by the temperature
data [25].
CMB polarization, on the other hand, is free of the
ISW effect but retains the sensitivity to a large-scale
cutoff [10, 26, 27, 28]. In this paper, we demonstrate
the robustness of polarization inferences about horizonscale cutoffs in power by comparing the constraints from
temperature and polarization using both current (5-year)
CMB data from WMAP [29, 30, 31] and forecasts for data
from Planck [32]. We describe the fiducial cutoff model
and illustrate the degeneracies with the ISW effect in
Sec. II. We show how CMB polarization constraints on
the cutoff model are free from these degeneracies as well
as ionization history uncertainties in Sec. III, and we discuss our conclusions in Sec. IV.
II.

HORIZON-SCALE POWER

For definiteness, we model the primordial curvature
power spectrum with an exponential cutoff at k < kC ,
h
i  k ns −1
2
−(k/kC )α
∆ζ = As 1 − e
,
(1)
k0
motivated by a transition between stages of inflation [7].
Here As is the normalization of the power spectrum at
a pivot scale of k0 = 0.05 Mpc−1 and ns is the spectral
tilt. We take α = 3.35 as in Ref. [7], but the CMB
power spectra are insensitive to the exact value of this
parameter [16]. For notational convenience, we define
kC = C × 10−4 Mpc−1 ≈ 0.3CH0 /h ,

(2)

such that C is of order unity for cutoff scales on the
horizon.
A reduction of large scale power from a finite cutoff
C > 0 can be partially compensated by the ISW effect from the late-time decay of gravitational potentials.
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FIG. 1: The cutoff-curvature degeneracy in the CMB T T
spectrum (top) is broken in the EE spectrum (bottom). Solid
curves show a flat model with no large-scale cutoff (C = 0,
with 68% and 95% CL cosmic variance bands per ℓ for T T );
other curves have a cutoff at C = 7. Open circles show
WMAP temperature data at ℓ ≤ 100. The WMAP measurement errors are not plotted since they are smaller than
the point symbols. For the flat models, h = 0.724, while the
open model with ΩK = 0.02 has h = 0.90 to preserve the
CMB acoustic scale. All other parameters are the same for
the 3 models.

For example, negative spatial curvature can substantially
boost power at large angular scales. Figure 1 illustrates
the degeneracy between the scale of the exponential cutoff and spatial curvature through the ISW effect. The polarization spectrum, on the other hand, does not receive
contributions from the ISW effect and better reveals the
presence of a cutoff.
With WMAP data, the flat model with a cutoff at
C = 7 in Fig. 1 can be distinguished from the flat C = 0
model at high significance using temperature data alone.
The likelihood ratio statistic gives −2∆ ln LT T = 11.7
relative to the model with no cutoff. However, the
open model with a cutoff is more difficult to distinguish from the flat C = 0 model using only temperature (−2∆ ln LT T = 3.1). With the addition of polarization data, the open model becomes distinguishable with
−2∆ ln Ltot = 12.6. This example suggests that even
with current data, polarization can provide comparable
constraints to temperature in a manner that is robust to
curvature and the physics of the acceleration epoch.

FIG. 2: Marginalized posterior probability for the cutoff scale
C using WMAP (top panel ) and simulated Planck data (bottom panel ), showing robustness of the polarization constraint
to curvature, dark energy, and the ionization history. For
Planck, the simulated spectra are constrained to the WMAP
temperature measurements at ℓ ≤ 100. (See text for details.)

III.

ROBUST POLARIZATION CONSTRAINTS

To quantify the constraints on horizon-scale power
from polarization, test their robustness, and examine
their potential for future measurements, we adopt a
Markov Chain Monte Carlo (MCMC) approach. We perform this analysis using modified versions of CAMB [33],
CosmoMC [34, 35], and the 5-year WMAP likelihood
code [30, 36]. The resulting constraints on the cutoff
scale C are summarized in Fig. 2.
We begin with an analysis in the flat ΛCDM cosmology where ISW contributions are nearly fixed by parameters that are well-determined by the acoustic peaks. We
add C to the standard set of parameters for MCMC
analyses of CMB data, {Ωb h2 , Ωc h2 , h, τ, As , ns }. As expected, with WMAP data there is a marginal preference
for C ≈ 3 due to the low observed power in the temperature spectrum at low multipoles (see Fig. 2, top panel)
[4, 7, 8, 10, 12, 13, 16, 17, 18, 20]. With a flat prior
on C, the 95% CL upper bound is C < 4.2. Without
polarization data, this constraint weakens to C < 5.3.
In the flat ΛCDM context, most of the temperatureonly constraint on C comes from the temperature spectrum at ℓ . 30. Consequently, the bound is sensitive to
assumptions about the curvature and the dark energy.
To test this dependence, we omit the temperature data
at ℓ ≤ 32. (This is a convenient dividing point since the
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WMAP likelihood code uses different methods to compute the likelihood at scales above and below ℓ = 32 [30].)
With only the temperature data at smaller scales, the
upper limit is C . 25, reflecting a near elimination of
the constraint. Nonetheless, once polarization is added
the bound is only marginally weaker than the full (all ℓ)
constraint, C . 5.2 (see Fig. 2, top panel). Thus the
polarization constraint is already competitive with the
limits from temperature even in the most restrictive flat
ΛCDM context. Moreover, the polarization constraint
is less model-dependent: in Fig. 2, the posterior probability of C is nearly unchanged even if both curvature
and a constant dark energy equation of state w (with
prior −2 < w < 0) are included as additional MCMC parameters and marginalized. In fact, the constraint from
polarization is robust to even more extreme changes such
as modified gravity explanations for cosmic acceleration
[25].
Polarization constraints are also robust to uncertainties in the ionization history. As noted in Ref. [37], predictions for the lowest few multipoles in polarization are
robust to reionization variation since their contributions
arise mainly from z . 6 where we know that the universe
is fully ionized. The impact of variations at higher redshift from projection effects can be effectively controlled
by measurements at higher multipoles where they make
most of their contribution.
To quantify this robustness to the ionization history,
we adopt the principal components (PCs) technique [38,
39], in which the evolution of the ionization fraction is
parametrized as
xe (z) = xfid
e (z) +

N
X

mµ Sµ (z),

(3)

µ=1

where xfid
e (z) is an arbitrary fiducial model (taken here
to be constant xfid
e = 0.15), Sµ (z) are the reionization
PCs, and the PC amplitudes mµ are subject to physicality bounds corresponding to 0 ≤ xe ≤ 1 as described
in Ref. [39]. The PC code modifications to CAMB and
CosmoMC have been made publicly available [40]. For
a conservative upper limit to the start of reionization
of zmax = 30, N = 5 PCs are sufficient to completely
represent the effects of ionization variation on the CMB
polarization power spectrum [39]. Hence marginalizing
these parameters makes constraints on C robust to any
ionization history for z < 30. In Fig. 2 (top panel), we
show that WMAP constraints on C are almost entirely
unchanged by the marginalization over reionization parameters.
In the near future, constraints on horizon-scale power
should be dominated by polarization information. We
use a simulated temperature and polarization data set to
make a forecast for the recently launched Planck satellite.
It is important here to account for the fact that WMAP
has already measured the temperature power spectrum
to the cosmic variance limit at low multipoles (see Fig. 1)
and that there is a marginal preference for a finite cut-

off. We therefore define the simulated temperature power
spectrum for Planck as
(
T T (WMAP)
Ĉℓ
, ℓ ≤ 100,
TT
Ĉℓ =
(4)
T T (fid)
Cℓ
,
ℓ > 100,
T T (WMAP)

where Ĉℓ
is taken from the WMAP data and
T T (fid)
Cℓ
is the temperature power spectrum of the
fiducial flat ΛCDM model, {Ωb h2 = 0.0224, Ωch2 =
0.108, h = 0.724, τ = 0.089, As = 2.137 × 10−9 , ns =
0.96}. For the polarization data, we take the ensemble
mean of the fiducial model given the WMAP temperature
constraint
"
!#
ĈℓT T
EE(fid)
EE
2
Ĉℓ
= Cℓ
1 + Rℓ
−1
,
T T (fid)
Cℓ
T E(fid)

ĈℓT E = Cℓ

ĈℓT T
T T (fid)

Cℓ

,

(5)

where
T E(fid)

Cℓ
Rℓ = q
T T (fid) EE(fid)
Cℓ
Cℓ

(6)

is the temperature-polarization correlation coefficient in
the fiducial model.
For the Planck satellite noise specifications, we take a
combination of the central 70, 100, and 143 GHz channels
with the sensitivity and resolution given in Ref. [32]. The
other Planck frequency channels are effectively used for
foreground monitoring and removal as well as checks for
systematic effects. The results of the MCMC for Planck
are shown in Fig. 2 (bottom panel). Note that now the
constraints with and without the ℓ ≤ 32 multipoles in the
temperature spectrum are comparable, aside from the
slight preference for C ∼ 3 in the former case, showing
that polarization is expected to dominate Planck’s constraint on C. Like the WMAP polarization constraint,
the upper limit C . 3.6 (95% CL) from Planck polarization data remains robust to marginalization of the curvature and a constant dark energy equation of state. It
is robust to marginalization over the PC reionization parameters as well.
IV.

DISCUSSION

We have shown that current polarization data from
WMAP provide evidence for horizon-scale power that,
unlike the evidence from temperature data, is robust to
uncertainties in spatial curvature, dark energy, and ionization history variations. A cutoff in the inflationary
power spectrum is limited to C = kc /10−4 Mpc−1 < 5.2
(95% CL) by polarization. This constraint is only slightly
weaker than joint temperature and polarization limits in
flat ΛCDM (C < 4.2).
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Data from Planck should improve these constraints
to the point where polarization dominates the limit for
any model of the acceleration epoch and ionization history. Statistical errors should improve to C < 3.6 if the
true model has no cutoff. Perhaps more importantly, the
larger frequency coverage of Planck should make the constraint more robust to foregrounds and other systematic
effects.
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