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Introduction

The CMB data is precise and well understood.

Most of it can be calculated within linear perturbation theory to percent accuracy.

The resulting anisotropy and polarization spectra depend on a few cosmological
parameters and a few parameters describing the initial conditions of the
fluctuations. Which can also be determined accurately.

Minimal ΛCDM parameters (WMAP 7yr + ACT from Dunkley et al. ’11)

Parameter
ωb ≡ Ωbh2 0.02214 ± 0.00050
ωc ≡ Ωch2 0.1127 ± 0.0054
ΩΛ 0.721 ± 0.030
ns 0.962 ± 0.013
τ 0.087 ± 0.014
109∆2

R 2.47 ± 0.11
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Introduction

Prominent feature in the CMB: peaks from coherent acoustic oscillations of the baryon
photon plasma prior to recombination.

Scale: sound horizon rs(z∗) = (1 + z∗)
−1 ∫ t∗

0 (1 + z(t))cs(t)dt , depends on
ωm, ωb, ωγ . Angle: θS = rs/DA(z∗).

Amplitude: ∆2
R, ns, ωm.

Relative amplitude of even and odd peaks: ωb.

Damping enveloppe: ωb, ns.

Relative amplitude of 2nd and 3rd peak: ωm.

Dark energy enters here only over DA(z∗)!

DA(z∗) =
1

1 + z∗

∫ z∗

0

dz
H(z)

=
h

H0(1 + z∗)

∫ z∗

0

dz√
ωr (1 + z)4 + ωm(1 + z)3 + ωk (1 + z)2 + ωde(z)

(h/H0 = 2998Mpc).
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Distance scaling of CMB spectra

A

θ θ’

D D’A

L
(from
Vonlanthen, Räsänen & RD ’10)

C(θ) ≡ ⟨∆T (n1)∆T (n2)⟩ =
1

4π

∑
ℓ

(2ℓ+ 1)CℓPℓ(cos θ)

=
1

4π

∑
ℓ

(2ℓ+ 1)C′
ℓPℓ(cos θ′) = C′(θ′)

For ℓ >∼ 20 Cℓ =

(
D′

A

DA

)2

C′
D′

A
DA

ℓ
.
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Distance scaling of CMB spectra

In Vonlanthen, Räsänen & RD ’10 we have studied how well we can fit the CMB with a
cosmological model which is Einstein de Sitter up to last scattering and the distance to
last scattering is arbitrary, DA = SDA,EdS .

Features on the lss are then simply seen under a different angle,

Cℓ = S−2CEdS
S−1ℓ .

With this we can fit all present CMB data with ℓ >∼ 40.

⇒ CMB data with ℓ > 40 measures very precisely ωb, ωm, ns and DA(z∗) or S, but it
cannot determine the nature of dark energy.

Ruth Durrer (Université de Genève, DPT & CAP) Dark Energy and the CMB Dark Energy, Rinberg, 2012 7 / 23
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Scaled spectra from curved cosmologies
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Figure 5: The TT spectra for models with ΩΛ = 0,ΩK != 0. The solid curve corresponds

to the Einstein-de Sitter universe, the dotted curve corresponds to a model with ΩK as

specified in the panels, and the dashed curve shows the Einstein-de Sitter universe power

spectrum scaled with S. The vertical axis is !(! + 1)CTT
! /(2π) in (µK)2.
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(from Vonlanthen, Räsänen & RD ’10)
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Scaled spectra from curved cosmologies
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Figure 6: As in figure 5, but for the TE spectra. The dotted curves are invisible since

they are completely overlaid by the dashed ones (scaled model).
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(from Vonlanthen, Räsänen & RD ’10)
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Scaled spectra from curved cosmologies
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Figure 7: As in figure 5, but for the EE spectra. The dotted curves are invisible since

they are completely overlaid by the dashed ones (scaled model).
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Ruth Durrer (Université de Genève, DPT & CAP) Dark Energy and the CMB Dark Energy, Rinberg, 2012 10 / 23



. . . . . .

Scaled spectra from Λ cosmologies
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Figure 8: As in figure 5, but for ΩΛ != 0,ΩK = 0. We consider two different values for

ΩΛ, corresponding to the two columns. The rows from top to bottom are the TT, EE and

TE spectra.

B. Reionization

In this appendix we study the effect of reionization on the angular power spectrum

of the CMB. If the baryons are reionized at redshift zri, the effect on scales which
are of the order of the horizon size at the time is complicated, and leads to addi-

tional polarization and a scale-dependent reduction of the amplitude of anisotropies.
However, on scales which are well inside the horizon, the rescattering of photons
simply reduces the amplitude of CMB temperature and polarization anisotropies by

roughly the same amount on all scales. This effect can therefore be absorbed in a
renormalization of the spectrum. In figure 9 we show the TT spectrum with and

without reionization for the best-fit ΛCDM model, as well as the relative difference
of the spectrum with and without reionization. For ! ≥ 40, renormalizing the spec-

trum with a constant reproduces the effect of reionization within about 1.5%. We
have done the same with the temperature–polarization cross-correlation and the po-
larization spectra. Also there renormalization is a very good approximation (better

than 0.5% on average) for ! ≥ 40, see figures 10 and 11. To obtain the spectra with
τ = 0.1, we have multiplied the spectra with τ = 0 by the factor 0.82.

– 22 –

(from Vonlanthen, Räsänen & RD ’10)
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Reionization

TT
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Figure 9: The TT power spectrum with (dashed, red) and without (solid, black) reioniza-

tion for optical depth τ = 0.1 for " ≥ 2 (left upper panel) and " ≥ 40 (right upper panel).

For the upper panels, the vertical axis is "(" + 1)CTT /(2π) in (µK)2. In the lower panel

we show the relative difference between the spectrum with and without reionization, when

the latter is simply rescaled by a constant. For low "’s, the differences are substantial, up

to 25%, but for the values " ≥ 40 we consider, the difference is less than 2%.
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ℓ ≥ 2 ℓ ≥ 40
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Reionization

TE
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Figure 10: The TE correlation spectrum with (dashed, red) and without (solid, black)

reionization for optical depth τ = 0.1 for " ≥ 2 (left upper panel) and " ≥ 40 (right upper

panel). The vertical axis is "(" + 1)CTT /(2π) in (µK)2. In the lower panel we show the

difference between the spectrum with and without reionization, when the latter is simply

rescaled by a constant. For the values " ≥ 40 we consider, the difference is below 0.1(µK)2.
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Reionization

EE
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Figure 11: As in figure 10, but for the EE power spectrum. For ! ≥ 40, the difference is

below 0.002(µK)2.
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Cosmological parameters

(from Vonlanthen, Räsänen & RD ’10)
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Cosmological parameters
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CMB from ℓ ≥ lmin

Figure 2: The increase in the large-scale power with increasing !min in the best-fit ΛCDM

models with τ = 0. The lowest line corresponds to a cut at !min = 2 the subsequent lines

have !min = 40, 60, 80 and 100, respectively. At !min = 120 the large scale power no longer

increases but it decreases somewhat. The WMAP and ACBAR data are superimposed.

The vertical axis is !(! + 1)CTT /(2π) in (µK)2.

which is usually attributed to reionization is now achieved with a somewhat redder
spectrum. In order not to decrease the height of the acoustic peaks, this leads to a

higher value of ωc. A redder spectrum also enhances the amplitude difference between
the well measured first and second peaks. This can be compensated by a reduction
of ωb, since a larger ωb means a larger difference between the odd contraction and

even expansion peaks [26].

However, we have found that reionization is not the dominant effect, the system-
atic shift is also present if reionization is included in the analysis. We have checked

this by including τ as a model parameter. The results of table 1 remain valid for
also in this case. The problem is that for #min ≥ 40 the value of τ is degenerate with

a renormalization of the amplitude (see discussion in Appendix B) and the best fit
value for τ fluctuates significantly from chain to chain. We therefore prefer to show
the results for τ = 0. Note that the change is larger than the increase in the error

bars. The shape of the one-dimensional probability distribution for the parameters
is not for the most part significantly distorted, and the two-dimensional distributions

do not show strong changes in the correlation properties as #min increases. Therefore,
the error bars do accurately represent the statistical error even at high #min. In other

words, the shift in the parameters is systematic, and is not reflected in the statistical
error estimate.

We conclude that the high # data prefer different parameter values than the data

– 11 –

(from Vonlanthen, Räsänen & RD ’10)
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The integrated Sachs Wolfe effect (ISW)

On there way into our telescope CMB photons loose/gain energy if they move through
a time-dependent gravitational potential:(

∆T
T

)
ISW

(n) =
∫ t∗

t0

∂t(Φ + Ψ)(t , x(t))dt

In a flat pure matter Universe ∂tΨ = ∂tΦ = 0. When Λ takes over, the gravitational
potentials decay.
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Figure 8: As in figure 5, but for ΩΛ != 0,ΩK = 0. We consider two different values for

ΩΛ, corresponding to the two columns. The rows from top to bottom are the TT, EE and

TE spectra.

B. Reionization

In this appendix we study the effect of reionization on the angular power spectrum

of the CMB. If the baryons are reionized at redshift zri, the effect on scales which
are of the order of the horizon size at the time is complicated, and leads to addi-

tional polarization and a scale-dependent reduction of the amplitude of anisotropies.
However, on scales which are well inside the horizon, the rescattering of photons
simply reduces the amplitude of CMB temperature and polarization anisotropies by

roughly the same amount on all scales. This effect can therefore be absorbed in a
renormalization of the spectrum. In figure 9 we show the TT spectrum with and

without reionization for the best-fit ΛCDM model, as well as the relative difference
of the spectrum with and without reionization. For ! ≥ 40, renormalizing the spec-

trum with a constant reproduces the effect of reionization within about 1.5%. We
have done the same with the temperature–polarization cross-correlation and the po-
larization spectra. Also there renormalization is a very good approximation (better

than 0.5% on average) for ! ≥ 40, see figures 10 and 11. To obtain the spectra with
τ = 0.1, we have multiplied the spectra with τ = 0 by the factor 0.82.
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. . . . . .

ISW from correlation with LSS

Correlation of the WISE (wide field infrared survey explorer) with WMAP 7year.
A 3.1σ detection.

4 Goto

sian. Results in Table 2 show that the best-fit model is 3.1 σ from
the null hypothesis.

2.5 Systematic tests

We have shown results with |b| > 20◦ sample. In this section, we
explore if changing the galactic cut affects our results.

With a |b| > 15◦ cut, we have ∼1700 "#◦ more area than the
|b| > 20◦ cut. The resulting amplitude of the best-fit ISW model is
3.2±1.1, i.e., 2.9 σ, in agreement with the result from |b| > 20◦.
As shown in Table 1, the ∆χ2 and likelihood ratio are decreased,
but are not significantly changed. At |b| ∼15◦the galaxy density
starts to decline towards the galactic plane, and thus, the correlation
signals have been reduced some, but overall, we obtained consistent
results with the |b| > 20◦ analysis.

Next we used |b| > 10◦ sample. This sample adds another
∼ 1600 "#◦. As shown in Tables 1 and 2, the signal becomes lower
and the error is larger giving a worse significance of 2.0σ. This is
most-likely due to the systematic decrease in galaxy density at low
b, where artefacts of bright stars and high stellar density decrease
the galaxy density. Large-scale gradients in the galaxy distribution
can increase the measurement errors because they are amplified by
cosmic variance of the CMB on large angular scales.

To test this interpretation, we artificially flattened the galaxy
density as a function of b, by dividing the galaxy density by the
mean galaxy density at each b. This process can be considered as
a high pass filtering that removes large-scale gradients. As shown
in Tables 1 and 2, the significance is increased to 3.2 σ, becom-
ing consistent with values we measured with |b| > 20◦ and 15◦
samples.

To the opposite direction, we tried |b| > 25◦, again obtain-
ing a consistent amplitude of 3.5±1.2 (Tables 1 and 2). These tests
show that our results are robust, obtaining ∼3 σ significance re-
gardless the choice in the galactic cut b.

We briefly discuss stellar contamination next. Stars are not
clustered, but star counts might be correlated with the CMB due
to galactic contamination. According to Fig. 2, the galaxy density
is constant at |b| >20, although there is a slight negative gradi-
ent at |b| <20. We argue that is likely to be due to artefacts and
confusion with stars. The robustness of the results with respect to
galactic cuts, however, implies that the effect on the correlations is
negligible for the foreground subtracted CMB maps we use. We do
not see any significant colour dependence either between WMAP
frequencies (V,W , and Q) in Fig. 5. These points suggest that the
stellar contamination is small, or at least uniform across our sur-
vey area. In the worst case the contamination would be 17%, if all
unidentified GAMA sources were stars, but it is likely to be much
less.

3 DISCUSSION AND CONCLUSIONS

The significant correlations between WMAP and WISE on large
scales may have contributions from many sources including the
Milky Way, extragalactic point sources, even zodiacal light. We
have attempted to minimize contamination by constructing a clean
galaxy sample from WISE. We find no systematic trends in galaxy
number density with ecliptic latitude and longitude (Fig. 2). We
use the WMAP foreground reduced CMB maps to reduce the sen-
sitivity to Milky Way emission in WMAP bands. The primary
sources (dust, synchrotron and free-free emission) have character-
istic spectral shapes across the WMAP frequency bands. The ex-

Figure 5. Power spectra between the WISE galaxy sample (|b| > 20◦)
and WMAP (V,Q,W) maps. The data in original resolution (black dots) are
binned in 0.15 dex logarithmic bins and shown with error bars. The red solid
line is theoretical expectation with the bias of 1.06, while the orange line is
the best fit to the observed data. The fit used 8 (l=6-87) data points. The
purple line is from WMAP W data in different binning.

Table 1. Significances from χ2 tests at l = 6− 87.

Galactic cut χ2 d.o.f. ∆χ2 Likelihood ratio

|b| > 25◦ Best-fit ISW 10.2 7 8.7 77
ISW with ΛCDM 14.7 8 4.2 8.2
Null hypothesis 18.9 8 0 -

|b| > 20◦ Best-fit ISW 11.6 7 9.2 97
ISW with ΛCDM 16.1 8 4.6 9.9
Null hypothesis 20.7 8 0 -

|b| > 15◦ Best-fit ISW 11.0 7 8.1 59
ISW with ΛCDM 14.9 8 4.3 8.6
Null hypothesis 19.2 8 0 -

|b| > 10◦ Best-fit ISW 9.1 7 3.8 6.6
ISW with ΛCDM 11.1 8 2.6 3.2
Null hypothesis 13.7 8 0 -

|b| > 10◦ Best-fit ISW 14.3 7 10.2 166
with flattening ISW with ΛCDM 19.1 8 5.4 14.8

Null hypothesis 24.5 8 0 -

Table 2. Amplitude and errors of the best-fit ISW model at l=6-87.

Sample Area ("#◦) Amplitude and error σ

|b| > 25◦ 8495 3.5±1.2 3.1
|b| > 20◦ 10337 3.4±1.1 3.1
|b| > 15◦ 12032 3.2±1.1 2.9
|b| > 10◦ 13622 2.6±1.3 2.0

|b| > 10◦ with flattening 13622 3.2±1.0 3.2

(from Goto, Szapudi & Granett ’11)
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Is the detected ISW too large?

measured =⇒

simulated =⇒

Figure 2. Left panel : The absolute value of h�T i for an ensemble of voids which satisfy the
ZOBOV selection condition on density (see text), as a function of the minimum radius of voids in the
ensemble. The solid (blue) curve shows the mean value and the shaded (lighter blue) contours the
1� region. The (orange) cross-hatched area is the lower end of the 3� range of the observed value
h�T i

obs

= �11.3± 3.1 µK. Right panel : As above, but showing h�T i as a function of the number of
voids in the ensemble from which the observed sample of 50 voids is to be drawn, when only the N

v

largest voids also meeting the ZOBOV selection condition on density are included.

In the right-hand panel of Fig. 2 we plot h�T i as a function of the sizeN
v

of the ensemble
of the largest supervoids that should exist within the SDSS volume. It is from this ensemble
that the 50 observed supervoids should be regarded as having been drawn. It can be seen
that even under the assumption that the VOBOZ algorithm selected exactly the 50 largest
voids in the entire SDSS survey volume, the expected signal is only h�T i = �1.33± 0.13 µK
which is still discrepant by > 3� with the observed value. We conclude that the observed
signal cannot be explained due to a simple bias towards selecting only the largest voids.

We repeated the calculation above using Eq. (3.7) to model the density profiles of the
voids, as in Ref. [36], and obtained h�T i = �1.58±0.12 µK for the 50 largest voids. Despite
the small increase compared to the value quoted above, this is still discrepant with observation
at the same > 3� level. This conclusively demonstrates that, as anticipated, the di↵erence
between our conclusion and that of Ref. [36] is not due to the small correction included in
�̄(r). Henceforth we use the corrected profile only.

We consider next whether the ZOBOV algorithm is more sensitive to deeper voids. In
Table 4 of Ref. [32], the edge of most of the supervoids is defined at a radius where the
density contrast is still negative. This means ZOBOV systematically underestimates the
value of w relative to our definition (where �

edge

' 0), so Granett et al. e↵ectively used a
more stringent cut on w than we have done. We can model this e↵ect by varying �c

0

from
the value determined by the stated algorithm. In the left-hand panel of Fig. 3 we plot as
examples h�T i as a function of �c

0

for Rmin

v

' 70 h�1Mpc (the mean radius of the supervoids
in [31]) and Rmin

v

' 100 h�1Mpc. The right-hand panel shows h�T i as a function of N
v

,

– 11 –

(from Nadatur, Hotschkiss & Sarkar ’11
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CMB lensing

On their path into our antennas, CMB photons are deflected by the gravitational
potential of the large scale matter distribution, the lensing potential:

ψ(n) =
∫ η0−η∗

0
dr

r∗ − r
rr∗

(Φ+Ψ)(η0−r ,nr)
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CMB lensing
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Conclusions

The strongest signal of dark energy in the CMB is via its effect on the distance to
the lss, DA(z∗).

At present this is the only signal of dark energy safely (more than 5σ significance)
detected in the CMB.

One can fit the observed data perfectly well without dark energy by a simple
rescaling of DA(z∗) for ℓ > 20. We found 2∆ logL = 22 (2591 data points) for
ℓmin = 2 and 2∆ logL <∼ 1 for ℓmin ≥ 20.

The ISW expected for ΛCDM is detected at about (3–4)σ by several experiments
but it seems rather high.

CMB lensing is another effect which contains information about dark energy and,
especially modified gravity which will be explored in future high precision CMB
experiments.

————————————-
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