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Observations of the CMB have taught us that the 
primordial perturbations

existed before the hot big bang

are nearly scale invariant

are very close to Gaussian

are adiabatic

What generated them?

The Cosmic Microwave Background
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Generating Primordial Perturbations 

The system of equations 
describing the early universe 
contains two important 
scales       and    .  k/a H

To generate the perturbations 
causally, they cannot have been 
outside the horizon very early 
on, requiring a phase with

(inflation or bounce)
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The simplest system leading to a phase of
inflation (that ends) is

Inflation

If the scalar field is nearly homogeneous, and at a position 
in field space such that the potential energy dominates its 
energy density, this leads to nearly exponential expansion.
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The perturbations are generated 
as quantum fluctuations deep 
inside the horizon, and eventually 
exit the horizon.

Inflation

Outside the horizon, a quantity     
is conserved. 

R

This sets the initial conditions for the equations describing the 
universe from a few keV to the present.

We observe the density perturbations in the plasma at 
recombination that were seeded by the inflationary perturbations.



For standard single field slow-roll inflation, the primordial 
spectrum of scalar perturbations is
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H2
δ =

Ḧ
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in agreement with observations.

Inflation



Inflation

Assuming inflation took place, what can we learn about 
it beyond      and      ?

What is the energy scale of inflation?

How far did the field travel?

Are there additional light degrees of 
freedom?

What is the propagation speed of the 
inflaton quanta?

tensor modes

non-Gaussianity

ns ∆2
R



In addition to the scalar modes, inflation also predicts a 
nearly scale invariant spectrum of gravitational waves

∆2
h(k) =

2H
2(tk)
π2

A measurement of the tensor contribution would 
provide a direct measurement of the expansion rate of 
the universe during inflation, as well as the energy scale

Energy Scale of Inflation
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 For r>0.01 the inflaton must have moved over a 
super-Planckian distance in field space.

 Motion of the scalar field over super-Planckian 
distances is hard to control in an effective field theory

The Field Range
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Use a field with a shift symmetry and break the shift 
symmetry in a controlled way.

Possible Solution:

Freese, Frieman, Olinto, PRL 65 (1990)

V (φ) = Λ4
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natural inflation

f � Mpwith

The Field Range

e.g. Linde’s chaotic inflation with

with m � MpV (φ) =
1

2
m2φ2



In fact, the most naive implementation of an axion 
with            seems hard to realize string theory.

Banks, Dine, Fox, Gorbatov hep-th/0303252

The Field Range

In field theory we may simply postulate such a 
symmetry, but it is far from obvious that such shift 
symmetries exist in a theory of quantum gravity.

f � Mp

This motivates a systematic study of large field models  
of inflation in quantum gravity/string theory

(However, see 
Kim, Nilles, Peloso hep-ph/0409138, Bachlechner, Long, McAllister 1412.1093)



where         is an element of an integral basis of 

Axions arise from integrating gauge potentials over 
non-trivial cycles in the compactification manifold.

bI(x) =
�

Σ(2)
I

B

cα(x) =
�

Σ(p)
α

C(p)

Σ(p)
α Hp(X, Z)

Consider string theory on M ×X

Axion Monodromy Inflation

Inspection of the vertex operator for         reveals that 
these fields possess a shift symmetry to all orders in string 
perturbation theory.

bI(x)



Axion Monodromy Inflation

The corresponding canonically normalized scalar fields 
are periodic with period       , with typically               .2πf f � 0.1Mp



One way to achieve super-Planckian excursions is 
monodromy
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Axion Monodromy Inflation

The corresponding canonically normalized scalar fields 
are periodic with period       , with typically               .2πf f � 0.1Mp



Axion Monodromy Inflation

Monodromy occurs in various contexts

in non-Abelian gauge theories

in string theory 

in the presence of branes

in the presence of fluxes



Axion Monodromy Inflation

For a D5-brane wrapping a two-cycle        of size L    .

SDBI = − 1
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For large field values in terms of the canonically 
normalized fields the potential then becomes

V (φ) ≈ µ3φ



Basic setup
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Figure 2: Schematic of tadpole cancellation. Blue: Two-real-parameter family of two-
cycles Σ1, drawn as spheres, extending into warped regions of the Calabi-Yau. Red: We have
placed a fivebrane in a local minimum of the warp factor, and an anti-fivebrane at a distant
local minimum of the warp factor. In the lower figure, Σ1 is drawn as the cycle threaded by
C(2), and global tadpole cancellation is manifest.

Moduli stabilization is essential for any realization of inflation in string theory, and we
must check its compatibility with inflation in each class of examples. In type IIB compactifi-
cations on Calabi-Yau threefolds, inclusion of generic three-form fluxes stabilizes the complex
structure moduli and dilaton [19]. A subset of these three-form fluxes – imaginary self-dual
fluxes – respect a no scale structure [19, 18]. This suffices to cancel the otherwise dangerous
flux couplings described in §3.2.1.

4.2 An Eta Problem for B

In this class of compactifications, however, the stabilization of the Kähler moduli leads to an
η problem in the b direction. This problem arises because the nonperturbative effects (e.g.

19
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Type IIB orientifolds with O3/O7

Stabilize the moduli a la KKLT

Axion Monodromy Inflation



This is just one example of a larger class of models 
with potentials

(see Alexander’s talk)

Even though one can arrange p=2, would we 
believe any of this if we found that the data was 
consistent with         ? m2φ2

V (φ) = µ4−pφp

so far with
p = 2

3 , 1,
4
3 , 2, 3

Axion Monodromy Inflation



Instanton corrections may lead to oscillatory 
contributions to the potential.

Axion Monodromy Inflation

V (φ) = µ3φ+ Λ4 cos
�

φ
f

�

These lead to oscillations in the power spectrum 
that can be searched for.

anti
5B

5B

5B

!
C(2) = c

anti
5B

Figure 2: Schematic of tadpole cancellation. Blue: Two-real-parameter family of two-
cycles Σ1, drawn as spheres, extending into warped regions of the Calabi-Yau. Red: We have
placed a fivebrane in a local minimum of the warp factor, and an anti-fivebrane at a distant
local minimum of the warp factor. In the lower figure, Σ1 is drawn as the cycle threaded by
C(2), and global tadpole cancellation is manifest.

Moduli stabilization is essential for any realization of inflation in string theory, and we
must check its compatibility with inflation in each class of examples. In type IIB compactifi-
cations on Calabi-Yau threefolds, inclusion of generic three-form fluxes stabilizes the complex
structure moduli and dilaton [19]. A subset of these three-form fluxes – imaginary self-dual
fluxes – respect a no scale structure [19, 18]. This suffices to cancel the otherwise dangerous
flux couplings described in §3.2.1.

4.2 An Eta Problem for B

In this class of compactifications, however, the stabilization of the Kähler moduli leads to an
η problem in the b direction. This problem arises because the nonperturbative effects (e.g.
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In the larger class of models they are of the form

V (φ) = µ4−pφp + Λ(φ)4 cos
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This can be shown to lead to a power spectrum of 
the form
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Search for oscillations with drifting period in Planck 
nominal mission data

Figure 3: Points that lead to an improvement over ΛCDM of ∆χ2 ≥ 4 for the first template,

(6.3). The left panel shows the results for the public Planck likelihood [25], and the right

panel shows the results for the likelihood discussed in [27]. The sizes of the dots and their

color indicate the amount of improvement. Larger blue points represent larger values of

∆χ2
. The solid lines indicate constant α = ω/H. The red solid line represents ω/H = 28.8,

the best-fit frequency found by the Planck collaboration [26]. A significant contribution to

the improvement derives from the region around � = 1800 in the 217 GHz data. This range

of multipoles of the 217 GHz data is known to be affected by interference between the 4K

cooler and the read-out electronics [27, 25].

As expected, the improvement at ω/H ≈ 28.8 is absent, but there are some frequencies

that lead to improvements in both likelihoods, such as ω/H ≈ 60 and ω/H ≈ 210. For

the linear axion monodromy model, the latter corresponds to an axion decay constant of

f = 4.37 × 10
−4
Mp and is the frequency that led to the improvement of ∆χ2 ≈ 20 in the

WMAP9 data. The improvement seen in both likelihoods is ∆χ2 � 10.

We can also use our searches to derive constraints on the amplitude of oscillations allowed

by the data. The results are shown in Figure 4 for both likelihoods. When interpreting them,

it should be kept in mind both that we restricted to −3/4 < pf < 1/2 in our search, and

that the limits are approximate given the limited number of simulations we have performed.

The results for our second template (6.6) are shown in Figure 5 for both likelihoods. As

before, no improvement is observed for ω/H = 28.8 for the likelihood described in [27], and

improvements at ω/H ≈ 60 and ω/H ≈ 210 are seen in both likelihoods, but with ∆χ2 � 10.

While the plots show a dependence on c1 for the frequencies that lead to the most notable

41
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Improvement of the fit over   CDM: Λ ∆χ2 = 18

Expectation based on simulations in the absence
of a signal: ∆χ2 = 16.5± 3.5

One should keep in mind that not the entire 
parameter space was searched and more work is 
required, but as of now there is no evidence for 
oscillations in the primordial power spectrum.

The amplitude is very model dependent, and a non-
detection does not rule out these models, but it 
means for now* we are stuck with     and   . ns r

(*) LSS may some day dramatically improve the constraints

Axion Monodromy Inflation



A closer look at ns and r

Planck temperature anisotropies

BICEP2 BB power spectrum

Planck 353 GHz BB power spectrum

Using 

Planck Collaboration: Dust polarization at high latitudes

Fig. 9: Planck 353 GHz DBB
� angular power spectrum computed on MB2 defined in Sect. 6.1 and extrapolated to 150 GHz (box

centres). The shaded boxes represent the ±1σ uncertainties: blue for the statistical uncertainties from noise; and red adding in
quadrature the uncertainty from the extrapolation to 150 GHz. The Planck 2013 best-fit ΛCDMDBB

� CMB model based on temper-
ature anisotropies, with a tensor amplitude fixed at r = 0.2, is overplotted as a black line.

in Sects. 5.2 and 6.2. This indicates that MB2 is not one of the
outliers of Fig. 7 and therefore its dust B-mode power is well rep-
resented by its mean dust intensity through the empirical scaling
lawD ∝ �I353�1.9.

These values of the DBB
� amplitude in the � range of the pri-

mordial recombination bump are of the same magnitude as those
reported by BICEP2 Collaboration (2014b). Our results empha-
size the need for a dedicated joint analysis of the B-mode po-
larization in this region incorporating all pertinent observational
details of the Planck and BICEP2 data sets, which is in progress.

6.4. Frequency dependence

We complement the power spectrum analysis of the 353 GHz
map with Planck data at lower frequencies. As in the analysis
in Sect. 4.5, we compute the frequency dependence of the BB
power measured by Planck at HFI frequencies in the BICEP2
field, using the patch MB2 as defined in Sect. 6.1.

We compute on MB2 the Planck DBB
� auto- and cross-power

spectra from the three Planck HFI bands at 100, 143, 217, and
353 GHz, using the two DetSets with independent noise at each
frequency, resulting in ten angular power spectra (100 × 100,
100×143, 100×217, 100×353, 143×143, 143×217, 143×353,
217 × 217, 217 × 353, and 353 × 353), constructed by combin-
ing the cross-spectra as presented in Sect. 3.2. We use the same
multipole binning as in Sect. 6.3. To each of these DBB

� spectra,
we fit the amplitude of a power law in � with a fixed exponent
αBB = −0.42 (see Sect. 4.2). In Fig. 10 we plot these amplitudes
as a function of the effective frequency from 143 to 353 GHz, in
units of sky brightness squared, like in Sect. 4.5. Data points at
effective frequencies below 143 GHz are not presented, because

the dust polarization is not detected at these frequencies. An up-
per limit on the synchrotron contribution at 150 GHz from the
Planck LFI data is given in Appendix C.4.

We can see that the frequency dependence of the amplitudes
of the Planck HFI DBB

� spectra is in very good agreement with
a squared dust modified blackbody spectrum having βd = 1.59
and Td = 19.6 K (Planck Collaboration Int. XXII 2014). We note
that this emission model was normalized only to the 353 GHz
point and that no global fit has been performed. Nevertheless,
the χ2 value from the amplitudes relative to this model is 4.56
(Ndof = 7). This shows that dust dominates in the specific MB2
region defined where these cross-spectra have been computed.
This result emphasizes the need for a dedicated joint Planck–
BICEP2 analysis.

7. Conclusions

We have presented the first nearly all-sky statistical analysis of
the polarized emission from interstellar dust, focussing mostly
on the characterization of this emission as a foreground contam-
inant at frequencies above 100 GHz. Our quantitative analysis of
the angular dependence of the dust polarization relies on mea-
surements at 353 GHz of the CEE

� and CBB
� (alternatively DEE

�

andDBB
� ) angular power spectra for multipoles 40 < � < 500. At

this frequency only two polarized components are present: dust
emission; and the CMB, which is subdominant in this multipole
range. We have found that the statistical, spatial, and spectral
distribution properties can be represented accurately by a sim-
ple model over most of the sky, and for all frequencies at which
Planck HFI measures polarization.
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(Planck XVI)

143 GHz100 GHz 217 GHz

Data Concerns

• 217x217 drives shifts from previous results

• Parameters depend on data cut and on l range

• l=1800 feature

Paper XVI

Dusty Galaxies and Planck Cosmology

Planck Collaboration: Cosmological parameters
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Fig. B.3. Upper: comparison of the ΛCDM constraints on ns (top-left) and single-parameter extensions of the ΛCDM model for a
variety of data cuts for Planck+WP. Each sub-plot is obtained from a separate CosmoMC analysis of the corresponding model. The
dashed lines show the results from Plik, an alternative likelihood discussed in Planck Collaboration XV (2013), run here with the
same SZ and CIB foreground priors as for the CamSpec results. For the extended models, the value of the additional parameter in
the base ΛCDM model is shown with the vertical dashed lines. Lower: same as the upper set of panels, but for Planck+WP+highL.
Additional data from the high-� CMB experiments significantly reduce the foreground degeneracies.
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Planck Collaboration: Cosmological parameters
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Fig. B.3. Upper: comparison of the ΛCDM constraints on ns (top-left) and single-parameter extensions of the ΛCDM model for a
variety of data cuts for Planck+WP. Each sub-plot is obtained from a separate CosmoMC analysis of the corresponding model. The
dashed lines show the results from Plik, an alternative likelihood discussed in Planck Collaboration XV (2013), run here with the
same SZ and CIB foreground priors as for the CamSpec results. For the extended models, the value of the additional parameter in
the base ΛCDM model is shown with the vertical dashed lines. Lower: same as the upper set of panels, but for Planck+WP+highL.
Additional data from the high-� CMB experiments significantly reduce the foreground degeneracies.
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Fig. B.3. Upper: comparison of the ΛCDM constraints on ns (top-left) and single-parameter extensions of the ΛCDM model for a
variety of data cuts for Planck+WP. Each sub-plot is obtained from a separate CosmoMC analysis of the corresponding model. The
dashed lines show the results from Plik, an alternative likelihood discussed in Planck Collaboration XV (2013), run here with the
same SZ and CIB foreground priors as for the CamSpec results. For the extended models, the value of the additional parameter in
the base ΛCDM model is shown with the vertical dashed lines. Lower: same as the upper set of panels, but for Planck+WP+highL.
Additional data from the high-� CMB experiments significantly reduce the foreground degeneracies.
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variety of data cuts for Planck+WP. Each sub-plot is obtained from a separate CosmoMC analysis of the corresponding model. The
dashed lines show the results from Plik, an alternative likelihood discussed in Planck Collaboration XV (2013), run here with the
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Additional data from the high-� CMB experiments significantly reduce the foreground degeneracies.
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Is 217x217 consistent with the other frequencies?

Use Planck covariance matrix to compute

and

to predict the spectrum

P (C217×217
� |{C100×100
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� , C143×217
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A closer look at ns



500 1000 1500 2000 2500

6.0� 108

8.0� 108

1.0� 109

1.2� 109

1.4� 109

1.6� 109

1.8� 109

2.0� 109

�

�2
���1�

2 C
��2Π�Μ

K
2 �

217x217 predicted from 100x100, 143x143, and 143x217

Predicted versus measured 217x217 spectrum

A closer look at ns



We use survey cross spectra rather than detector 
set spectra

We have used various cleaning procedures and a 
range of masks to test for stability

We have performed the analysis with the same 
treatment of foregrounds as Planck (but for survey 
cross-spectra)

We do not find strong dependence on mask or 
treatment of foregrounds

In our reanalysis

A closer look at ns
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Fig. 7.— Constraints on key parameters in the ΛCDM model and extensions in the presence of high-frequency foreground cleaning.

Left panel: The top, middle and bottom panels show the marginalized one-dimensional likelihoods for the scalar spectral index, ns,

the matter density Ωm and the Hubble constant H0 in the ΛCDM model. The solid blue line is the standard Planck result for the

CAMSpec likelihood including the 100×100, 143×143, 217×217 and 143×217 spectra. The dashed blue line shows the results when

the 217 × 217 spectra are not used; these correspond to results presented in Figure B3 of (Planck Collaboration (XVI) 2013). The

solid and dashed black lines show the same for the cleaned spectra presented here. Right panel : Constraints on the tensor-to-scalar

ratio (top left panel) and mass of the neutrino (top right panel) are weakened with cleaning of the spectra, and Neff (bottom right

hand panel) shifts to values slightly more consistent with three neutrino species. The cleaned spectra do not show a preference for

running of the scalar spectral index.

computed from the cleaned season crosses, the power spectrum amplitude is higher for � > 1500. This increased
amplitude leads to a shift in cosmological parameters. The most notable shifts are along a modest degeneracy
line between ns, H0 and Ωm:
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cleaning procedure, the diamond are obtained when only cleaning with the 353 GHz data, and the triangle when using the 545 GHz

data to clean the lower frequencies. For comparison, the results are shown for the season cross-spectra without additional cleaning

(upside-down triangle). The cosmological results are robust to a change in the cleaning procedure.
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Fig. 7.— Constraints on key parameters in the ΛCDM model and extensions in the presence of high-frequency foreground cleaning.

Left panel: The top, middle and bottom panels show the marginalized one-dimensional likelihoods for the scalar spectral index, ns,

the matter density Ωm and the Hubble constant H0 in the ΛCDM model. The solid blue line is the standard Planck result for the

CAMSpec likelihood including the 100×100, 143×143, 217×217 and 143×217 spectra. The dashed blue line shows the results when

the 217 × 217 spectra are not used; these correspond to results presented in Figure B3 of (Planck Collaboration (XVI) 2013). The

solid and dashed black lines show the same for the cleaned spectra presented here. Right panel : Constraints on the tensor-to-scalar

ratio (top left panel) and mass of the neutrino (top right panel) are weakened with cleaning of the spectra, and Neff (bottom right

hand panel) shifts to values slightly more consistent with three neutrino species. The cleaned spectra do not show a preference for

running of the scalar spectral index.

computed from the cleaned season crosses, the power spectrum amplitude is higher for � > 1500. This increased
amplitude leads to a shift in cosmological parameters. The most notable shifts are along a modest degeneracy
line between ns, H0 and Ωm:
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to the Planck results. The circles show results obtained with the nominal Planck data, the squares show results from the hybrid

cleaning procedure, the diamond are obtained when only cleaning with the 353 GHz data, and the triangle when using the 545 GHz

data to clean the lower frequencies. For comparison, the results are shown for the season cross-spectra without additional cleaning

(upside-down triangle). The cosmological results are robust to a change in the cleaning procedure.

Planck 2013 CYE

With the new prior on the optical depth we find, e.g.
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H0 = 67.45± 1.07ns = 0.9651± 0.0066
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FIG. 6.— Polarized dust foreground projections for our field using vari-
ous models available in the literature, and two new ones formulated using
publically available information from Planck. Dashed lines show autospec-
tra of the models, while solid lines show cross spectra between the models
and the BICEP2 maps. The cross spectra are consistent with zero, and the
DDM2 auto spectrum (at least) is noise biased high (and is hence truncated
to �< 200). The BICEP2 auto spectrum from Figure 2 is also shown with the
lensed-ΛCDM+r = 0.2 spectrum.
stant emissivity value of 1.6 and a constant temperature of
19.6 K. In our field these values agree both with the mean val-
ues shown by the Planck Collaboration in dust polarization31,
and with the median values of the recently delivered Planck
dust model (Planck Collaboration et al. 2013a). A uniform
5% sky polarization fraction is assumed in agreement with the
first all-sky images of dust polarization shown by the Planck
Collaboration32. The polarization angles are taken from the
PSM.
DDM2: “Data Driven Model 2” (DDM2) constructed us-
ing all publicly available information from Planck. Uses the
same dust model temperature map as DDM1, with polariza-
tion fractions and angles matching those shown by the Planck
Collaboration32.

All of the the models except FDS make explicit predictions
of the actual polarized dust pattern in our field — presumably
with varying probabilities of success. We can therefore search
for a correlation between the models and our signal by taking
cross spectra against the BICEP2 maps. Figure 6 shows the
resulting BB auto and cross spectra — note that the autospec-
tra are all well below the level of our observed signal and that
the cross spectra are consistent with zero33. We also note that
the DDM2 model auto spectrum (which is the highest) con-
tains uncorrected noise bias from the polarization fraction and
angle maps (which is why this curve in Figure 6 is truncated
to �< 200).

9.2. Synchrotron
In our field and at angular scales of � > 30 the WMAP K-

band (23 GHz) maps are noise dominated. Extrapolating them

31http://www.rssd.esa.int/SA/PLANCK/docs/eslab47/
Session09_Data_Processing/47ESLAB_April_04_10_30_
Aumont.pdf

32http://www.rssd.esa.int/SA/PLANCK/docs/eslab47/
Session07_Galactic_Science/47ESLAB_April_04_11_25_
Bernard.pdf

33 The cross spectra between each model and real data are consistent with
the cross spectra between that model and (uncorrelated) lensed-LCDM+noise
simulations.

to our observing frequency using a spectral index of β = −3.3
derived from WMAP foreground products results in an upper
limit to synchrotron contamination equivalent to r = 0.003.
Taking the cross spectrum against our observed map indicates
that the true value is lower.

9.3. Point Sources
Extragalactic point sources might also potentially be a con-

cern. Using the 143 GHz fluxes for the sources in our field
from the Planck catalog (Planck Collaboration et al. 2013b),
together with polarization information from ATCA (Massardi
et al. 2011) we find that the contribution to the BB spectrum is
equivalent to r ≈ 0.001. This is consistent with the projections
of Battye et al. (2011).

10. CROSS SPECTRA

10.1. Cross Spectra with BICEP1
BICEP1 observed essentially the same field as BICEP2 from

2006 to 2008. While a very similar instrument in many ways
the focal plane technology of BICEP1 was entirely different,
employing horn fed PSBs read out via neutron transmutation-
doped (NTD) germanium thermistors (see T10 for details).
The high-impedance NTD devices and readouts have differ-
ent susceptibility to microphonic pickup and magnetic fields,
and the shielding of unwanted RFI/EMI was significantly dif-
ferent from that of BICEP2. The beam systematics were also
quite different with a more conservative edge taper and a more
complex pattern of observed pair centroid offsets. BICEP1
had detectors at both 100 and 150 GHz.

Figure 7 compares the BICEP2 EE and BB auto spectra
with cross spectra taken against the 100 and 150 GHz maps
from BICEP1. For EE the correlation is extremely strong,
which simply confirms that the mechanics of the process are
working as expected. For BB the signal-to-noise is of course
much lower, but there appear to be positive correlations. To
test the compatibility of the BB auto and cross spectra we
take the differences and compare to the differences of lensed-
ΛCDM+noise+r = 0.2 simulations (which share common in-
put skies)34. Using bandpowers 1–5 the χ2 and χ PTEs are
mid-range indicating that the spectra are compatible to within
the noise. (This is also true for EE.)

Calculating the BB χ2 and χ statistics against the lensed-
ΛCDM model the BICEP2×BICEP1150 spectrum has PTEs
of 0.37 and 0.05 respectively. However, BICEP2×BICEP1100
has PTEs of 0.005 and 0.001 corresponding to ≈ 3σ detec-
tion of power in the cross spectrum. While it may seem
surprising that one cross spectrum shows a stronger detec-
tion than the other, it turns out not to be unusual in lensed-
ΛCDM+noise+r = 0.2 simulations.

10.2. Spectral Index Constraint
We can use the BICEP2 auto and BICEP2×BICEP1100 spec-

tra shown in Figure 7 to constrain the frequency dependence
of the nominal signal. If the signal at 150 GHz were due to
synchrotron we would expect the frequency cross spectrum to
be much larger in amplitude than the BICEP2 auto spectrum.
Conversely if the 150 GHz power were due to polarized dust
emission we would not expect to see a significant correlation
with the 100 GHz sky pattern.

34For all spectral difference tests we compare against lensed-
ΛCDM+noise+r = 0.2 simulations as the cross terms between signal and
noise increase the variance even for perfectly common sky coverage.
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Planck Collaboration: Dust polarization at high latitudes

Fig. 9: Planck 353 GHz DBB
� angular power spectrum computed on MB2 defined in Sect. 6.1 and extrapolated to 150 GHz (box

centres). The shaded boxes represent the ±1σ uncertainties: blue for the statistical uncertainties from noise; and red adding in
quadrature the uncertainty from the extrapolation to 150 GHz. The Planck 2013 best-fit ΛCDMDBB

� CMB model based on temper-
ature anisotropies, with a tensor amplitude fixed at r = 0.2, is overplotted as a black line.

in Sects. 5.2 and 6.2. This indicates that MB2 is not one of the
outliers of Fig. 7 and therefore its dust B-mode power is well rep-
resented by its mean dust intensity through the empirical scaling
lawD ∝ �I353�1.9.

These values of the DBB
� amplitude in the � range of the pri-

mordial recombination bump are of the same magnitude as those
reported by BICEP2 Collaboration (2014b). Our results empha-
size the need for a dedicated joint analysis of the B-mode po-
larization in this region incorporating all pertinent observational
details of the Planck and BICEP2 data sets, which is in progress.

6.4. Frequency dependence

We complement the power spectrum analysis of the 353 GHz
map with Planck data at lower frequencies. As in the analysis
in Sect. 4.5, we compute the frequency dependence of the BB
power measured by Planck at HFI frequencies in the BICEP2
field, using the patch MB2 as defined in Sect. 6.1.

We compute on MB2 the Planck DBB
� auto- and cross-power

spectra from the three Planck HFI bands at 100, 143, 217, and
353 GHz, using the two DetSets with independent noise at each
frequency, resulting in ten angular power spectra (100 × 100,
100×143, 100×217, 100×353, 143×143, 143×217, 143×353,
217 × 217, 217 × 353, and 353 × 353), constructed by combin-
ing the cross-spectra as presented in Sect. 3.2. We use the same
multipole binning as in Sect. 6.3. To each of these DBB

� spectra,
we fit the amplitude of a power law in � with a fixed exponent
αBB = −0.42 (see Sect. 4.2). In Fig. 10 we plot these amplitudes
as a function of the effective frequency from 143 to 353 GHz, in
units of sky brightness squared, like in Sect. 4.5. Data points at
effective frequencies below 143 GHz are not presented, because

the dust polarization is not detected at these frequencies. An up-
per limit on the synchrotron contribution at 150 GHz from the
Planck LFI data is given in Appendix C.4.

We can see that the frequency dependence of the amplitudes
of the Planck HFI DBB

� spectra is in very good agreement with
a squared dust modified blackbody spectrum having βd = 1.59
and Td = 19.6 K (Planck Collaboration Int. XXII 2014). We note
that this emission model was normalized only to the 353 GHz
point and that no global fit has been performed. Nevertheless,
the χ2 value from the amplitudes relative to this model is 4.56
(Ndof = 7). This shows that dust dominates in the specific MB2
region defined where these cross-spectra have been computed.
This result emphasizes the need for a dedicated joint Planck–
BICEP2 analysis.

7. Conclusions

We have presented the first nearly all-sky statistical analysis of
the polarized emission from interstellar dust, focussing mostly
on the characterization of this emission as a foreground contam-
inant at frequencies above 100 GHz. Our quantitative analysis of
the angular dependence of the dust polarization relies on mea-
surements at 353 GHz of the CEE

� and CBB
� (alternatively DEE

�

andDBB
� ) angular power spectra for multipoles 40 < � < 500. At

this frequency only two polarized components are present: dust
emission; and the CMB, which is subdominant in this multipole
range. We have found that the statistical, spatial, and spectral
distribution properties can be represented accurately by a sim-
ple model over most of the sky, and for all frequencies at which
Planck HFI measures polarization.
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• measurement of BB in the BICEP2 region at 353 GHz 
rescaled to 150 GHz

Planck Collaboration: Dust polarization at high latitudes

Fig. 10: Frequency dependence of the amplitude ABB of the angular power spectrum DBB
� computed on MB2 defined in Sect. 6.1,

normalized to the 353 GHz amplitude (red points); amplitudes for cross-power spectra are plotted at the geometric mean frequency.
The square of the adopted dust SED, a modified blackbody spectrum with βd = 1.59 and Td = 19.6 K, is over-plotted as a black
dashed-line, again normalized to the 353 GHz point. The ±1σ error area arising from the expected dispersion of βd, 0.11 for the
MB2 patch size (Sect. 2.2.1), is displayed in light grey.

– The angular power spectra CEE
� and CBB

� at 353 GHz are
well fit by power laws in � with exponents consistent with
αEE,BB = −2.42 ± 0.02, for sky fractions ranging from 24 %
to 72 % for the LR regions used.

– The amplitudes ofDEE
� andDBB

� in the LR regions vary with
mean dust intensity at 353 GHz, �I353�, roughly as �I353�1.9.

– The frequency dependence of the dust DEE
� and DBB

� from
353 GHz down to 100 GHz, obtained after removal of the
DEE
� prediction from the Planck best-fit CMB model (Planck

Collaboration XVI 2014), is accurately described by the
modified blackbody dust emission law derived in Planck
Collaboration Int. XXII (2014), with βd = 1.59 and Td =
19.6 K.

– The ratio between the amplitudes of the two polarization
power spectra is CBB

� /C
EE
� = 0.53, which is not consistent

with current theoretical models.
– Dust DEE

� and DBB
� spectra computed for 352 high Galactic

latitude 400 deg2 patches satisfy the above general properties
at 353 GHz and have the same frequency dependence.

We have shown that Planck’s determination of the 353 GHz
dust polarization properties is unaffected by systematic errors
for � > 40. This enables us to draw the following conclusions
relevant for CMB polarization experiments aimed at detection
of primordial CMB tensor B-modes.

– Extrapolating the Planck 353 GHz DBB
� spectra computed

on the 400 deg2 circular patches at high Galactic latitude to
150 GHz shows that we expect significant contamination by
dust over most of the high Galactic latitude sky in the � range
of interest for detecting a primordialDBB

� spectrum.

– Even for the cleanest of these regions, the Planck statistical
error on the estimate of DBB

� amplitude at � = 80 for such
small regions is at best 0.17 (3σ) in units of rd.

– Our results show that subtraction of polarized dust emission
will be essential for detecting primordial B-modes at a level
of around 0.1 or below.

– There is a significant dispersion of the polarizationDBB
� am-

plitude for a given dust total intensity. Choices of the cleanest
areas of the polarized sky cannot be made accurately using
the Planck total intensity maps alone.

– Component separation, or template cleaning, can best be
done at present with the Planck HFI 353 GHz data, but the
accuracy of such cleaning is limited by Planck noise in small
fields. Ground-based or balloon-borne experiments should
include dust channels at high frequency. Alternatively, if they
intend to rely on the Planck data to remove the dust emis-
sion, they should optimize the integration time and area so
as to have a similar signal-to-noise level for the CMB and
dust power spectra.

Turning specifically to the part of the sky mapped by the
BICEP2 experiment, our analysis of the MB2 region indicates
the following results.

– Over the multipole range 40 < � < 120, the Planck 353 GHz
DBB
� power spectrum extrapolated to 150 GHz yields a value

1.32×10−2 µK2
CMB, with statistical error ±0.29×10−2 µK2

CMB
and a further uncertainty (+0.28,−0.24) × 10−2 µK2

CMB from
the extrapolation. This value is comparable in magnitude to
the BICEP2 measurements at these multipoles that corre-
spond to the recombination bump.
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Joint Likelihood

TT and BB is essentially independent so that the 
likelihoods factorize.

BICEP2 and Planck 353 GHz are not independent and 
we need a joint likelihood.

σ2
P eff = CP − CiC−1
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Frequency dependence

The Planck 353 GHz measurement must be rescaled to 
150 GHz, and the uncertainty in the rescaling must be 
included.
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Assuming only frequency information in the patch
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Experimental Progress

• the tensor contribution to the temperature 
anisotropies on large angular scales

• the B-mode polarization generated by tensors. 

With the current data, we can constrain    by

The two likelihood are essentially independent

Typically we talk about 

L(rTT , rBB) = LTT (rTT )LBB(rBB)

L(r, r)

r



Planck+BICEP1

before March

Constraint dominated by temperature data

L(rTT , rBB)

Experimental Progress



after MarchL(rTT , rBB)

Constraint from polarization data comparable 
to constraint from temperature and will soon 
be significantly stronger 

Experimental Progress



Conclusions
The BICEP2 BB power spectrum combined with 
Planck 353 GHz BB power spectrum in the BICEP 
region, and the Planck power spectrum of 
temperature anisotropies provide no evidence for 
primordial gravitational waves

The simplest model of inflation is currently 
disfavored at 2-3    depending on the likelihood 
used for the temperature data, suggesting the 
existence of a second parameter in the inflationary 
model.  

Inclusion of cross-spectra between Planck and 
BICEP as well as the Keck Array 95 GHz data will 
soon tell us if the simplest model of inflation is 
relevant to our universe.

σ



• Over the course of the decade we will find out if 
we are lucky enough that the CMB contains 
valuable information about quantum gravity or 
string theory

• Until then, we (theorists) should work harder to 
understand our theories at the relevant energy 
scales

Conclusions



Thank you


