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Outline

Last year has been an exciting one for the CMB!
Clearly most excitement over the South Pole BICEP2 results
Also continuing discussion and interest over Planck 2013 results,
and release of 4 papers on polarized dust emission
Very important results on lensing from SPT and POLARBEAR
Also ACTPOL has produced its first polarisation results
(excellent EE mode spectrum)
Will aim to describe story of some of these and implications for
cosmology

Also: Period of kinetic domination leading to fast roll: results on
why we should expect this in early universe
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BICEP2 Results

‘BICEP2 I: Detection Of B-mode Polarization at Degree Angular
Scales’, Ade et al.

Paper submitted to the Archive
17th March (arXiv:1403.3985)
Has caused huge interest by
claiming discovery of primordial
B-modes of the Cosmic
Microwave Background (CMB)
These are imprinted on the CMB
during the ‘Recombination’ era,
about 400,000 years after the Big
Bang, but what imprints them are
gravity waves generated at
inflation itself (probably just 10−35

seconds after the Big Bang)
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E and B modes

Both arise from Thomson scattering at recombination
Converts input quadrupoles in intensity =⇒ linear polarization
Consider Planck hot and cold spots (from Planck 2013 Mission Paper)Planck Collaboration: The Planck mission

Fig. 27. Stacked maps of the CMB intensity I and polarization Qr at the position of the temperature extrema, at a common resolution of 30 arcmin.
Maps are displayed for CMB temperature cold spots (left) and hot spots (right) for the Planck CMB estimates (top row) and for the ΛCDMPlanck
best fit model prediction (bottom row).

plitude with expectations of a pure ISW effect. Using more re-
cent void catalogues leads to the detection of a signal at up to
2.5σ with scales and amplitudes more consistent with expecta-
tions of the ISW effect. Taking advantage of the large frequency
coverage of Planck, we have confirmed that the stacked signal is
stable from 44 to 353 GHz, supporting the cosmological origin
of this detection.

9.5. The cosmic infrared background

CIB anisotropies are expected to trace large-scale structures
and probe the clustering properties of galaxies, which in turn
are linked to those of their host dark matter halos. Because
the clustering of dark matter is well understood, observations
of anisotropies in the CIB constrain the relationship between
dusty, star-forming galaxies and the dark matter distribution.
Correlated anisotropies also depend on the mean emissivity per
comoving unit volume of dusty, star-forming galaxies and can
be used to measure the star formation history.

The extraction of CIB anisotropies in Planck/HFI (Planck
Collaboration XVIII 2011; Planck Collaboration XXXII 2013)
is limited by our ability to separate the CIB from the CMB
and the Galactic dust. At multipole `=100, the power spec-
trum of the CIB anisotropies has an amplitude less than 0.2 %
of the CMB power spectrum at 217 GHz, and less than 25 %
of the dust power spectrum in very diffuse regions of the sky
(NHI < 2.5 × 1020cm−2) at 857 GHz. Using HI data from three
radio telescopes (Parkes, GBT and Effelsberg) and cleaning
the CMB using the 100 GHz map as a template, it has been
possible to obtain new measurements of the CIB anisotropies
with Planck/HFI. The CIB has been extracted from the maps
on roughly 2300 square degrees (Planck Collaboration XXXII
2013). Auto- and cross-power spectra have been computed, from
217 to 3000 GHz, using both PlanckHFI and IRAS. Two ap-
proaches have been developed to model the power spectra. The
first one uses only the linear part of the clustering and gives
strong constraints on the evolution of the star formation rate up
to high redshift. The second one is based on a parametrized rela-
tion between the dust-processed infrared luminosity and (sub-
)halo mass, probing the interplay between baryonic and dark
matter throughout cosmic times at an unmatched redshift depth,

complementing current and foreseeable optical or near-infrared
measurements.

9.6. Lensing and the cosmic infrared background

Planck’s multi-frequency observations provide information on
both the integrated history of star formation (via the CIB) and the
distribution of dark matter (via the lensing effect on the cosmic
microwave background, or CMB). In the upper frequency bands
(353, 545, and 857 GHz), the dominant extragalactic signal is
not the CMB, but the CIB, composed of redshifted thermal ra-
diation from UV-heated dust, enshrouding young stars. The CIB
contains much of the energy from processes involved in structure
formation. According to current models, the dusty star-forming
galaxies (DSFGs) that give rise to the CIB have a redshift dis-
tribution peaked between z ∼ 1 and z ∼ 2, and tend to live in
1011–1013 M� dark matter halos.

Gravitational lensing by large-scale structure produces small
shear and magnification effects in the observed fluctuations,
which can be exploited to reconstruct an integrated measure of
the gravitational potential along the line of sight. This “CMB
lensing potential” is sourced primarily by dark matter halos lo-
cated at 1 . z . 3, halfway between ourselves and the last scat-
tering surface.

The conjunction of these two unique probes allows us to
measure directly the connection between dark and luminous
matter in the high redshift (1 ≤ z ≤ 3) Universe (Planck
Collaboration XVIII 2013). We use a three-point statistic opti-
mized to detect the correlation between these two tracers. We
report the first detection of the correlation between the CIB and
CMB lensing using Planck data only. The well matched redshift
distribution of these two signals leads to a detection significance
with a peak value of 42σ at 545 GHz. Equivalently, we measure
a correlation as high as 80 % across these two tracers. Our full
set of multi-frequency measurements (both CIB auto- and CIB-
lensing cross-spectra) are consistent with a simple halo-based
model, with a characteristic mass scale for the halos hosting CIB
sources of log10 (M/M�) = 11.6±1.5. Leveraging the frequency
dependence of our signal, we isolate the high redshift contribu-
tion to the CIB, and constrain the star formation rate (SFR) den-
sity at z ≥ 1. We measure directly the SFR density with around
4σ significance for three redshift bins between z = 1 and 7, thus

39

Pattern near peak is example of
E-mode - like gradient of a
potential
B-mode is like a curl field
Scalar (density) perturbations
only give E-modes
Gravity (tensor) waves produce
both E- and B-mode polarization
(latter have handedness)

Figure 3: Polarization can be decomposed into E- and B-modes. The former are radial or tan-
gential with no preferred handedness, akin to an electric field. Like magnetic fields,B-modes do
have handedness; Note that if reflected across a line going through the center the E-patterns are
unchanged, while the positive and negative B-patterns get interchanged. This peculiar pattern
can be produced only by gravitational waves, not by ordinary density perturbations.
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Sky with and without tensors
http://www.astro.caltech.edu/~lgg/spider_front.htm

No Tensor

SPIDER Tensor Signal
• Simulation of large scale polarization signal

GW/scalar curvature: current from CMB+LSS: r < 0.3 95%; good shot at 0.02 95% 
CL with BB polarization (+- .02 PL2.5+Spider), .01 target; Bpol .001 BUT 
foregrounds/systematics? But r(k), low Energy inflation

Pillar 7 
Gravity Waves from Inflation 

http://www.astro.caltech.edu/ lgg/

Amplitude of tensor (gravity wave) component, is measured by
the ratio r of tensor to scalar mode at some given scale
This comparison is for r = 0.1
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Predicted Spectra (sum)



CLOVER
Dashed curve in previous plot was sensitivity level for CLOVER
UK experiment (at 3 frequencies), cancelled in 2009 a few
months before deployment in Chile

2/472009 Path to CMBpol 
Chicago july 2nd   2009 

20 of 25 

Hardware almost complete 
AIV underway 

slide from 2009



CMB Power spectra (Two parts separately)

Scalar (matter and radiation
density) perturbations

Tensor (gravity wave)
perturbations



What would a detection of primordial gravity waves tell us?

Strong evidence that inflation happened
The tensor to scalar ratio r is directly related to the energy scale
of inflation, which we don’t know by other means:

r = 0.008
(

Einf

1016 GeV

)4

Thus detectable gravity waves (r > 0.01 say) would mean
inflation occurred at the GUT scale (∼ 1016 GeV)
We would then be accessing particle physics at a scale about at
least 1012 higher than those achievable at LHC
Combination of r and slope of scalar primordial power spectrum
(called ns) is one of the most important ways important of
discriminating between inflation theories
Measurement of r provides the ‘missing piece’



Constraints in tilt vs. gravitational wave plane

10 Planck Collaboration: Constraints on inflation

Model Parameter Planck+WP Planck+WP+lensing Planck + WP+high-` Planck+WP+BAO

ΛCDM + tensor ns 0.9624 ± 0.0075 0.9653 ± 0.0069 0.9600 ± 0.0071 0.9643 + 0.0059
r0.002 < 0.12 < 0.13 < 0.11 < 0.12

−2∆ lnLmax 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ΛCDM+r model from Planck combined with other data sets.
The constraints are given at the pivot scale k∗ = 0.002 Mpc−1.
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

reheating priors allowing N∗ < 50 could reconcile this model
with the Planck data.

Exponential potential and power law inflation

Inflation with an exponential potential

V(φ) = Λ4 exp
(
−λ φ

Mpl

)
(35)

is called power law inflation (Lucchin & Matarrese, 1985),
because the exact solution for the scale factor is given by
a(t) ∝ t2/λ2

. This model is incomplete, since inflation would
not end without an additional mechanism to stop it. Assuming
such a mechanism exists and leaves predictions for cosmo-
logical perturbations unmodified, this class of models predicts
r = −8(ns − 1) and is now outside the joint 99.7% CL contour.

Inverse power law potential

Intermediate models (Barrow, 1990; Muslimov, 1990) with in-
verse power law potentials

V(φ) = Λ4
(
φ

Mpl

)−β
(36)

lead to inflation with a(t) ∝ exp(At f ), with A > 0 and 0 < f < 1,
where f = 4/(4 + β) and β > 0. In intermediate inflation there
is no natural end to inflation, but if the exit mechanism leaves
the inflationary predictions on cosmological perturbations un-
modified, this class of models predicts r ≈ −8β(ns − 1)/(β − 2)
(Barrow & Liddle, 1993). It is disfavoured, being outside the
joint 95% CL contour for any β.

Hill-top models

In another interesting class of potentials, the inflaton rolls away
from an unstable equilibrium as in the first new inflationary mod-
els (Albrecht & Steinhardt, 1982; Linde, 1982). We consider

V(φ) ≈ Λ4
(
1 − φ

p

µp + ...

)
, (37)

where the ellipsis indicates higher order terms negligible during
inflation, but needed to ensure the positiveness of the potential
later on. An exponent of p = 2 is allowed only as a large field
inflationary model and predicts ns − 1 ≈ −4M2

pl/µ
2 + 3r/8 and

r ≈ 32φ2
∗M

2
pl/µ

4. This potential leads to predictions in agree-
ment with Planck+WP+BAO joint 95% CL contours for super-
Planckian values of µ, i.e., µ & 9 Mpl.

Models with p ≥ 3 predict ns − 1 ≈ −(2/N)(p − 1)/(p − 2)
when r ∼ 0. The hill-top potential with p = 3 lies outside the

These are results from Planck 2013 Inflation paper
(arXiv:1303.5082)

r = 0.2 would make a huge difference to this plot!



Inflation and string theory

In simple single field models of inflation, Lyth (1997) showed that
the field had to move through a super-Planckian distance if r was
big enough to be observable
Prediction is roughly ∆φ ∼ (r/0.002)1/2 for ∆φ measured in
Planck units MPl

There may be geometrical effects in string theory which makes
this difficult
Also now believed that having a smooth potential over ∆φ > MPl

problematic for effective field theory with a cutoff Λ < MPl unless
shift symmetry removes higher order corrections
First ‘stringy’ models incorporating this (with axion-like potentials)
appeared 5 years ago (e.g. Flauger et al. hep-th/0907.2916 -
Axion Monodromy model)
These may lead to a broad φ2 type potential, but with
superposed oscillations — observable effects in CMB?



Direct Detection?

Top curve is for r = 0.1
From a talk on BBO by Gregory Harry (MIT)

Big problem is that most of portion of frequency space where we
want to look is taken out by background of Binary Stars (in our
and other galaxies)
However, could be a window near 1 milliHz to 1 Hz, which could
eventually be observed from space with required sensitivity if
r >∼ 0.001 (Big Bang Observer proposed to do this - at least 30
years away?)



Tensor slope?
If r really is as big as ∼ 0.2, then prospects also arise for checking
the consistency relation nt = −r/8
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Scalar (matter and radiation density) perturbations

slope = ns − 1 = −0.04

Tensor (gravity wave) perturbations

slope = nt = −0.023

cutoff due to early KD

best fit running model

These are two plots from Lasenby + Doran (Phys.Rev.D71:063502,
2005) arXiv:astro-ph/0307311

Come from a model which naturally incorporates early Kinetic
Dominance leading to suppression of power on largest scales

Now believe KD is generic (see next slide), but r.h. plot illustrates that on
smaller scales we still have the consistency relation, since r predicted
here is about 0.19, therefore nt should be −0.19/8 = −0.02375



Kinetic DominationKinetic Initial Conditions for Inflation

I Consider the classical evolution of the inflaton:

I Ḣ + H2 = − 1
3M2

pl

(
φ̇2 − V (φ)

)
, φ̈+ 3φ̇H + V ′(φ) = 0.

I Proven1: Almost all solutions emerge in a kinetically
dominated phase with φ̇2 � V (φ)

I Analytical solutions: H = 1/(3t) = 1√
6Mpl

φ̇, a ∝ t1/3.

Kinetic Dominance φ̇2 � V (φ)

Slow Roll φ̇2 � V (φ)

Fast Roll

1Handley et al. (Phys. Rev. D 89, 063505, arXiv:1401.2253)
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In Handley et al., Phys. Rev. D 89 (2014) 063505 (arXiv:1401.2253) we
have proved that the universe generically emerges from an initial
singularity with the kinetic energy of the inflaton dominating its potential
energy: φ̇2 � V (φ).
Assumption: there is some epoch prior to which the inflaton
development is strictly monotonic: 0 < ε < |φ̇| (true for nearly all
commonly considered potentials).
Kinetic Dominance may be relevant to the apparent low-` falloff in the
CMB power spectrum (Planck 2013 results suggested about 5–10%
shortfall over ` <

∼ 50)
Paper by Lello and Boyanovsky (JCAP05,029(2014) and
arXiv:1312.4251) and talk later by Daniel Boyanovsky are very relevant



BICEP/KECK Programme

DASI, QUAD, KECK
BICEP 1, 2 AND 3

10M SOUTH POLE
Telescope



BICEP/KECK Programme

BICEP1 (2006 – 2008)
30cm refractor
96 NTD bolometers (same 
kind as Planck)
Best published limits on r 
from B-modes – r<0.72

BICEP2 (2010 – 2012)
Same optics as BICEP1
500 TES bolometers at 150 GHz
10x faster than BICEP1

Keck-Array (2011 – 2015)
5 BICEP2 like receivers
2500 TES bolometers
5x faster than BICEP2

BICEP " BICEP2 " Keck-Array

(From Clem Pryke Moriond 2013 talk)



BICEP2 Results
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FIG. 2.— BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The red curves show the lensed-ΛCDM theory
expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-ΛCDM+noise simulations. The
probability to exceed (PTE) the observed value of a simple χ2 statistic is given (as evaluated against the simulations). Note the very different y-axis scales for the
jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.
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FIG. 3.— Left: BICEP2 apodized E-mode and B-mode maps filtered to 50 < ` < 120. Right: The equivalent maps for the first of the lensed-ΛCDM+noise
simulations. The color scale displays the E-mode scalar and B-mode pseudoscalar patterns while the lines display the equivalent magnitude and orientation of
linear polarization. Note that excess B-mode is detected over lensing+noise with high signal-to-noise ratio in the map (s/n > 2 per map mode at `≈ 70). (Also
note that the E-mode and B-mode maps use different color/length scales.)On comparing lower left and lower right panels can see enhancement

in real detected signal vs. a simulation with just ‘lensed’ B-modes plus
noise
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taken between BICEP2 and BICEP1 combined, and BICEP2 and Keck Array
preliminary. (For clarity the cross spectrum points are offset horizontally and
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In Figure 2 we see a substantial excess of BB power in the
region where an inflationary gravitational wave (IGW) signal
would be expected to peak. We therefore proceed to find the
most likely value of the tensor-to-scalar ratio r using the “di-
rect likelihood” method introduced in B14. We first form ad-
ditional sets of simulations for many values of r by combining
the lensed-ΛCDM and scaled r = 0.2 simulations37. We then
combine the bandpowers of these and the real bandpowers
with s/n weighting where s is the IGW spectrum for a small
value of r and n is the variance of the lensed-ΛCDM+noise
simulations. Arranging the simulation pdf values as rows we
can then read off the likelihood curve for r as the columns at
the observed combined bandpower value.

The result of this process is shown in Figure 10. Defining
the confidence interval as the equal likelihood contour which
contains 68% of the total likelihood we find r = 0.20+0.07

−0.05. This
uncertainty is driven by the sample variance in our patch of
sky, and the likelihood falls off very steeply towards r = 0. The
likelihood ratio between r = 0 and the maximum is 2.9×10−11

equivalent to a PTE of 3.3× 10−12 or 7.0σ. The numbers
quoted above are for bins 1–5 although due to the weight-
ing step they are highly insensitive to this choice. (Absolute
calibration and beam uncertainty are included in these calcu-
lations but have a negligible effect.)

Evaluating our simple χ2 statistic between bandpowers 1–
5 and the lensed-ΛCDM+noise+r = 0.2 simulations yields a
value of 1.1, which for 4 degrees of freedom has a PTE of
0.90. The model is therefore a perfectly acceptable fit to the
data.

In Figure 11 we recompute the r constraint subtracting each
of the foreground models shown in Figure 6. For the auto
spectra the range of maximum likelihood r values is 0.12–
0.19, while for the cross it is 0.16–0.21 (random fluctuations
in the cross can cause shifts up as well as down). The prob-
ability that each of these models reflects reality is hard to
assess. Presumably greatest weight should be given to the
DDM2 cross spectrum and we note that in this case the maxi-
mum likelihood value shifts down to r = 0.16+0.06

−0.05 with a like-

37 Hence we assume always nt = 0 making the value of r independent of
the pivot scale.

lihood ratio between r = 0 and maximum of 2.2×10−8, equiv-
alent to a PTE of 2.9×10−9 or 5.9σ. Performing this subtrac-
tion slightly increases χ2 (to 1.46) but the fit remains perfectly
acceptable (PTE 0.84).

The dust foreground is expected to have a power law spec-
trum which slopes modestly down ∝ `∼−0.6 in the usual
l(l + 1)Cl/2π units (Dunkley et al. 2009). In Figure 6 we
see that the DDM2 model appears to do this in both auto and
cross, before the auto spectrum starts to rise again due to noise
in the polarization fraction and angle input maps. We note
that the s/n bandpower weighting scheme described above
weights the first bin very highly. Therefore if we were to
exclude it the difference between the unsubtracted and fore-
ground subtracted model lines in Figure 11 would be much
smaller; i.e. while dust may contribute significantly to our
first bandpower it definitely cannot explain bandpowers two
through five.

Computing an r constraint using the BICEP2×BICEP1comb
cross spectrum shown in Figure 9 yields r = 0.19+0.11

−0.08. The
likelihood ratio between r = 0 and the maximum is 2.0×10−3

equivalent to a PTE of 4.2×10−4 or 3.5σ.

11.2. Scaled-lensing + Tensors
Lensing deflections of the CMB photons as they travel from

last scattering re-map the patterns slightly. In temperature this
leads to a slight smoothing of the acoustic peaks, while in po-
larization a small B-mode is introduced with a spectrum sim-
ilar to a smoothed version of the EE spectrum a factor ∼ 100
lower in power. Using their own and other data Planck Collab-
oration XVI (2013) quote a limit on the amplitude of the lens-
ing effect versus the ΛCDM expectation of AL = 0.99±0.05.

Figure 12 shows a joint constraint on the tensor-to-scalar
ratio r and the lensing scale factor AL using our BB bandpow-
ers 1–5. As expected there is an anti-correlation — one can
partially explain the low ` excess by scaling up the lensing
signal. However, since the lensing and IGW signals have dif-
ferent spectral shapes the degeneracy is not complete. The
maximum likelihood scaling is ≈ 1.5. Marginalizing over r
the likelihood ratio between peak and unity is 0.75 indicat-
ing compatibility, while the likelihood ratio between peak and
zero is 0.03, equivalent to a PTE of 7.0× 10−3 or a 2.7σ de-
tection of lensing in the BICEP2 BB auto spectrum.

11.3. Compatibility with Temperature Data
If present at last-scattering, tensor modes will add power to

all spectra including T T . For an r value of 0.2 the contribution
to T T at the largest angular scales (` < 10) would be ≈ 10%
of the level measured by WMAP and Planck. The theoretical
ΛCDM power level expected at these scales is dependent on
several cosmological parameters including the spectral index
of the initial scalar perturbations, ns, and the optical depth to
the last scattering surface, τ . However by combining temper-
ature data taken over a wide range of angular scales indirect
limits on r have been set. Using WMAP+SPT data Story et al.
(2013) quote r< 0.18 (95% confidence) tightening to r< 0.11
when also including measurements of the Hubble constant
and baryon acoustic oscillations (BAO). More recently Planck
Collaboration XVI (2013) quote r< 0.11 using a combination
of Planck, SPT and ACT temperature data, plus WMAP po-
larization (to constrain τ ).

These limits appear to be in moderately strong tension with
interpretation of our B-mode measurements as tensors. Since
we have dispensed with the possibility of significant system-
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FIG. 10.— Left: The BICEP2 bandpowers plotted with the maximum likelihood lensed-ΛCDM+r = 0.20 model. The uncertainties are taken from that model
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FIG. 11.— Modified constraints on the tensor-to-scalar ratio r when sub-
tracting each of the foreground models shown in Figure 6 from the BICEP2
BB bandpowers. The line styles and colors match Figure 6 with dashed for
auto spectra and solid for cross spectra. The probability that each of these
models reflects reality is hard to assess — see the text for discussion.

atic contamination, and shown that foreground is highly un-
likely to contribute a large fraction of our observed signal, we
must ask what extensions to the standard model might resolve
this situation.

One obvious modification is to allow the initial scalar per-
turbation spectrum to depart from the simple power law form
which is assumed in the base ΛCDM model. A standard
way in which this is done is by introducing a “running” pa-
rameter dns/d lnk. In Planck Collaboration XVI (2013) the
constraint relaxes to r < 0.26 (95% confidence) when run-
ning is allowed with dns/d lnk = −0.022± 0.010 (68%) (for
the Planck+WP+highL data combination). In Figure 13 we
show the constraint contours when allowing running as taken
from Figure 23 of Planck Collaboration XVI (2013), and how
these change when the BICEP2 data are added. The red con-
tours on the plot are simply the Monte Carlo Markov Chains
(MCMC) (Gamerman & Lopes 2006; Lewis & Bridle 2002)
provided with the Planck data release38 (and are thus iden-
tical to those shown in that Planck paper). We then apply

38 As downloaded from http://www.sciops.esa.int/
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FIG. 12.— Joint constraints on the tensor-to-scalar ratio r and the lensing
scale factor AL using the BICEP2 BB bandpowers 1–5. One and two σ con-
tours are shown. The horizontal dotted lines show the 1σ constraint from
Planck Collaboration XVI (2013). The BICEP2 data are compatible with the
expected amplitude of the lensing B-mode which is detected at 2.7σ.

importance sampling (Hastings 1970) to these chains using
our r likelihood as shown in Figure 10 to derive the blue
contours, for which the running parameter constraint shifts
to dns/d lnk = −0.028±0.009 (68%).

The point of Figure 13 is not to endorse running as the cor-
rect explanation of the observed deficit of low ` T T power.
It is simply to illustrate one example of a simple model ex-
tension beyond standard ΛCDM+tensors which can resolve
the apparent tension between previous T T measurements and
the direct evidence for tensors provided by our B-mode mea-
surements — probably there are others. Of course one might
also speculate that the tension could be reduced within the
standard ΛCDM+tensors model, for example if τ or other pa-
rameters were allowed to shift. We anticipate a broad range
of possibilities will be explored.

12. CONCLUSIONS

We have described the observations, data reduction, sim-
ulation and power spectrum analysis of all three seasons of
data taken by the BICEP2 experiment. The polarization maps
presented here are the deepest ever made at degree angular

wikiSI/planckpla section “Cosmological Parameters”.



BICEP2 versus other experiments



POLARBEAR — first direct detection of lensing BB

Name TalkName TalkGiulio Fabbian The POLARBEAR experiment: first season results and beyond

The future of the POLARBEAR experiment
• Multichroic pixels receiver in 2014: 7,588 

detectors, 90/150 GHz

• Simons Array by 2018: 3 telescopes, 
22,764 detectors, 90/150/220 GHz

• High sensitivity for B-modes 
characterization on all angular scales

• Constrain neutrino mass hierarchy, 
primordial magnetic fields and more...
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Fig. 12.— Binned CBB
` spectrum measured using data from all three patches (∼ 30 deg2). A theoretical wmap-9 ΛCDM high-resolution

CBB
` spectrum with ABB= 1 is shown. The uncertainty shown for the band powers is the diagonal of the band power covariance matrix,

including beam covariance.

TABLE 8
Reported Polarbear band powers and the diagonal

elements of their covariance matrix

Central ` ` (`+ 1)CBB
` /2π [µK2] ∆{` (`+ 1)CBB

` /2π} [µK2]

700 0.093 0.056
1100 0.149 0.117
1500 −0.317 0.236
1900 0.487 0.482

trum; including statistical uncertainty and beam covari-
ance, this PTE is 42%. Table 8 enumerates the band
powers reported here.

We fit the band powers to a ΛCDM cosmological
model with a single ABB amplitude parameter. We find
ABB = 1.12 ± 0.61(stat)+0.04

−0.10(sys) ± 0.07(multi), where
ABB = 1 is defined by the wmap-9 ΛCDM spectrum.
To calculate the lower bound on the additive uncertain-
ties on this number, we linearly add, in each band, the
upper bound band powers of all the additive systematic
effects discussed in Section 7, and the uncertainty in the
removal of E to B leakage. We then subtract this possi-
ble bias from the measured band powers, and calculate
ABB . This produces a lower ABB , and sets the lower
bound of the additive uncertainty. We then repeat the

process to measure the upper bound. The multiplicative
uncertainties are the quadrature sum of all the multi-
plicative uncertainties discussed in Section 7.

The measurement rejects the hypothesis of no CBB`
from lensing with a confidence of 97.5%. This is calcu-
lated using the bias-subtracted band powers described
above (the most conservative values to use for rejecting
this null hypothesis), and integrating the likelihood of
ABB> 0.

9. SUMMARY & DISCUSSION

We have reported a measurement of the CMB’s B-
mode angular power spectrum, CBB` , over the multipole
range 500 < ` < 2100. This measurement is enabled by
the unprecedented combination of high angular resolu-
tion (3.5′) and low noise that characterizes the Polar-
bear CMB polarization observations.

To validate the Polarbear measurement of this faint
signal, we performed extensive tests for systematic er-
rors. We evaluated nine null tests and estimated twelve
sources of instrumental contamination using a detailed
instrument model, and found that all the systematic un-
certainties were small compared to the statistical uncer-
tainty in the measurement. To motivate comprehensive
evaluation of the data set and prevent observer bias in

(From arXiv:1403.2369)

POLARBEAR is a project

of UCSD, Berkeley and ∼

30 other institutions, sited in

Atacama)

Currently targeting higher resolution

3.5 arcmin beam, working at 150 GHz, 1274 bolometers
currently

Future plans: Multichroic pixels receiver in 2014: 7,588
detectors, 90/150 GHz

Simons Array by 2018: 3 telescopes, 22,764 detectors,
90/150/220 GHz (details and picture from Giulio Fabbian 2014 Moriond talk)



BICEP2 Results

Announcement made a huge impact, particularly in theoretical
physics community
Papers on arXiv citing it reached 200 just 5 weeks after
announcement!
Key feature is large value or r . Effectively unexpected both
theoretically and observationally
Points to problems in string theory (need ‘large field’ inflation)
At face value disagrees with Planck 2013 data limit on r of
< 0.11 at 95% confidence (based on temperature-only data)
If both right, need to step outside standard 6-parameter
cosmological model to reconcile them — therefore very exciting!



Foregrounds?

This is clearly the biggest
potential problem
Key foregrounds are Galactic
dust at higher frequencies
(>∼ 70GHz) and Galactic
synchrotron at lower frequencies
(<∼ 70GHz)
They work at 150GHz and base
their analysis on existing,
publically available maps of dust
(e.g. from IRAS and Planck)
Maps are in intensity, so they
assume a fixed 5% polarization
fraction
BICEP2 only has a single
frequency, so can’t discriminate
spectra on this basis
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made separately for each of the four boresight rotation angles,
for left-going and right-going scans, for each detector across
the 2010–11 data set. Each of these eight maps was then
cross-correlated with the temperature map from the five-year
WMAP W band data set (Hinshaw et al. 2009). The external
temperature map had the WMAP beams deconvolved and was
Gaussian-smoothed to the BICEP2 beam size before cross-
correlation. The offset that maximized the cross-correlation
was taken as a correction to the ideal detector pointing that
had been used in forming the single-detector map. From com-
parison among the eight maps for each detector, we estimate
that this procedure gives beam centers accurate to 2′ rms. We
have simulated the effect of cosmological T E correlations as
a bias on the beam centers and find it well below 5′′. The
same beam-fitting procedure has been repeated with Planck
143 GHz maps (Planck Collaboration et al. 2013; Planck HFI
Core Team et al. 2011) instead of WMAP templates. The re-
sults are identical to within 15′′ for all BICEP2 detectors.

When we compare the beam centers as fit from CMB maps
at different boresight rotation angles, we detect an offset in the
elevation direction of an average of 1′. We interpret this offset
as an internal flexure of the focal plane assembly relative to
the cryostat shell and the telescope mount.

12. OBSERVING STRATEGY

The BICEP2 observing strategy is based on deep integration
in the region of the sky least contaminated by polarized fore-
grounds. The telescope spends 90% of its observing time on
this CMB field, and the other 10% on a secondary Galactic
field. These observations are grouped in schedules of three
sidereal days, including a six-hour cryogenic service period.
Within one three-day schedule the telescope scans in azimuth
at a fixed boresight angle—the orientation of the telescope
about its own axis. The details of the observing schedule have
been chosen to allow for control of possible systematics such
as drift in detector gain and ground-fixed signals.

12.1. Observing fields
BICEP2 spends most of its time observing the primary

CMB field centered at (RA = 0 hr, dec = −57.5◦). This 1000-
degree2 field (2% of the sky) lies well away from the Galactic
plane, within a larger region known as the “Southern Hole”
where polarized foregrounds are expected to be especially
low. The BICEP2 field is the same one observed by BICEP1.
It was selected for its very low level of expected Galactic dust
emission, less than 1% of the sky median (Finkbeiner et al.
1999) as shown in Fig. 20. If the dust signal is polarized
at 5%, the resulting contamination of the B-mode signal at
150 GHz will be below r = 0.02. The faint synchrotron sig-
nal within the Southern Hole has not been well measured, but
a scaling of WMAP data at 23 GHz implies that the B-mode
contamination at 150 GHz is at a level similar to or below that
from dust (Nguyen et al. 2008).

The secondary BICEP2 field covers a part of the Galac-
tic plane centered at (RA = 15 : 42 hr, dec = −55.0◦). Ob-
servations of this field are used for Galactic science objec-
tives (Bierman et al. 2011) and as a bright, partially polarized
source for use in instrument characterization.

These same two fields have also been observed by BI-
CEP129 and the Keck Array. Coverage of the same fields

29BICEP1 also observed a third field in a different part of the Galactic
plane. This field has not been covered by BICEP2 or the Keck Array.
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FIG. 20.— BICEP2 observing fields relative to the polarization amplitude
predicted from FDS (Finkbeiner et al. 1999) model 8, assuming a 5% polar-
ization fraction.
by the three experiments allows for consistency tests, cross-
calibrations on the bright Galactic signal, and the possibility
of achieving greater map depth by stacking CMB maps across
multiple experiments. The additional frequencies of BICEP1
and the Keck Array (beginning in the 2014 season) also give
spectral information needed to separate any foreground sig-
nals from the CMB.

12.2. Scan pattern
The telescope scans at 2.8◦/s in azimuth, so that at an ele-

vation of 57.5◦ a signal with frequency f (in Hz) corresponds
to a multipole ` = 240 f . This sets the science band for the ex-
periment: 0.05–1 Hz for 20≤ `≤ 200 where the inflationary
B-mode signal is expected to peak, or 2.6 Hz for ` = 500.

Each scan spans 64.2◦ in azimuth, of which the central
56.4◦ (77.7% of the duration of the scan) is covered at uni-
form speed and is used for mapmaking. The region around
each turn-around is excluded from CMB analysis. The trajec-
tory of each scan was optimized at the time of BICEP2 deploy-
ment for a gain of 4% in the usable, central part of the scan
relative to BICEP1. The elevation is kept fixed as the tele-
scope executes 53 round-trip scans over a period of 46 min-
utes. During this single “scan set” the telescope scans back
and forth within fixed limits in azimuth, rather than continu-
ously tracking the sky. Each scan set is preceded and followed
by bracketing calibrations as described in §12.4, bringing the
total duration of each scan set up to 50 minutes.

At the end of each 50-minute scan set, the telescope steps
up by 0.25◦ in elevation and shifts the azimuth of the scan
center to follow the apparent motion of the field on the sky
before beginning the next scan set.

This scan pattern deliberately scans across a fixed range in
azimuth within each 50-minute observing block, rather than a
fixed range in right ascension. After 50 minutes the CMB has
drifted by 12.5◦ relative to the ground. Therefore, any pickup
of ground-fixed optical power, the magnetic field of the Earth
or nearby structures, scan-fixed thermal fluctuations, or scan-
fixed vibrational noise will all appear in the same locations
from scan to scan. This allows us to remove these signals



Planck PIP XIX map of 353 GHz Polarized Intensity
Planck collaboration: The Planck dust polarization sky

Fig. 2. Planck 353 GHz polarized intensity (P) map at 1◦ resolution in log10 scale. The values shown have been bias corrected as
described in Sect. 2.3. The same mask as in Fig. 1 is applied. The full sky map of the unpolarized intensity I entering the calculation
of P is shown in Fig. 5.

vations have inherent limitations, as both Faraday rotation mea-
sures (RMs) and synchrotron (total and polarized) intensities are
quantities integrated over the line of sight (LOS), which depend
on the poorly constrained density distributions of thermal and
relativistic electrons, respectively. A promising avenue to obtain
a more complete and more robust picture of the GMF structure
is to complement the radio data with Planck 1 measurements of
the polarized thermal emission from interstellar dust, which is
independent of the electron densities.

A glance at the Planck all-sky intensity maps (Planck
Collaboration I 2014) reveals that, in addition to the mottled
structure of the cosmic microwave background (CMB) at high
Galactic latitudes, the dominant pattern is that of the emission
from our Galaxy. At the lowest frequencies, from the 30 GHz to
70 GHz bands of the Planck Low Frequency Instrument (LFI,
Bersanelli et al. 2010), synchrotron emission dominates; at the
highest frequencies, from the 100 GHz to 857 GHz bands of the
High Frequency Instrument (HFI, Lamarre et al. 2010), ther-
mal emission from interstellar dust is the dominant mechanism.
These foregrounds have to be understood and taken into account
for detailed CMB studies, but they also provide a unique oppor-
tunity to study the Galaxy’s ISM.

In particular, the thermal dust emission is linearly polarized
(e.g., Benoı̂t et al. 2004; Vaillancourt 2007). This polarized emis-
sion overpowers any other polarized signal at the higher Planck
frequencies (e.g., Tucci et al. 2005; Dunkley et al. 2009; Fraisse
et al. 2009). In addition to hindering the detection of the sought-
after, odd-parity, B-mode polarization of the CMB, the polarized

1 Planck (http://www.esa.int/Planck) is a project of the
European Space Agency (ESA) with instruments provided by two sci-
entific consortia funded by ESA member states (in particular the lead
countries France and Italy), with contributions from NASA (USA) and
telescope reflectors provided by a collaboration between ESA and a sci-
entific consortium led and funded by Denmark.

dust emission provides, in combination with the emission spec-
trum itself, a powerful constraint on the physical properties of
the dust and on the structure of the magnetic field in the Galaxy.

The linear polarization of the thermal dust emission arises
from a combination of two main factors. Firstly, a fraction of
the dust grain population is non-spherical, and this gives rise
to different emissivities for radiations with the electric vector
parallel or orthogonal to a grain’s long axis. Secondly, the rotat-
ing grains are aligned by the interstellar magnetic field, probably
with differing efficiencies depending on grain size and composi-
tion (Draine & Fraisse 2009). While the details of this process
remain unclear (Lazarian 2003, 2007), there is a consensus that
the angular momentum of a grain spun up by photon-grain in-
teractions (Dolginov & Mitrofanov 1976; Draine & Weingartner
1996, 1997; Lazarian & Hoang 2007; Hoang & Lazarian 2008)
becomes aligned with the grain’s short axis, and then with the
magnetic field via precession (e.g., Martin 1971). The end result
is that, if we look across magnetic field lines, the rotating grain
will have its long axis orthogonal to the field lines, and accord-
ingly dust emission will be linearly polarized with its electric
vector normal to the sky-projected magnetic field.

A related phenomenon occurs at near-UV/optical/NIR wave-
lengths, where the light from background sources becomes lin-
early polarized as a result of dichroic extinction by the aligned
dust grains (Davis & Greenstein 1951). Since extinction is
higher for light vibrating parallel to the grain’s long axis, i.e.,
perpendicular to the field lines, the incoming light will be
linearly polarized with its electric vector parallel to the sky-
projected magnetic field. In fact, historically, the optical polar-
ization caused by dust extinction led to the prediction that ther-
mal dust emission would be polarized in the millimetre and sub-
millimetre domains (Stein 1966).

Thus, polarized thermal dust emission carries important in-
formation on the interstellar magnetic field structure, on the
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BICEP

Map is logarithmic plot of polarized intensity p =

√
Q2+U2

I
Data only shown where the systematic uncertainties are small,
and where the dust signal dominates total emission (σsysp < 3%
and f353 > 0.1MJy sr−1)



Planck dust results

Results from PIP XIX
(arXiv:1405.0871), show that
there is an anticorrelation
between polarization fraction and
column depth
The curves show, from top to
bottom, the evolution of the upper
1% percentile, mean, median and
lower 1% percentile of p for pixels
with NH > 1021 cm−2

The top dashed line shows the
best estimate of the maximum
intrinsic polarization fraction
(p ∼ 20%)
Trends hypothesized to be due
mainly to magnetic field
configurations

Planck collaboration: The Planck dust polarization sky

Fig. 17. Fraction of the sky fsky(p > pv) above a given polar-
ization fraction value pv, as a function of pv at the resolution of
1◦ (solid line, yellow), 30′ (dashed line, green), and 15′ (dotted
line, blue). The range shown is the sky fraction corresponding
to p ± 4σp > pv. The vertical dashed line shows the adopted
common value of pmax = 19.8 %.

features of high ∆ψ correspond to low values of p. A similar
trend was observed previously in the OMC-2/3 molecular clouds
regions by Poidevin et al. (2010), using 14” resolution polarime-
try data at 353 GHz. The Planck large-scale maps show that this
is a general trend, as confirmed by the plot in Fig. 21, which
shows that p and ∆ψ are approximately linearly anti-correlated
in a log-log plot. Low p regions often correspond to regions
where the observed polarization direction ψ changes. This result
is in line with the findings of the previous section and further
supports the fact that variations in the magnetic field orienta-
tion play an important role in lowering the observed polarization
fraction. The best-fit correlation shown in Fig. 21 is given by

log10(∆ψ) = α × log10(p) + β, (14)

with α = −0.834 and β = −0.504.
The above results are compared with those inferred from

MHD simulations in Planck Collaboration Int. XX (2014). The
simulations clearly show an anti-correlation between ∆ψ and p,
with a slope similar to that observed in the data. It is worth not-
ing that in the noiseless simulations, the observed trend cannot
be produced by the bias on ∆ψ resulting from higher uncertain-
ties in polarization angles in regions of low signal and/or polar-
ization fraction. It clearly results from averaging effects of the
polarization angle within the beam and along the LOS. In brief,
field line tangling weakens p, especially when the large-scale
field tends to be aligned with the LOS.

The regions of large ∆ψ bear some resemblance to the so-
called “depolarization canals” (e.g., Haverkorn et al. 2000),
or more generally the regions of high polarization gradient
(Gaensler et al. 2011), detected in maps of radio polarized emis-

Fig. 18. Distribution of the polarization fraction (p) as a func-
tion of gas column density over the whole sky (upper panel) and
in regions of the sky excluding the inner Galactic plane (exclud-
ing `II < 90◦ or `II > 270◦, |bII| < 2◦) (lower panel). The values
of p were computed at 1◦ resolution. The gas column density is
derived from the dust optical depth at 353 GHz (see text). The
colour scale shows the pixel density in log10 scale. The curves
show, from top to bottom, the evolution of the upper 1 % per-
centile, mean, median and lower 1 % percentile of p for pixels
with NH > 1021 cm−2. Horizontal dashed lines show the location
of p = 0 and pmax = 19.8 %.

sion from the warm ionized medium (WIM). However, the two
types of features have different origins. As explained earlier, the
filamentary features of large ∆ψ are generally associated with
discontinuities (at the resolution of the observations) in the mag-
netic field orientation within dust-emitting regions. In contrast,
the radio depolarization canals arise from Faraday rotation ef-
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In ‘Note added in proof’ for published
version of BICEP2 paper (PRL 112,
241101 (2014)), BICEP team
acknowledge the trend to higher
polarization fractions in regions of
lower total dust emissivity

BICEP field has
NH ∼ (1 − 2)× 1020

Hcm
−2



What next?

Planck and BICEP teams now working
together to produce a joint paper which
analyses the BICEP field using Planck
and BICEP data simultaneously
Aim is that this joint paper will come out
at the same time as the Planck
cosmology release later this year (which
will include the polarization data, as well
as full mission temperature data)
Several experiments coming up which
could tell us more about these results,
and crucially constrain dust contribution
E.g. SPIDER and EBEX balloon-borne
experiments to come (December 2014
flight for SPIDER — EBEX has already
flown and results being analysed)
Also QUIJOTE Spanish/UK
ground-based experiment

EBEX being recovered after flight

QUIJOTE



Further space missions?

PRISM (Polarized Radiation Imaging
and Spectroscopy Mission) was a
European proposal for an L-class
mission to be the ‘ultimate’ mapper
of both temperature and polarisation
for the CMB
Lost out to Athena (X-ray) and eLISA
(gravitatonal waves), but could come
back in descoped form as an M-class
mission

羽澄昌史 
高エネルギー加速器研究機構 

素粒子原子核研究所 
CMB実験グループ	

インフレーションを検証する 
CMB偏光観測衛星 

LiteBIRD�

Japanese have a proposed B-mode
mission, LiteBIRD
Degree-scales, 6 frequencies
Selected as a “Priority large-scale
research project” by Science Council
of Japan on March 12th



Some current/upcoming polzn experiments

Name Type Detectors ` range r target First Obs.
QUAD ground bolometer 200 < ` < 3000 completed
BICEP ground bolometer 50 < ` < 300 0.1 2007

BICEP2/KECK ground bolometer 50 < ` < 300 0.05 2009
QUIET ground MMIC ` < 1000 0.05 completed

CLOVER ground bolometer 20 < ` < 600 0.01 Cancelled
EBEX balloon bolometer 20 < ` < 1000 0.03 2013

SPIDER balloon bolometer ` < 100 0.025 2014
CORE/PRISM space bolometer ` < 2000 1–5 ×10−3 ??

QUIJOTE ground MMIC ` < 80 0.1/0.05 2012
POLARBEAR ground bolometer 20 < ` < 2000 0.05 2013

+ polarization versions of ACT and SPT (typically targetting smaller angular
scales)



Clusters

Interesting recent results on clusters
from Bocquet et al (arXiv:1407.2942)
Mass Calibration And Cosmological
Analysis Of The SPT-SZ Galaxy Cluster
Sample Using Velocity Dispersion σv
And X-Ray YX Measurements
Gets better agreement between ‘cluster
abundance’ and Planck primordial CMB
parameters than Planck itself
Non-zero sum of neutrino rest-masses
helps bridge remaining gap (as for
Planck)
Σmν = 0.148± 0.081 eV
Definitely beginning to get impression
that soon, by combination of CMB with
smaller scale indicators like clusters and
Lyα, we are going to start to get a real
handle on neutrino mass

Mass Calibration and Cosmological Analysis of SPT-SZ Galaxy Clusters 15
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The prediction for γ by GR and the ΛCDM value for w are indi-
cated by the lines. The cosmological datasets combined exhibit no
tension with a GR+ΛCDM description of the Universe.

level (see Figure 1 and Table 1). Accounting for the im-
pact of one massive neutrino (mν = 0.06 eV) reduced
the differences to 1.0σ (1.5σ).

Combining our SPT cluster sample with CMB data
from WMAP9, we show that the mass calibration from
σv or YX lead to tighter constraints on key cosmologi-
cal parameters; the use of both mass calibration datasets
together furthers tightens these constraints. Throughout
the different combinations of cluster mass calibration and
external data, we observe that the cluster mass scale from
dispersions is higher than the one inferred from YX. As
we summarize in Figure 2, the SZE scaling relation nor-
malization ASZ obtained using the multi-probe dataset is
in better agreement with the σv calibration results (0.8σ)
than with the YX calibration results (1.9σ). Analyzing
the cluster sample with data from Planck+WP, BAO,
and SNIa, we find that the cluster mass scale in this
work has increased by ∼32% relative to Reichardt et al.
(2013), primarily driven by the use of new CMB and
BAO datasets, which prefer a ΛCDM cosmology with a
higher σ8(Ωm/0.27)0.3.

Assuming a flat ΛCDM model, and using the
SPT cluster catalog, σv and YX mass calibration,
and external data from Planck+WP, BAO, and
SNIa, we measure Ωm = 0.299 ± 0.009, σ8 =
0.829 ± 0.011, and σ8 (Ωm/0.27)

0.3
= 0.855 ± 0.016.

These correspond to 18% (Ωm), 8% (σ8), and 11%

(σ8(Ωm/0.27)0.3) improvements over the constraints
from Planck+WP+BAO+SNIa without SPTCL.

We execute two goodness of fit tests to evaluate
whether the adopted SZE mass-observable scaling rela-
tion parametrization is adequate to describe our cluster
sample. As shown in Figure 3, there is good agreement
between the distribution of the observed cluster sample
in ξ and z, and the prediction by the model. We also
find good agreement between the predicted SZE mass
estimates, and the follow-up mass measurements, using
either σv and YX (see Figure 4).

We examine an extension of the standard ΛCDM
model by adding the Dark Energy equation of state pa-
rameter w. Our results are all compatible with w =
−1, and our best constraint is w = −0.995 ± 0.063,
which we obtained from our cluster sample in combina-
tion with Planck+WP, BAO, and SNIa (12% improve-
ment after adding SPTCL). We consider another ex-
tension to ΛCDM in which we fit for the sum of neu-
trino masses, and find

∑
mν = 0.148 ± 0.081 eV, with∑

mν < 0.270 eV (95% CL).
We then allow for another additional cosmological de-

gree of freedom by parametrizing the cosmic growth rate.
The growth index is constrained to γ = 0.72±0.24 when
assuming a ΛCDM background. This agrees with the
GR prediction γGR = 0.55, indicating that the growth of
structure is correctly described by GR. We consider the
effect on γ when additionally allowing a non-zero sum of
the neutrino masses, and find only a weak degeneracy be-
tween the two parameters, with relatively small changes
in the constraints on γ and

∑
mν . Finally, we consider

a γ+wCDM model, and allow both γ and w to vary. We
recover results (γ = 0.73±0.28 and w = −1.007±0.065)
that are consistent with the predictions of the standard
GR+ΛCDM cosmological model.

Velocity dispersions haven proven to be useful follow-
up mass calibrators in our analysis. However, much of
their constraining power relies on a precise knowledge of
the scaling relation normalization Aσv , which we assume
to be calibrated to within 5% from N -body simulations
(Saro et al. 2013). When relaxing this prior to 10% in
an analysis that uses only the SZE clusters and the mea-
sured σv’s, the constraint on the SZE normalization ASZ

degrades by 25%, and the cosmological constraints relax
modestly (14% on σ8(Ωm/0.27)0.3). A better knowledge
of the systematics in the σv mass-observable relation, in
particular the galaxy velocity bias, is therefore crucial
for obtaining better constraints from ongoing and future
galaxy cluster surveys. This improved knowledge could
be obtained with detailed numerical simulations as well
as large spectroscopic datasets.

The next steps in the SPT mass calibration consist of
the inclusion of weak lensing masses and a larger num-
ber of dispersions from an ongoing program on Gemini
focused at z < 0.8 and a complementary program focused
at z > 0.8 on the VLT. In addition, X-ray observations of
a sample of approximately ∼ 100 systems with Chandra
and XMM-Newton are complete. Improved calibration of
the mass-observable relations for YX and σv would lead
to stronger cosmological constraints. Combined analy-
ses of these calibration data together with the full SPT
cluster sample will enable significant progress in cluster
studies of cosmology and structure formation.

From Bocquet et al,
arXiv:1407.2942



Summary

BICEP2 results (which are certainly our most sensitive yet on
B-modes) have demonstrated abundantly the enormous interest in
this field. A verified B-mode detection means one has

Discovered (indirectly) gravitational waves from the early
universe
Seen the furthest back in time we ever will
Discovered the energy scale of inflation (close to GUT scale?)
Provided first contact with ‘predictions’ from String Theory
(If Planck and BICEP2 were both right) provided first indications
that we have to step outside the Standard Model of Cosmology

Many other wonderful data coming in as well — golden age is far
from over!


