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CMB B-mode polarization measurements as of last year…	
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Degree scales:	


•  generated by primordial gravitational waves	


•  direct measurement of inflation energy scale	



Arcminute scales:	


•  theory verification; breaks parameter degeneracy	


•  dark energy, expansion history, LSS between recombination and moderate z	


•  constrain neutrino masses	





CMB B-mode polarization measurements as of last year…	
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QUaD & BICEP (60-100 detectors) still > 2 orders of magnitude away from lensed B.	



Current proposed experiments can attempt statistical detection, but not much more.	



Need mapping speed increase by ~few x 102 to fully explore wealth of information.	





Constraints on neutrino mass (Smith et al. 2008)	



Above predictions for 75% sky survey.	



35%-sky, 6 uk-arcmin survey with 5’ FWHM can detect neutrino mass > 0.06 eV.	



No significant benefit going from 5’ to 1’ FWHM beams.	



Figure 5: Uncertainty σ(mν) on the neutrino mass as a function of beam size and noise level for

"max = 2000 (left panel) or "max = 4000 (right panel) using CMB lens reconstruction,

assuming fixed w,ΩK .

massive neutrino damps the growth of structure. The net suppression of the power spectrum

of density fluctuations is scale dependent and the relevant length scale is the Jeans length
for neutrinos [69, 70, 71] which decreases with time as the neutrino thermal speed decreases.

This suppression of growth is ameliorated on scales larger than the Jeans length at matter–
radiation equality, where the neutrinos cluster like cold dark matter. Neutrinos never cluster

on scales smaller than the Jeans length today. The net result is no effect on large scales and
a suppression of power on small scales. This effect can be used to put constraints on the
neutrino mass using the observed galaxy power spectrum combined with CMB observations

[72]. Eisenstein et al. [73] predicted that the primary CMB spectrum from the Planck satellite
can measure neutrino mass with an error of 0.26 eV.

The alteration of the gravitational potential at late times changes the gravitational lensing
of CMB photons as they traverse these potentials. Including the gravitational lensing effect,
the Planck error forecast improves to about 0.15 eV [56, 74], with more ambitious experi-

ments capable of probing down to 0.05 eV level [25, 56]. Tomographic observations of the
galaxy shear due to gravitational lensing can a achieve similar sensitivity in mν [65]. The

physics in both cases is the same: gravitational lensing. However the observations and the
associated systematics are very different. Complementary techniques are valuable since these

measurements will be very challenging.
In order to forecast constraints on the neutrino mass, we marginalize over the “early

universe” parameters {Ωbh2, Ωch2, ΩΛ, YHe, τ, A, ns} and ΩΛ, but assume that the parameters

w, ΩK are fixed. (We will consider joint constraints among {Ωνh2, w, ΩK} in §2.5.) The result
is shown in Fig. 5. We find that a satellite mission can constrain

∑
ν mν , where the sum

is taken over neutrino species ν, at the 0.03–0.12 eV level depending on the noise level ∆P ,
beam width θFWHM and maximum CMB multipole $max used in the lens reconstruction.

Summary of neutrino mass. The signature of a 0.1 eV neutrino in the unlensed CMB
anisotropy spectra is small and such small masses are only detectable through their effect
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Delensing efficiency (Smith et al. 2008)	



Degree-scale B-mode experiments (BICEP2/Keck) will run into lensing foreground limit.	



“Delensing” allows for probing below r=0.01 (1 uK-arcmin 5’ beam  4x delensing).	



Modest improvement in delensing efficiency with beams smaller than 5’.	



Figure 8: Ratio of σ(T/S) with and without polarization delensing, forecasted using Eq. (12) for

varying instrumental noise level and beam.

Therefore, for B-mode experiments which are lensing-limited (σB
inst ! 5 µK-arcmin), the

large and small scales are intimately linked: measuring the gravity wave B-mode on large

scales ultimately depends on reconstructing the lens potential via the lensing B-mode on
large scales. The effective noise level for constraining (T/S) has a nontrival dependence on

the beam size as shown in Fig. 8; if the noise level and beam size are small, then large
improvements in σ(T/S) are possible. In practice, since beam size is a primary driver of cost

and complexity (particularly for a satellite mission), the improvement in σ(T/S) which we
have forecasted in Fig. 8 will be one factor to be weighed against others when designing an
experiment.

3.2 Delensing using small-scale temperature

In this subsection and the next, we consider situations in which lensing-limited (! 5 µK-
arcmin) CMB polarization measurements have been made on large angular scales, using an

instrumental beam which is too large to observe the small-scale lensing B-mode needed for
“internal” delensing. Is it possible to delens the large-scale B-mode using “external” mea-

surements from other datasets? In order to perform delensing, we must have:

1. A (noisy) template φ̂!m for the CMB lens potential

2. A (noisy) measurement E!m of the CMB E-mode on intermediate (# ! 2000) angular

scales (e.g. from the Planck satellite [7]).

The improvement in σ(T/S) which can be achieved using delensing will depend on the noise

levels in both φ̂!m and E!m.
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So, what’s the bottom line?	



Need to go well beyond current proposed instruments, with few x 104 
detectors across multiple, easily scalable telescopes.	



Maximize per-telescope throughput.	



Optimize throughput/dollar with medium-size aperture (diminishing ROI 
for going below 5-arcminute beams).	
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POLAR-1 and the POLAR Array	



POLAR-1:	


•  1.5 m (6’), up to 4608 detectors @ 150 GHz	


•  ~300 deg2 survey	


•  Funded; target deployment in late 2012	



POLAR Array:	


•  10 x 2-m telescopes (4’); ~4608 detectors each	


•  90, 150, 220 GHz	


•  400/15000 deg2 dual deep/wide coverages	


•  TBD	





4x throughput of existing BICEP2/Keck focal plane arrays…	





What can POLAR1 and the POLAR Array do?	



POLAR-1:	


•  map lensing B-mode with high S/N; reach r=0.02	


•  2x delensing efficiency	



POLAR Array:	


•  full information extraction on neutrino mass, early dark energy	


•  4x delensing efficiency; enable probing below r=0.01	
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Conclusion	



Fully exploring the wealth of information in primordial and lensed B-mode CMB 
polarization requires a huge jump in mapping speed, beyond currently proposed 
experiments.	



Scalable and affordable design needed for ~10 high-throughput telescopes.	



~2-m primary (4’ beams) combined with both deep and wide surveys can address above 
challenges, and allow for probing r < 0.01 by delensing along with exciting precision 
cosmology from lensed B-mode polarization.	



Currently refining optical design and instrument/observing strategies. POLAR-1 deployment 
in 2 years as a demonstration for eventual POLAR Array.	






