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POLARBEAR and SPIDER



Outline
• Review of the science & recent measurements  

• Instrumental requirements & challenges 

• POLARBEAR experiment 

• First season results 

• SPIDER experiment 

• Performance of 1st flight 

• Future plans
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Quick CMB intro
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A snapshot of the early universe! 

BICEP2 collaboration



Quick CMB intro: anisotropy

• A snapshot of the 
distribution of matter in 
the early universe  
(not the most exciting snapshot)  

• Over/under densities 
reflected in hot/cold 
spots 
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• Angular power spectrum 
sensitive to initial conditions 
and  cosmological parameters 

• Inflation predicts initial 
conditions from quantum 
fluctuations, distinct acoustic 
peaks (coherent phase in 
perturbations) Planck (2015) 
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Quick CMB intro: anisotropy
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E-mode

B-mode

Quick CMB intro: polarization



Quick CMB intro: polarization
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Learn about very 
early physics at 

very high energies

BICEP2 collaboration
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Quick CMB intro: 
polarization

• Degree scale B-modes help constrain 
energy scale of inflation
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V 1/4 = 1.06⇥ 1016GeV
⇣ r

0.01

⌘1/4

Planck 2015 
Results: XX 



• Density perturbations 
generate:  

• Temperature anisotropies 

• E-modes 

• Seed large scale structure 
(which causes lensing B-
modes) 

• Gravitational waves generate: 

• E & B modes (unique source 
of degree scale B-modes)
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• Measuring degree scale 
B-mode is the current ‘holy 
grail’ in experimental 
cosmology…
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• Measuring degree scale 
B-mode is the current ‘holy 
grail’ in experimental 
cosmology…but it’s hard
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Quick CMB intro: polarization 
measurements



Measuring polarization: 
Requirements

• Raw sensitivity (large arrays of 
background limited detectors) 

• Control of systematic instrumental 
effects 

• Differential beam effects peak at 
~beam scales 

• HWP & sky rotation suppress diff. 
gain, pointing, beam width 

• Characterize & remove foregrounds 
on large scales  
(multi-frequency observations) 

• Ability to ‘de-lens’ (high resolution)
12
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Measuring polarization: 
foregrounds

• Many efforts focused on smaller 
patches in ‘cleaner’ regions of 
the sky 

• 150GHz minimum for 
foregrounds, several single 
frequency instruments deployed 

• We didn’t have measurements 
of the the polarized fraction of 
foregrounds — these were 
known risks
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Figure 10: Predicted diffuse foreground power at angular scales ℓ = 80 − 120, as a function of

frequency and sky coverage, compared to a CMB signal with r = 0.01. From top to bottom are the

TT, EE and BB power spectra in antenna temperature. The CMB is constant in thermodynamic

temperature and thus decreases with frequency in these units. Left: Total power for different sky

coverage: full-sky, |b| > 10◦, |b| > 30◦, |b| > 50◦, and a clean circular patch of radius 10◦ centered on

(l, b) = (240◦,−70◦). Right: Ratio of the total diffuse foreground power to the CMB. The maximum

ratio occurs at ∼ 100 GHz and moves to higher frequency for cleaner patches of sky.

19

Dunkley et al. 2008 13



Measuring polarization: 
foregrounds

Planck 2014 
Intermediate Results XXX 

Planck Collaboration: Dust polarization at high latitudes

Fig. 2: Planck HFI 353 GHz DEE

` (red, top) and DBB

` (blue, bottom) power spectra (in µK2
CMB) computed on three of the selected LR analysis

regions that have fsky = 0.3 (circles, lightest), fsky = 0.5 (diamonds, medium) and fsky = 0.7 (squares, darkest). The best-fit power laws in ` are
displayed for each spectrum as a dashed line of the corresponding colour. The Planck 2013 best-fit ⇤CDMDEE

` expectation (Planck Collaboration
XVI 2014) and the corresponding r = 0.2DBB

` CMB model are displayed as solid black lines; the rise for ` > 200 is from the lensing contribution.
In the lower parts of each panel, the global estimates of the power spectra of the systematic e↵ects responsible for intensity-to-polarization
leakage (Sect. 2.3) are displayed in di↵erent shades of grey, with the same symbols to identify the three regions. Finally, absolute values of the
null-test spectra anticipated in Sect. 2.3, computed here from the cross-spectra of the HalfRing/DetSet di↵erences (see text), are represented as
dashed-dotted, dashed, and dotted grey lines for the three LR regions.
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Planck intermediate results. XXX.

The angular power spectrum of polarized dust emission

at intermediate and high Galactic latitudes
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ABSTRACT

The polarized thermal emission from di↵use Galactic dust is the main foreground present in measurements of the polarization of the cosmic
microwave background (CMB) at frequencies above 100 GHz. In this paper we exploit the uniqueness of the Planck HFI polarization data from 100
to 353 GHz to measure the polarized dust angular power spectra C

EE

` and C

BB

` over the multipole range 40 < ` < 600 well away from the Galactic
plane. These measurements will bring new insights into interstellar dust physics and allow a precise determination of the level of contamination for
CMB polarization experiments. Despite the non-Gaussian and anisotropic nature of Galactic dust, we show that general statistical properties of the
emission can be characterized accurately over large fractions of the sky using angular power spectra. The polarization power spectra of the dust are
well described by power laws in multipole, C` / `↵, with exponents ↵EE,BB = �2.42± 0.02. The amplitudes of the polarization power spectra vary
with the average brightness in a way similar to the intensity power spectra. The frequency dependence of the dust polarization spectra is consistent
with modified blackbody emission with �d = 1.59 and Td = 19.6 K down to the lowest Planck HFI frequencies. We find a systematic di↵erence
between the amplitudes of the Galactic B- and E-modes, C

BB

` /C
EE

` = 0.5. We verify that these general properties are preserved towards high
Galactic latitudes with low dust column densities. We show that even in the faintest dust-emitting regions there are no “clean” windows in the sky
where primordial CMB B-mode polarization measurements could be made without subtraction of foreground emission. Finally, we investigate the
level of dust polarization in the specific field recently targeted by the BICEP2 experiment. Extrapolation of the Planck 353 GHz data to 150 GHz
gives a dust powerDBB` ⌘ `(`+ 1)CBB

` /(2⇡) of 1.32⇥ 10�2 µK2
CMB over the multipole range of the primordial recombination bump (40 < ` < 120);

the statistical uncertainty is ±0.29 ⇥ 10�2 µK2
CMB and there is an additional uncertainty (+0.28,�0.24) ⇥ 10�2 µK2

CMB from the extrapolation. This
level is the same magnitude as reported by BICEP2 over this ` range, which highlights the need for assessment of the polarized dust signal even
in the cleanest windows of the sky. The present uncertainties are large and will be reduced through an ongoing, joint analysis of the Planck and
BICEP2 data sets.

Key words. Submillimetre: ISM – Radio continuum: ISM – Polarization – ISM: dust, magnetic fields – cosmic background radiation
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• Planck gave us measurements of the 
polarized fraction of dust across the 
full sky @ 353GHz 

• Single frequency observations are 
not adequate 

1414



Measuring polarization: 
lensing

• Small scale B-modes created by 
gravitational lensing of E-modes 

• Large-scale-structure formation 
science 

• Neutrino masses 

• Dark energy 

• Delensing necessary to 
characterize inflationary signal 

• Other small scale B-mode sources: 

• Cosmological Birefringence 

• Primordial magnetic fields

15
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Measuring polarization:  
lensing

• If r is large: De-lensing can 
enable tests of the 
consistency relation*: 

• De-lensing necessary to 
probe lower values of r

Hanson & Holder

r = �8nt

*single field, slow roll
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Measuring polarization: 
a general strategy

• Multi-chroic (specifically foreground sensitive) 
measurements on degree and larger scales 

•  High resolution measurements to enable delensing 
(and LSS science)

17
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The POLARBEAR experiment
• CMB polarization dedicated experiment in 

Atacama Desert 

• 80% of the sky accessible with el > 30 

• Targeting large and small scales (3.5′ beam) 

• First season: deep integration for sub-
degree signal @ 150GHz on 3° x 3° patches

PB1-RA4p5
Overlap w/ QUIET, BOSS

Crab Nebula 
(TauA)

polarization 
angle 

calibrator

PB1-RA12 HA
Overlap w/ 

Herschel Atlas

PB1-RA23 HA
Overlap w/ QUIET, 

Herschel

Planck 857GHz

2020



POLARBEAR: Focal plane

1 cm• Modular design 

• 7 wafers of 91 dual-
polarized pixels 

• Radiation coupled to 
silicon wafers with 
contacting lenslets 

• Cooled to 0.25K

21



1 mm

POLARBEAR: Focal plane
• Dual polarization double-slot 

dipole antennas 

• Band-defining microstrip filters  

• Unique detector architecture 
in the field

20 μm

22



POLARBEAR: 
 results overview

• 4-point correlation:  
Polarized lensing reconstruction 
First direct evidence of polarization lensing
 
arXiv:1312.6646 — PRL 113, 021301 (2014) Editor’s Suggestion 

• 3-point correlation:  
Polarized CMB cross correlation with tracers of dark matter 
 
arXiv:1312.6645 — PRL 112, 131302 (2014) Editor’s Suggestion 

• 2-point correlation:  
First direct measurement of B-mode power spectrum  
 
arXiv:1403.2369 — APJ 794, 171 (2014)
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POLARBEAR: Null tests
• Blind analysis framework: Only null 

spectra viewed for ClBB & Cldd until null 
tests pass & systematic errors 
validated to be small 

• Null-test (jack-knives) suite to estimate 
systematic error contamination: 
 9 tests per patch, 27 total  

• No outliers, distribution of PTEs 
consistent with uniform 
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TABLE 7
PTEs resulting from the null test framework. No significantly low or high PTE values are found, consistent with a lack
of systematic contamination or miscalibration in the Polarbear data set and analysis. Note that the PTE values in each

patch are not independent from each other.

average of extreme of extreme of extreme of total
Patch �null(b) �2

null(b) �2
null by EB/BB �2

null by test �2
null

RA4.5 11.6% 16.6% 20.6% 21.8% 14.0%
RA12 92.4% 84.2% 60.8% 23.8% 52.6%
RA23 75.2% 61.6% 6.0% 7.0% 18.6%

trum, and (4) test; and (5) the total �2
null by summing up

the nine null tests. In each case, the result from the data
is compared to the result from simulation, and PTEs are
calculated. Finally, we combine each of the test statistics,
and calculate the PTE of that final test statistic, requir-
ing it to be greater than 5%. Table 7 shows summary
of the PTE values of each test statistic for each patch.
Comparing the most significant outlier from the five test
statistics with that from simulations, we get PTEs of
32.8%, 55.6%, and 18.0% for RA4.5, RA12, and RA23 re-
spectively. We achieve the requirements described above,
finding no evidence for systematic contamination or mis-
calibration in the Polarbear data set and analysis.

7.4. Cross-check using a second pipeline

Concurrently, we have been developing an alternate
data processing pipeline that was used to cross-check the
results presented here. Its full description will be given
in a forthcoming publication; here we highlight its most
salient features.
In the time domain, the alternate pipeline applies the

same filters as the primary pipeline, but corrects for
them while estimating the sky signals as part of the
map-making procedure, following Stompor et al. (2002).
The recovered maps provide unbiased renditions of the
sky signal, with the filtered modes e⇥ectively marginal-
ized over. This is numerically challenging so we use a
divide-and-conquer approach, which results in unbiased
but slightly sub-optimal maps. The maps are estimated
in the HEALPix pielization (Górski et al. 2005) with
nside = 2048, so no flat-sky assumption is adopted. We
produce the maps of three Stokes parameters and the Q
and U maps are used to estimate the polarized power
spectra of the sky signals. This is done with power spec-
trum estimation software packages based either on the
pure-pseudospectra (Smith 2006), xpure and x2pure
(Grain et al. 2009; Grain et al. 2012; Ferté et al. 2013),
or the standard pseudospectra xpol (Tristram et al. 2005)
approaches. The mode-coupling matrices are computed
explicitly by directly summing the required Wigner-3j
symbols based on the geometry of the observed patches,
noise weights and apodizations. The final spectra are
calculated as weighted averages of the cross-spectra of
8 maps made of disjoint subsets of all daily maps, and
Monte Carlo simulations are employed to estimate the
final uncertainties of the computed spectra. The results
of this alternate pipeline are consistent with the results
of the primary pipeline described in this publication.

7.5. Blind analysis

The possibility of data analyzers biasing their result
toward their own preconceptions, known as “observer
bias”, is a form of systematic bias that can a⇥ect the

result of an experiment (Klein & Roodman 2005). Ex-
amples of preconceptions include theoretical predictions,
the statistical significance that the team expect to ob-
tain, or consistency with previous measurements. Since
it is di⇤cult to estimate the e⇥ects of observer bias, we
employed an analysis methodology designed to minimize
its impact.
We have adopted a blind-analysis framework, which

is a standard technique to minimize observer bias. In
our framework, no one in the team viewed the measured
CBB

� values, the deflection power spectra based on B-
modes (Polarbear Collaboration 2013b,a), or the cor-
responding maps, until we eliminated possible sources of
observer bias by finalizing calibration, filtering, data se-
lection, data validation and showed that all systematic
uncertainties were small. This framework forced us to
develop quantitative tools, including null tests and sim-
ulations, that convincingly argued for analysis choices
and constraints without showing CBB

� , thus removing
the possibility that people within the team would be
more convinced by an argument or method because of
the CBB

� that it produced. Other power spectra and
maps were used as subsidiary information in this work,
and they were unblinded in stages during the analysis
procedure.
In fact, after un-blinding CBB

� , questions came up
about how well we had constrained electrical crosstalk,
and how robust our estimate of the binned power spec-
trum uncertainty was. Finding our previous argument
constraining electrical crosstalk weak, we developed the
simulation shown in Section 7.1.6, where we estimated
that electrical crosstalk is one of our smallest system-
atic uncertainties. Investigating our binned power spec-
trum uncertainties, because of comparisons with a second
pipeline, we found an error in our uncertainty estimation
code. This was an error that could have been found while
we were blind, but it was not. The error did not a⇥ect
the central values of the measurement. We corrected this
error, resulting in a reduction in the significance of our
measurement by about 18% between un-blinding and the
results presented here. The qualitative consistency of the
measurement with theory was not changed, the change
was motivated by a pipeline comparison, and it reduced
the significance of our measurement; we do not believe
that this was a significant opportunity for the result to
be incorrectly a⇥ected by observer bias.

8. POWER SPECTRUM RESULTS

A single estimate of the CBB
� power spectrum from

the three patches is created using the individual patch
band powers and their covariance matrices. This CBB

�
spectrum is shown in Figure 12. We calculate the PTE
of these band powers to the wmap-9 �CDM CBB

� spec-
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POLARBEAR: Systematic 
error simulations

• Input measured errors 
and systematic 
instrumental effects  

• Simulate spurious B-
mode impact through 
pipeline

Inject 
systematics

Input cosmology (BB=0) 
Input beam

High resolution 
maps

TOD 
simulation

Power spectrum 
estimation

Mapmaking 
@ standard 
resolution

600 800 1000 1200 1400 1600 1800 2000
`

10�5

10�4

10�3

10�2

10�1

100

`(
`

+
1)

C
B

B
`

/(
2⇡

)
(µ

K
2 )

WMAP-9 best fit
Pixel-pair relative gain: HWP-dependent
Pixel-pair relative gain: HWP-independent
Pixel-pair relative gain: drift
Boresight and differential pointing

Instrument and relative polarization angle
Differential beam size
Differential beam ellipticity
Electrical crosstalk
All effect combined

• Pointing 
• Beams

25



POLARBEAR: Systematic 
error simulations

• Differential beam 
systematics  

• Pointing uncertainties 

• Detector polarization 
angle uncertainties 
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POLARBEAR results: 4-point
• Lensing displaces polarization fields by deflection field d

• Reconstruction of the deflection field from CMB polarization 
E and B field maps, estimate deflection PS from 4-point

hd↵(L)d⇤�(L0
)i = (2⇡)2�(L� L0
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L +N (0)

↵� (L)
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POLARBEAR results: 4-point

• Additional null tests 
(9 swap-patch, 6 
curl) evaluated and 
passed 

• Single channel and 
patch combined
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POLARBEAR results: 4-point
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POLARBEAR results: 3-point
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POLARBEAR results: 3-point
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3

mode polarization field, and an odd parity B-mode po-
larization field [28, 29]. The B-mode polarization is of
particular interest, because although scalars provide the
dominant contributions to both T and E-modes, they
do not produce B-modes at linear order. Gravitational
lensing by large-scale structure results in a remapping of
the CMB photons by the lensing deflection field d – typi-
cally 3

′

in magnitude – which points from the direction in
which a CMB photon is received to the direction in which
it was originally emitted. Lensing converts E-modes into
B-modes and thus induces a correlation between the lens-
ing B-modes and E-modes; similar correlations are also
introduced between formerly independent pairs of E po-
larization modes.
The optimal polarized quadratic estimators for lensing

make use of these changes in the statistical properties
of the CMB sky, and estimate lensing by measuring the
characteristic lensing-induced correlation between differ-
ent polarized Fourier modes [30–32]. The so-called EB
and EE estimators are given by:

κ̂EB(L) =

∫

d2l

(2π)2
gEB(L, l)E(l)B(L − l) (1)

and

κ̂EE(L) =

∫

d2l

(2π)2
gEE(L, l)E(l)E(L − l), (2)

where g is a function chosen as in [32] to normalize and
optimize the estimator, L and l are Fourier space vec-
tors conjugate to position on the sky, and κ = −∇ · d/2
is the lensing convergence. Using these estimators, we
calculate a noisy map of the lensing convergence field κ
which can be correlated with the Herschel submillimeter
background maps. In the estimators, we use only scales
500 ≤ ℓ ≤ 2700 in the polarization maps.
To test the pipeline, we generate a set of 400 Monte

Carlo simulations which have similar properties to the
data. To construct these simulations, we lens Gaus-
sian simulations of CMB Q and U polarization using
the method described in [33]. We then add noise with
the same level and spatial inhomogeneity as found in the
data, with a constant power spectrum. We verified that
the deviation of the map noise power from white noise
was minimal over the range of scales used in our recon-
struction.
These simulations are used to validate our pipeline as

follows. We cross-correlate the reconstructed lensing con-
vergence maps with the input lensing convergence maps
in the simulation, which act as a proxy for the correlated
part of the Herschel maps. By testing whether the re-
sulting cross-power agrees with the noiseless lensing con-
vergence power spectrum, we verify that our reconstruc-
tion and cross-correlation pipeline is unbiased. We repeat
this pipeline validation with 100 CMB polarization signal
simulations that have passed through the entire scanning

and mapmaking pipeline and verify that our pipeline is
not significantly biased by scanning/mapmaking within
the relevant range of scales.
We use the lensing convergence maps, reconstructed

and validated as described above with the EB and
EE estimators, to measure the polarization lensing-CIB
cross-power.
Predicted Cross-power: As shown e.g. in [34], the

cross-power is given by

CκI
ℓ =

∫

dzH(z)

η2(z)
Wκ(z)W I(z)P (k = ℓ/η(z), z) (3)

where P (k, z) is the matter power spectrum, W I(z) is
proportional to the redshift origin of the infrared back-
ground signal dI/dz and Wκ is defined as

Wκ(z) =
3

2H(z)
Ω0H

2
0 (1 + z)η(z)

(η∗ − η(z))

η∗
. (4)

Here η(z) is the comoving distance to redshift z, η∗ is the
comoving distance to the last scattering surface, H(z) is
the Hubble parameter, and Ω0 and H0 give the current
values of the matter density parameter and the Hubble
parameter.
We base our fiducial signal calculation of the lensing-

CIB cross-power on the best-fit W I(z) at 500µm from
[16], which in turn relies on the model of [35]. The re-
sulting signal theory curve is used in Figs. 1 and 2.
Measured Cross-power: We measure the cross-

powers of polarization lensing and the Herschel maps
of the infrared background on two Polarbear maps
(RA12 and RA23), with lensing derived from both the
EB and EE estimators. All four cross-power spectra
(two estimators on two maps) are shown in the lowest
panel of Fig. 1. We co-add the two cross-spectra involving
the EB estimator to calculate a cross-power correspond-
ing to a measurement of B-mode polarization, shown in
the middle panel of Fig. 1; we obtain evidence forB-mode
polarization from lensing at a significance of 2.3σ. The
significance of a detection is calculated using the expres-

sion
√

∑

i(χ
2
i,null − χ2

i,theory) where the sum is over all

relevant cross-powers and χ2 is calculated using the full
covariance matrix. We similarly construct a co-added
combination of all four polarized lensing-cross powers,
shown in the top panel of Fig. 1; this corresponds to a
detection of polarized lensing at 4.0σ significance.
The errors and the 5 × 5 covariance matrix for our

cross-power measurement are obtained using the 400
Monte Carlo simulations described earlier. We perform
simple convergence tests by varying the number of simu-
lations used and find stable results. We also note that the
errors we simulate agree with the results of analytical cal-
culations based on the observed power spectra and that
using only the diagonal elements of the covariance matrix
gives similar detection significances (to within 0.2σ). As

W(z) =
3

2H(z)
⌦0H

2
0 (1 + z)⌘(z)

�
⌘LS � ⌘(z)

�

⌘LS

W I(z) =
3

2
⌦mH2

0
(1 + z)

H(z)

⌘(z)

c

Z 1

z
dz0

dN I

dz0
⌘(z0)� ⌘(z)

⌘(z0)

3

FIG. 1. The lensing kernel W κgal (solid) for the CS82 red-
shift distribution of source galaxies (as given in Eq. 6) and
normalized to a unit maximum. For comparison, the kernel
for CMB lensing (Eq. 3) is shown as dashed, also normalized
to a unit maximum.

and WκCMB is z ∼ 0.9, illustrating that the cross power
spectrum is sensitive to the amplitude of structure at in-
termediate redshifts.

III. CMB AND GALAXY LENSING DATA

A. ACT CMB Lensing Data

ACT is a 6-meter telescope located in the Atacama
desert in Chile [36–38]. The CMB temperature maps
used in this work are made from observations taken dur-
ing 2008 - 2010 in the 148 GHz frequency channel and
have been calibrated to 2% accuracy as in [39]. The maps
are centered on the celestial equator with a width of 3
degrees in declination and 108 degrees in right ascension
and are identical to those used in [12].
The lensing convergence fields are reconstructed from

the CMB temperature maps using the minimum variance
quadratic estimator of [40] following the procedure used
in [27]. The lensing deflection induces correlations in the
Fourier modes of the previously uncorrelated, unlensed
CMB. The lensing convergence is estimated from these
Fourier correlations with a quadratic estimator:

κ̂(L) = N(L)

∫
d2l f(L, l)T (l)T (L− l), (5)

where l and L are Fourier space coordinates, N is the
normalization function, T is the temperature field, and
f is a weighting function that maximizes the signal-to-
noise ratio of the reconstructed convergence (see [40] for
details). In the lensing reconstruction, we filter out tem-
perature modes with a low signal-to-noise ratio, specif-
ically those modes below ℓ = 500 and above ℓ = 4000.
This filtering does not prevent the measurement of low-
ℓ lensing modes, as the lensing signal at a given scale ℓ
is obtained from temperature modes separated by ℓ (see

Eq. 5). The maximum ℓ of included temperature modes
is the only difference between the lensing maps used in
this work and those in [12].
The final normalization is obtained in a two step pro-

cess, as in [12]. A first-order approximation for the
normalization is computed from the data power spec-
trum, with an additional, small correction factor (of or-
der 10%) applied from Monte Carlo simulations, which
are designed to match both the signal and noise prop-
erties of the ACT data. Finally, we obtain a simulated
mean field map ⟨κ̂⟩ from 480 Monte Carlo realizations of
reconstructed CMB lensing convergence maps and sub-
tract this mean field from the reconstructed ACT lensing
maps. The simulated mean field is non-zero due to noise
and finite-map effects giving rise to a small (∼5%) ar-
tificial lensing signal, which must be subtracted. Note
that this set of 480 Monte Carlo realizations is also used
to estimate error bars on the final cross power spectrum
measurement, as described in section V.

B. CS82 Lensing Data

1. Data

The Canada-France-Hawaii Telescope Stripe 82 Survey
is an i′-band survey of the so-called Stripe 82 region of
sky along the celestial equator [41]. The survey was de-
signed with the goal of covering a large fraction of Stripe
82 with high quality i′-band imaging suitable for weak
lensing measurements. With this goal in mind, the CS82
survey was conducted under excellent seeing conditions:
the Point Spread Function (PSF) for CS82 varies between
0.4′′ and 0.8′′ over the entire survey with a median see-
ing of 0.6′′. In total, CS82 comprises 173 MegaCam i′-
band images, with each image roughly one square degree
in area with a pixel size of 0.187 arcseconds. The area
covered by the survey is 160 degrees2 (129.2 degrees2 af-
ter masking out bright stars and other artifacts). The
completeness magnitude is i′ ∼ 24.1 (AB magnitude, 5σ
in a 2′′ aperture). Image processing is largely based on
the procedures presented in [42, 43]. Weak lensing shear
catalogs were constructed using the state-of-the-art weak
lensing pipeline developed by the CFHTLenS collabora-
tion which employs the lensfit shape measurement algo-
rithm [44, 45]. We refer to these publications for more
in-depth details on the shear measurement pipeline.
Following [44] and [45], source galaxies are selected to

have w > 0 and FITSCLASS = 0. Here, w represents an
inverse variance weight accorded to each source galaxy by
lensfit, and FITSCLASS is a flag to remove stars but also
to select galaxies with well-measured shapes (see details
in [44]). After these cuts, the CS82 source galaxy den-
sity is 15.8 galaxies arcmin−2 and the effective weighted
galaxy number density (see equation 1 in [45]) is 12.3
galaxies arcmin−2. Note that these numbers do not in-
clude any cuts on photometric redshift quality since for
the purposes of this paper, we only need to know the

Hand et al. 2013

• Cross-correlation dependent on cosmology and redshift 
distribution of CIB sources
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4.0σ polarized lensing
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• First direct B-mode power 
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ABSTRACT

We report a measurement of the B-mode polarization power spectrum in the cosmic microwave
background (CMB) using the Polarbear experiment in Chile. The faint B-mode polarization signa-
ture carries information about the Universe’s entire history of gravitational structure formation, and
the cosmic inflation that may have occurred in the very early Universe. Our measurement covers the
angular multipole range 500 < ⇥ < 2100 and is based on observations of 30 deg2 with 3.5⇥ resolution
at 150GHz. On these angular scales, gravitational lensing of the CMB by intervening structure in
the Universe is expected to be the dominant source of B-mode polarization. Including both system-
atic and statistical uncertainties, the hypothesis of no B-mode polarization power from gravitational
lensing is rejected at 97.5% confidence – the equivalent of 2.0� for a normal distribution. The band
powers are consistent with the standard cosmological model. Fitting a single lensing amplitude pa-
rameter ABB to the measured band powers, ABB = 1.12 ± 0.61(stat)+0.04

�0.10(sys) ± 0.07(multi), where
ABB = 1 is the fiducial wmap-9 �CDM value. In this expression, “stat” refers to the statistical
uncertainty, “sys” to the systematic uncertainty associated with possible biases from the instrument
and astrophysical foregrounds, and “multi” to the calibration uncertainties that have a multiplicative
e⇥ect on the measured amplitude ABB .
Subject headings: Cosmic Microwave Background
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FIG. 3. Contour plots of r0.01 vs nT to fit against the data. Left panel: fit the data of the BICEP2 and POLARBEAR. The
green region is excluded by POLARBEAR. Right panel: fit the first five data bins of BICEP2 and the others are upper bound.
The pivot scale is chosen as k = 0.01Mpc�1, which is approximately the same scale as the BICEP2 detection is made.

FIG. 4. �2 is a function of r and of nT , which fits the data of BICEP2 and POLARBEAR with the pivot scale 0.01 Mpc.

deficit of power at l ⇥ 40, of 5% ⇤ 10%. If the tensor mode contributes to TT more at larger l (i.e. blue tilt), it
helps to resolve the missing power anomaly.

• It is conventionally believed that the POLARBEAR detection of B-modes (and earlier, the cross correlation
detected by SPTpol [16]) comes from lensing. This is true only if the tensor spectrum is not very blue. When
nT � 2.5, the primordial gravitational waves dominate over lensing at high l. Thus on the one hand, if nT is
indeed very blue, the detection from SPTpol and POLARBEAR may include considerable amount of primordial
gravitational waves contribution; and on the other hand, those experiments puts tight constraint on nT � 2.5.
To see this explicitly, the exclusion curve from POLARBEAR is plotted in the left panel of Fig. 3. It remains
interesting to see if the SPTpol cross correlation puts similar or tighter bound on nT.

• Although the current bound on nT is far from testing the consistency relation of inflation, it is already informative
to disfavor scenarios with very blue or red spectrum. For example, a sharp pulse of gravitational waves with
rapid decaying tail towards both ends (nT < �1.5 or nT > 2.0) are disfavored by the current data.

• Very blue tensor tilt cannot last long. Assuming the running of nT is not significant, then for nT = 1, it takes
about 23 e-folds to bring the tensor mode to be non-perturbative (Ph ⇤ 1). Those non-perturbative tensor modes

Wang & 
Xue 2014

POLARBEAR results:  
other constraints
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the inflationary prediction at all multipoles. On the other
hand, for smaller values of T! (M2 and especially M3),
the contribution from the vector mode is enhanced,
leading to an increase of the signal at high multipoles.
The plots show that magnetic fields (M1) and (M2) can
mimic the r≃ 0.2 inflationary prediction very well and
are also compatible with the POLARBEAR data at
subdegree scales. Moreover, because of the slightly blue
spectrum of the magnetic passive tensor mode nT ¼ 0.2
and due to the fact that the magnetic compensated vector
mode contributes in a negligible way to the temperature,
the magnetic field contribution is compatible with the
temperature spectrum measured by Planck. Note that a
bluer magnetic field with, e.g., nB ¼ −2.8 would still fit
the polarization data well, while reducing even more the
contribution to the temperature spectrum. We defer a full
Markov chain Monte Carlo analysis of the magnetic field
parameters to subsequent work.
In principle, the BICEP2 data can be explained via

magnetic fields, with inflation producing negligible
tensor modes and, thus, avoiding tension with Planck
and problems for inflationary model building.
Constraints from non-Gaussianity.—If the magnetic

field distribution is Gaussian, its energy momentum tensor
is the square of a Gaussian and its non-Gaussianity is
mainly of the local type. The Planck constraints [17] on the
bispectrum then imply B1 ≲ 2–3 nG [18]. The amplitude
B1 (or the prefactor F) needed to reproduce the B
polarization observed by BICEP2 is just small enough
not to spoil the bispectrum constraint from Planck. On the
other hand, stronger constraints have recently been shown
to arise from the trispectrum [19]. In particular, the passive
scalar mode leads to the strongest constraint: B1 ≲ 0.9 nG
for nB ¼ −2.8 and T! ¼ 1014 GeV, which corresponds to
B1 ≲ 1.2 nG for nB ¼ −2.9 [see Eq. (48) in Ref. [19]]. The
amplitude of the magnetic field needed to reproduce
the BICEP2 data therefore generates a slightly too large

trispectrum in the CMB, if one assumes that the magnetic
field itself is Gaussian (the above constraints assume
Gaussianity of the magnetic field). Note, however, that
the magnetic field contribution to the trispectrum has been
calculated in Ref. [19] for a limited number of shapes only
and that a full calculation may slightly soften the 1.2 nG
bound due to possible cancellations between the different
shapes [13].
To evade the constraintB1 ≲ 1.2 nG, we could try to build

inflationary magnetogenesis models with non-Gaussian
magnetic fields whose trispectra are suppressed with respect
to the Gaussian case. Even though a logical possibility, this
seems to be an artificial and unnatural alternative to the high-r
inflationary tensor modes. Instead, we can use a reduced
contribution frommagnetic fields that is consistent with non-
Gaussianity bounds. This will take some pressure off the
inflationary tensor modes, reducing the r value needed to
match the data. In Fig. 3, we give an example to show that
r ¼ 0.09 can be achieved by adding magnetic fields whose
bi- and trispectra are consistent with current bounds and
including a small amount of dust, ½lðlþ 1ÞCBB

l =2π'dust≃
0.0025ðμKÞ2. Note that this combination of a primordial
tensor mode and a magnetic mode also respects the Planck
bound from temperature anisotropies of r < 0.11.
Conclusions.—B modes from magnetic fields can repro-

duce the BICEP2 results with no contribution from infla-
tionary gravitational waves, i.e., with r≃ 0. This requires,
however, that the fields are generated during inflation with
non-Gaussian statistics, in such a way that their energy-
momentum tensor is nearly Gaussian. As far as we are
aware, no specific mechanism to produce such fields has
been proposed in the literature so far.
If Gaussian magnetic fields are generated during infla-

tion, then the non-Gaussianity induced by the fields that are
required to replace the r≃ 0.2 tensor mode, are in tension
with the trispectrum limits from Planck [19].
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FIG. 3 (color online). The B mode from lensed scalars plus a
primordial tensor spectrum with r ¼ 0.09 at kλ ¼ 0.002 Mpc−1,
a magnetic field with nB ¼ −2.9 and B1 ¼ 1.2 nG, and a dust
contribution of 0.0025ðμKÞ2. The sum of the primordial and the
magnetic contributions effectively reproduces the value r ¼ 0.16
cited in Ref. [1] after dust removal.

10 20 50 100 200 500 1000 2000
0.001

0.005
0.010

0.050
0.100

0.500
1.000

l

l
l

1
2

C
l

FIG. 2 (color online). The B-mode polarization spectrum, i.e.,
the sum of the scalar lensing B mode with the magnetic modes in
cases (M1), (M2), and (M3) (as in Fig. 1). Data points are from
BICEP2 (circles) and POLARBEAR (squares) (the triangle
denotes an upper limit).
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values of r can be consistent with the production of cosmic
strings.
The main reason cosmic strings struggle to provide a

good fit to the BICEP2 data is the presence of B-mode
power on smaller angular scales. This power could be
suppressed if strings were to form not after but during
inflation [76,77]. Such strings could remain far separated
and prevented from reaching a scaling solution until the
onset of decoupling (this idea was pointed out to us by Alex
Vilenkin). A related scenario was recently discussed in
Ref. [78] as a way of eliminating the presence of loops
during the radiation era and, thus, evading the tight pulsar
bounds on cosmic strings. There may be an impetus for
investigating such models further in the context of string-
sourced B modes.
To summarize, we have shown that the B-mode spectra

measured by BICEP2 and POLARBEAR are consistent
with a contribution from vector modes sourced by cosmic
strings. Working with the USM model allowed us to scan
over a wide range of scaling defect models parametrized by
the effective density parameter ξ and the rms velocity v. In
order for strings to provide a satisfactory fit to the data on
their own, the ξ parameter needs to be extremely large, well
beyond values typical for local strings. The string spectra
that fit the data best are more representative of global
strings and textures.
When the string contribution is considered together with

the inflationary B-mode spectrum, they improve the overall
fit. This is primarily because the string contribution allows
the model to pass through the data points at l > 150. The
best-fit USM model in this case is consistent with B-mode
spectra from simulations of local strings.
In both cases, with and without the inflationary con-

tribution, the best fit for f10 is close to but still below the
bound set by Planck based on fits to the CMB temperature

spectra. Thus, we expect that a joint fit that included the
Planck data would not significantly change the conclusions
of this Letter. Such a fit must be performed in the future
when more data become available.
We have argued that detectable B modes can be

produced by cosmic defects. Other interesting possibilities
include phase transitions [75] and primordial magnetic
fields [79,80]. Thus, BICEP2 results are exciting not only
because of the potential discovery of the signal from
inflationary gravity waves but also because they have
pioneered the era of precision B-mode science—a new
frontier for testing fundamental physics with cosmology.

We acknowledge helpful discussions with Richard
Battye, Ed Copeland, Antony Lewis, Carlos Martins,
Dani Steer, Henry Tye, Tanmay Vachaspati, Alex
Vilenkin, Ira Wasserman, and Mark Wyman. We specially
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Note added.—While this paper was in preparation, a

related short paper was posted on arXiv.org [81] comment-
ing on similar ideas. Our work provides quantitative
answers to some of the questions posed in Ref. [81].
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• Alternative B-mode sources 

• Cosmic defects/vector modes (Moss & Pogosian) 

• Primordial magnetic fields (Bonvin et al.) 

• Cosmic birefringence* 

• Alternatives to inflation 

• String gas cosmologies (Wang & Xue)

Lee et al 
2014



POLARBEAR results: 
summary

• 4.2σ evidence of B-modes from 4-point 

• 4.0σ evidence of polarization lensing from 3-point 

• 4.7σ combined significance evidence of B-modes
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Why ballooning? 
The good

• Reduced loading from atmosphere  

• Increased sensitivity ➠ larger sky 

• Better stability ➠ larger scales 

• Observe in > 220GHz channels 

• Access to large sky fractions 

• Space-like performance of a satellite 
mission for a fraction of the cost
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Why ballooning? 
The bad

• Mass and power constraints 

• Limited time-frame for debugging, calibration, etc. 
on the ground 

• Low bandwidth data transmission in-flight, data 
drives must be recovered  post-flight 

• All the challenges of satellite mission, without the 
same resources (great training for students!)
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SPIDER: sky coverage
• Map cleanest 10% (6.5% hits-weighted) of the 

southern celestial hemisphere 

• Limited by sun and galaxy
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SPIDER: the instrument

41

• Lightweight, carbon fiber gondola frame 
and sun shields 

• Largest cryogenic vessel on a balloon 
payload 

• Reaction wheel + pivot for fast az scanning 

• Redundant pointing systems for in-flight 
and post-flight reconstruction 
• star cameras 
• dGPS 
• gyros 
• pinhole sun sensors 
• magnetometer 

• Designed for nearly autonomous 
observations



SPIDER: the instrument
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SPIDER: the instrument
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SPIDER: the instrument

43

• Lightweight, 1300 liter LHe4 only 
cryostat (4K) 

• Vapor cooled shields at 30 and 
115K 

• Capillary-fed 20 liter superfluid 
LHe4 tank (1.5K) 

• 6 independent telescope inserts



SPIDER: telescope inserts
• Reflective forebaffle 

• 1.5K stop and baffle 

• Cooled HWP (AR-coated sapphire), 
worm-gear drive 

• AR-coated polyethylene lenses 
cooled to 4K 

• Stringent magnetic shielding 

• Fully lithographed phased-array slot 
antenna coupled TES detectors 

• 3He adsorption fridges for ~300mK 
focal plane temperatures
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• Reflective forebaffle 

• 1.5K stop and baffle 

• Cooled HWP (AR-coated sapphire), 
worm-gear drive 

• AR-coated polyethylene lenses 
cooled to 4K 

• Stringent magnetic shielding 

• Fully lithographed phased-array slot 
antenna  coupled TES detectors 

• 3He adsorption fridges for ~300mK 
focal plane temperatures

SPIDER: telescope inserts



SPIDER: detector performance*
• Low 1/f knee 

• White noise in science 
band of 0.5-8Hz (scan 
speed 3.6 °/s)
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SPIDER: 1st flight specs*
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Band 
[GHz]

Bandwidt
h

[GHz]

Beam 
FWHM
[arcmin]

 # pixels # TESs
Single-det 
sensitivity

[μKcmb √s]

Instrument 
sensitivity

[μKcmb √s]

tobs 
(days) fsky

LDB 
depth

[μKcmb -
arcmin]

LDB 
depth

[μKcmb -
degree]

90 22 51 (3x) 
136 816 140 5.3 20.0 8.0% 15.0 0.25

150 36 31 (3x) 
248 1488 140 3.9 20.0 8.0% 11.1 0.19

1152 2304 (85% yield 
assumed)

Total

150

90 90

150

150 90

(85% obs. eff. 
assumed)

*predicted NETs from ground-based measurements
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Band 
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Beam 
FWHM
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 # pixels # TESs
Single-det 
sensitivity

[μKcmb √s]

Instrument 
sensitivity

[μKcmb √s]

tobs 
(days) fsky

HFI depth
[μKcmb -
arcmin]

HFI depth
[μKcmb -
degree]

Planck
90 9.5 4 8 132 46.7 1440.0 100.0% 50.7 0.84

Planck
150 7.1 4 8 65 23.0 1440.0 100.0% 24.9 0.42

SPIDER: 1st flight specs

150

90 90

150

150 90

~6(9)x higher instantaneous sensitivity than Planck for 150 (90) GHz 
~2(3)x deeper maps with 20 day flight



SPIDER: 1st flight prospects

• High r detection possible with 
1st flight data 

• r < 0.03 at 3σ with 200+ GHz 
data
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SPIDER: current status
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Video by J. Gudmundsson



SPIDER: current status

50
Video by J. Gudmundsson



SPIDER: in-flight performance

51

Preliminary analysis 
Minimal signal processing 

Only ~40 detectors from single insert 
~14 minutes observation time 

Down-sampled data  
(10Hz detectors, lower on encoders) 

In-flight pointing reconstruction
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• Detector NETs ~140-180 μK√s with ~2000* 
detectors at 90GHz and 150GHz (Popt < 0.5pW) 

• Should have surpassed Planck 2015 average map 
depths on cleanest 10% (6.5% hits-weighted) of 
southern hemisphere 

• In-flight pointing reconstruction seems good 

• Cosmic rays seem to be a non-issue

SPIDER: in-flight performance
Summary

*Preliminary in-flight yield looks good, 
but not fully surveyed 
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What’s next?
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POLARBEAR Future plans: 
more frequencies

• Broad-band, dual 
polarization sinuous  
antenna 

• Filter desired spectral 
bands to individual 
bolometers 

• Challenge to achieve 
broad-band throughput 
in optical elements 

• Several experiments 
(PB-2, SPT3G, 
LiteBIRD, EBEX6K) 
slated to use this 
technology

Diplexer

Triplexer

7-band 
channelizer
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POLARBEAR: Future plans

20
14

20
15

20
16

20
17

conceptual 2x 1x

• three frequencies: 95 + 150 + 220 GHz 
• > 22,000 detectors 
• σ(Σmν) ~ 19meV w/DESI BAO+Planck

POLARBEAR-2

sinuous antenna

x271 x7

• 1,897 sinuous antenna (7588 detectors) 
• two frequencies: 95 + 150 GHz

POLARBEAR-1  
new season

• extended scans 
• deeper integration 
• measurement of large scale 

B-modes 
• constraint on r

SIMONS ARRAY
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Future plans: POLARBEAR-2

• 5.8 / 5.8 μK√s (95 / 150 GHz) 
(combined: 4.1 μK√s) 

• r ~ 0.01 (95% CL) 

• Σmν=90 meV (68% CL) 
(Σmν=65 meV w/ PLANCK)
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Future plans: Simons Array

• 22,764 (!!!!) detectors 
across 3 telescopes 

• 95 / 150 + 150 / 220 GHz 
focal plans 

• r ~ 0.002 (95% CL) 

• Σmν = 70 meV (68% CL)        
Σmν = 19 meV w/ PLANCK 
+ DESI BAO
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SPIDER: future plans 
more frequencies!

• Busy with analysis of data 
from first flight 

• Second flight 2017 / 2018* 

• New cryostat already being 
made 

• Add >220 GHz channels

58*Dependent on recovery
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SPIDER: future plans 
more frequencies!

59*Dependent on recovery

• Busy with analysis of data 
from first flight 

• Second flight 2017 / 2018* 

• New cryostat already being 
made 

• Add >220 GHz channels



Conclusions

• POLARBEAR probing small scales & pushing large 
scales and higher frequencies from the ground with 
next generation instruments 

• SPIDER going after large scales, able to probe 
higher frequencies from balloon platform in future 
flights
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Thank you!!
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