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Reminder: CMB B-mode is a uniquely 
important tool for cosmology

• Two major origins: 
• Primordial gravitational waves 

• Direct evidence for inflation! 
• B-mode signal amplitude   
↔ Energy scale of inflation 

• Degree scale signal 
• Weak gravitational lensing by 
large-scale structure 
• Sensitive to neutrino mass 
• Sub-degree scale signal 

• (Other exotic physics?)
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FIG. 4: A representative B-mode polarization power spec-
trum sourced by a scale-invariant PMF. Shown are the passive
tensor mode (green), the compensated vector mode (orange),
the gravitational lensing contribution (blue) and the combi-
nations of the lensing and vector B modes (red) and all the
three components (magenta). The PMF contribution is based
on B1Mpc = 2.5 nG, n = �2.9, a⌫/aPMF = 109. The data
points are from the Polarbear first-season B-mode power
spectrum. The third point is the 95% upper limit assuming
the band power is positive.

[14]. However, future measurements of CBB
l at l < 100

will probe the tensor contribution, although it will likely
be degenerate with primordial gravitational waves.

The PMF vector modes are more directly relevant to
the current Polarbear data as shown by the dotted
orange line in Fig. 4. The B-mode power spectrum gen-
erated by a scale-invariant PMF peaks around l ⇠ 1700,
with the peak power given by
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The vector mode contribution is independent of a
PMF

.
Therefore, the PMF B-mode power spectrum can be

characterized by three parameters: the PMF amplitude
B

1Mpc

, the epoch of PMF generation � = ln (a⌫/aPMF

),
and the PMF spectral index n, where we note that the pa-
rameter � only a↵ects the tensor mode. In what follows,
we use the Polarbear B-mode power spectrum [14] to
derive constraints on B

1Mpc

, marginalizing over the other
parameters.

A. Data Analysis

Our theoretical B-mode model consists of lensing and
the PMF vector B-modes. Polarbear data measured
the B-mode power spectrum at 148 GHz [14]. We use
the published Polarbear B-mode window functions,
band power and band variances to construct the likeli-
hood function. We assume a Gaussian likelihood for the

FIG. 5: Posterior distribution function of amplitude B1Mpc of
primordial magnetic field using Polarbear first-season CBB

l

measurement. The vertical line indicates the 95% confidence
level upper limit at B1Mpc < 3.9 nG. The shaded area is the
variations introduced by both the systematic and multiplica-
tive e↵ects.

Polarbear data and adopt the following priors on the
PMF parameters: 0 < B

1Mpc

< 10 nG, �2.9 < n < �1.5
and 0 < � < 39. A larger prior upper limit on B

1Mpc

is
not necessary because constraints obtained in this anal-
ysis are well below this bound. The upper prior on n
is chosen because for high n, or “bluer” PMF spectra,
most of the PMF energy is concentrated on small scales,
with only negligible power on scales above 1 Mpc that
are of relevance to our data. Thus, extending the range
of n would make no di↵erence for our constraints, unless
we allow for an extremely strong PMF, which is ruled
out. On the other hand, the spectral index has to be
larger than �3 to avoid the divergence of the PMF power
spectrum. We take into account the systematic contami-
nation of the Polarbear B-mode power spectrum con-
sidered in Ref. [14] and investigate how the systematic
uncertainties can potentially a↵ect the PMF constraints.

B. Results

In Fig. 5 we show the marginalized posterior distribu-
tion function (PDF) of the PMF amplitude B

1Mpc

. We
take advantage of the detailed study of systematic uncer-
tainties a↵ecting the B-mode power spectrum in Ref. [14]
to investigate the e↵ects on the PMF constraints. The
PDF without systematics is in blue and the shaded area
indicates the shift of the PDF when all known sources
of systematic error are included. The likelihood function
peaks at B

1Mpc

=0 thus only the upper bound can be
derived. It is determined by integrating the area and the
vertical red line shows the 95% bound of 3.9 nG; system-
atic errors have a negligible impact of ⇠ 5%. We have
examined the posterior distribution of the spectral index



What is POLARBEAR?



POLARBEAR Collaboration
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POLARBEAR Experiment is...
A ground-based CMB 
polarization experiment in 
the Atacama desert in Chile 
at 5,200m altitude 

Observing since 2012  
Has spectral sensitivity at 
150 GHz
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Telescope and Receiver

Off-axis Gregorian Dragone 
Primary 2.5m precision-machined mirror 

3.5 arcmin (FWHM) resolution 
Designed to measure both 
primordial and lensing B-modes
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CMB photon

3.5m

Primary mirror

Secondary mirror

Receiver cryostat

Huan Tran Telescope

Focal Plane (cooled to 0.25K)



Focal Plane Detectors
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dual-polarization 
dipole slot antenna microstrip 

bandpass  
filter (150GHz)

Al/Ti bi-layer 
TES (Transition-Edge 

Sensor) bolometer

1mm

2 bolometers in a pixel 
637 pixels in a array 
1274 bolometers

Polarization signal appears 
as a pair-differencing.

Noise level (1st season):

€ 

550 µKCMB s bolo

23 µKCMB s array



Observation History

• Started from 2012 
• Targeted lensing B-mode signal in the first two seasons. 
• Published 3 papers in 2014 from the 1st season data
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Small Patch Observation

1st season
2nd season

switched to 
large patch 
observation



Summary of 
First Season Results
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Planck 857GHz

1st Season Observing Sky Patches

• POLARBEAR 1st season:  
• 3 small sky regions (3°x3°) ~ 25deg2 

• Filtered map noise level: 
• ~ 5.5 μK-arcmin (deepest patch)
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Fig. 1.— The three Polarbear patches overlaid on a full-sky
853GHz intensity map (Planck Collaboration 2013a). Patches were
chosen for low dust emission, overlap with other observations, and
to allow nearly continuous CMB observations from the James Ax
Observatory in Chile.

TABLE 1
The three Polarbear patch centers.

Patch RA Dec
RA4.5 4h40m12s -45�

RA12 11h53m0s -0�300

RA23 23h1m48s -32�480

For the remainder of the data, the observing horizon was
30�. The patches rise to a maximum elevation angle of
80�. To optimize sensitivity and linearity in changing
atmospheric loading, the detectors are re-biased every
hour. Before and after each re-bias we measure the rel-
ative gain of the detectors using both elevation nods (2�

modulations of the telescope elevation angle) and obser-
vation of a chopped 700�C thermal source visible through
a small hole in the secondary mirror. The chopping fre-
quency for the thermal source calibration is stepped be-
tween 4 and 44 Hz to simultaneously measure the detec-
tor time constant.

Observation of one patch is broken into 15 minute scans
at constant elevation, during which the telescope scans
back and forth in azimuth 3� at a speed of 0.75�/s on
the sky. The telescope then moves in azimuth and eleva-
tion to where the patch will be in 7.5 minutes, and the
constant elevation scan (CES) pattern is repeated.

In one CES there are approximately 200 constant-
velocity subscans – data obtained while not at constant
velocity are discarded for this analysis. Observing at con-
stant elevation allows scan-synchronous systematic sig-
nals, such as ground pick-up, to be removed from the
map with only a small loss of information.

The cold HWP is always stationary during observa-
tions. Over the first half of the season, the HWP was
stepped in angle by 11.25� every 1–2 days. During the
second half of the season the HWP was stepped in an-
gle only occasionally, as we worked to characterize the
HWP-dependent signals in the data. As described in
Section 4.4, the HWP was important in understanding
the polarization angles of the detectors, and provided
the ability to constrain the pixel-pair relative gain (see
Section 7.2.1).

3.3. Yield

Of the 1,274 optical TES bolometers in the Polar-
bear focal plane, 1,015 were able to be electrically bi-

ased and showed nominal optical response to astrophysi-
cal point sources. During observations, readout channels
that show anomalously high noise properties are turned
o↵ so that pathological noise e↵ects are not induced in
other detectors. Individual pixels are permanently ex-
cluded when they show no optical response, unaccept-
ably high di↵erential gain, or high variation in di↵eren-
tial gain. This leaves 810 bolometers that are used in
the reported measurement. Further data selection crite-
ria are described in Section 5.1.

4. CALIBRATION

As input to map-making and power spectrum estima-
tion, there are four primary instrument properties to be
modeled: individual detector pointing, thermal-response
calibration, polarization angle, and the instrument e↵ec-
tive beam. The models for these properties are described
in the following section. Uncertainties in these models
are evaluated in Section 7, and none are found to pro-
duce significant contaminant signals with respect to the
detected C

BB
` signal.

4.1. Pointing

A five-parameter pointing model (Mangum 2001) char-
acterizes the relationship between the telescope’s encoder
readings and its true boresight pointing on the sky. Of
the parameters described in this reference, Polarbear
uses IA, the azimuth encoder zero o↵set, IE, the el-
evation encoder zero o↵set, CA, the collimation error
of the electromagnetic axis, AN, the azimuth axis o↵-
set/misalignment (north-south) and AW, the azimuth
o↵set/misalignment (east-west). We experimented with
extending and modifying this parameter set, and did
not find substantial improvements to the model. The
pointing model is created by observing bright extended
and point-like millimeter sources that were selected from
known source catalogs (Wrobel et al. 1998; Murphy et al.
2010) to span a wide range in azimuth and elevation.
These pointing observations occurred several times per
week during observations. The best-fit pointing model
recovers the source positions for the sources that were
used to create it with an accuracy of 2500 RMS.

Individual detector beam o↵sets are determined rel-
ative to the boresight using raster scans across Saturn
and Jupiter. These beam o↵sets are then combined with
the boresight pointing model to determine the absolute
pointing of each bolometer. The o↵sets were typically
measured several times per week during observations
throughout the season, showing an RMS fluctuation of
less than 600 over time. The o↵sets show arcsecond-level
di↵erential pointing between the two detectors in a pixel,
which is shown to be a negligible contaminant in Sec-
tion 7.

The robustness of the pointing model is tested by fit-
ting the same model to various subsets of the point-
ing data separated by source, time, or environmental
conditions. Some systematic di↵erences were observed,
and we believe this indicates a problem with the point-
ing model that is not well-characterized by the residual
source position accuracy. As described in Section 7.1.3,
these systematic pointing uncertainties were simulated
and they were found to not create significant bias in C

BB
` .

However, the systematic uncertainties in our pointing

Q=EX2-EY2
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Fig. 6.— Polarbear CMB polarization maps of RA23 in equatorial coordinates. The left (right) panel shows Stokes Q (U), where the
polarization angle is defined with respect to the North Celestial Pole. These filtered maps are smoothed to 3.50 FWHM. The clearly visible
coherent vertical and horizontal patterns in the Q map and diagonal patterns in the U map are the expected signature of an E-mode signal.

The map making and pseudo-power spectrum proce-
dure are modeled as a linear function of the true sky
power spectra C`:

C̃` =
X

`0

K``0C`0 , (17)

K``0 = M``0F`0B
2
`0 . (18)

M``0 describes the mode mixing e↵ects of non uniform
sky coverage, and is calculated analytically. F`0 models
the transfer function of the time-domain filters and map
pixelization, and is calculated through Monte Carlo sim-
ulations. B`0 describes the smoothing due to the spatial
response of the detector.

5.3.1. Mode-mixing and filter transfer functions

M``0 is computed analytically, by co-adding the tem-
perature and polarization apodization windows from the
daily maps for the entire season. The resulting window
map is used to calculate M``0 (Louis et al. 2013).

We estimate the transfer function F` of the time do-
main filters from a suite of Monte Carlo simulations.
The input to the Monte Carlo simulations is a set of
10-resolution Gaussian realizations of a 10� ⇥ 10� patch
of the CMB from the best fit wmap-9 power spectra, C`
(Bennett et al. 2013). We use the pointing data from
observations to produce TOD from the simulated maps,
and apply the pseudo-power spectrum estimation proce-
dure. We then estimate the filter transfer function from
the fixed point of

F

n
` = F

n�1
` +

C̃` �
P

`0 M``0F
n�1
`0 C`0B

2
`0

C`B
2
`

. (19)

To distinguish between leakage and transfer function
e↵ects, the filter transfer functions for E and B are com-
puted from separate TT +EE and TT +BB simulations.
The TE, TB, and EB spectra filter transfer functions are

estimated as the geometric mean of the respective auto
spectra. TT , EE, and BB transfer functions are shown
in Figure 7.
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Fig. 7.— Filter transfer functions F` for TT , EE, and BB power
spectrum estimators, calculated from Monte Carlo simulation. The
decrease at low ` is due to the first and third order polynomial
filtering of subscans in polarization and temperature respectively.
The decrease at high ` is due to the 6.3 Hz low-pass filtering and
the pixelization of the maps (Wu et al. 2001).

Polynomial filtering and scan-synchronous signal sub-
traction create leakage from C

EE
` to C

BB
` . The leakage

transfer function is estimated from the Monte Carlo sim-
ulations and leakage is subtracted in power spectrum es-
timation. Equation 19, T + E simulations, with the EE

theory for Cl and BB pseudospectra and mode mixing
matrix are used to estimate F

E!B
` . Before subtraction,

the leakage is largest in the lowest bin centered at ` = 700
where it is 9% of the C

BB
` band power. The power is sub-

tracted in pseudospectrum space with an amplitude of

C̃

E!B
` =

F

E!B
`

F

E!E
`

C̃

E
` . (20)
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Fig. 6.— Polarbear CMB polarization maps of RA23 in equatorial coordinates. The left (right) panel shows Stokes Q (U), where the
polarization angle is defined with respect to the North Celestial Pole. These filtered maps are smoothed to 3.50 FWHM. The clearly visible
coherent vertical and horizontal patterns in the Q map and diagonal patterns in the U map are the expected signature of an E-mode signal.

The map making and pseudo-power spectrum proce-
dure are modeled as a linear function of the true sky
power spectra C`:
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sky coverage, and is calculated analytically. F`0 models
the transfer function of the time-domain filters and map
pixelization, and is calculated through Monte Carlo sim-
ulations. B`0 describes the smoothing due to the spatial
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5.3.1. Mode-mixing and filter transfer functions

M``0 is computed analytically, by co-adding the tem-
perature and polarization apodization windows from the
daily maps for the entire season. The resulting window
map is used to calculate M``0 (Louis et al. 2013).

We estimate the transfer function F` of the time do-
main filters from a suite of Monte Carlo simulations.
The input to the Monte Carlo simulations is a set of
10-resolution Gaussian realizations of a 10� ⇥ 10� patch
of the CMB from the best fit wmap-9 power spectra, C`
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and apply the pseudo-power spectrum estimation proce-
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To distinguish between leakage and transfer function
e↵ects, the filter transfer functions for E and B are com-
puted from separate TT +EE and TT +BB simulations.
The TE, TB, and EB spectra filter transfer functions are

estimated as the geometric mean of the respective auto
spectra. TT , EE, and BB transfer functions are shown
in Figure 7.
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polarization angle is defined with respect to the North Celestial Pole. These filtered maps are smoothed to 3.50 FWHM. The clearly visible
coherent vertical and horizontal patterns in the Q map and diagonal patterns in the U map are the expected signature of an E-mode signal.

The map making and pseudo-power spectrum proce-
dure are modeled as a linear function of the true sky
power spectra C`:

C̃` =
X
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K``0 = M``0F`0B
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M``0 describes the mode mixing e↵ects of non uniform
sky coverage, and is calculated analytically. F`0 models
the transfer function of the time-domain filters and map
pixelization, and is calculated through Monte Carlo sim-
ulations. B`0 describes the smoothing due to the spatial
response of the detector.

5.3.1. Mode-mixing and filter transfer functions

M``0 is computed analytically, by co-adding the tem-
perature and polarization apodization windows from the
daily maps for the entire season. The resulting window
map is used to calculate M``0 (Louis et al. 2013).

We estimate the transfer function F` of the time do-
main filters from a suite of Monte Carlo simulations.
The input to the Monte Carlo simulations is a set of
10-resolution Gaussian realizations of a 10� ⇥ 10� patch
of the CMB from the best fit wmap-9 power spectra, C`
(Bennett et al. 2013). We use the pointing data from
observations to produce TOD from the simulated maps,
and apply the pseudo-power spectrum estimation proce-
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To distinguish between leakage and transfer function
e↵ects, the filter transfer functions for E and B are com-
puted from separate TT +EE and TT +BB simulations.
The TE, TB, and EB spectra filter transfer functions are

estimated as the geometric mean of the respective auto
spectra. TT , EE, and BB transfer functions are shown
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Measurement of lensing B-modes with three different methods

Lensing deflection 
power spectrum

Cross correlation of lensing 
deflection with Cosmic 
Infrared Background

(PRL 112, 131302 (2014))

CMB B-mode auto 
power spectrum

(ApJ 794, 2 (2014))
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FIG. 2: Polarization lensing power spectra for each lensing estimator. Measured polarization lensing power spectra for each
of Polarbear’s three patches, for both lensing estimators ⟨EEEB⟩ (left) and ⟨EBEB⟩ (right). The lensing signal predicted
by the ΛCDM model is shown as the solid black curve. The measured lensing power spectra are shown for each patch in dark
green (RA23), blue (RA12) and magenta (RA4.5), respectively and are offset in L slightly for clarity. The patch-combined
lensing power spectrum is shown in red.
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FIG. 3: Polarization lensing power spectra co-added from the three patches and two estimators are shown in red. The lensing
signal predicted by the ΛCDM model is shown as the dashed black curve in the left panel and the solid black curve in the
right panel, respectively. The polarization lensing power spectrum ⟨EEEB⟩ is in blue and ⟨EBEB⟩ dark green. Left: A 4.2σ
rejection of the null hypothesis of no lensing. These data indicate a lensing amplitude A = 1.37± 0.30± 0.13 normalized to the
fiducial ΛCDM value. Right: The same data, assuming the existence of gravitational lensing to calculate error bars, including
sample variance and including the covariance between ⟨EEEB⟩ and ⟨EBEB⟩. In this case, the lensing amplitude is measured
as A = 1.06± 0.47+0.35

−0.31, corresponding to 54% uncertainty on the Cdd
L power spectrum (27% uncertainty on the amplitude of

matter fluctuations). The histograms of the amplitudes A from 500 unlensed and lensed simulations are shown in the inset
boxes.

is detected at 3.2σ significance statistically.

The right panel of Fig. 3 assumes the predicted amount
of gravitational lensing in the ΛCDM model. In this
case, the ⟨EEEB⟩ and ⟨EBEB⟩ estimators are corre-
lated, which changes the optimal linear combination of
the two, and requires that lensing sample variance be
included in the band-power uncertainties. Under this
assumption, the amplitude of the polarization lensing
power spectrum is measured to be A = 1.06± 0.47+0.35

−0.31.
The last term gives an estimate of systematic error. Since
A is a measure of power and depends quadratically on
the amplitude of the matter fluctuations, we measure the
amplitude with 27% error. The measured signal traces
all the B -modes at sub-degree scales. This signal is pre-
sumably due to gravitational lensing of CMB, because
other possible sources, such as gravitational waves, po-
larization cosmic rotation [35] and patchy reionization
are expected to be small at these scales.

Conclusions: We report the evidence for gravitational
lensing, including the presence of lensing B-modes, di-
rectly from CMB polarization measurements. These

measurements reject the absence of polarization lensing
at a significance of 4.2σ. We have performed null tests
and have simulated systematics errors using the mea-
sured properties of our instrument, and we find no sig-
nificant contamination. Our measurements are in good
agreement with predictions based on the combination of
the ΛCDM model and basic gravitational physics. This
work represents an early step in the characterization of
CMB polarization lensing after the precise temperature
lensing measurement from Planck. The novel technique
of polarization lensing will allow future experiments to go
beyond Planck in signal-to-noise and scientific returns.
Future measurements will exploit this powerful cosmo-
logical probe to constrain neutrino masses [17] and de-
lens CMB observations in order to more precisely probe
B -modes from primordial gravitational waves.

Acknowledgments: The computational resources re-
quired for this work were accessed via the Glidein-
WMS [36] on the Open Science Grid [37]. This project
used the CAMB and FFTW software packages. Cal-
culations were performed on the Department of Energy
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Current Status of the B-mode Measurements
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Figure by Y. Chinone (Berkeley)

Lensing B-mode signal is certainly there. Get more precise.



New result! (with the 1st season data) 
“POLARBEAR Constraints on Cosmic 

Birefringence and Primordial Magnetic Fields” 
(arXiv:1509.0246) 

”
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Constraints on Cosmic Birefringence
• Cosmic Birefringence?: Rotation of CMB polarization orientation 

• Mixing E-modes and B-modes
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tion data from the Polarbear experiment to constrain
the anisotropic cosmic birefringence power spectrum. An
upper limit of an equivalent magnetic field is obtained to
interpret this four-point correlation measurement in Sec-
tion III. In Section IV, an upper limit on the amplitude
of an actual PMF is also constrained by the two-point
correlation measurement, i.e., the Polarbear B-mode
power spectrum. The overall structure of these sections
is that we discuss parity-violating physics, i.e., cosmic
birefringence, in Sections II and III, and the primordial
magnetic field in Section IV.

II. COSMIC BIREFRINGENCE, FARADAY
ROTATION, AND THE ROTATION ANGLE

ESTIMATOR

A. Birefringence and its e↵ect on the CMB

Cosmic birefringence - the di↵erence in propagation of
di↵erent polarization states - can rotate CMB polariza-
tion and convert E-modes to B-modes. One proposed
source of cosmic birefringence is a coupling between pho-
tons and a pseudoscalar field �. Such couplings arise nat-
urally in modified theories of electromagnetism which in-
clude a Chern-Simons term. The Chern-Simons term can
appear in pseudoscalar models of quintessence [28, 45],
with a Lagrangian:

L =
�

2M
Fµ⌫ F̃

µ⌫ , (1)

where Fµ⌫ is the electromagnetic field strength tensor,
and F̃µ⌫ is its dual. The coupling is suppressed by a
mass scale M . Such an interaction will rotate the linear
polarization of the CMB by an angle [28]

↵ =
1

M

Z
d⌘�̇ (2)

during propagation over an interval in conformal time ⌘,
where �̇ = @�/@⌘. This rotation of polarization of the
CMB creates cosmic birefringence.

If the spatial average of the field h�i is not zero, the ro-
tation would produce non-vanishing parity-odd two-point
hTBi and hEBi correlation functions [7]. Such correla-
tions would imply the existence of a preferred orientation
in the Universe and are not normally expected because
of the presumed statistical isotropy of cosmological per-
turbations.

Regardless of the value of h�i, fluctuations in the pseu-
doscalar field will generate anisotropy in the rotation
angle ↵, leading to a spatially varying cosmic birefrin-
gence. A statistically isotropic, random ↵(n) creates B-
mode power [45] with an angular dependence determined
by the rotation power spectrum. Inhomogeneous cosmic
birefringence also correlates the E- and B-modes, leading
to non-trivial four-point correlations. In this paper, we

use these four-point correlations to search for anisotropic
rotations from CMB maps [46–48]. The cosmic birefrin-
gence constraints in terms of an e↵ective Faraday rota-
tion are discussed at the end of Sec. III.

B. Faraday rotation due to Primordial Magnetic
Fields

The e↵ect of the cosmic birefringence can be described
by an equivalent PMF inducing the Faraday rotation. In
this section, we exclusively describe the Faraday rotation
given by a PMF. The constraints on the actual PMF will
be described in Section IV.
A PMF embedded in the photon-baryon plasma during

recombination will Faraday rotate the plane of polariza-
tion of CMB photons, providing another mechanism for
cosmic rotation, now with a characteristic frequency de-
pendence. The rotation angle along the line of sight n is
given by [8, 49]

↵(n) =
3c2

16⇡2e
⌫�2

Z
⌧̇ B · dl , (3)

where ⌧̇ is the di↵erential optical depth, ⌫ is the observed
frequency of the radiation, B is the comoving magnetic
field, e is the electron charge, and dl is the comoving
length element along the photon trajectory.
A statistically homogeneous, isotropic and Gaussian

distributed stochastic magnetic field B(x) is charac-
terized by a two-point correlation function in Fourier
space [50, 51] by:

hBi(k)Bj(k
0)i = (2⇡)3�(3)(k+k

0)[(�ij � k̂ik̂j)S(k)], (4)

where S(k) is the symmetric magnetic field power spec-
trum and k̂i is a normalized component of a wave vector
k. The anti-symmetric component describes the helicity
of the magnetic field which does not contribute to the
Faraday rotation spectrum and has a subdominant con-
tribution to the CMB power spectra, hence we omit the
anti-symmetric contribution as it is inconsequential for
the purpose of this paper. The shape of S(k) depends on
the mechanism responsible for production of PMF and
generally, k

diss

is taken to be a power law up to a certain
dissipation scale. Namely, S(k) / kn for 0 < k < k

diss

and zero for k > k
diss

where k
diss

depends on the ampli-
tude and the shape of the magnetic field’s spectrum and
n is the spectral index. For nearly scale-invariant spectra
that produce CMB anisotropy, the value of k

diss

is irrel-
evant and we take it to be infinite. To quantify the tan-
gling scale of the PMF we smooth its comoving amplitude
over a length �, obtaining B�. For scale-invariant fields,
this quantity is independent of � and is B

e↵

⌘
p
8⇡✏B ,

where ✏B is the total magnetic energy density.
Faraday rotation (FR) happens concurrently with the

generation of CMB polarization during recombination.
However, Ref. [52] demonstrated that FR can be ap-
plied in a second step (i.e., first produce E modes and
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then Faraday rotate them by a PMF) without introduc-
ing significant errors. In this approximation, the power
spectrum of the FR angle can be written as [52]

C↵↵
L =

2

⇡

Z
dk

k
�2

M (k)
h L

2L+ 1
T 2

L�1

(k)

+
L+ 1

2L+ 1
T 2

L+1

(k) � T (1)2

L (k)
i
, (5)

where �2

M (k) ⌘ k3S(k)[3c2⌫�2/(16⇡2e)]2 contains all

the physics relevant to PMF, TL(k) and T (1)

L (k) are trans-
fer functions [52] which are independent of the magnetic
field and only depend on the di↵erential optical depth.
The discussions in this section will be applied to the Fara-
day rotation equivalent of the cosmic birefringence mea-
surement in Sections II and III.

C. Quadratic estimator and previous constraints
on rotation power spectrum

A CMB polarization experiment measures Stokes pa-
rameters Q and U at di↵erent points on the sky.
Anisotropic cosmic birefringence adds a phase factor
e±2i↵(n) to the underlying primordial CMB polarization.
The Stokes parameters transform as:

(Q ± iU)(n) = (Q̃ ± iŨ)(n)e±2i↵(n), (6)

where Q̃ or Ũ denotes the primordial Gaussian CMB po-
larization map, Q and U are the observed Stokes parame-
ters, and ↵(n) is the anisotropic rotation field. The CMB
polarization defined in Eq. (6) is rotation-invariant and
can be decomposed into electric- (E-) and magnetic-like
(B-) modes [1].

Taylor expanding the rotated CMB polarization to
first-order in the rotation angle reveals that the o↵-
diagonal elements of the two-point correlation functions
of E- and B-modes are proportional to the rotation field,
↵(n). Quadratic estimators take advantage of this fea-
ture to measure the anisotropic rotation [46–48, 53]. The
quadratic estimator for CMB polarization is:

↵EB(L) = AEB(L)

Z
d2l

(2⇡)2
E(l)B(l0)

2C̃EE
l cos 2�ll0

CEE
l CBB

l0
,

(7)
where l, l0, and L are coordinates in Fourier space with
L = l+l

0. The angular separation between l and l

0 is �ll0 ,
C̃EE

l is the theoretical primordial power spectrum, CEE
l

and CBB
l are E- and B-mode power spectra that include

experimental noise, and AEB(L) is a normalization fac-
tor to give an unbiased estimate of the rotation power
spectrum [42, 47]. Note that if the rotation is uniform
over the sky, it can be entirely determined by CEB

l and
CEE

l [54].
In this work, we focus on the anisotropic rotation

rather than the uniform rotation discussed in Refs. [14,
54, 55]. The rotation power spectrum C↵↵

L is derived

from a four-point correlation of E and B via [46–48]

h↵EB(L)↵
⇤
EB(L

0)i = (2⇡)2�(L � L

0)(C↵↵
L +N (0)

EB(L)

+ higher-order terms), (8)

with N (0) being the Gaussian contribution to the four-
point function [42, 56].
Previous studies have focused on constraining the uni-

form rotation as well as placing upper limits on degree-
scale rotations [55, 57–59]. Constraints on the anisotropic
cosmic birefringence power spectrum have been derived
from WMAP-7 data using hTBTBi four-point correla-
tions [56]. In Ref. [60], the two-point real-space correla-
tion function was used to probe the anisotropic rotation.
Both of these analyses limit the anisotropic rotation an-
gle on large scales to be less than a few degrees.

III. BOUNDS ON ANISOTROPIC ROTATION
FROM POLARBEAR

A. Data Analysis

The Polarbear telescope is located in the Atacama
Desert in Northern Chile and observes in a band centered
at 148 GHz. This analysis uses data on three regions
selected for their low dust emission, hereafter referred
to as RA4.5, RA12, and RA23 based on their right as-
censions [14]. The total area of the three patches is 25
square degrees, and the patches were observed by the
Polarbear experiment during June 2012 to June 2013.
This data is referred to as the first-season Polarbear

data.
The time ordered data (TOD) from the detectors are

filtered and coadded into maps as described by Ref. [14].
We first flag and remove data a↵ected by spurious instru-
mental or environmental e↵ects. The TOD are bandpass
filtered with the upper band edge set by a low-pass filter
and the lower band edge set by the subtraction of a first-
order polynomial from each constant-elevation, constant-
velocity subscan.
A ground template, fixed in azimuth, is also removed.

Bright radio sources are masked before removing the
ground template and polynomial. Each pixel consists of
two bolometers sensitive to orthogonal polarization; data
from these two bolometers are summed and di↵erenced
to derive temperature and polarization TOD from each
pixel. The TOD are then co-added with inverse variance
weighting into maps according to a weight estimated from
the average power spectral density between 1 and 3 Hz
of the filtered TOD.
We construct an apodization window from the

smoothed inverse variance weight map. Pixels with an
apodization window value below 1% of the peak value
are set to zero, as are pixels within 30 of bright sources
in the Australia Telescope 20 GHz Survey [61]. Q and
U maps are transformed to E and B maps using the

• What could cause it? 
• Faraday rotation by a primordial magnetic field (PMF) 

• Some inflationary scenarios predict PMFs. 
• Parity-violating interactions 

• Parity violation in electromagnetism? (coupling 
between photons and pseudo-scalar field, etc) 

• How can we measure it? 
• Measure specific feature in B-mode spectrum (for 
PMF) 

• Measure correlations between E-modes and B-modes 
• produced by cosmic birefringence  
• Expected to vanish in the standard cosmological model
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tion data from the Polarbear experiment to constrain
the anisotropic cosmic birefringence power spectrum. An
upper limit of an equivalent magnetic field is obtained to
interpret this four-point correlation measurement in Sec-
tion III. In Section IV, an upper limit on the amplitude
of an actual PMF is also constrained by the two-point
correlation measurement, i.e., the Polarbear B-mode
power spectrum. The overall structure of these sections
is that we discuss parity-violating physics, i.e., cosmic
birefringence, in Sections II and III, and the primordial
magnetic field in Section IV.

II. COSMIC BIREFRINGENCE, FARADAY
ROTATION, AND THE ROTATION ANGLE

ESTIMATOR

A. Birefringence and its e↵ect on the CMB

Cosmic birefringence - the di↵erence in propagation of
di↵erent polarization states - can rotate CMB polariza-
tion and convert E-modes to B-modes. One proposed
source of cosmic birefringence is a coupling between pho-
tons and a pseudoscalar field �. Such couplings arise nat-
urally in modified theories of electromagnetism which in-
clude a Chern-Simons term. The Chern-Simons term can
appear in pseudoscalar models of quintessence [28, 45],
with a Lagrangian:

L =
�

2M
Fµ⌫ F̃

µ⌫ , (1)

where Fµ⌫ is the electromagnetic field strength tensor,
and F̃µ⌫ is its dual. The coupling is suppressed by a
mass scale M . Such an interaction will rotate the linear
polarization of the CMB by an angle [28]

↵ =
1

M

Z
d⌘�̇ (2)

during propagation over an interval in conformal time ⌘,
where �̇ = @�/@⌘. This rotation of polarization of the
CMB creates cosmic birefringence.

If the spatial average of the field h�i is not zero, the ro-
tation would produce non-vanishing parity-odd two-point
hTBi and hEBi correlation functions [7]. Such correla-
tions would imply the existence of a preferred orientation
in the Universe and are not normally expected because
of the presumed statistical isotropy of cosmological per-
turbations.

Regardless of the value of h�i, fluctuations in the pseu-
doscalar field will generate anisotropy in the rotation
angle ↵, leading to a spatially varying cosmic birefrin-
gence. A statistically isotropic, random ↵(n) creates B-
mode power [45] with an angular dependence determined
by the rotation power spectrum. Inhomogeneous cosmic
birefringence also correlates the E- and B-modes, leading
to non-trivial four-point correlations. In this paper, we

use these four-point correlations to search for anisotropic
rotations from CMB maps [46–48]. The cosmic birefrin-
gence constraints in terms of an e↵ective Faraday rota-
tion are discussed at the end of Sec. III.

B. Faraday rotation due to Primordial Magnetic
Fields

The e↵ect of the cosmic birefringence can be described
by an equivalent PMF inducing the Faraday rotation. In
this section, we exclusively describe the Faraday rotation
given by a PMF. The constraints on the actual PMF will
be described in Section IV.
A PMF embedded in the photon-baryon plasma during

recombination will Faraday rotate the plane of polariza-
tion of CMB photons, providing another mechanism for
cosmic rotation, now with a characteristic frequency de-
pendence. The rotation angle along the line of sight n is
given by [8, 49]

↵(n) =
3c2

16⇡2e
⌫�2

Z
⌧̇ B · dl , (3)

where ⌧̇ is the di↵erential optical depth, ⌫ is the observed
frequency of the radiation, B is the comoving magnetic
field, e is the electron charge, and dl is the comoving
length element along the photon trajectory.
A statistically homogeneous, isotropic and Gaussian

distributed stochastic magnetic field B(x) is charac-
terized by a two-point correlation function in Fourier
space [50, 51] by:

hBi(k)Bj(k
0)i = (2⇡)3�(3)(k+k

0)[(�ij � k̂ik̂j)S(k)], (4)

where S(k) is the symmetric magnetic field power spec-
trum and k̂i is a normalized component of a wave vector
k. The anti-symmetric component describes the helicity
of the magnetic field which does not contribute to the
Faraday rotation spectrum and has a subdominant con-
tribution to the CMB power spectra, hence we omit the
anti-symmetric contribution as it is inconsequential for
the purpose of this paper. The shape of S(k) depends on
the mechanism responsible for production of PMF and
generally, k

diss

is taken to be a power law up to a certain
dissipation scale. Namely, S(k) / kn for 0 < k < k

diss

and zero for k > k
diss

where k
diss

depends on the ampli-
tude and the shape of the magnetic field’s spectrum and
n is the spectral index. For nearly scale-invariant spectra
that produce CMB anisotropy, the value of k

diss

is irrel-
evant and we take it to be infinite. To quantify the tan-
gling scale of the PMF we smooth its comoving amplitude
over a length �, obtaining B�. For scale-invariant fields,
this quantity is independent of � and is B

e↵

⌘
p
8⇡✏B ,

where ✏B is the total magnetic energy density.
Faraday rotation (FR) happens concurrently with the

generation of CMB polarization during recombination.
However, Ref. [52] demonstrated that FR can be ap-
plied in a second step (i.e., first produce E modes and
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tion data from the Polarbear experiment to constrain
the anisotropic cosmic birefringence power spectrum. An
upper limit of an equivalent magnetic field is obtained to
interpret this four-point correlation measurement in Sec-
tion III. In Section IV, an upper limit on the amplitude
of an actual PMF is also constrained by the two-point
correlation measurement, i.e., the Polarbear B-mode
power spectrum. The overall structure of these sections
is that we discuss parity-violating physics, i.e., cosmic
birefringence, in Sections II and III, and the primordial
magnetic field in Section IV.
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Cosmic birefringence - the di↵erence in propagation of
di↵erent polarization states - can rotate CMB polariza-
tion and convert E-modes to B-modes. One proposed
source of cosmic birefringence is a coupling between pho-
tons and a pseudoscalar field �. Such couplings arise nat-
urally in modified theories of electromagnetism which in-
clude a Chern-Simons term. The Chern-Simons term can
appear in pseudoscalar models of quintessence [28, 45],
with a Lagrangian:

L =
�

2M
Fµ⌫ F̃

µ⌫ , (1)

where Fµ⌫ is the electromagnetic field strength tensor,
and F̃µ⌫ is its dual. The coupling is suppressed by a
mass scale M . Such an interaction will rotate the linear
polarization of the CMB by an angle [28]

↵ =
1

M

Z
d⌘�̇ (2)

during propagation over an interval in conformal time ⌘,
where �̇ = @�/@⌘. This rotation of polarization of the
CMB creates cosmic birefringence.

If the spatial average of the field h�i is not zero, the ro-
tation would produce non-vanishing parity-odd two-point
hTBi and hEBi correlation functions [7]. Such correla-
tions would imply the existence of a preferred orientation
in the Universe and are not normally expected because
of the presumed statistical isotropy of cosmological per-
turbations.

Regardless of the value of h�i, fluctuations in the pseu-
doscalar field will generate anisotropy in the rotation
angle ↵, leading to a spatially varying cosmic birefrin-
gence. A statistically isotropic, random ↵(n) creates B-
mode power [45] with an angular dependence determined
by the rotation power spectrum. Inhomogeneous cosmic
birefringence also correlates the E- and B-modes, leading
to non-trivial four-point correlations. In this paper, we

use these four-point correlations to search for anisotropic
rotations from CMB maps [46–48]. The cosmic birefrin-
gence constraints in terms of an e↵ective Faraday rota-
tion are discussed at the end of Sec. III.

B. Faraday rotation due to Primordial Magnetic
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The e↵ect of the cosmic birefringence can be described
by an equivalent PMF inducing the Faraday rotation. In
this section, we exclusively describe the Faraday rotation
given by a PMF. The constraints on the actual PMF will
be described in Section IV.
A PMF embedded in the photon-baryon plasma during

recombination will Faraday rotate the plane of polariza-
tion of CMB photons, providing another mechanism for
cosmic rotation, now with a characteristic frequency de-
pendence. The rotation angle along the line of sight n is
given by [8, 49]

↵(n) =
3c2

16⇡2e
⌫�2

Z
⌧̇ B · dl , (3)

where ⌧̇ is the di↵erential optical depth, ⌫ is the observed
frequency of the radiation, B is the comoving magnetic
field, e is the electron charge, and dl is the comoving
length element along the photon trajectory.
A statistically homogeneous, isotropic and Gaussian

distributed stochastic magnetic field B(x) is charac-
terized by a two-point correlation function in Fourier
space [50, 51] by:
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where S(k) is the symmetric magnetic field power spec-
trum and k̂i is a normalized component of a wave vector
k. The anti-symmetric component describes the helicity
of the magnetic field which does not contribute to the
Faraday rotation spectrum and has a subdominant con-
tribution to the CMB power spectra, hence we omit the
anti-symmetric contribution as it is inconsequential for
the purpose of this paper. The shape of S(k) depends on
the mechanism responsible for production of PMF and
generally, k
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is taken to be a power law up to a certain
dissipation scale. Namely, S(k) / kn for 0 < k < k

diss

and zero for k > k
diss

where k
diss

depends on the ampli-
tude and the shape of the magnetic field’s spectrum and
n is the spectral index. For nearly scale-invariant spectra
that produce CMB anisotropy, the value of k

diss

is irrel-
evant and we take it to be infinite. To quantify the tan-
gling scale of the PMF we smooth its comoving amplitude
over a length �, obtaining B�. For scale-invariant fields,
this quantity is independent of � and is B
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where ✏B is the total magnetic energy density.
Faraday rotation (FR) happens concurrently with the

generation of CMB polarization during recombination.
However, Ref. [52] demonstrated that FR can be ap-
plied in a second step (i.e., first produce E modes and
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FIG. 1: Swap-patch rotation power spectra are shown for
each of the three patches. The power spectra are calculated
from the rotation fields on di↵erent patches and the legend
indicates a specific combination. The data show no evidence
for systematic contamination.

0 500 1000 1500 2000
L

-10

-5

0

5

10

C
�
�

L
[⇥

10
�

4 d
eg

2 ]

Coadded
RA23
RA12
RA4.5

FIG. 2: The anisotropic cosmic rotation power spectra from
Polarbear ’s first-season data in three patches. The spec-
trum of an individual patch is indicated by the green (RA23),
blue (RA12) and orange (RA4.5) colors. The coadded (red)
power spectrum is consistent with zero.

fit amplitude of the scale-invariant anisotropic rotation
power spectrum corresponds to the minimum of

�2(A
CB

) =
X

bb0

(Ĉobs

b � A
CB

Cref

b )M�1

bb0 (Ĉ
obs

b0 � A
CB

Cref

b0 )

(10)
where b is the index of the rotation band power and Ĉobs

b
is the measured spectrum in band b. The covariance ma-
trix Mbb0 is calculated from simulations with no cosmic
birefringence signal. The posterior distribution is shown
in Fig. 3.

An upper limit on the amplitude of the rotation spec-
trum can be interpreted as a bound on the magnitude of
FR and the magnetic field spectrum. A scale-invariant

FIG. 3: The blue histogram shows the distribution of the
amplitude ACB from null signal simulations. The red vertical
line corresponds to the best fit amplitude that minimizes the
�2 in Eq. (10).

PMF results in a scale-invariant FR spectrum [52]. At
the Polarbear frequency ⌫ = 148 GHz, the measured
95% confidence limit A

CB

< 3.1 translates into a four-
point correlation bound on the strength of an equivalent
PMF: B

1Mpc

< 90 nG, according to the relation B
1Mpc

=
(2.1 ⇥ 102 nG)(⌫/30 GHz)2

p
L(L+ 1)C↵↵

L /2⇡ [43, 44].
Including estimates for known systematic errors, this
limit becomes B

1Mpc

< 93 nG. Our constraint from the
cosmic birefringence power spectrum is roughly fifteen
times lower than the recent 95% confidence level limit
of B

1Mpc

< 1380 nG inferred from constraining the con-
tribution of Faraday rotation to the Planck polarization
power spectra [39].

IV. CONSTRAINTS ON PRIMORDIAL
MAGNETIC FIELDS FROM THE B-MODE

POWER SPECTRUM

The stress energy in the PMF sources vector- and
tensor-mode perturbations in the metric leading to a
frequency independent contribution to the CMB’s B-
mode polarization [23]. This contribution is in addition
to the frequency dependent FR signal discussed earlier.
There are two potentially observable frequency indepen-
dent contributions to the B-mode spectrum from a nearly
scale-invariant PMF [37, 71]. One comes from the pas-
sive, or uncompensated tensor mode, which is generated
by the PMF before neutrino decoupling. As shown with
the dash-dot green line in Fig. 4, the spectrum of this
component is practically indistinguishable from the in-
flationary gravity wave signal. The amplitude of the ten-
sor contribution is proportional to B4

1Mpc

[ln(a⌫/aPMF

)]2,
where a⌫ is the scale factor at neutrino decoupling and
a
PMF

is the scale factor at which PMF was generated.
The passive tensor mode is not constrained by the ex-
isting Polarbear analysis, which only probes l > 500

Anisotropic angle rotation spectrum

• Consistent with zero 
• Limit on equivalent PMF < 93 nG (for scale-invariant 
FR spectrum) at 95% C.L.
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then Faraday rotate them by a PMF) without introduc-
ing significant errors. In this approximation, the power
spectrum of the FR angle can be written as [52]

C↵↵
L =

2

⇡

Z
dk

k
�2

M (k)
h L

2L+ 1
T 2

L�1

(k)

+
L+ 1

2L+ 1
T 2

L+1

(k) � T (1)2

L (k)
i
, (5)

where �2

M (k) ⌘ k3S(k)[3c2⌫�2/(16⇡2e)]2 contains all

the physics relevant to PMF, TL(k) and T (1)

L (k) are trans-
fer functions [52] which are independent of the magnetic
field and only depend on the di↵erential optical depth.
The discussions in this section will be applied to the Fara-
day rotation equivalent of the cosmic birefringence mea-
surement in Sections II and III.

C. Quadratic estimator and previous constraints
on rotation power spectrum

A CMB polarization experiment measures Stokes pa-
rameters Q and U at di↵erent points on the sky.
Anisotropic cosmic birefringence adds a phase factor
e±2i↵(n) to the underlying primordial CMB polarization.
The Stokes parameters transform as:

(Q ± iU)(n) = (Q̃ ± iŨ)(n)e±2i↵(n), (6)

where Q̃ or Ũ denotes the primordial Gaussian CMB po-
larization map, Q and U are the observed Stokes parame-
ters, and ↵(n) is the anisotropic rotation field. The CMB
polarization defined in Eq. (6) is rotation-invariant and
can be decomposed into electric- (E-) and magnetic-like
(B-) modes [1].

Taylor expanding the rotated CMB polarization to
first-order in the rotation angle reveals that the o↵-
diagonal elements of the two-point correlation functions
of E- and B-modes are proportional to the rotation field,
↵(n). Quadratic estimators take advantage of this fea-
ture to measure the anisotropic rotation [46–48, 53]. The
quadratic estimator for CMB polarization is:

↵EB(L) = AEB(L)

Z
d2l

(2⇡)2
E(l)B(l0)

2C̃EE
l cos 2�ll0

CEE
l CBB

l0
,

(7)
where l, l0, and L are coordinates in Fourier space with
L = l+l

0. The angular separation between l and l

0 is �ll0 ,
C̃EE

l is the theoretical primordial power spectrum, CEE
l

and CBB
l are E- and B-mode power spectra that include

experimental noise, and AEB(L) is a normalization fac-
tor to give an unbiased estimate of the rotation power
spectrum [42, 47]. Note that if the rotation is uniform
over the sky, it can be entirely determined by CEB

l and
CEE

l [54].
In this work, we focus on the anisotropic rotation

rather than the uniform rotation discussed in Refs. [14,
54, 55]. The rotation power spectrum C↵↵

L is derived

from a four-point correlation of E and B via [46–48]

h↵EB(L)↵
⇤
EB(L

0)i = (2⇡)2�(L � L

0)(C↵↵
L +N (0)

EB(L)

+ higher-order terms), (8)

with N (0) being the Gaussian contribution to the four-
point function [42, 56].
Previous studies have focused on constraining the uni-

form rotation as well as placing upper limits on degree-
scale rotations [55, 57–59]. Constraints on the anisotropic
cosmic birefringence power spectrum have been derived
from WMAP-7 data using hTBTBi four-point correla-
tions [56]. In Ref. [60], the two-point real-space correla-
tion function was used to probe the anisotropic rotation.
Both of these analyses limit the anisotropic rotation an-
gle on large scales to be less than a few degrees.

III. BOUNDS ON ANISOTROPIC ROTATION
FROM POLARBEAR

A. Data Analysis

The Polarbear telescope is located in the Atacama
Desert in Northern Chile and observes in a band centered
at 148 GHz. This analysis uses data on three regions
selected for their low dust emission, hereafter referred
to as RA4.5, RA12, and RA23 based on their right as-
censions [14]. The total area of the three patches is 25
square degrees, and the patches were observed by the
Polarbear experiment during June 2012 to June 2013.
This data is referred to as the first-season Polarbear

data.
The time ordered data (TOD) from the detectors are

filtered and coadded into maps as described by Ref. [14].
We first flag and remove data a↵ected by spurious instru-
mental or environmental e↵ects. The TOD are bandpass
filtered with the upper band edge set by a low-pass filter
and the lower band edge set by the subtraction of a first-
order polynomial from each constant-elevation, constant-
velocity subscan.
A ground template, fixed in azimuth, is also removed.

Bright radio sources are masked before removing the
ground template and polynomial. Each pixel consists of
two bolometers sensitive to orthogonal polarization; data
from these two bolometers are summed and di↵erenced
to derive temperature and polarization TOD from each
pixel. The TOD are then co-added with inverse variance
weighting into maps according to a weight estimated from
the average power spectral density between 1 and 3 Hz
of the filtered TOD.
We construct an apodization window from the

smoothed inverse variance weight map. Pixels with an
apodization window value below 1% of the peak value
are set to zero, as are pixels within 30 of bright sources
in the Australia Telescope 20 GHz Survey [61]. Q and
U maps are transformed to E and B maps using the

αEB L( )∝ E l( )B "l( )
l
∑ cos2φl "l l l’

L

φRotation angle estimator using EB correlation

4-point correlation
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FIG. 4: A representative B-mode polarization power spec-
trum sourced by a scale-invariant PMF. Shown are the passive
tensor mode (green), the compensated vector mode (orange),
the gravitational lensing contribution (blue) and the combi-
nations of the lensing and vector B modes (red) and all the
three components (magenta). The PMF contribution is based
on B1Mpc = 2.5 nG, n = �2.9, a⌫/aPMF = 109. The data
points are from the Polarbear first-season B-mode power
spectrum. The third point is the 95% upper limit assuming
the band power is positive.

[14]. However, future measurements of CBB
l at l < 100

will probe the tensor contribution, although it will likely
be degenerate with primordial gravitational waves.

The PMF vector modes are more directly relevant to
the current Polarbear data as shown by the dotted
orange line in Fig. 4. The B-mode power spectrum gen-
erated by a scale-invariant PMF peaks around l ⇠ 1700,
with the peak power given by

l(l + 1)CBB
l

2⇡

���
l⇠1700

⇠ 2.5⇥ 10�3

✓
B

1Mpc

nG

◆
4

µK2 . (11)

The vector mode contribution is independent of a
PMF

.
Therefore, the PMF B-mode power spectrum can be

characterized by three parameters: the PMF amplitude
B

1Mpc

, the epoch of PMF generation � = ln (a⌫/aPMF

),
and the PMF spectral index n, where we note that the pa-
rameter � only a↵ects the tensor mode. In what follows,
we use the Polarbear B-mode power spectrum [14] to
derive constraints on B

1Mpc

, marginalizing over the other
parameters.

A. Data Analysis

Our theoretical B-mode model consists of lensing and
the PMF vector B-modes. Polarbear data measured
the B-mode power spectrum at 148 GHz [14]. We use
the published Polarbear B-mode window functions,
band power and band variances to construct the likeli-
hood function. We assume a Gaussian likelihood for the

FIG. 5: Posterior distribution function of amplitude B1Mpc of
primordial magnetic field using Polarbear first-season CBB

l

measurement. The vertical line indicates the 95% confidence
level upper limit at B1Mpc < 3.9 nG. The shaded area is the
variations introduced by both the systematic and multiplica-
tive e↵ects.

Polarbear data and adopt the following priors on the
PMF parameters: 0 < B

1Mpc

< 10 nG, �2.9 < n < �1.5
and 0 < � < 39. A larger prior upper limit on B

1Mpc

is
not necessary because constraints obtained in this anal-
ysis are well below this bound. The upper prior on n
is chosen because for high n, or “bluer” PMF spectra,
most of the PMF energy is concentrated on small scales,
with only negligible power on scales above 1 Mpc that
are of relevance to our data. Thus, extending the range
of n would make no di↵erence for our constraints, unless
we allow for an extremely strong PMF, which is ruled
out. On the other hand, the spectral index has to be
larger than �3 to avoid the divergence of the PMF power
spectrum. We take into account the systematic contami-
nation of the Polarbear B-mode power spectrum con-
sidered in Ref. [14] and investigate how the systematic
uncertainties can potentially a↵ect the PMF constraints.

B. Results

In Fig. 5 we show the marginalized posterior distribu-
tion function (PDF) of the PMF amplitude B

1Mpc

. We
take advantage of the detailed study of systematic uncer-
tainties a↵ecting the B-mode power spectrum in Ref. [14]
to investigate the e↵ects on the PMF constraints. The
PDF without systematics is in blue and the shaded area
indicates the shift of the PDF when all known sources
of systematic error are included. The likelihood function
peaks at B

1Mpc

=0 thus only the upper bound can be
derived. It is determined by integrating the area and the
vertical red line shows the 95% bound of 3.9 nG; system-
atic errors have a negligible impact of ⇠ 5%. We have
examined the posterior distribution of the spectral index

Another PMF Constraint from B-mode power spectrum

• No evidence for PMF B-mode 
• Upper limit on PMF < 3.9 nG (95% CL)

16

• Metric perturbations from PMF could contribute to CMB B-mode. 
• Vector mode contribution is distinguishable with lensing B-mode.

• B-mode power spectrum is 
identical to POLARBEAR’s first 
result 

• Assuming a uniform prior on B.



Next Generation: 
POLARBEAR-2 

and 
Simons Array
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Requirements for Next Gen. CMB Exp.

18

Higher sensitivity

Reduce noise variance 
Current gen. ~1K pixels 

 → >10K pixels

Spectral info

Characterize and 
remove polarized 
foregrounds

Large sky 
coverage

Reduce sample variance 
More accessible sky 
from Atacama than 
from South Pole

Resolution 
<4arcmin

Characterize lensing 
effect and de-lense

Already 
achieved 
with the 
existing 
telescope

80% of sky 
is accessible 

from 
Atacama

Need to develop new instruments



Spectral response 

95 
GHz�

150 
GHz�

POLARBEAR-2: New Generation Receiver

•7,588 bolometers, 6 times more bolometers 
on a larger focal plane 

•Di-chroic detector:  
•95+150GHz for the first receiver

19

365mm diameter

Higher 
sensitivity

Spectral 
info

New Focal Plane Design New Receiver Developed at KEK

Bandpass of di-chroic detector



Receiver Component Developments in progress

Transitioning to integration phase
20

Detector Module
150mm

150mm

Alumina Lens

500mm

Sinuous Antenna 
& TES bolometers

1.5mm

LC card

SQUID card

NbTi cable

Mod/Demod Boards



Simons Array: POLARBEAR-2x3

• Simons Array is a funded upgrade experiment of 
POLARBEAR. 

• Construct two new telescopes and install 
POLARBEAR-2 receivers into three telescopes 

• 3 frequency bands, ~22,000 bolometers in total 21

Simons Array (artists’ conception)
(existing)New telescopes 

(funded)

POLARBEAR-2 x 3POLARBEAR-2A 
95/150 GHz 

(Deployed in 2016)

POLARBEAR-2B 
95/150 GHz 

(Deployed in 2017)

POLARBEAR-2C 
150/220 GHz 

(Deployed in 2017)

Higher sensitivity

Spectral info



New Telescope Production in Progress

Construction in the field 
early next year

22

Reflectors at CosPol - Primaries

8

Mirrors and telescope 
structures fabricated in Italy

Telescope control 
system tested in Texas

primary mirrors

telescope bases



Prospects for Sensitivity

• Three year Simons Array observation (w/ foreground subtraction by 
PLANCK 353GHz and C-BASS 5GHz) 
• Primordial gravitational wave: σ(r=0.1)~6x10-3 
• Sum of neutrino mass: σ(Σmν)=40meV (combined w/ DESI BAO)

23

Sensitivity with 
Simons Array: 
95 GHz: 4.1 μK√s 
150 GHz: 3.4 μK√s 
220 GHz: 11.5 μK√s

B-mode power spectrum and 
expected foreground level



POLARBEAR is a ground-based CMB polarization experiment in 
operation in the Atacama desert in Chile. 
Results from the 1st season observation: 
Published three papers on CMB lensing measurements 
The existence of the lensing B-mode is well-established 
by the results (and results from ACTPol, SPTpol) 

New result on Cosmic Birefringence: No evidence yet 
Future Prospects: 
POLARBEAR will be upgraded to Simons Array with the new 
generation receivers, POLARBEAR-2. 
Simons Array will achieve unprecedented level of sensitivity 
in multiple frequency bands
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Summary
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Thank you!


