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POLARBEAR
• Atacama	  Plateau,	  high	  &	  dry	  
- Elevation:	  5200	  m	  

• 3.5	  m	  telescope	  
- 3’.5	  FWHM	  beam	  at	  150	  GHz	  
- Sufficient	  to	  resolve	  lensing	  

signal	  
• 1274	  polarization-‐sensitive	  
TES	  bolometers	  
- Coupled	  using	  dipole	  

antennas	  and	  lenslets

100	  mm





POLARBEAR Science Goals

Measure B-modes in CMB polarization to learn 
about inflation, the sum of the neutrino masses, …
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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)



• ABB = 1.12 ± 0.61 (stat) +0.04/-0.10 
(sys) ± 0.07 (mult)
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Fig. 12.— Binned CBB
` spectrum measured using data from all three patches (⇠ 30 deg2). A theoretical wmap-9 ⇤CDM high-resolution

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

including beam covariance.

TABLE 8
Reported Polarbear band powers and the diagonal

elements of their covariance matrix

Central ` ` (`+ 1)CBB
` /2⇡ [µK2] �{` (`+ 1)CBB

` /2⇡} [µK2]
700 0.093 0.056

1100 0.149 0.117
1500 �0.317 0.236
1900 0.487 0.482

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

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

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

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

The measurement rejects the hypothesis of no C

BB
`

from lensing with a confidence of 97.5%. This is calcu-
lated using the bias-subtracted band powers described
above (the most conservative values to use for rejecting
this null hypothesis), and integrating the likelihood of
ABB> 0.

9. SUMMARY & DISCUSSION

We have reported a measurement of the CMB’s B-
mode angular power spectrum, C

BB
` , over the multipole

range 500 < ` < 2100. This measurement is enabled by
the unprecedented combination of high angular resolu-
tion (3.50) and low noise that characterizes the Polar-
bear CMB polarization observations.

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

Direct Spectrum Measurement 
POLARBEAR collaboration arXiv:1403.2369 



Faraday Rotation
• A primordial magnetic field would 

Faraday rotate CMB photons

– Hypothesized to explain observed galactic 

magnetic fields.

– Rotates polarized E- into B-modes; thus 

correlating them

• Cosmic birefringence leads to similar 

observational effect

– due to eg a coupling between photons and 

a pseudo-scalar field

• Pathway to test for exotic physics!



Faraday Rotation / 

Cosmic Birefringence

• Two detection paths

1. B-mode power spectrum. 

2. 4-point correlation to pull out non-

Gaussian signature (similar to lensing)

• We’re assuming a rotation that is not 

uniform across the sky



Primordial Magnetic fields

from the BB spectrum6

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.

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).

1)Cref

L /2⇡ = 10�4 rad2 (0.33 deg2). In the WMAP anal-
ysis [56], a scale-invariant power spectrum with an am-
plitude 6 ⇥ 10�3 rad2 (21 deg2) is adopted. The best
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-
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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.

trum can be interpreted as a bound on the magnitude of
FR and the magnetic field spectrum. A scale-invariant
PMF results in a scale-invariant FR spectrum [51]. 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⇡ [42, 43].
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 [38].

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 [36, 70]. One comes from the pas-
sive, or uncompensated tensor mode, which is generated

Take the B-mode power 
spectrum from PB 
collaboration, et al. 2014.


Fit to a combination of B-
modes from gravitational 
lensing and PMFs. 


 Set upper limit on PMF 
contribution



Limits from the B-mode 
spectrum

• B < 3.9 nG at 
95% CL.


• Assuming 
uniform prior 
on B (result is 
prior 
dependent)
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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
[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. And the parameter �
only a↵ects the tensor mode. In what follows, we use the
Polarbear B-mode power spectrum [14] to derive con-
straints on B

1Mpc

with other parameters marginalized.

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
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 extremely strong PMF, which are ruled out. On
the other side, the spectral index has to be larger than
�3 to avoid the divergence of the PMF power spectrum.
We take into account the systematic contaminations of
the Polarbear B-mode power spectrum considered in
Ref. [14] and investigate how the systematic uncertainties
can potentially a↵ect the PMF constraints.
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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.

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 upper bound is
determined by integrating the area and the vertical red
line shows the 95% bound of 3.9 nG; systematic errors
have a negligible impact of ⇠ 5%. We have examined the
posterior distribution of the spectral index n, and find as
expected that the Polarbear data do not constrain the
spectral index. The PMF amplitude constraint from the
first-season Polarbear B-mode power spectrum alone
is comparable to the Planck 2015 limit of B

1Mpc

< 4.4 nG
at 95% confidence level, where the Planck results include
both temperature and polarization information [38].

We have assumed a flat prior on B
1Mpc

for the con-
straint in Fig. 5, following the usual convention in the
literature. Note however that, as expected with a limit,
the prior choice has a substantial e↵ect on the resulting
posterior and inferred limits. We also investigate two
other priors: uniform on B4

1Mpc

and log
10

[B
1Mpc

/nG].
B4

1Mpc

is the space of the observational constraint. The
95% CL upper limit for this case shifts to 4.5 nG. We also
considered the Je↵reys prior, log

10

[B
1Mpc

/nG], which is
frequently used for parameters whose magnitude is un-
known; however the lack of a reliable lower bound causes
a divergence. A similar conclusion is reached by Ref. [71].
Alternatively, we examine what value of B

1Mpc

increases

PB collab et al.

arXiv:1509.02461

vs Planck XIX 2015: < 4.4 nG



Rotation angle spectrum
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field and only depend on the di↵erential optical depth.
The discussions in this section will be applied to the Fara-
day rotation equivalence of the cosmic birefringence mea-
surement.

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 of 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 [52].

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 [45–47, 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 [41, 46]. 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 [45–47]

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 [41, 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 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 re-
moving the ground template and polynomial. Each pixel
consists of two bolometers sensitive to orthogonal polar-
ization; 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 esti-
mated from the average power spectral density between 1
and 3 Hz of the filtered TOD. We construct an apodiza-
tion 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 Sur-
vey [61]. Q and U maps are transformed to E and B
maps using the pure-B transform [62]. The instrument
polarization angle is calibrated using the patch-combined
CEB

l power spectrum [14, 54].
We reconstruct the rotation field by applying the es-

timator in Eq. (7) to the co-added Polarbear maps
for l, l0 2 {500, 2700}. The reconstructed rotation power
spectrum is calculated as follows:

C↵↵
L = (h↵(L)↵⇤(L)i � N (0)

L )/TL, (9)

with both the Gaussian bias N (0)

L and the transfer
function TL calculated using simulations. The mean
estimated rotation is subtracted from the reconstruc-
tions and the realization-dependent Gaussian bias is sub-
tracted for the final results [63, 64].
We create simulated map realizations of the theoretical

spectra calculated by CAMB [65]. For the simulated ro-
tation maps, we assume a scale-invariant power spectrum

Estimator:
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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.

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).

1)Cref

L /2⇡ = 10�4 rad2 (0.33 deg2). In the WMAP anal-
ysis [56], a scale-invariant power spectrum with an am-
plitude 6 ⇥ 10�3 rad2 (21 deg2) is adopted. The best
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-

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.

trum can be interpreted as a bound on the magnitude of
FR and the magnetic field spectrum. A scale-invariant
PMF results in a scale-invariant FR spectrum [51]. 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⇡ [42, 43].
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 [38].

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 [36, 70]. One comes from the pas-
sive, or uncompensated tensor mode, which is generated

PB collab et al.

arXiv:1509.02461



Consistent with zero
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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.
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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).

1)Cref

L /2⇡ = 10�4 rad2 (0.33 deg2). In the WMAP anal-
ysis [56], a scale-invariant power spectrum with an am-
plitude 6 ⇥ 10�3 rad2 (21 deg2) is adopted. The best
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-

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.

trum can be interpreted as a bound on the magnitude of
FR and the magnetic field spectrum. A scale-invariant
PMF results in a scale-invariant FR spectrum [51]. 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⇡ [42, 43].
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 [38].

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 [36, 70]. One comes from the pas-
sive, or uncompensated tensor mode, which is generated

Distribution of 0-
signal simulations.


No evidence for 
non-zero rotations


Equivalent 95% 
CL upper limit of 
<93 nG on the 
primordial 
magnetic field

PB collab et al.

arXiv:1509.02461

vs Planck XIX 2015: < 1380 nG



Take away message

• No evidence for primordial magnetic 
fields or cosmic birefringence (yet)


• Limits will continue to improve with 
better B-mode data



2001: ACBAR
16 detectors

2007: SPT
960 detectors 2012: PB

1500 detectors
2012: SPTpol

~1600 detectors 2017: Simons Array:
22,764 detectors 
2017: SPT-3G

~15,200 detectors
>2020: CMB-S4

100,000+ detectors

Detector sensitivity has been limited by 
photon “shot” noise for last ~15 years; 
further improvements are made only by 
making more detectors!

Pol

Pol

Pol

Stage-2

Stage-3

Stage-4

What’s Next? Go big!
credit: B. Benson



Array of 3 m telescopes:  22,764 
detectors at 100-220 GHz

• Survey of high redshift structure
• Study inflation, neutrino mass, 
primordial magnetic fields, ...

To 80% of the sky
Simons Array


Chile - 2017



Simons Array

SPT3G&
Three new telescopes and receivers 

New, dichroic pixels allow more detectors 
to fit on the focal plane. 


2016: POLARBEAR-2

• New telescope and receiver

• 7588 detectors (90/150 GHz)


2017: Install 2 more PB2’s to 
complete the Simons Array

• 22,764 detectors

• 50% 150 GHz; 33% 90 GHz; 

16% 220 GHz




Simons Array forecasts
Simons Array at 90, 150, 
& 220 GHz 
plus 
Planck and C-Bass

with DESI BAO

Substantial improvements over current data!  e.g.,
      r < 0.09 Planck 2015 XIII
   Σmν < 0.15 eV Palanque-Delabrouille et al 2015

no fg subtraction:

no fg subtraction:

Inflation:

Neutrinos:



In conclusion

• First detections of “B-modes” in CMB polarization 
– New window into inflation and structure growth at z~2 
– Can be used to look for Faraday rotation/cosmic 

birefringence — no evidence for either yet 

• First receiver of the Simons Array will be installed in 
next 6 months, with the full array operational in 2017. 
• ~23k detectors at 90, 150, 220 GHz 
• Giant leap in mapping speed and ability to control 

foregrounds 
                      


