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Outline
• CMB, Temperature and B-modes 
• Exotic physics 
• Parameters galore! 
• The POLARBEAR telescope 
• Plan$ for the future 



Temperature

E-modes

B-modes

Images: BICEP2 collaboration

Helmholtz’s Theorem, 
writ large…



Fit by vanilla 6-parameter ΛCDM model

Parameters, Parameters, Parameters!

Enormous precision and accuracy: 
     Flat universe (Ωk < 0.005) 
     Ωbh2 = 0.0226 +/- 0.00023
     Ωch2 = 0.1186   +/- 0.0026 Planck Results I 2015



What about physics constraints - Neutrinos?

Neff = 3.15±0.23
>10σ detection of C \nu B!

Σmν < 0.23eV at 95% c.l.
Can do much better!

- Determine the masses
- Show Neff = 3.046 or point to new physics  

Requires polarization measurements

Neff is the effective number of light relativistic species, for std model Neff = 3.046



Dark Energy

Planck 2015



CMB polarization experiments can reveal:

Evidence for the universe's initial conditions via a detection of the CMB's 
large-scale B-mode polarization pattern, providing constraints on inflationary 
gravitational waves (at E~1016 GeV).

Focus on Fundamental Physics

Further Fundamental Physics:
Neutrino masses 
Helium abundance
Neutrino chemical potentials
Equivalence Principle Tests
Primordial magnetic fields
Exotic physics, such as
cosmic polarization rotation! POLARBEAR                             Video Credit: BBC



What about physics constraints - Inflation?

Inflation checklist:
✓ Flat geometry

✓ Super horizon features
✓ Harmonic peaks

✓ Adiabatic fluctuations
✓ Gaussian random fields

✓ Departure from scale invariance!

 X   Inflationary gravitational waves (tensors)! Requires polarization measurements 
     

Fit by vanilla 
6-parameter 
ΛCDM model



inflationary 
gravity wave  
B modes

10 nK ➝

reionization bump 
exploring if possible  

from the ground, i.e., CLASS
recombination bump
key target of CMB-S4  
for r > 0.001

Foregrounds for 90% of sky

Polarization of the CMB
Incredible 
progress

over last 2 
years!

Incredible progress, but still a long long way to go!

B-modes 
 detected!!

NANOKELVIN 
parts-per-billion 

polarimetry!!



Photo: Rahul Datta & Alessandro Schillaci

Simons 2.5m

Polarbear 2.5m
CLASS 1.5m

ACT 6m

Simons 2.5m

Recent & upcoming Atacama CMB experiments

Site access arranged by MOU with CONICYT



South Pole Telescope

DASI
QUAD

KECK
ARRAY

Recent South Pole CMB experiments

BICEP1 
  BICEP2   
     BICEP3

Photo credit Cynthia Chiang



Joint likelihood of all 
spectra vs. lensing+dust
+sync+r model:

Put priors on the frequency 
spectral indices of dust & sync

Marginalize over 
generous ranges 
in spatial 
spectral indices

Allow dust/sync 
correlation

dust vs. r 
degeneracy 
lifted

BICEP/Keck 150 GHz + Keck Array 2014 95 GHz 
arXiv:1510.09217 [astro-ph.CO]

r < 0.09 (95% CL) 
from polarization 
only; 
Now stronger than 
constraints from 
CMB temperature!

BICEP/Keck first 95 GHz results



Add a Chern-Simons Interaction to E&M

• Violates Lorentz Invariance & parity symmetry in EM. 

• Rotates the polarization plane of photons.

Carroll, Field, Jackiw 1990

CMB & Lorentz Violation 

“Cosmic birefringence”



Crazy? 
(1) Birefringence and Lorentz-violation: http://prd.aps.org/abstract/PRD/v41/i4/p1231_1 
Carroll, Jackiw, & Field

(2) Birefringence, Inflation and Matter-Antimatter asymmetry: http://arxiv.org/pdf/hep-th/0403069.pdf 
Michael Peskin, Sheikh-Jabari, Stephon Alexander 

(3) Chern-Simons Inflation and Baryogenesis http://arxiv.org/pdf/1107.0318.pdf                 
David Spergel, Stephon Alexander 

(4) Birefringence and Dark Energy: http://arxiv.org/pdf/1104.1634.pdf
Marc Kamionkowski 

(5) Birefringence and Dark Matter detection  http://arxiv.org/pdf/astro-ph/0611684v3.pdf  
Susan Gardner

(6) Chern-Simons birefriencence and quantum gravity: http://ccdb5fs.kek.jp/cgi-bin/img/allpdf?
198402145    Edward Witten 

(7) Anomalous CMB polarization and gravitational chirality: http://lanl.arxiv.org/abs/0806.3082 
Contaldi

(8) Kolb & Turner (1990): Bounds on PMF from BBN

(9) Kaufman, Keating, Johnson: Precision Tests of Parity Violation Over Cosmological Distances 
(http://arxiv.org/abs/1409.8242)



- Statistical uncertainty

- Systematic uncertainty

Distant polarized galaxies 
z = 0.5 to 3.5 

CMB TB and/or EB 
z ~ 1100

Kaufman, Keating, Johnson 2014



Magnetic Motivation
• Magnetic fields detected in >100 galaxies & clusters.

• Upper and Lower limits exist on primordial magnetic fields (PMF). 

• U.L. are10-100x below galactic & cluster fields

• Magnetic fields are amplified, or created, in structure formation.

• No detections of purely cosmological fields (i.e., not bound struct.)

• BBN:  t ≃ 1 s,  T ≃ 1 MeV, energy density of the Universe is 1025 erg 
cm−3 comparable to the energy density in a 1013 G magnetic field.  
The PMF must be lower to not spoil BBN predictions.

• This implies PMF: B < 10−6 G. (Kolb & Turner astro-ph/0207240)

Pogosian (2009)
 Yadav, Shimon, & Keating (2012)



Cosmic Magnetic Fields

o Seen in galaxies and clusters 

Image courtesy of NRAO/AUI

o Generated in the early universe:        
o Inflationary mechanism? 
o Phase transitions?  

A distinct CMB 
signature would prove 
their primordial origin

o Origin unknown 
• astrophysical? 
• primordial?

o Not “if”, but “how much?”



http://www.arcetri.astro.it/cpr/

Publications vs. Year K. Lund (UCSD)



CMB & CPT

Xia claimed BICEP1 (w/ others)
had a 3 sigma detection of CPT 

violating 
polarization rotation!

Physics 
Letters B, 
Vol. 687, 
Issue 2-3,     
p.129-132.
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Probing CPT Violation with CMB Polarization Measurements

Jun-Qing Xia1, Hong Li2,3, and Xinmin Zhang2,3
1Scuola Internazionale Superiore di Studi Avanzati, Via Beirut 2-4, I-34014 Trieste, Italy

2Institute of High Energy Physics, Chinese Academy of Science,
P. O. Box 918-4, Beijing 100049, P. R. China and

3Theoretical Physics Center for Science Facilities (TPCSF), Chinese Academy of Science, P. R. China

The electrodynamics modified by the Chern-Simons term Lcs ∼ pµAνF̃
µν with a non-vanishing

pµ violates the Charge-Parity-Time Reversal symmetry (CPT) and rotates the linear polarizations
of the propagating Cosmic Microwave Background (CMB) photons. In this paper we measure the
rotation angle ∆α by performing a global analysis on the current CMB polarization measurements
from the seven-year Wilkinson Microwave Anisotropy Probe (WMAP7), BOOMERanG 2003 (B03),
BICEP and QUaD using a Markov Chain Monte Carlo method. Neglecting the systematic errors of
these experiments, we find that the results from WMAP7, B03 and BICEP all are consistent and
their combination gives ∆α = −2.33 ± 0.72 deg (68% C.L.), indicating a 3σ detection of the CPT
violation. The QUaD data alone gives∆α = 0.59±0.42 deg (68% C.L.) which has an opposite sign for
the central value and smaller error bar compared to that obtained from WMAP7, B03 and BICEP.
When combining all the polarization data together, we find ∆α = −0.04 ± 0.35 deg (68% C.L.)
which significantly improves the previous constraint on ∆α and test the validity of the fundamental
CPT symmetry at a higher level.

PACS numbers: 98.80.Es, 11.30.Cp, 11.30.Er

Introduction – The accumulating high precision obser-
vational data of the CMB temperature and polarization
spectra are not only crucial to determine the cosmolog-
ical parameters [1], but also make it possible to search
for new physics beyond the standard model of particle
physics. One striking example along this line is the test
of the CPT symmetry. As a fundamental requirement of
particle physics, the CPT symmetry has been proved to
be exact and well tested by various laboratory experi-
ments. However, the validity of this symmetry needs to
be reevaluated in the context of cosmology. And in fact,
there have been some theoretical studies indicating the
possible break-down of the CPT symmetry at some level,
and interestingly, the cosmological measurements of the
CMB polarization facilitate the direct detection of the
CPT violating signal [2, 3].

To begin with, consider an effective Lagrangian of elec-
trodynamics including a Chern-Simons term [4] Lcs ∼
pµAν F̃µν , where pµ is an external vector, and F̃µν =
(1/2)ϵµνρσFρσ denotes the dual of the electromagnetic
tensor. Note that this model violates the Lorentz and
CPT symmetries if pµ is non-vanishing. Also, this effec-
tive Lagrangian is not generally gauge invariant, but its
action is invariant if ∂νpµ = ∂µpν . This equality holds in
some cases, for example, pµ is a constant in spacetime or
the gradient of a scalar field in the quintessential baryo-
/leptogenesis [5]; or the gradient of a function of the Ricci
scalar in the gravitational baryo-/leptogenesis [6].

This CPT violating interaction yields a rotation, quan-
tified by ∆α, of the polarization vector of the electro-
magnetic waves traveling over a distance on the cosmo-
logical scale, and this mechanism is dubbed the Cosmo-
logical Birefringence (CB) [4]. The rotation angle ∆α is
given in term of pµ by ∆α ∼

∫
pµdxµ [2], and it has

imprints on the CMB polarization data, namely, all the
CMB two-point functions, except for the temperature-
temperature auto correlation (TT), will be altered, and
most importantly, the cosmological birefringence can in-
duce non-zero TB and EB spectra, which is vanishing in
the standard cosmological model. Denoting the rotated
quantity with a prime, one has the following relations
[7, 8]:

C
′
TB
ℓ = CTE

ℓ sin(2∆α) ,

C
′
EB
ℓ =

1

2
(CEE

ℓ − CBB
ℓ ) sin(4∆α) ,

C
′
TE
ℓ = CTE

ℓ cos(2∆α) ,

C
′
EE
ℓ = CEE

ℓ cos2(2∆α) + CBB
ℓ sin2(2∆α) ,

C
′
BB
ℓ = CBB

ℓ cos2(2∆α) + CEE
ℓ sin2(2∆α) . (1)

Given the CMB polarization data and Eq.(1), one can
constrain the rotation angle to test the CPT symmetry.
In this work, we report the latest result on the

measurement of the rotation angle using the most
up-to-date CMB polarization data including WMAP7,
BOOMERanG 2003, BICEP and QUaD.
CMB Polarization Measurements – In our previous

analysis [9], we measured the rotation angle using the po-
larization data fromWMAP7 [10] and the BOOMERanG
dated January 2003 Antarctic flight [11]. The WMAP5
polarization data are composed of TE/TB/EE/BB/EB
power spectra on large scales (2 ≤ ℓ ≤ 23) and TE/TB
power spectra on small scales (24 ≤ ℓ ≤ 800), while
the B03 experiment measures the small-scale polariza-
tion power spectra in the range of 150 ≤ ℓ ≤ 1000.
Recently, the Background Imaging of Cosmic Extra-

galactic Polarization (BICEP) [12] and QU Extragalac-
tic Survey Telescope at DASI (QUaD) [13] collaborations

3

atic errors from different polarization measurements, in
our calculations we do not include the systematic errors
of the CMB measurements [12, 14, 19].
As shown, the previously published constraints on the

rotation angle, including the most stringent constraints
∆α = −2.6 ± 1.9 deg (1 σ) from WMAP5+B03 pre-
sented in Ref.[9], are all consistent with ∆α = 0 at
95% confidence level. However, in this work we find
that the BICEP data alone give almost the same cen-
tral value as that from WMAP5+B03, but tighten the
constraints by roughly a factor of two, giving ∆α =
−2.60 ± 1.02 deg (68% C.L.). This means that BICEP
alone favors a non-zero ∆α at about 2.4 σ confidence
level. Further, when WMAP7 and B03 data are added to
the BICEP sample, the constraints get tightened again
while the central value remains. In this case,

∆α = −2.33± 0.72 deg (68% C.L.) . (2)

This result gives a more than 3 σ detection of a non-
vanishing rotation angle. Note that we do not include the
systematic errors of CMB measurements in our analysis,
since it is not very clear how to combine those systematic
errors together in a global analysis.
Compared with WMAP7 and B03 data, BICEP data

have smaller error bars, making it dominant in the joint
analysis. Therefore, our result is largely due to the BI-
CEP TB and EB polarization data. As an illustration, we
plot a curve predicted by a ∆α = −2.62 deg model with
the data points in Fig.1. Apparently, the bump struc-
ture in BICEP TB data (ℓ < 400) is perfectly fitted by
the curve, and another excellent fit can be found in the
EB panel. In Fig.3, we show the constraints on the ro-
tation angle ∆α from BICEP polarization data. We can
see that the tight constraint on ∆α mainly comes from
the TB and EB power spectra of BICEP data, and TB
and EB data give consistent limits on the rotation angle.
Note, however, the sources of the CMB polarization,

especially for the B-mode, are not unique. For example,
the B-mode can be generated by the cosmological bire-
fringence as mentioned above; it might be converted from
E-mode by cosmic shear [17]; it could be the signature
of the gravitational waves; or it can even be produced by
the instrumental systematics [22]. Therefore, one should
bear in mind that the rotation angle might be degenerate
with other cosmological parameters or nuisance parame-
ters when fitted to the polarization data. As an example,
we illustrate this degeneracy on the CMB BB power spec-
tra in Fig.4. As shown, the three curves stand for three
different mechanisms producing the BB power spectra.
Interestingly, we find that the cosmological birefringence
degenerate with tensor mode perturbations and with the
gravitational lensing on large scales and on small scales,
respectively. Therefore, in order to distinguish these ef-
fects and obtain the clean information of the primordial
tensor B-mode, the rotation angle has to be constrained,

FIG. 3: The one-dimensional posterior distributions of the
rotation angle derived from the BICEP polarization data.

FIG. 4: The theoretical predictions of the BB power spectra
from three different sources: primordial tensor B-mode with
r = 0.01 (black solid line); lensing-induced (red dashed line)
and rotation-induced (blue dash-dot line). The cosmological
parameters used here are Ωbh

2 = 0.022, Ωch
2 = 0.12, τ =

0.084, ns = 1, As = 2.3× 10−9, and h = 0.70.

and the measurements of TB and EB power spectra are
really necessary.
The QUaD data, shown in Fig.1, seem to have good

quality, thus it is interesting to re-do the analysis on
the rotation angle using this data set. We use the dif-
ferent combinations of the two-point functions measured
by QUaD and obtain the result shown in Fig.5. We start
with the TE and EE data, and the constraint on ∆α
is found to be ∆α = 0.01 ± 3.89 deg (68% C.L.). This
constraint is very weak and the one-dimensional distri-
bution is almost symmetric around ∆α = 0, which is
as expected – the rotated TE and EE spectra are re-



So how to make the 
definitive measurement?

1. Build the lowest possible systematic telescope! 

2. Modulate the polarization signal: fast and far away! 

3. Calibrate in as many ways as possible. 

4. Observe the cleanest possible regions of sky. 

5. Analyze your data in least biased way possible. Check 
for biases via “null tests”.



Comparison of CMB Sites: Modulation & Foregrounds

Requirements for Surveys: 
(1) Low foreground regions for Inflation and Lensing 
(2) Overlap with optical surveys to maximize impact of LSS measurements for neutrinos, dark 
energy, dark matter, and astrophysics.

Foreground + optical survey coverage map

Steps 2 & 4

M. Devlin



Requirements for Surveys: 
(1) Low foreground regions for Inflation and Lensing 
(2) Overlap with optical surveys to maximize impact of LSS measurements for neutrinos, dark 
energy, dark matter, and astrophysics.

Foreground + optical survey coverage map

Comparison of CMB Sites: Modulation & Foregrounds
Steps 2 & 4

M. Devlin



Cosmology Beyond the Power SpectrumCosmology Beyond the Power Spectrum

The POLARBEAR 
Experiment

ALMA



Name TalkName Talk

Instrument design

Focal 
plane

1274 bolometers @ 150 GHz
Cooled to 25 mK

Hex Module

6mm lenslet

8cm

POLARBEAR-I receiver

Primary: 3.5m

Huan Tran Telescope

Antenna Microstrip Filter

TES bolometer

1 mm



Name TalkName Talk

POLARBEAR evidence for B-modes…4.3\sigma from CMB alone

• 2-point correlation:  
CMB BB power spectrum                 
(ApJ October 2014)                                        
arXiv:1403.2369

• 3-point correlation:  
CMB cross correlation with biased 
tracers of dark matter halos 
(PRL vol. 112, “Editors’ Suggestion)       
arXiv:1312.6646

• 4-point correlation: polarized 
lensing reconstruction              
(PRL vol. 113, “Editors’ Suggestion)                 
arXiv:1312.6645        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POLARBEAR Constraints on Cosmic Birefringence and Primordial 
Magnetic Fields 
Polarbear Collaboration, Peter A.R. Ade, 
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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 different patches and the legend
indicates a specific combination. The data show no evidence
for systematic contamination.
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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.

ary fluctuations of a massless pseudoscalar [45]. For a
scale-invariant rotation field, L(L + 1)CL/2π ≈ const.
We define a dimensionless amplitude parameter ACB

as a factor relating an arbitrary scale-invariant spec-
trum to a reference spectrum, Cref

L , for which L(L +
1)Cref

L /2π = 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

χ2(ACB) =
∑

bb′

(Ĉobs
b −ACBC

ref
b )M−1

bb′ (Ĉ
obs
b′ −ACBC

ref
b′ )

(10)
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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
χ2 in Eq. (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 Mbb′ 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
PMF results in a scale-invariant FR spectrum [52]. At
the Polarbear frequency ν = 148 GHz, the measured
95% confidence limit ACB < 3.1 translates into a four-
point correlation bound on the strength of an equivalent
PMF: B1Mpc < 90 nG, according to the relation B1Mpc =
(2.1 × 102 nG)(ν/30 GHz)2

√
L(L+ 1)Cαα

L /2π [43, 44].
Including estimates for known systematic errors, this
limit becomes B1Mpc < 93 nG. Our constraint from the
cosmic birefringence power spectrum is roughly fifteen
times lower than the recent 95% confidence level limit
of B1Mpc < 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

New PRD “Editors’ Suggestion”  arXiv 1509.02461
Draft version on 2015/08/28
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Calibrating Polarization Orientation

Image: NASA



Polarization Orientation Calibration Error

E           B

α miscalibrated by 45o

Polarization Detectors



But, can use to “self-calibrate” polarization angle better 
than with any calibrator (Keating, Shimon & Yadav (2012)

Therefore systematics that are low enough for B-modes are 
not necessarily sufficient to measure EB & TB

Birefringence & Systematics
Leakage of temperature to polarization causes:

Note: foregrounds less of a problem:   http://arxiv.org/abs/1512.06834





 Polarization Map: Calibrate

!Cross-check with other experiments (WMAP, 
QUIET, IRAM, PLANCK) 

!Measure TauA every 36 hour obs. cycle  
!Used TauA as calibrator for self-consistency; 

used EB self-calibration for final results

TauA (Crab nebula)
Temperature Stokes Q Stokes U



- Statistical uncertainty

- Systematic uncertainty

Distant polarized galaxies 
z = 0.5 to 3.5 

CMB TB and/or EB 
z ~ 1100

Kaufman, Keating, Johnson 2014



• Operates in the primary CMB bands  
(47, 80, 140, 249, 309 GHz) 

• Commercial microwave components 
• Pure polarized signal 
• CubeSat platform in Polar low Earth 

orbit, visible from every observatory 
• Star pointing cameras provide 0.05o 

polarization angle precision 
• Use with current and future   

telescopes like Simons Array

Payload

CubeSat

Control system

CalSat: Invited for NSF MSIP



Today’s Challenge: Foregrounds

Broad frequency coverage and resolution are 
required to detect and remove foregrounds

BICEP2  
March 2014

BICEP2 
After foreground  
Removal from Planck

L. Page



SPT-3G focal plane 
- 16,260 bolometers 
- Multi-chroic pixels      

(95, 150, 220 GHz)

430 mm

Fabricated at Argonne National Lab (ANL)

Broad-band Polarization 
Sensitive Antennas

SPT-3G and Simons Array: Dust Buster Detectors

3 mm

Sinuous detectors: multiple bands in 
one spatial pixel.

DOE Labs (ANL, FNAL, LBNL, SLAC) 
building up fabrication capabilities & 
infrastructure. 



Stage IV CMB experiment: CMB-S4

• Build on CMB stage II & III projects: inflation, 
neutrino properties and dark energy. 

• Multiagency effort (US Department of Energy 
(DOE) and National Science Foundation 
(NSF)). 

• Including existing NSF-funded CMB groups, 
DOE National Labs & the High Energy Physics 

• International partnerships expected.

Recommended  
by the DOE Particle 
Physics Project 
Prioritization Panel (P5) 
report for funding under 
all budget scenarios. 
Also, by the National 
Resource Council’s 
Antarctic Reports



CMB-S4 achieves critical thresholds in r, Neff and Σmν

Community coming together to define the science goals 
Next workshop March 7-8, 2016 at Berkeley LBNL

  Einf < 1016 GeV



Take away
• Decade of the B-mode has begun! 

• Fascinating physics beyond “just” the B-modes.

• Can’t combine experiments…they are highly 
correlated.

• No standard polarized candle…must make our own!

• Foregrounds for other physics may be less 
important than for gravitational waves.

• Exciting era of “big science” with CMB-S4!



Thank you!


