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Abstract: The Background Imager of Cosmic Extragalactic Polarization (BICEP) experiment is the first polarimeter developed to measure the
inflationary B-mode polarization of the CMB. During three seasons of observing at the South Pole, Antarctica beginning in 2006, BICEP mapped
2% of the sky chosen to be clean of polarized foreground emission, with sub-degree resolution. In this colloquium I will present initial results
derived from a subset of the data acquired during the first two years of data and discuss the unique design features of BICEP which led to the first
meaningful limits on the tensor-to-scalar ratio to come from B-mode polarization. Recently, Xia, Li &amp; Zhang (2009) have claimed a detection
of parity-violating & quot;cosmic birefringence& quot; effects using publicly available BICEP data. | will discuss polarimetric fidelity in the light of
systematic errors and how such effects are particularly pernicious for probes of cosmic parity violation. | will conclude with a discussion
demonstrating how BICEP, and its successor & quot;BICEP2& quot; will inform future measurements of the inflationary gravitational wave
background and cosmic birefringence.
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» Brief Introduction to theory
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» Brief Introduction to theory

* Details of the Instrument

M.




Outline

» Brief Introduction to theory

* Details of the Instrument

» Expected results
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Inflation: Quantum Fluctuations in Space Time
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Inflation: Quantum Fluctuations in Space Time







Cartoon Guide

inflaton fluctuations 0@

curvature perturbations
on uniform density hypersurfaces

density perturbations dp

|

CMB anisotropies AT
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Tensors

Besides scalar fluctuations inflation produces tensor

fluctuations: =5 =3
ds® = dt* — a®(t)(1 + hu,)4::3:.'3‘111;1:J

grawtatlonal waves

A= W (227\ massless.1 gravitons

de Sitter fluctuations of any light field

robust prediction of inflation!




Tensors

The tensor-to-scalar ratio
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is model-dependent because scalars are!

In contrast,

AZ x H?

e.g. slow-roll inflation
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Observational Evidence

Scalar Fluctuations

Inflation predicts WMAP sees

iati 0.014
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Tensors

The tensor-to-scalar ratio

Il
—
I

)

is model-dependent because scalars are!

In contrast,

The prediction for tensors is simple

and the same in all models!

scale-dependence e.g. slow-roll inflation
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Observational Evidence

Scalar Fluctuations

Inflation predicts WMAP sees
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Tensors

The tensor-to-scalar ratio
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is model-dependent because scalars are!

In contrast,

The prediction for tensors is simple

and the same in all models!

scale-dependence e.g. slow-roll inflation
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Tensors

Besides scalar fluctuations inflation produces tensor

fluctuations: —
ds® = dt* — a’(t)(1 + hu)¢::E.:}:‘"d;17J

grawtatlonal waves

8 H massless itons
2 Er— grav
e M, (2 .)\ |

de Sitter fluctuations of any light field

robust prediction of inflation!
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inflaton fluctuations 0@

curvature perturbations
on uniform density hypersurfaces

density perturbations dp
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Tensors

Besides scalar fluctuations inflation produces tensor

fluctuations: ==
ds® = dt* — a*(t)(1 + h”)d:r"d;rj

grawtatlonal waves

O

de Sitter fluctuations of any light field

robust prediction of inflation!
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Tensors

The tensor-to-scalar ratio

is model-dependent because scalars are!

In contrast,

The prediction for tensors is simple A2 )2E:
- ' t Cx
and the same in all models!

scale-dependence e.g. slow-roll inflation
Pirsa: 09090006 2 Ng — ]- e = Page-23/203
AS:ASkS n; — 1 =2n —6e




Observational Evidence

Scalar Fluctuations

Inflation predicts WMAP sees
ent-level deviations L +0.014
== = ns = 0.9637¢ 015
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2.50 away from ns = 1
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* Inflation has successfully explained current
observations.

i.e. flatness and homogeneity of the universe and

a primordial spectrum of nearly scale-invariant,

Gaussian and adiabatic scalar fluctuations.

(Thought we knew the universe was homogeneous and had small density
fluctuations since Zeldovich)
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* Inflation has successfully explained current
observations.

i.e. flatness and homogeneity of the universe and

a primordial spectrum of nearly scale-invariant,

Gaussian and adiabatic scalar fluctuations.

(Thought we knew the universe was homogeneous and had small density
fluctuations since Zeldovich)

Energy Scale of Inflation

Tensors measure the energy scale of inflation

1/4
- — y1/48 _ 1016 -
LE“‘f = e (n.[n) ]

Single most important data point about inflation!
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Last Scattering Surfaces

We can only see
the surface of the
cloud where light
13.7 Billion Years was last scattered
after the Big Bang
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Somewhere, beyond the C...MB

GWB Energy Density ~ a* — 10'2 times higher at Last Scattering than today

Protons/electrons combine
400,000 yrs
“Last Scattering”

Inflation
GUT Epoch?
~103¥ s

- o=

-
-
B
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z=e® 2=1000 2nd



Somewhere, beyond the C...MB

GWB Energy Density ~ a* — 10'2 times higher at Last Scattering than today

= ‘Today
3
)
Protons/electrons combines
400,000 yrs
“Last Scattering”
Inflation R
GUT Epoch?
-

Photosphere, like a ‘film’ on which GWB is ‘exposed’.

z=e® 2=1000 2=0




Somewhere, beyond the C...MB
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Somewhere, beyond the C...MB

GWB Energy Density ~ a* — 10'2 times higher at Last Scattering than today

. ' Today
3 |

)

400,000 yrs
“Last Scattering”

Inflation
GUT Epoch?
~-10¥ s

Cosmic Microwave Backgroun
Photosphere, like a ‘film’ on which GWB is ‘exposed’.

z=1000 z=0
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Gravitational Waves are Analogous to
Electromagnetic VWaves

EM Waves arise from the periodic Gravitational Waves arise from the
motion of charges periodic motion of ST.

I

redicted by Maxwell in 1873. Predicted by Einstein in 1915

EM waves would also be produced if the charges were
irsa: 09090006 -ﬂaﬁmw and space ﬁme -moved- Wmically. 14 Page 38/203
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Gravitational Waves are Analogous to
Electromagnetic VWaves

EM Waves arise from the periodic Gravitational Waves arise from the
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How a blackbody becomes polarized
(Thomson scattering)

Plane of Polarization

unpolarnzed

&
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How a blackbody becomes polarized
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How a blackbody becomes polarized
(Thomson scattering)
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How a blackbody becomes polarized
(Thomson scattering)

Plane of Polarization
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Polarization from Thomson Scattering

[homson

> . Scattering
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How a blackbody becomes polarized
(Thomson scattering)
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Polarization from Thomson Scattering
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Polarization from Thomson Scattering
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Why is the CMB polarized?

ravitational Potential (Perturbation)

Tightly coupled regime: photons and matter flow as one fluid
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Why is the CMB polarized?
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Why is the CMB polarized?

_Hot (blue-shift)
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How is the CMB polarized by GW?

e ': Head-on view

—
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How is the CMB polarized by GW?
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How is the CMB polarized by GW?
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Polarization from a Single GW

First studied by Alexander Polnarey, 1985
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= Maps of Q and
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Polarization from a Single GW

First studied by Alexander Polnarey, 1985




Polarization from a Single GW

First studied by Alexander Polnarey, | 985

Separated at birth?!
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Polarization from a Single GW

First studied by Alexander Polnarey, 1985




= Maps of Q and

U can be

decomposed

into coordinate-

independent

patterns

their rotational
invaricance
upon rotation
of the local
coordinate
analogous to
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Div, Grad, Curl and All That

Simulated
BICEP CMB

scales
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Div, Grad, Curl and All That

Simulated
BICEP CMB
Map
GWB:> |°
scales

With 30 nK Gravitational Waves!



irsa: 09090006

It's clearly impossible to “see” curl effects in map
space, so we resolve map into E/B

Superimposing Many Fourier Modes:

Pure E Pure B

y Page 88/203
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BICEP!

Jamie Bock* Andrew Lange™
Darren Dowell Cynthia Chiang
Hien Nguyen John Kovac
Eric Hivon Bill Jones

Denis Barkats Chao-Lin Kuo
Tomotake Matsumura

Ki Won Yoon
JPL / IPAC / Caltech

Brian Keating”
Evan Bierman
U.C. San Diego

Peter Ade
U. Cardiff

Bill Holzapfel®
Yuki Takahashi

U.C. Berkeley

Lionel Duband
CEA. Grenoble
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3ackground Imaging of Cosmic Extragalactic Polarization

Caltech / JPL

UC Berkeley UC San Diego U Chicago

-~ - IAP, Paris IAS, Orsay CEA Grenoble

s




Bolometers

Psigm.l (Optical)
» Temperature dependent
resistor

» Most sensitive detectors
in frequency range 60 —
1000 GHz

(A =omm — 300 um)
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3ackground Imaging of Cosmic Extragalactic Polarization

Caltech / JPL

UC Berkeley UC San Diego U Chicago

Frnceton [ Siiora B st [ Cori

- - IAP, Paris IAS, Orsay CEA Grenoble
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Bolometers

Pﬂg,.m (Optical)
» Temperature dependent
resistor

* Most sensitive detec
In frequency range 60 —
1000 GHz

(A=5mm — 300 um) ,f".r':f:f::.*f. T
| “ A P77 77 7 A







Bolometers: Resistor in an oven

Fihﬂ Ly

Random motion of electrons produces alternating
current/voltage

-Higher temperature, higher AC voltage .
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Enabling Technology: Polarization Sensitive Bolometers

Metalized lines: absorb waves
polarized along x-axis

15 mm dia.




Bolometers: Resistor in an oven

'ihn R T

*Random motion of electrons produces alternating
current/voltage

-Higher temperature, higher AC voltage .
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Enabling Technology: Polarization Sensitive Bolometers

Metalized lines: absorb waves
polarized along x-axis

15 mm dia.




Polarization Sensitive Bolometers

Incident
Radiation

Readout

PSB Pair = Two ORTHOGONAL PSBs




» 49 feed-homns (pixels) each with 2
' polarization-sensitive bolometers
cooled to 250 mK

- e
l] rrll.

-3 etal. (2003)'
Yoon
Takaha<hi et aL 2009)



BICEP:
irst dedicated B-mode
experiment. Also, the
first entirely cooled
telescope for CMB

(temperature or
polarization).

Since BICEP, many
similar concepts for
large angular scale

polarimeters
- = | -

(in the US, France, and wa
England)! *

-~




Choose Your Gravitational Wave
Detector!

JOSEPH WEBER WITH
GRAVITATIONAL WAVE DETECTOR.




Choose Your Gravitational Wave
Detector!




Despite unfriendly natives, Antarctica is the world’s premier
CMB site.
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Catch a taxi into town
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Hit the local non-smoking bar

————

oy







or, hit the local smoking bar!




Next day hop a flight for the Pole...
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Land at the Airport
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‘Great God this is an awesome place!”
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Go to the actual
geographic South Pole
for your “Hero Shot™
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Go to the actual
geographic South Pole
for your “Hero Shot™
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Land at the Airport
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Dark Sector Labomtﬂn'













The smell of cold cash attracts the dignitaries

25 congressmen/women,
senators, and other VIPs
visit South Pole and BICEP

January 12, 2006
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Why a small aperture?

» Cost effective
£ _. »Easy calibration

»Simple cold (4K) telescope

» Superior contamination suppression
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“First Microwave” Postcard December 31, 2005




Overview of the BICEP telescope and DSL Observatory

SR > Sl
100 GHz: 25 pixels

150 GHz: 22 pixels
220 GHz: 2 pixels

PSB differencing

South Pole: long integration
over contiguous patch of sky,
reduced atmospheric loading

(Yoon et al., astro-ph/0606278)



Target field and scan strategy

u - r scan
| 2d Doresig ng
AS i 15 =
A -d
| - e - ' [ — ;. i y ak=.
Three years of data: 2006 to 2008
u nitial analysis: first m

1000



Sunset 3:13 AM March 23,2009
Sunrise 6:04 AM: September 21, 2009




Detector and Atmospheric Noise

§
:
3
§

Atmospheric noise contaminates single
channel data.

Effect worse at 150 GHz due to water line.

PSE difference signal is much more stable.










M) waiieun a0

Timestreams to maps




Detector and Atmospheric Noise

PSE Al (K. ..

Atmospheric noise contaminates single

channel data.
Effect worse at 150 GHz due to water line.

7SE difference signal is much more stable.
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Timestreams to maps




The most sensitive CMB Maps Ever Made

100GHz T




E-mode Maps

100 + 150E

1.500 uk

a
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Right ascension [deg]




B-mode 100 &150 GHz

100 + 1508

1.500 uk
DB CE Gl ine il

0
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Right ascension [deg




Manufacturing Statistics: Double your data; split your data in half!

BICEP T (100+150 GHz) BICEP T Jackknife (100-150 GHz)

BICEP E Jackkmife (100-150 GHz)
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Instrument characterization
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Result: common mode rejection > 98.9 saa b S/
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_ ] > <
Absolute gains and detector pointing Tieme (3)

Method: cross—correlate BICEP
and WMAP temperature maps

Result: gain uncertainty ~2%,
centroid uncertainty 0.03° rms




Instrument characterization
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Main beam shapes

Method: map far-field sources
(thermal source and noise diode)

Result: average FWHM 0.93°, 0.60°
at 100, 150 GHz

More details: Takahashi et al., arXiv:0906:4069
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Polarization Power Spectra from BICEP
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B For the first time, BICEP detects EE peak at ell ~ 140 with high S/N
m BB spectrum is consistent with zero, other spectra consistent with LCDM

g Polarization data pass jackknife consistency tests



Only Observations of the G.W.B. on November |,2007




Potential systematics

Benchmark (r

0.1)

Measured

Polarized sidelobes (100,

Focal plane temperature stability

More details

Telescope pointi

Optics temperature stability

Takaha<hi et al
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Potential systematics

"Haﬂ} T These are adeguate 1ol

Measured

[—

Instrument property Benchmark (r = 0.
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elescope pointing uncertainty
Polarized sidelobes (100, 150 GHz) -9, -4 dBi _26. -17 dBi
Focal plane temperature stability 3 nK 1 nK

Optics temperature stability 4 uk 0.7 uk

More details: Takaha<hi et a3l ar¥w 0906-4069



The state of the field

EE: 2o detections

BE: 5% confidence upper limits

BICEP two—year results
arXiv:0906.1181

BICEP data:
: http://bicep.caltech.edu
10
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The state of the field
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B-mode Polarization Limits compared to r=0.1
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Constraint on r from BICEP BB

= ’ wn 40 ¢
- : = 4—031 [ ﬁ - 3 T e
E‘ Data:r =003 027 , 335 3 3
— 3 -
= ol 3
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2

20 &=

15 "E

10 |

3
5 -
0

0 L .
r upper limit, 95% confidence

m Assume fixed LCDM parameters, calculate template BB, vary r

m Calculate chi-squared and likelihood as function of r

m BICEP BB , upper limit is




Constraints on GW - ourabiity to

constrain the
NGNONNG 1enNsor CoNrdbution 1o E. EE | amplitude of gravity
I e | waves is still coming
ensor contribution included u e | } |

mostly from the
temperature
spectrum.
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constrain the
amplitude of gravity
waves is still coming
mostly from the
temperature
spectrum.

Constraints on GW - ourabiity to
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Constraint on r from BICEP BB

+0.31

Data:r =003 027

Likelihood
Counts
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0 1 2
r upper limit, 95% confidence

m Assume fixed LCDM parameters, calculate template BB, vary r

m Calculate chi-squared and likelihood as function of r

m BICEPEB , upper limit is




constrain the
amplitude of gravity
waves is still coming
mostly from the
temperature
Spectrum.

Constraints on GV - ourabiity o

Pirsa: 09090006




arge
positive
curvature
modeis

tensor - to - scalar ratio

r=V/|[38x10°GeV]

V < [3.5x10'6 GeV]*

e
! negative curvature = & §
- ﬁvd‘:‘.‘“ “1““.!- - :

Miller & Keating

WMAP BB only gives r < 6




Probing CPT Vicolation with CMB Polarization Measurements

Jun-Qing Xia'. Hong Li*®. and Xinmin Zhang®’
! Senola Intermanonale Supervore di Studs Avanzats Via Berrut 2-§ [-3401§ Treste. [taly
 fnstutule of High Energy Phymecs. (hinese Acadesny of Scwence,

P. O. Box 918§, Bewing 100049. P. R. China and Xia et al. CIa!m a

FPhysws Center for Sesence Facthies (TPCSF), Chanese Academy of Scienee. P . Chana

T s i by el S e .~ 5. 4.5~ s smvnsinss, | first detection of

violates the Charge-Parity- Time Reversal svmmetry (CPT) amd rotates the near polirmations of

the propagaime Cosmae Wryroware Backgrownd (CAMB) photons. In ths paper we messure the rota- =

the fire-gear Wilkmson Microwars Ansotropy Probe (WAMAPS). BOOMERen(: 3005 (BO3). BICEP L] Parm

amd QUal) vang a Markow Cham Monte Carlo method We find that the resmits from WMAPS.

B03 and BICEP all are consistent and thew combanation gives Ao = —2 62 + 087 deg (68% C L ), b -

mebicating a 3o detecton of the CPT violation for the first timme The QUalD data alone zives y rotatlon a.ngle a
An =059 2042 deg (687 C L ) which has an opposite sign for the central vadue and smaller error

dats togerher. we find Ao = 0.09 =036 deg (8T C L ) winch spmificastiy msproves the previous
constraint on Mo and test the valdfity of the fundamental CPT svmmetry at a higher level
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Parity Violating Interactions

Caroll & Field (1990)

Modified Lagrangian

o =k’>+(4ng, ¥k

We have two different phase velocities; one for left-circular
polarization, the other for right circular polarization.

The superposition of the two circular polarizations
causes rotation of the plane of linear polarization!




Rotation of Polarization Plane

Rotation of the polarization plane =

mixing Qand U =
convertingE > B—=
saducing forbidden' TB and EB

Couples to CMB lensing ?

Shimon et al. 2009



Rotation of Polarization Plane

Rotation of the polarization plane =

mixing Qand U =
convertingE > B=
saducing forbidden' TB and EB
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Couples to CMB lensing ?

Shimon et al. 2009



a | U
Pixel rotation and uncertainty in orientation results in systematic polarization. §




Systematic Spectra : Scaling laws

Ellipticity Effects
TB scales as: ::e(lJ)QClT sin 2
. 5 4 ~T _-
EB scales as: e (lO') Cl sin 2 cos 29

Rotation Effect
TB scales as: CEE £

EB scales as: l(CEE = CEBB) &
2

i~y = i~ 1.7 _- s TaTaT)



Notes

® |n general, one prefers to measure a cross-
correlation rather than an auto-correlation as this

minimizes several forms of noise bias.

® For example, in BICEP our tightest BB constraints

come from cross-correlating (C_o0c: CLisocr) NOL
from auto-correlating (C.soc: Clisoce) .

® First, we look at BICEP power spectra used
by Xia et al, ignoring systematics - is there
evidence for non-zero TB & EB?
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PTE on EB is low suggesting systematics playing a role?

PTE on TB is large; consistent with standard model.

Use the combination of TB and EB PTE to isolate the

nI-— .4 - 4.4
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More resuits to come...with =2x more data

8

http://cosmology.ucsd.edu/




After BICEF comes BICEFP2

T
-




BICEP1 BICEP2

=10 -2 a L] o

-10 5 o 5 10
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This is BICEP 2....
It will be 5x “stronger” than
the original BICEP




This is BICEP 2
~5Xx “'stronger’ than the
original BICEP
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» BICEP has made the first limits on r from B-mode physics.




BICEP has made the first limits on r from B-mode physics.

Xia et al. claims are consistent with systematic errors. Systematic
rotation of ~|° should have been added to statistical error of

~0.7°.This would reduce C.L.to ~|1.50C.



BICEP has made the first limits on r from B-mode physics.

Xia et al. claims are consistent with systematic errors. Systematic
rotation of ~|° should have been added to statistical error of

~0.7°.This would reduce C.L.to ~1.50.

Values for true CB rotation must be very finely tuned.



BICEP has made the first limits on r from B-mode physics.

Xia et al. claims are consistent with systematic errors. Systematic
rotation of ~|” should have been added to statistical error of
~0.7°. This would reduce C.L.to ~|.50.

Values for true CB rotation must be very finely tuned.

BICEP2 will probe down to plausible Inflationary energy scales.



