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The Cosmic Microwave Background

Dark Energy

Accelerated Expansion .
Afterglow Light e .

Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

| ie———_ * picture of the
"l 380,000 years old
rzsaesepll universe
e N o ke [0 * information on the
. inflationary phase

about 400 million yrs.

Adapted from

NASA/WMAP Big Bang Expansion

13.7 billion years

Temperature anisotropies:

 ACDM confirmed

e Cosmological information
exploited

Planck Collaboration
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The CMB polarization

Polarization field
= Q, U Stokes parameters

U>0 10* ¢
X 3ﬁ
10 -
. Q>0
Ss 102
U<O0 cg 101;_
= Decomposed in - o
E and B mOdeS é;lo-l -- BB Iensmg_:
N /7N 10
— E<0 —— ‘ E>0 ’ 10_3
4 ‘ N \_/ . - BB primordial /’ ’
| /_ _\ | 14
\ B<0 \ / B>0 /
— ‘ ’ T
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Primordial B-modes

Perturbations at the last scattering surface:
 Scalar = E only (to linear order)
 Jensor = Eand B

Tensor perturbation after inflation:

r
Energy scale of inflation ( ~1016 GeV for r~0.1)

Nt
Consistency relation (r = - 8 Nt)
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ESA/Planck

SE(1;1) = —[E(1") cos 211 — B(l') sin 2¢p1][1- (1 =1)]ep(1 —1)

5B(l, 1/) = —[E(l/) sin 211 + B(ll) COS 2@1/1][1 . (l — l/)]¢(1 — 1/)

Lensing B-Modes
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Measurements of the BB power spectrum
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Measurements of the BB power spectrum
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Measurements of the BB power spectrum

Mar 2014 2015
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Measurements of the BB power spectrum

Mar 2014 2015
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Measurements of the BB power spectrum

Mar 2014 2015
BICEP2 - Keck Array - Planck
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Measurements of the BB power spectrum
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Measurements of the BB power spectrum

Mar 2014 2015

BICEP2 / Keck
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Measurements of the BB power spectrum

Mar 2014 2015
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POLARBEAR experiment

e CMB B-modes dedicated experiment

® Atacama desert (~5200 m altitude)

p Access to 80% of the sky
p Dry atmosphere

p Targeting both primordial and lensing
B-modes

Crab Nebula Planck 857GHz

(TauA)

polarization
angles calibratg

FIRST SEASON

® Period:
May 2012 to June 2013

PBI-RAIZHA PBI-RA23 HA ® Target: .
e v Overlap w/ QUIET, deep integration of
verlap w
Herschel Atlas PBI-RA4p5  Hlerschel 3 patches 5 deg x 5 deg

Overlap w/ QUIET, BOSS
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Instrumental design

< Pulse tube cooler

JAMUX SQUID output b ~cal plane Rotating HWP/ —i

IR blocking filters &

2.5 Meters

7 fee.

1274 bolometers @ 150 GHz
Cooled to 250 mK

Davide Poletti - POLARBEAR collaboration

Primary: 3.5m

=

Huan Tran Telescope

gtop L(A(L)) + Q(A(t)) cos(2h(t)) + U(A(t)) sin(2p(t))]
9ot I(A(t)) — Q(

=>

(t)) cos(2(t)) — U(A(t)) sin(2p(t))]

4 Mlcros':}p

Antenna
FJIter

%J/




Instrument characterization

10

® Ground based and astrophysical
calibrators
p Beam:)upiter
p Calibration of the detectors: Saturn
p Polarization angle: Tau A

El offset (arcminutes)
(=)
ORNWARUIAOANO®OO
Normalized amplitude

0000000000

100 -5 0 5 10

Az offset (arcminutes)

® 3.5 arcmin beam FWHM

10t

— Pixel sum
— Pixel difference ||

® Ellipticity < 5%, differential ellipticity |%

® Array NET 23 ,UK\/E

[
(=)
(=]

Noise (K ,/V Hz )
(=
(<]

1072 10 10° 10* 102
Frequency (Hz)
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Map and power spectrum

Planck SMICA map
P W .Y W

=)

<3

pKoums
o fmte o | f e,

A s - -ty 7/
—— - e - | e /-
E A

...................................

3 2 41 0 1 2 3 (155528 POLARBEAR preliminary

-200 200

e Filtered mapmaking:
5= (ATN"1A)'ATRd * Unbiased mapmaking: § = (ATFA) 'ATFd

e \Very fast e Fast, iterative e Accurate, explicit
estimator estimator
e Flat-sky MASTER pseudo
power spectrum estimation e (Curved-sky, pure, pseudo power spectrum
with daily cross-spectra estimator

Cross-check and validation
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Results: lensing from polarization alone

Polarization

lensing e d estimation

Measurement

Phys. Rev. Lett. 112, 131302 (2014)
Editors’ Suggestion

B (:C?Cl

L(L+1)C, “/2n[x107"]
o

Likelihood
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Results: cross-correlation with CIB

Polarization Cosmic Infrared L L N N B R m — 1.2
Measurement Background 1.0 1.0
0.8 0.8 .
;; 0.6 0.6 §
. =
- 1o g Tracer of 04IF . 0.4
2 density field 0-21% 0.2
0.0 0.0
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
Estimator of CIB mab from 2
from POLARBEAR X~ ~ |p
polarization maps ershe Phys. Rev. Lett. 112, 131302 (2014)
Editors’ Suggestion
EB-reconstructed lensing x CIB polarization lensing x CIB
R e s S 20 | | TN W PIPRSII YS TSNIIPIVIRPIS s SERRITIS FEp

20 — —

15 T 15 |- }
10

10F ¢ -

¢ xCT [Jy/Sr]
/
¢ xCJ* [Jy/St]

-5 ] ] ] ] ] ] ] -5 ] ] ] ] L ] ]
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400

4 14
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Results: BB spectrum measurement

® First direct evidence of lensing B-modes

® Amplitude of lensing compared to ACDM Astrophysical J. 794, 171 (2014)

App = 1.12 £ 0.61(stat) 7005 (sys) £ 0.07(multi)

® Negligible contamination

~—~ 0.8 r
from astrophysical foregrounds "«

3 0.6 |

.. L & o4l
® Negligible contamination )
from systematic effects o
A
O
—

+ 027

S\_?/ N S
~ .04

0 500 1000 1500 2000 2500
Multipole Moment, €
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Results: cosmic birefringence / primordial magnetic fields

‘ Birefringent universe, N
. |/ polarization angle rotationby o0 — ™ |
— E<( —— :‘g 7 é{ / B0 /
~— . — \>\
| o
Polarization Estimation oo 10 .
* ] i Coadded
Measurement o field - C, I RA23
I RA12
°f RA4.5

Constraint on cosmic birefringence
and primordial magnetic fields
<93 nG (95% c.l.)

C2[x 10~ *deg?]
o
"
4_.%
—
e,
.

Phys. Rev. D 92, 123509 (2015) 10 . | |
Editors’ Suggestion 0 500 101?0 1500 2000
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Control of the systematics

® Blind policy: assess data selection and
quality without looking at the
scientific products

® Null-test (Jackknife test):

+ temporal

+ scan properties
(azimuthal direction, elevation)

+ weather

+ calibration properties
+ detector selection

+ bright sources distance.

—>Compatible with uniform distribution

—>No significant outlier

Davide Poletti - POLARBEAR collaboration

Fractional Counts
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Control of the systematics

e Systematics pipeline:
systematic injection and propagation through the whole science pipeline

= Residual systematics are negligible

10¢ ] Statistical uncertainty 1
: Prmimim @rmmn
Qo i Proaiara "EEEEREE | 1 _
e (0-1] . . , | Most notably:
3 %J-.F:'_- T l. ....... l -
’T,;‘ [ B-mode expected
N -2l signal |
— 1077 Combined systematics
i i o ) e = = e e :
%ﬂ -3 & + ‘x‘;\}x'-\-.\:
=10 3 | . 5 | ; 1 Polarization angle
-+ i o ‘ | - } - g
— : - ' = ® 1 e .
= 1074 | u . : le_fefe_ntlal beam
. = | > i ® | ellipticity
» | g ' )
107°F_, . . . . .+ .+ . 1 HWP dependent gain
600 800 1000 1200 1400 1600 1800 2000
£
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Situation after season |

e Season | successfully probed small scales

e Systematics: under control

e Sensitivity: close to lensing B-modes level
» Analysis of the season |l ongoing

 BICEP? and Planck: foregrounds dominate large
scales

Davide Poletti - POLARBEAR collaboration
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The future: POLARBEAR 2 and Simons array

2016: POLARBEAR 2
new telescope and receiver
p 7,588 detectors
p Multichroic pixels (95/150 GHz)

2017: Simons Array

new telescopes, 2 new PB2-like receivers
p 22,764 detectors
p 95/150/220 GHz channel

Artist Conception

Davide Poletti - POLARBEAR collaboration



Simons Array: sensitivity and foreground rejection

Simons Array
Bolarizeq g, o 90/150/220 GHz

~ P=15%, fSky:?sg/fG”z 7 1 combined with
< 102 ) Planck and C-Bass
=
&) o =0 __ — total B-modes O'(’r' — 01) — 0 - 10_3
~ 73 — primordial B-modes (4 . 10—3)
< > .
N lensing B-modes
= og(¥Xm,) = 40 meV
+ (19 meV)
>
= Combined with DESI BAO

r < 0.07 Bk Vi (2015)

>my < 0.15 eV

Palanque-Delabrouille et al (2015)

*Dust level: Planck Intermediate XXX

T—>Constrain inflation, neutrino mass hierarchy, primordial
magnetic fields and more...
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Summary

B-mode era has beguh and accuracy is rapidly increasing
POLARBEAR: probing CMB B-Mbdes from the Atacama desert

SEASON I: first measurement of lensing B-modes using the CMB
alone, validated with the CIB cross-correlation

t\ & X

A

= -~

- SEASON 1: Analysis ongoing‘.{ |

FUTURE: probing both lensing and primordialiBsmodes with
POLARBEAR 2 and Simons Array. High sensitivity and foreground
rejection with multifrequency coverage.

Davide Poletti - POLARBEAR collaboration
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