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CMB anisotropies

For every direction on the sky:
iIntensity and linear polarisation
= T, Q, U Stokes parameters
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The CMB power spectrum

Induced by primordial scalar

10° S - S — perturbations.
| I, Goldmine of cosmological

10° | information
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1072 | Polarization
107 | , _ Scalar perturbations also
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Primordial B-modes

Prediction from inflationary models:
both scalar and tensor perturbations

In simplest slow-roll scalar-field inflation

2
AZ(k) = t 4, 1 £« Slow roll parameter
8712 M3, £
Af(k) _ 2 H; H? Hubble parameter
T2 m3, Energy density of the universe

Tensor power spectrum (Energy scale of inflation)14
(~1016GeV forr = 0.1)

2

r=

S

— —8n = Consistency relation




Lensing B-Modes

SE(L;1) = —[E(V) cos 211 — B(V) sin 2][1- (1 - 1)]p(1 - 1)

dB(1;1) = —[E(1") sin2p11 + B(l') cos 2¢11][1- (1 = 1")]op(1 = 1)

Ds—D

¢my:—{/MD[M%

d=Vé

¥ (Dn, D)

Hu and Okamoto (2002)

Constrain on structure formation
e total mass of the neutrinos

e dark energy
e and more
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The POLARBEAR Experiment

* CMB B-modes dedicated experiment

* Atacama desert (~5200 m altitude)
* Access to 80% of the sky
* Dry atmosphere

* Targeting both primordial and
lensing B-modes

Crab Nebula
(TauAh)

polarization
angles calibrator

Planck 857GHz

e First season:
May 2012 to June 2013

e Second season:
June 2013 to June 2014

e Target:

PBI-RAI2 deep integration of
Overlap w/ O\Zgal -VI;%%J:IBET 3 patches 5 deg x 5 deg
Herschel Atlas PBI-RA4.5 Hzrschel ’

Overlap w/ QUIET, BOSS
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CONICYT

-

POLARBEAR Collaboration

SIMONS FOUNDATION

Advancing Research in Basic Science and Mathematics

CARDIFF

UNIVERSITY

UNIVERSITY
OF SUSSEX

And many more in
years past...




Instrumental design of POLARBEAR

P Pulse tube cooler

Rotating HWP/
IR blocking filters &

Microst-;%ﬁ

Antenna ;
; Filter

1274 bolometers @ 150 GHz
Cooled to 250 mK

see e.g. Kermish et al. (2012)
and Arnold et al. (2012)
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CMB data analysis

Data volume Data analysis step

(Ne “samples”, order of)

e Data acquisition
1010 2 4012 =--mmmmmmemme e

* Low level data processing
(Calibration, pointing reconstruction...)

 Map-making

105 - 107 ====mmmmmmmmmmmmmm e
« Component separation
 Power spectrum estimation

10 - 102 mmmmmmmmmmmmm s
» Cosmological parameter

estimation
1-10
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CMB data analysis

Data volume Data analysis step

(Ne “samples”, order of)

e Data acquisition
1010 2 4012 =--mmmmmmemme e

* Low level data processing
(Calibration, pointing reconstruction...)

i « Map-making
105 = 107  '. """"""""""""""""""""""
i » Component separation

i Our
{ involvement

| » Power spectrum estimation
» Cosmological parameter
estimation
1-10
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CMB data analysis

Data volume Data analysis step
(Ne “samples”, order of)
e Data acquisition
1010 = ()12 =-mmmmmmm e

* Low level data processing |
(Callbratlon pomtmg reconstruction.. ) Poletti et al. (2017)

105 - 107 frrarrarrarrammemsen s | our
| * Component separation j Involvement

| « Power spectrum estimation |
10 - 102 e s e e e
» Cosmological parameter \ The POLARBEAR

estimation Collaboration (2017)
1-10
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A%

The map-making problem

A single sample

dt — Ipt + COS(ZSOt)QPt + Sin(QSOt)UPt + Ny

The complete time stream ==  Generalised

Least
d=As+n Squared
estimator
A = Pointing matrix 5 — (ATN—lA)—lATN—ld

s = sky signal

n — noise with covariance N
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The map-making problem

A single sample
dt — Ipt + COS(ZSOt)QPt + Sin(QSOt)UPt + Ny

The complete time stream ==  Generalised

Least
d=As+n Squared
estimator
A = Pointing matrix S = (ATFTA)_lATFTd

s = sky signal
Y S5 F+ TOD signal processing

n — noise with covariance N
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Example of the effect on final products

TOD-processing produced ...that made the power spectrum
map-domain correlations... estimation sub-optimal

Uncertainty due to noise

-0.0014 0.0014 case 102 | ’ Z | . |
0 500 1000 1500 2000 2500
14
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Cosmologlcal results from the first season

Lensmg reconstructlon
from polarisation alone
4.20 B-modes evidence

L(L+1)C, “/2m{x107]
(@)

s
%05—
ﬁ 0 L |
-1.0 0 1.0 2.0 3.0
A 1
) | 1 ] l
100 500 1000 2000
| Constraint on cosmic birefringence | 7 cosddes
. and primordial magnetic fields | iy
Phys. Rev. D 92, 123509 (2015) f RA4.5

1% 500 101'?0 1500
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2000

i »‘4 Oo;polarlzedAl;ensmg
 Phys. Rev. Lett. 112, 131302 (2014) |
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First and second season power spectra

6000
1T
Pipeline A &
4000 - Pipeline B =

100 -
50 -

50 |-
-100 -

00+ 1)C/(27) (1K)

4 B
2
0 k |
2
41
0.6 EB
0.4
0.2+
0
-0.2+ 8
0.4}
06 | | | | L]
0 500 1000 1500 2000 2500

Multipole Moment, ¢

Davide Poletti

Significance: 3.1 o rejection of the null
hypothesis of no B modes

| PTE w/ 100: ———— : : ———
oM POLARBEAR (this work) —e—
128% SPTpol —e- +
& BICEP/Keck Array —e— ®
N ACTPol —e- + -
EN :
g 10 ];ﬁ'\\.
162% Q- T I
| 26% () \
+ 102} RE
192%
: 67 %
107 100 ~ 4000
Multipole Moment, €
179%
29% Sensitivity doubled compared to the first season
| * 61% more data
f * improved calibration
il * improved uncertainty estimate




The future

Since May 2014, large patch observation
p ~700 deg? patch
p Access to primordial B-modes

End of 2017: POLARBEAR 2
New telescope and receiver
p /7,588 detectors
» Multichroic pixels (95/150 GHz)

N
]

New telescopes, 2 new PB2-like receivers \

220/270

2018: Simons Array ?Q

p 22,764 detectors

) 95/150/220/270 GHz channel
o(r=01)=6-10"°> o(Xm, =0) = 40meV

Simons Observatory
» Merge POLARBEAR and ACT
Collaboration
p 5 year $45M+ program for key
CMB science
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CMB B-modes are a window on
* nflation

* gtructure formation

* and much more

Challenging measure:
e Sensitivity

e Systematics control
 Data analysis

* Foregrounds
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Summary

CMB B-modes are a window on R T
e inflation o ;_BOOMEEJRE T +ﬁ3&jﬁ;f _
* structure formation 3 e
* and much more o ey
o —
. y

Challenging measure: < g
e Sensitivity |

10°

» Systematics control 0o MloleE o
 Data analysis
* Foregrounds
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CMB B-modes are a window on T ey A
. . " MAXIPOL BICEP1-3yr —v— v, v

 Inflation oTEET BT LTV

e gfructure formatIOn c% QUaD —v— POLARBEAR —e— I *‘*;:;:T,vwvw

* and much more — iy L
N _ ~ ACTPol ]
o;< 10-15_ \* E
A . f

: 9\ [ R\, |

Challenging measure: 102 \

* Sensitivity SO |

« Systematics control .

* Data analysis B S

* Foregrounds

Summary

From B-mode detection to
cosmological constraints in few

years

10 100 1000
Multipole Moment,f

-‘ Plus measurements through 5
§ cross-correlation!
SPTPol
POLARBEAR
ACTPol {
« Planck ¥
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Thanks for your attention
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Quality of the reconstruction

Signhal-only input map .
(Only Q displayed)

] K

-2e-05 2e-05

Unbiased explicit implementation
Biased estimator Unbiased, PCG implementation (singular modes removed)
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Quality of the reconstruction

Signhal-only input map .
(Only Q displayed)

Unbiased explicit implementation

Biased estimator Unbiased, PCG implementation (singular modes removed)

-5.29¢-06 4.37e-06 -le-16 le-16
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The eigenstructure of A'FrA

Eigenvalue / (max eigenvalue)

108 1070 10~4 102 100
104 __"'| NNLELL DL I LA B B B "'|__
/‘5
: . :
2 : [
§ 10% | =
@) -
10' L -
ama®
O-I | W |
10 E_.I MY BRI By Y ..-.I P BT TS R R
103 10° 107 10° 10!

Eigenvalue [K—2]
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The eigenstructure of A'FrA

Eigenvalue / (max eigenvalue)

108 1070 10~4 102 100
104 [ i B LU AL L A
./':
103— | | 3
: u
/5] B -
g 102 3 = E
S ;
B | |
10' | il ]
ama®
0 | W |
10 E. | T Y Y ..-.I ool | _E
103 10° 107 10° 10!

Eigenvalue [K—2]

Degenerate modes

8]
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Counts

100 ¢

The eigenstructure of A'FrA

Eigenvalue / (max eigenvalue)
107° 1074 1072

10* L
10° L
102}

10' |

107
Eigenvalue [K2]

10

-0.01

Nearly degenerate
modes

e
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The eigenstructure of A'FrA

Ej lue / i ] ' '
. 1%313? ue (rllz)éfft elgem’i‘o‘i? . o Pixel-like U
[T modes
10° L
S 102
o F
Q i -
10"
100 y < I.I.l.. ]

107 10

Eigenvalue [K—2]

-0.193 0.149 -0.084 0.0665

Nearly degenerate
modes

Al LR

-1.95e-05 7.38e-05 0.00436 0.00443 -0.01 0.01 -0.01 0.01
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Calibration

POINTING GAIN

Parametric model fitted with Internal thermal source and Saturn
observations of known point-like observation: relative calibration
sources

Fit CMB temperature anisotropies to
27" (30”) measured pointing accuracy those measured by Planck
for season 1 (season 2)

BEAM v Gaussian 3.5 arcmin FWHM
Dedicated observations of Juplter _1_: Gaussian core plus diffraction tail
Gaussian core w/ 3.5 = 0.1 FWHM v \ — Symmetrized beam profile
5% median ellipticity 102
(1.6% for same focal plane pixels) S
= 1073
POLARIZATION ANGLE ;
Fit POLARBEAR Tau A reconstruction 1073
to IRAM Tau A polarization map. f
Polarization angle further constrained 1072 : - s 20
assuming zero EB power spectrum 6 [arcmin]
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Data analysis

Two independent pipelines compress
TOD into maps and power spectra

:5 @brated TD ITI
E * ] Z
-] I A .o~
E Chronological » Split based on E
i split of the . thenulltest ; F
dataset |=T—: _ criterion
O(100) splits ) ¢——> @
Filter TODs Filter TODs
\ \
Make naive maps, _.|Make unbiased maps,
flat-sky projection v HEALPIx pixelization

‘Build null-map! |

»-» |Remove noisy modes

v
Cross-spectra Cross-spectra
of the maps of the maps
v v v
Construct » Construct . Construct
power spectrum Enull spectrum: |power spectrum

vy — v

\ ASPPEEEEPPISS g
Power spectrum v Null spectrum
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Data analysis

Two independent pipelines compress
TOD into maps and power spectra

:5 @brated TD ITI
Z + ] Z
| I S .0~
E Chronological » Split based on E
- split of the : thenull-test ' &
Q ' L Q.
dataset - criterion .

0(100) splits ) +——> @

v v

Filter TODs Filter TODs
v \

Make naive maps, _.|Make unbiased maps,

flat-sky projection v HEALPIx pixelization

‘Build null-map! |

»-» |Remove noisy modes

v
Cross-spectra Cross-spectra
of the maps of the maps
v v v
Construct » Construct . Construct
power spectrum ' null spectrum: |power spectrum

vy — v

 APPPEEEETTI .
Power spectrum v Null spectrum

PIPELINE A

RAZ23

PIPELINE B

)

ADec (deg)

ADec (deg)

uKens

stokes @  \White noise Stokes U

level 6K arcmin

ADec (deq)

ADec (deg)

ARA (deg) ARA (deg)

10.0

7.5

5.0

2.5

0.0

—-2.5

-5.0

-7.5

-10.0
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Data analysis

Two independent pipelines compress
TOD into maps and power spectra

I @brated TD ITI
Z + ] Z
| I S .0~
E Chronological » Split based on E
- split of the : thenull-test ' &
Q ' L Q.
dataset - criterion .

O(100) splits ) +———> @

v v

Filter TODs Filter TODs
v \

Make naive maps, _.|Make unbiased maps,

flat-sky projection v HEALPIx pixelization

‘Build null-map! |

»-» |Remove noisy modes

v
Cross-spectra Cross-spectra
of the maps of the maps
v v v
Construct » Construct . Construct
power spectrum ' null spectrum: |power spectrum

vy — v

 APPPEEEETTI .
Power spectrum v Null spectrum

Stokes @ \White noise __Stokes U | 1Kous
level 6K arcmin
10.0
<
W
- = 7.5
a8 8 5.0
A 4 12
Q
2.5
RA23 00
o -2.5
W 1|
E g g ~5.0
w 8 18]
Q 5 3 ~7.5
3 191
- ~10.0
-3 =2 —I1 6 :i_ 2I 3 -3
ARA (deg)
RA23 0
Stokes T 2
3°x3° g
center o

e — ¢
-0.0002 0.0002

e, — ] ¢
-0.0002 0.0002
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Validation

Blind policy
Data selection and quality assessment before inspecting the BB power spectrum
NULL TESTS INSTRUMENTAL EFFECTS Statistical
: uncertaint
Systematics control and error-bars S — e —— cerany
validation. 07— S
(temporal, weather, scan Y] sy stematios
direction, calibration, sun or moon = /’combined
location...) ST RS S .
% f ., & & o
3 T = 10-* ¢
_§ 2.5—| | ﬁ!Bil!ﬂiS DI + ° * =
3 2 - S . : .
= 150 ¢ : -1 ]
o D T ey i
g 600 800 1000 1200 1400 1600 1800 2000
g _0.2: Multipole Moment, £

10701 02 03 04 05 06 07 08 09 1

Null-test PTE End-to-end propagation of systematics.

| | S ool bolmizat |
Compatible with flat distribution xel polarization angie

(i.e. the null spectra are Gain drifts

compatible with the noise model) Crosstalk
Differential beam ellipticity and

Davide Poletti



Diffuse foregrounds

and synchrotron are evaluated using
Planck 353 GHz and 30 GHz and WMAP K-
band polarization maps.

107t}
* Extend the patches 1
* Measure foregrounds power at large °§
scales (¢ = 80) =
* Extrapolate the power spectrum to PB § a
angular scales and frequency %
= Contamination compatible with zero f
> 107
Dusty and radio galaxies

600 800 1000 1200 1400 1600 1800 2000

Set of simulated galaxies with distribution, Multipole Moment, ¢

intensity and polarization fraction modelled
after observation (De Zotti et al, 2005;
George et al, 2015; Bonavera et al, 2017)
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6000
1T
Pipeline A &
4000 - Pipeline B =

100 -
50 -

50 |-
-100 -

00+ 1)Cp/ (2m) (uK?)

B

D O N A
T 1

T+, 7

i EB
0.4+
0.2+
0
0.2+ +

0 500 1000 1500 2000 2500
Multipole Moment, ¢

162%
| 26%

192%
67%

Power spectra

PTE w/

| ACDM

32%

128%

179%

29%

160%
175%

Pipeline A + | | | |
Pipeline B =
i . ]
/#/\ o\\
PTE w/
NACDM -
i 55% |
41%
0 500 1000 1500 2000 2500

Multipole Moment, f

* All spectra are compatible with ACDM
and between the pipelines (28% pte)
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Since May 2014

» Observation of a ~700 deg? patch
= Access to large scales
« Continuously rotating half-wave plate

= 1/f mitigation

Targeting primordial B-modes

elative to patch center, °

dDec, r

On sky performance:
Takakura et al JCAP 05 (2017) 008

POLARBEAR large

20

10+

=10k

=20

i i i i i L
-30 -20 -10 0 10 20 30
dRA, relative to patch center, °

Multipole
101! 10 2 103

Intensity

=

o
=
w

=

o
=
N

______________________________________________________ Imag|nary
101 N component
of polarization
,_1010 """"""""""""""""""""""""""""" I'maginafry """""
N § component
L 109! of polarization. -
Q : after leakage
‘;‘U 108F T subtraction
3 : %
o 107}
@ | ;
10°}
10°k ]
f { |
104} it !
. 1 I
103 1 A 1o AN |
103 102 10! 10°

Frequency [Hz]
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Polarising the CMB

: : d
e Dominant process: Thomson scattering —o- o lé- &
e | ast scatter

ng surface is not homogeneous

Quadrupole

Anisotropy \
8 !

APT

e Unpolarised light -> polarised light

What matters is the
guadrupole moment:
| =2

€

Linear

1 Thomson
»——a Scattering
' ] ’
| .

Polarization O=n/2

e.g. Hu and White (1997)
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Quadrupole moments

Scalar
— Vector —
Tensor z

S

2

‘@
(Gravity Waves)

E only Eand B E and B

C,/2m (uK)

(1+1

107*107%0.01 0.1 1 10 100 1000 10
7
0y
2 1

B (lensing
L L1 |

Vectors
(Vorticity)

Scalars
(Compression)
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Lensing

T T T T T T T T ‘ T T L
ol Am =0.1 eV (d, const.) |
o L _
o | Aw=0.2 (d, const.) |
> L |
b |- -
N o
$~N
Q
<
10
<
= L _
L | ‘ L L1 ‘ L L L1

10 100 1000

T T ‘
Am =0.1 eV (d, const.)

N Aw=0.2 (dA Const)

0.05

0 G}
acl /¢,

—-0.05 O

0.05
L B
[

?

E E
ack /¢

—-0.05 O

0.05

B B
act /¢

—-0.05 O

(
4
<

Il ‘ Il Il ‘ Il Il
10 100 1000

Davide Poletti

0.4

100 1000 10000

0.2f

ACE/CF
o

AAAAAAAA

MAVAVAVEVEVIY

500

1000 1500 2000 2500 3000

11+ 1)CP /2muK?

-
o

10

0.25

100 1000 10000

o
\S]
T

ACP/CP
i

NAYA

-0.05f

VARV

500

1000 1500 2000 2500 3000
l

30




Results: lensing from polarization alone

Polarization

lensing =g (| estimation

Measurement

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

o e (j%?d

L(L+1)C, “/2n[x107"]
o

Likelihood

100

Davide Poletti - POLARBEAR collaboration

500

1000

2000




Results: cross-correlation with CIB

Polarization Cosmic Infrared 1L2——T—T—T—T— T T 1°2
Measurement Background LOF A e, 1.0
0.8 "qos
é 0-6 Hand et al. 2013 06 é
- lo.g Tracer of 04 s 0.4
2 density field 0-21% 0.2
0.0 0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Estimator of « CIB map from 2
from POLARBEAR X Hershel
oolarization maps ershe Phys. Rev. Lett. 112, 131302 (2014)
Editors’ Suggestion
EB-reconstructed lensing x CIB polarization lensing x CIB
20 : — D TV e 20 . . P A ——
¥ 2.50 B-modes evidence
T Sttt sl
% % l
E 10 ;_<> ! . E 10 | i
: [ 2
> l ~ 5
> 2(I)0 4(I)0 6(I)0 8(I)0 10IOO 12IOO 14IOO > 2(I)0 4(I)0 6(I)0 8(I)0 10IO_(; 12IOO 14IOO
14 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) 595 (sys) & 0.07(multi)

® Negligible contamination

— 0.8 r
from astrophysical foregrounds
X 06
. L & o4l -
® Negligible contamination S
. ~
from systematic effects e
<)
—
+ 02}
= ——
= .04 F
0 500 1000 1500 2000 2500

Multipole Moment, €

Davide Poletti - POLARBEAR collaboration



Results: cosmic birefringence / primordial magnetic fields

| Birefringent universe, N
\. |/ polarization angle rotationby @ — |
— E<0 — \\\l\. r:/_/‘/;: / B >0 / E
o 7/\1 RN
N—] ||+=.1-=4 OY.
Polarization Estimation aa 1Y
* ] * 1  Coadded
Measurement o field C [ RA23
I RAl12
St RA4.5

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

C2[x 10~ *deg?]
<
-
e
.
e,
i

Phys. Rev. D 92, 123509 (2015) ] . . |
Editors’ Suggestion 0 500 1000 1500 2000

Davide Poletti - POLARBEAR collaboration



Simons Array: sensitivity and foreground rejection

107

— total B-modes
— primordial B-modes
lensing B-modes

Simons Array
95/150/220 GHz
combined with
Planck and C-Bass

o(r=0.1)=6-10""°

o(Xm, = 0) = 40meV

Combined with DESI BAO

r < 0.07 Bk Vi (2015)
>my < 0.15 eV

Palanque-Delabrouille et al (2015)

T—>Constrain inflation, neutrino mass hierarchy, primordial

magnetic fields and more...
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