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Scientific motivation:

The cosmic microwave background
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CMB as a snapshot of early universe
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Physics of early universe is encoded in the CMB

e Quantum fluctuations during inflation imprint
perturbations on the gravitational metric

Darcy Barron - UC San Diego - Measuring CMB polarization with POLARBEAR



CMB as a backlight for large-scale structure

CMB lensing traces all of structure tormation history

Lensing Measures:
 Influence of dark matter — Nes, sSum of the neutrino masses
e Equation of state of dark energy at high redshitt
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Extracting information from the CMB

Primordial CMB is
statistically isotropic

Convert maps to angular
power spectrum

10’ 10° 10°
Spherical harmonic number ell ~ 180/8
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CMB Temperature power spectrum
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Temperature fluctuations [ i K? ]

CMB temperature power spectrum
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Predicted polarization power spectrum
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Gravitational lensing of CMB

Simulated
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Effect of neutrinos on structure formation
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Effect of neutrinos on structure formation
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Effect of neutrinos on structure formation
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POLARBEAR-1

Instrument Overview
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The POLARBEAR Experiment

Dedicated CMB polarization
experiment

| ocated on Cerro Toco at 5200
meters In Atacama desert

First light January 2012

Now in third season of
observations with POLARBEAR-1
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POLARBEAR Collaboratlon







POLARBEAR-1

Huan Tran Telescope

Guard ring
2.5 meter | |
precision  Off-axis Gregorian-
primary Dragone design
Shielding * | oW Cross-
polarization
e Large field-of-
view
Secondary 8+ 3.5 FWHM beams
MIrror @ 150 G -
Recelver
enclosure
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POLARBEAR-1

Cryogenic Receiver

1. Vacuum
< window

DMUX SQUID output Focal plane Rotating HWP/

IR blocking filters =

2 meters

>
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POLARBEAR-1

Focal Plane

637 dual polarization ' T 250 mK
pixels :

Beam-torming lenslet
coupled to each pixel

1274 superconducting
transition-edge sensor
bolometers

Digital frequency-domain
multiplexing readout (8x)
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POLARBEAR-1

Focal Plane
637 dual polarization
pixels
Beam-torming lenslet
coupled to each pixel

1274 superconducting
transition-edge sensor
bolometers

Digital frequency-domain
multiplexing readout (8x)
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POLARBEAR-1

Focal Plane
637 dual polarization
pixels
Beam-torming lenslet
coupled to each pixel

1274 superconducting
transition-edge sensor
bolometers

Digital frequency-domain
multiplexing readout (8x)
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POLARBEAR-1

Instrument performance
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s 100.0 ichmb

PB-1 Initial survey: Deep integration on 3x3 degree patches
Observations at 150 GHz
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POLARBEAR-1

Control of instrumental systematic effects

* Pixel-pair differencing to reject
unpolarized atmosphere

+ Modulate CMB Polarization with £
apparent sky rotation u% th
Z1Imu

* Co-moving baffling for low
sidelobe response *

*Scan strategy allows ground 5
template removal

ground

vation
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POLARBEAR-1

Control of instrumental systematic effects

e |nstantaneous measurement of
polarization with each pixel

* Modulation of CMB Polarization:
* Half-wave plate
e Apparent sky rotation
e Low sidelobe response
» Co-moving baffling
e Scan strategy allows ground
removal
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POLARBEAR-1

Control of instrumental systematic effects

End-to-end simulations
using measured 100} Statistical uncertainty:
Instrument — - . TrTTem
characteristics § -1} seeewee  Bimode theory
. - ——
Boresight & diff. pointing l: ,
Pol. angle < < 107 Sum of all systematic uncertainty
~ TR S
HWP-dependent gain  ¢§° . pa—
~ 10_‘ o -
HWP-independent gain '_T_ ¢ . ~
: . ¢ .
Electrical crosstalk = 10-4| .
Differential beamsize i * > .
Differential ellipticity 10-5| —

Gain drift 600 800 1000 120021400 1600 1800 2000

POLARBEAR Collaboration, ApJ 794, 171 (2014)
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POLARBEAR

First season results
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POLARBEAR First Season Results:

Deflection power spectrum:
CMB-only polarized lensing deflection power

PRL 113, 021301 (2014)

Anqgular power spectrum:
g pCfB P
Apd 794, 171 (2014)

Galaxy cross-correlation:
CMB deflection measurements
cross-correlated with luminous

tracers of dark matter

PRL 112, 131302 (2014)
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Combined 4.7 sigma rejection of no lensing B-modes from CMB alone
All spectra available on NASA LAMBDA site
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POLARBEAR First Season Results:
Deflection power spectrum

2

 CMB-polarization only

e 4.2 sigma rejection of
“‘no lensing B-modes”

e Polarization will be most

Unlensed

e (Groundwork for
neutrino masses,
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POLARBEAR First Season Results:
Angular power spectrum

97.2% rejection of “no 08 |
lensing B-modes” 06 |
* |ncluding possible !
systematic 0.4 |
instrumental biases 0.2 |
* [ncluding estimate ol +
of foreground bias
-0.2 |
-0.4
0 500 1000 1500 2000 2500

POLARBEAR Collaboration Multipole Moment, {

AIOJ 794, 171 (201 4) Amplitude of lensing compared to ACDM:
1.12 + 0.61 (stat) *395 (sys) + 0.07 (mult)
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POLARBEAR First Season Results:
Galaxy cross-correlation

« (Cross-correlation with - polalmza'lclon l}ensullg ~ F:IB
cosmic infrared
background (CIB) — 15} {
« Herschel-ATLAS data v
: : : ™ 10} 1
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‘no lensing” S el : T
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X
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POLARBEAR Collaboration

PRL 112, 131302 (2014)
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POLARBEAR-1
CMB B-Mode Power Spectrum CBB
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POLARBEAR-1
CMB B-Mode Power Speotrum CBB
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POLARBEAR-2

Instrument overview
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POLARBEAR-2

Overview
NeXt-generation 90° 36° 18°  9° 3.6° 18 54' 22' 1,1' 5.14'
recel|ver deSigﬂ | POLARBEAR-2 (95 & 150 GHz Combined) :

PRELII\/IINAR

Larger focal plane,

field-of-view = —F
Broadband optics, T
multi-chroic pixels §orﬁ\ "
c(Xmyv) <100 meV | \. /
10-42 é 10 20 50 1(;0 260 5:)0 10100 20'00

Multipole Moment, ell = 180/(6 [°]) = 10800/(6 [])

POLARBEAR-1 POLARBEAR-2
Frequency 150 GHz 95 GHz + 150 GHz
Pixels 637 1897
Detectors 1274 /7588
Field-of-view 2.3° 4.8°
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POLARBEAR-2

Overview

- Next-generation Primary

receiver design

. Larger focal plane First PB-2 receiver
| deploying 2015

field-of-view

. Broadband optics, o \ econdary
multi-chroic pixels \
l

.+ o(Xmy) <100 meV

l
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POLARBEAR-2

Crvogenic Receiver

Pulse-tube cooler Alumina Vacuum
& sorption fridge reimaging Alumina '’ '"9oW
(hidden) lenses Filter

Dedicated pulse-
Focal plane tube cooler for

2 meters optics (hidden)
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POLARBEAR-2
Focal Plane

Broadband sinuous antenna
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Frequency (GHz)
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4 detectors per pixel

271 pixels / wafer
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POLARBEAR-2

Focal Plane

Beam-forming
silicon lenslet
Dichroic pixel w/ 2-layer AR coating

AR-coated lenslets
on seating wafer
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POLARBEAR-2

Focal Plane

NET bolometer:
360 uKvs

NET array:
4.1 pKv's
(95 GHz + 150 GH2)

Darcy Barron - UC San Diego - Measuring CMB polarization with POLARBEAR



POLARBEAR-2

Readout

Frequency domain multiplexing
Dobbs et al. Rev. Sci. Instrum. 83, 073113 (2012)

% %Rm -
by

250 mK
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POLARBEAR-2
Readout

- PB-2 focal plane has 6x as many detectors as PB-1
- Increase from 8x to 40x

- Achieved with closer frequency spacing, increased
SQUID readout bandwidth

POLARBEAR-1: 8x POLARBEAR-2: 40x
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POLARBEAR-2
Readout

- PB-2 focal plane has 6x as many detectors as PB-1
- Increase from 8x to 40x

- Achieved with closer frequency spacing, increased
SQUID readout bandwidth

POLARBEAR-1: 8x POLARBEAR-2: 40x
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POLARBEAR-2

Readout

Requirements for 40x multiplexing

‘Low-loss interdigitated capacitors
‘Low-inductance cold wiring _
-Digital feedback on SQUID

- Digital Active Nulling, de Haan et al. 2014 NbTi stripline
‘High-performance analog signal cable

Signal cable
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POLARBEAR-2

Readout

Requirements for 40x multiplexing
‘Low-loss interdigitated capacitors
‘Low-inductance cold wiring
-Digital feedback on SQUID

- Digital Active Nulling

- de Haan et al. SPIE ATl 2012
‘High-performance analog signal cable

%Rbolo% Rbolo %Rbolo %Rbolo Rbu.s ._ TL,_“ “ 5. :' + | /
— £
G C; C3. o C b =
L3I L i1 = Q \ Slgnal cable
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Simons Array

Overview

- "“Current

e
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Simons Array

Leverage POLARBEAR experience to rapidly increase sensitivity

* Initial survey: Three-year survey of 65% of sky
* [wo telescopes under construction now
e [nstallation in 2015

== Q- L1158 150 GHz / 220 GHz &

3 receivers (22,764 bolometers) observing at 95,150, 220 GHz
Hardware funded by the Simons Foundation, NSF, MEXT
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Simons Array
Projected sensitivity

-1 ‘
Foreground rejection 10
. . g ®
with multi-frequency POlari; PRELIMI Y
Simons Array data — ’°=’5?’Zfskytf§5?,fGHz 7
§10'2 )
O'(va) — 40 mev ) o =0 __ — total B-modes
(W/ DES] BAO) ™ ” - primprdial B-modes
Q lensing B-modes
=107
o(r=01)=0006 =+
=
10

Residual computation method:
Errard et al. 2011, Phys. Rev. D 84, 063005

Darcy Barron - UC San Diego - Measuring CMB polarization with POLARBEAR



The next generation

The “ultimate” ground 10— ——
based CMB polarization - |-"EE ALY
: +[ | ===BB Lensing 2N “; Y] W

experlmeﬂt 100 s BB Primordial K J “‘\fn‘ E
+ “CMB-Stage 4’ | [——BB ot / o
Goals: ;

c(Xmy) = 16 meV

o(r) = 0.001
Instrument:

* ~100x as many detectors
as current generation

* Frequency range 40 -

240 GHz
« Survey 50% of sky to ~1 Described in Snowmass CF5:
uK-arcmin depth Neutrinos: arxiv:1309.5383
* < 3arcmin resolution Inflation: arxiv:1309.5381
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Thank you

POLARBEAR-1 in third season of observations
First-season results with POLARBEAR-1: three

analyses showing CMB B-modes T !
4.70 rejection of no lensing B-modes from CMB wf oSS Al d
« Deflection power spectrum: g P ~," 4
POLARBEAR Collab. PRL 113, 021301 (2014) & Py |
« Galaxy cross-correlation: i .
POLARBEAR Collab. PRL 112, 131302 (2014) 0 |
POLARBEAR\1 |
* Angular power spectrum: ' 1-yr :
POLARBEAR Collab. ApJ 794, 171 (2014) v 10 — 1000
POLARBEAR-2 designed for increased sensitivity,

foreground mitigation (deploying soon!)
* Dichroic pixel:
A. Suzuki et al. JLTP Jan. 2014

 Readout: Barron et al. SPIE ATl 2014,
Bender et al. SPIE ATI 2014, Hattori et al.
SPIE ATI 2014

» Optics: Inoue et al. SPIE ATl 2014

Simons Array initial survey:
65% of sky at 3 fregs. (22,764 bolometers)

« Arnold et al. SPIE ATl 2014
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Backup slides
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