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Why?

Measuringprimordial CMB Bmodes s likely
our best opportunity for directly observing
gravity operating on a quantum scale.

A detection would revolutionize
fundamental physics.

The importance and challenges are well kno



We have a welestablished model standard
model of cosmology.

A Universe is flat, and described by six cosmological
parameters\W,h?, W.h2, W,  ng Dg?

A Perturbations (.e. fluctuations) are supethorizon,
nearly scale invariant, Gaussian, and adiabatic.
A Theory ofGeneral Relativitydescribes gravity

A The model is so good we can observe departures fro
It to determine thesum of neutrino masseand test
GR among other things.
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CosmologicalPurturbations |
Cp o [ P(k)T2(k)dk

Initial poweé:trum Transfer function

from, e.g., inflation (acoustic oscillations
etc.)

Scalars 6 /¢ P(k)oc K& =

— E polarizatior
N, the scalar spectral index, is a prediction of

Temperature

early universe theories

n.=0986+0. 006 ( P
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Cosmological Perturbations I

Temperature

Tensors:h (GW strain) E-mode polarizatiot

\ B-mode polarizatio

. Var(Tensors) Generic (1980 s)
~ Var(Scalars) predicted r~0.2

In tension with simple
r<0.1 Planck (95% Cb models of inflation.

~0.01 (95% cl) MO { dZNB oS¢
balloons/ground.

r~0.0001, 0.003, 0.1 \ Some current predictior



Polarization_Landscape from the Weiss Report: 20C

.+ 1 foreground averaged
.- 1 over 75% of the sky.
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Planck guide to low dust polarization level in
effectlve I

South Pole  *EBo —r:jﬂ Log {)



From Steve Chepreliminary
EE - BB
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Ground Based

Chile Have data Current or plannedreqs
ABS B @ 145GHz
HR ACTP@AdVACt B e 30,40, 90150 230GHz
HR POLARBEAR B ¢ 90, 150 GHz
CLASS ® 40, 90, 150 GHz
Antarctica
BICEP/KECK B e 90, 150, 220 GHz
HR SPTPol B @ 90, 150 GHz
QUBI@EBolo int. 2016 ) 90, 150, 220 GHz

Elsewherdfor now)

B-MachinecWMRS [ 7 40 GHz

GroundBIR[LiteBIRD 2016 ? 150 GHz

GLFc Greenland TBD 72 150, 210, 270 GHz

MuSEMultimoded TBD ? 44, 95, 145, 225, 275 Gl
MR QUIJOTECanaries, HEjjllll @ 11-20, 30 GHz



AtacamaB-modeSearch

"HT'( ‘A

W[

* 240 feeds

* 270 K HWP
* 4 K all reflective optics
* 0.3 K detectors

* Cryoperm/mu metal
* 1 cubic meter
* 145 GHz.

Lanpfian Intitere foe
CITA oz
dntnphpiue thecri:



Continuously 2.5 Hz rotating
warm halfwave plate with ABS

KusakaEssingeHileman, et al 2014
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BICEP/KeckXxperiments

A BICEP1, observed 202608

I Initial result from first 2 seasons> tightest constraint om from Bmodes:
r=0.03 +0.3 r <0.72(95% conf.) Chiang et al. 2010 (0906.1181)
I Full 3year results coming in 2011: Barkatset al.

A BICEP2, observing since Jan 2010

I good Ftseason completed (>4500h)
I 512 detectors, mapping speed 10x BICEP1

A Keck Array, observing since Feb 2011
I 1stseasorconfig 1500 detectors (3x BICEP?2)

I 201214 seasons: more receivers (5 ), more
bands (100, 150, 220 GHz)

I Predict r<0.06 in 2015/16
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Surveyor
s JOHNS HOPKINS
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Upcoming Polarimeter Deployments

South Pole 10m Atacama Cosmology 6m

Telescope Tel
Detectors P clescope

NIST
NASA/GSFC
NASA/JPL

Berkeley
ANL

SQUIDs
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Mux readouts
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Berkeley
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Filters
Cardiff




The ACT Neighborhood




AdvACT polarization forecast
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With AdvACT+othenon-CMB) surveys
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Balloons

Have data Current or plannedreqs

EBEX BN e 150, 250, 210 GHz
LPSE TBD ? 5chan40-250 GHz
PIPER 2015 e 200, 270, 350, 600 Gl
SPIDER wwmmmm e 90, 150, 280 GHz
B-FORE Proposal ?






Long Duration Ballooning

Why Ballooning? Access to space.

A Wider frequency windows 60°S -
i Atmosphere makes > 150 GHz L
difficult
A Space-like loading (NET) %0°W

A Fidelity to large angular scales
A Flight heritage for new technology

60°S|.

At what price?

60°S 180° 60°S

Narrow, and scarce, flight windows 5|
Risky recovery

A Stringent limits on mass, power ,

A Complexity of automation e ™
A Insane integration schedule 08}

A

A

0.4

0.0

SPIDER:
fup = 25 mHz
0.2  fgp =50 mHz
N;-_l, fup = 50 mHz

10!

Multipole ¢



SPIDER 2015 flight summary

Spider Flight 2014

Campaign summary

Launched January 1

16 days of observations from 36km

All systems operated nominally

Data recovery only

Full recovery planned via traverse in late

To o To To I

2015

Science Summary

5-7 x higher instantaneous sensitivity than
Planck

10x lower noise in maps, over 10% of the sky

Signal dominated maps of polarization at 94
and 150 GHz (E&B), at ¥z degree resolution

Sample variance limited EE at low multipole

B-mode search limited by Galactic
foregrounds

With the addition of 280 GHz data (2017),
can achieve a limit r < 0.03 with expected
foregrounds

o To Do Do Po  I»



Planck Collaboration: Dust polarization at high latitudes

2.0 n— o 1.0 log,o(a(7,))



Fif + 1CBB f 2 [uK]

Expected Sensitivity

A Jan 20153x (90 GHz, 150 GHz)
I r<0.03 (99%CL) withotG for the 1lalay flight
A Jan 2017 (TBDPx (90 GHz, 150 GHz, 280 GHz)
I r<0.02 (99%CL) without FG, r<0.03 (99%CL)R@th

SPIDER Forecast
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The Bmode Foreground Experiment

BFORE

a ! -arhital balloon mission to map the polarized dust foreground at 270, 3
and 600 GHz each with 6 times the sensitivity of Planck 353 GHz over 104D

Key Features
Detectors: 11,800
7,840 TES detectors at 270, and 350 G
4,960 KID detectors at 600 GHz
Telescope:
1.35 meterprimary¢> 1.7 to 4.2arcmin
4 K secondary
Flight:
28+ days above Antarctica
10,000 degoverlapping ACT, BICEP2,
CLASSolarBeaand SPT
First flightc December 2018 (proposed)

Background
Planck/ESA

AL Uuly‘% CARDIFF
’: UUUUU RSITY

& PRIFYSGOL
CARDYD




Satellites

LiteBIRD e Hazumiet al., 50320 GHz

PIXIE oe Kogutet al., 306000 GHz
EPIC O Bock et al. , 3850 GHz
EPIC 2 imbieet al.

CORE ® de Bernardiset al.



Why Space?
For a definitive measurement, space Is fFlace
Difficult to get I<10 any other way.

Stability
WMAP 0.15 , : .
% o0} - Physical temperature of-B
¢ oosf : side primary over three
§ oo} - years. This is the largest
§ -0.05 - change on the instrument.
_0'1200 100 0 -100 -200

__Sun Azimuth (deq)

WMAP 0390 Three parameter fit to gain
g o) over three years leads to a
g oseor, clean separation of gain and
8 0375 offset drifts.
0.370 ¢
32 0 200 400 600 800 1000

Time (days) Jarosik et al.



Why Space?

Full sky coverage with unigue scan strategies

No other platform can tie together large and
small angular scales with as much precision.

Knowledge of the instrument and of noise.

| believe a space missionrexjuired to make maps
that will withstand close scrutiny for decades henc

but the case Is more subtle than for other fields.



From Jamie Bock:
How Sub-Orbital Program Benefits a Satellite Mission

- Sensitivity Sensitivity Sensitivity
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Woody-Richards QMAP, SK, TOCO Archeops, Boomerang, Maxima

Historical Interplay: Suborbital Experiments serve to

- Shape scientific objective of a space mission - Develop experimental methodologies
- Train leaders of future orbital missions - Develop technologies at systems level




The EPIC-IM Concept in a Nutshell

Experimental Probe of Inflationary Cosmology i Intermediate Mission

1.4 m Crossed Dragone Telescope
- Resolution to measure lensing BB and EE to cosmic limits

- Wide FOV for high sensitivity
- Low main-beam polarization
- Very low far-sidelobes
\/‘

N 3

Bolometric Focal Plane

- High sensitivity

- Frequencies 3017 850 GHz

- High frequency Galactic science

Cooling system '
- Maximal use of passive cooling $ L2 Halo Orbit
- Efficient 4 K cryocooler (~MIRI) cools telescope

- Continuous 100 mK cooler (~Planck) cools focal plane
35

- Ideal scan strategy for polarization
- Extremely stable thermal environment
- Simple operations, conventional spacecraft



The EPIC-IM Concept: Main Features

AMaximum Cosmology
- high sensitivity to measure CMB polarization to cosmological
(or astrophysical) limits
- 5 arcminute resolution to go deeply into CMB lensing polarization
- 1 arcminute resolution for Galactic science

ASimple and Flexible Construction
- no cold moving parts, uses 1/f stability of detectors and readouts
- simpler cooling chain to 100 mK than Planck
- single enabling technology: sensitive detector arrays
- descopes: smaller sunshield, smaller focal plane, 30 K optics
- frequency coverage set only by focal plane design

ASystematic Error Control
- simple pair differencing
- scan strategy: perfectly isotropized scan angles, daily 2 sky maps
- incorporates direct experience from Planck

Smal |l apert ur el BoketaleapXivedde4207
1.4 m | M c onc elpBockétaléaéxér 0906.1188

36
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LiteBIRD working group -

JAXA . LBNL

KEK « MPA

APC Paris = Konan Univ.A

Kavli IPMU ~ McGill Univ.

 NAOJ

NICT
NIFS
NIST

Osaka Univ.
Okayama Univ. *
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-
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LifGRIRD! - 8

Lite( nght) satelhte for the studles for B-mode polarization and Inflation from cosmic background Radiation Detection
- : n N\
Science goall!!
LiteBIRD is a next generation CMB polarization satellite to probe the inflationary
Universe. The science goal of LiteBIRD is to measure the tensor-to-scalar ratio, r =0.002,

\wyth 20 sensntl\/.lty. pe— /

% nflation Focusing the primordial B-mode
e — signal with 1<200.

Baseline band of = 6 bands
(50-320GHz).

> =l There is a room to extend the frequency
__r-Of:EE N\ o R e Nl coverage if necessary based on the
' . ) analysis using the upcoming Planck
polarization data/model.

1000 -. )
Multipole Moment, { Plot from Chinone e



- gt . | e -
- Mission overview .
Supeftonducting detector array ' 2y “ Optics using crossed-Dragone design

t -

The compact and wide N—

FOV. The heritage from AN\ \half-wave plate

QUIET and ABS for | RN

CMB pol. exp. \\\Secondary
: 2 \\\

: g e
UC Berkeley (Heritage from PB1,2/SA)
The multi-color pixels for two sets of band. O & . AVARAW.9). . 908008
The'total #0f TES is 2022 with'64 DfMUX - Y L e —
readout using.SQUID. ' IR o \ o AR K

_ ! a ol
Orbit &hd scan R
_>SUI'1 |
& .
N s
\Q
Y|
” Spin anglep 230 ? e R
0.1rpm & v = oy :
R ha  Antisun direction ~ Stirling cooler + 4K Joule-Thomson
_ v - cooler to achieve 4K. Strong Achromatic half-wave plate to
Observing at L2with spin and heritage and R&D from Akari, mitigate the system 1/f and
precession to optimize the full sky Smiles, Suzaku, Astro-H, and SPICA. differential systematics. Heritage

coverage and the systematics. The sub-K stage is ADR. from EBEX pol. modulator.



S:atus(and(proSpeot(

A L|teBIRD e has proposed to the JAXA strateglc Iarge
" mission and the result IS to be announced '

Q

A L|teBIRD WG has proposed to the NASA MO for the FPU and

* sub-K cryogenics development and the result is to be
announced. s A

| - . < ;{ o
A L|teBIRD IS selected as one.of th'e pnon ed projects in the
master plan 2014 by SC|ence Councill of Japan.!

3 . A
. A LiteBIRD is chosen as one of ten new projects in MEXT
-, Roadmap for-Large-scale Research Projects.!

b

A Targeting the launch in early 2020s.!

. " -
\
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Primordial Inflation Explorer

PIXIE

PI: A. Kogut

Explorer mission to measure

inflationary signal to limits imposed

by cosmological foregrounds

U Probe inflationatr<1®6 p ~ 0

U 400 frequency channels
30 GHz to 6 THz

Mm OY G2 pn >Y

U Complex signal modulation
11 orders of magnitude in time
Multiple space/time symmetries
U Rich ancillary science
Epoch of reionization

Cosmic IR background

Galactic astrophysics



