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PLANCK 2014
- THE MICROWAVYE SKY IN
TEMPERATURE AND POLARIZATION

1-5 December 2014, Palazzo Costabili, Ferrara, [taly

NEW RESULTS FROM PLANCK AND OTHER EXPERIMENTS ON COSMOLOGY, FUNDAMENTAL
PHYSICS, GALACTIC AND EXTRAGALACTIC ASTROPHYSICS, DATA ANALYSIS AND NEXT

OBSERVATIONAL CHALLENGES
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Beyond ACDM at Planck
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BICEP2 official slide

Constraint on Tensor-to-scalar Ratior

Find the most likely value of the tensor-to-scalar ratio r

Uncertainties here include Substantial excess power in the region where the
5 ,'f—\'_'\ E 1§ L \7*]' v I‘ sample variance at r=0.2 inflationary gravitational wave signal is expected to peak
Ia_li_‘i . = == hest fif

ORXRIYINYT R

Apply “direct likelihood” method, uses:

é’g& —C‘”L \ %) 0) —C‘“ S o lensed-ACDM + noise simulations

o o weighted version of the 5 bandpowers

ﬁ” E J: [') 7(5’ l/ \ o o B-mode sims scaled to various levels of r
(n=0)

- +0.07
r=0.20_7 s

0 100 200
Multipole

Within this simplistic model we find:

Likelihood

r = 0.2 with uncertainties dominated by
sample variance

— model is perfectly acceptable fit to the data

I

I I

I I

PTE of fit to data: 0.9 | |
I I

I I

r=0 ruled out at 7.00

0 01 02 03 0.4 05 06

Tensor-to—scalar ratio r
The Bicep2 Collaboration
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BICEP2 official slide
Polarized Dust Foreground Projections

FDS Model

Polarization fractionld&—1E£5%% R &
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o / = ——FDS h

X / — PSM

= 0.01} / DDM1 { The BICEP2 region is chosen to

& — DDM2 have extremely low foreground

o _ "y emission.

©  0.005f \\\\

* Use various models of polarized

= dust emission to estimate

foregrounds.
Dashed: Dust auto spectra
—0.005} Solid: BICEP2xDust cross spectra Atl)l dust (a’Ut_o SPIeICtralwe" below
' ' : : . : observed signal level.
0 50 100 150 200 250 300 g
Multipole Cross spectra consistent with zero.
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BICEP2 official slide

Joint Constraint on r and Lensing Scale Factor

0.03
Lensing deflects CMB photons, slightly mixing
the dominant E-modes into B-modes --
dominant at high multipoles

o
o
o

Planck data constrain the amplitude of the
lensing effect to A= 0.99 + 0.05.

o
o
—_

I(1+1)C/2m [uK?]

3.5 - —
Contours: 1&20 intervals
3t from BICEP2 data { 0

25}
!
1.5}
1t
0.5}
0

0 100 200
Multipole

In the joint constraint on r and A, we find:

BICEP2 data is perfectly compatible with a
lensing amplitude of A= 1.

lensing scale factor AL

Planck’s 10 band on A Marginalizing over r, we detect lensing B-

-0.5 : : : modes at 2. 70
0 0.1 0.2 0.3 0.4

r

The Bicep2 Collaboration
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FIG. 7.— The BICEP2 EE and BB auto spectra (as shown in Figure 2)
compared to cross spectra between BICEP2 and the 100 and 150 GHz maps
from BICEP1. The cross spectrum points are offset horizontally for clarity.

cal lines indicate the equivalent spectral indices under these conventions for
the CMB, synchrotron, and dust. The observed signal is consistent with a
CMB spectrum, while synchrotron and dust are both disfavored by = 2o.

bine the latter*®. Figure 9 compares the result to the BICEP2
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| Selected for a Viewpoint in Physics week endin
PRL 112, 241101 (2014) PHYSICAL REVIEW LETTERS 20]UNE20%4

S

Detection of B-Mode Polarization at Degree Angular Scales by BICEP2

P. A.R. Ade,' R. W. Aikin,” D. Barkats.> S.J. Benton,* C. A. Bischoff,’ J.J. Bock,>® J. A. Brevik.” I. Buder,” E. Bullock,’
C.D. Dowell.® L. Duband}® J. P. Filippini,” S. Fliescher,” S.R. Golwala,” M. Halpem,'® M. Hasselfield."
S.R. Hildebrandt,”® G. C. Hilton,"" V. V. Hristov,” K. D. Irwin,">"*!" K. S. Karkare,” J. P. Kaufman,"* B. G. Keating,"*
S.A. Kemaeovskiy,'2 J.M. Kovac.™" C.L. Kuo,"””" E.M. Leitch,"” M. Lueker,” P. Mason,” C. B. Netterfield.*'®
H. T. Nguyen.’ R. O’Brient.® R. W. Ogbumn IV,'*"* A. Orlando."* C. Pryke.””" C. D. Reintsema,'" S. Richter.” R. Schwarz.’
C.D. Sheehy,”"” Z. K. Staniszewski,”® R. V. Sudiwala,' G.P. Teply,” J. E. Tolan,"> A.D. Tumer.® A. G. Vieregg.™"
C.L. Wong.” and K. W. Yoon'*"

(BICEP2 Collaboration)

Abstractkl

Galactic synchrotron makes a negligible contribution to the observed signal. We also examine a number of
available models of polarized dust emission and find that at their default parameter values they predict
power ~(5-10)x smaller than the observed excess signal (with no significant cross-correlation with our
maps). However, these models are not sufficiently constrained by external public data to exclude the
possibility of dust emission bright enough to explain the entire excess signal. Cross correlating

R ' 1oL, REK—2FD0
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- Lensing B-mode is ~2sigma higher
—> foregrounds are less disfavored than expected
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Planck 353 GHz (arXiv:1405.0871)

0.0 wemm— s 20.0 p [%]

Tendency: the smaller the power is, the larger the polarization fraction is

Assumption in BICEP2 analysis is likely to be optimistic.
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Polarization fraction (p)
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Planck 353 GHz (arXiv:1405.0871)

0.0 — e 20.0 p [%]

Tendency: the smaller the power is, the larger the polarization fraction is

Note that the result for the BICEP2 patch is not yet available.
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A joint analysis of Planck and BICEP2 B modes including dust
polarization uncertainty
Michael J. Mortonson, UroS Seljak  arXiv:1405.5857v1
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Another example
(R. Flauger, J. Hill, D. Spergel, arXiv:1405.7351)

DDM-P1+lensing DDM-P2+lensing Ny—lensing
006} 006} 0.06}
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i i Y
= = 4 2 '
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< om} + l o} T * " < oo} T ' {,+ i
ool \ toi | 001} t' '+ - 1 °~°1:_i_i+.—ﬁ"H/1
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Lensing B-mode Discovery by SPTPol

DEC (J2000)

E map from
SPTPol 150GHz

Correlation b/w B map from
SPTPol (“B”) and reconstructed B

map (“E¢”) examined

Lensing potential
“¢” from Herschel

500um

RA (J2000)

Reconstructed
B map, or “E¢”

-51°

-54°

-57°

-60°

12

10

arXiv:1307.5830
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POLARBEAR® BLH#E 5

Phys. Rev. Let. 112, 131302 (2014)
http://arxiv.org/abs/1312.6645
Evidence for Gravitational Lensing of the Cosmic Microwave Background

Polarization from Cross-correlation with the Cosmic Infrared Background
POLARBEAR Collaboration

Phys. Rev. Let. 113,021301 (2014) H R DCMBIRILD A H
http://arxiv.org/abs/1312.6646 AW-EAL > XshRiEE

Measurement of the Cosmic Microwave Background Polarization Lensing Power
Spectrum with the POLARBEAR experiment
POLARBEAR Collaboration

http://arxiv.org/abs/1403.2369

A Measurement of the Cosmic Microwave Background B-Mode Polarization Power
Spectrum at Sub-Degree Scales with POLARBEAR

POLARBEAR Collaboration
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POLARBEAR Collaboration
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SIMONS FOUNDATION

Gobierno de Chile Advancing Research in Basic Science and Mathematics
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POLARBEAR Collaboration
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POLARBEAR Site:
Atacama, Chile
(5150m above sea level)




- Oxygen tank
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Huan Tran Telescope (HTT) cregorannragone
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HTT @ Chile on 2013-05-03T22:25:10Z
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Recelver System

Pulse Tube Cooler

IR Blocking Filters

3 Stage He Focal Plane Cold Aperture
Sorption Fridge

Reimaging Lenses

Rotating HWP
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637 pixels
(91 pixels/wafer x 7 wafers)
1274 TES bolometers

23 uK\'s array NET

(achieved typically
during observations)

Lenslet

Wafer module
assembly

POLARBEAR-1
Focal Plane

TES

KN

— 1 mm

2 TES bolometers/pixel
with dual-polarization
double-slot dipole antenna
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Phys. Rev. Let. 112, 131302 (2014)

Infrared Background
POLARBEAR Collaboration

Evidence for Gravitational Lensing of the Cosmic Microwave
Background Polarization from Cross-correlation with the Cosmic

m polarization lensing x CI
20 T T T T T

B (Herschel 500um
H-ATLAS survey)

I I
S [ ]
P -
\ .
>~ 10F 4+ -
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~ l 1
5&)\; 5 S ® ]
X [ ]
[N 0 _
K: lensing - stat
convergence -5 ' ' ' ' L— ' '
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I: CIB / syst < 0.20
2014/07/28 Cosmic Microwave Background Experiments  ¥17% & 5 (KEK) 67




First detection of lensing signals

Phys. Rev. Let. 113,021301 (2014) with CMB polarization alone !
Measurement of the Cosmic Microwave Background Polarization

Lensing Power Spectrum with the POLARBEAR experiment

Lenging B-mode detection with CMB 4-point correlations

Cldd = <d.gdcz> = <EBEB> e
= <d_.d.,> = <EEEB> d for deflection field

* E leaks into B due to gravitational lensing.
* symmetric pattern viewed through a distorted lens
* Many wave numbers of B created
—> E-B correlation between different wave numbers : E(I)B(I') # 0

sin 2@11/
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POLARBEAR 2013 C, 4

Phys. Rev. Let. 113, 021301 (2014)
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5. 5B DY LLiteBIRD
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1. Ground | - -2-.'BaII,o,on-,.-, 3 vatelllte

QUIET

o o

_ POLARBEAR ,
s Ataca
In addition, Chile

4

ABS, CLASS, POLARBEAR-2,
GroundBIRD, Simons Array, Mu

BIGEP1 e 24"/ ’ - PlXIE

COrE

.E.
L

LiteBIRD

. B
- 300 gl

In addition, BICEP3, POLAR QUBIC

Data SIO NOAA U S. N vy, NGA GEBCO
© 2011 Inav/Geosistemas SRL

In addition, QUIJOTE in Canary island, AMIiBA in Hawaii
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What do we need ?

1. More frequencies for foreground
separation

2. More precise measurements of
lensing B mode

3. More sky (BICEP2 already sample-
variance limited 1f r=0.2)
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BICEP1 (2006-2008) BICEP2 (2010-2012) Keck Array (2011-2016) BICEP3 (2015-2016)
= "

=

o8 0 g -8 0 s -5 0 3
Longhtude (dogrees) Longhtude (degrees) Longitede (degroes) Longitde (degrees)

98 NTDs (95/150 GHz) 512 TESs (150 GHz) 2560 TESs (150 GHz) 2560 TESs (95 GHz)
0.93%/0.60" FWHM 0.52" FWHM 0.37° FWHM
18° FOV 17° FOV 26" FOV

44 m? deg? AD 222 m? deg® AD 502 m? deg® AQ optical throughput



POLARBEAR-2

90° 36 180 9 36° 18 54 2 11" b4
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Simons ArraylX ¥ JJ L > AB-mode i
Bl NI EMDBRFINS

— Planck (no lensing) + DESI
10° : .
AVVR/RVR/DVBRNN N\
:ﬁre \smo\g ( 5 \
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total error ~19meV with 3 POLARBEAR-2 receivers,

project named Simons Array
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[LiteBIRD mission

* Check representative inflationary models

* requirement on the uncertainty on r
(stat. ® syst. ® foreground © lensing) or < 0.001

No lose theorem of LiteBIRD

» Many inflationary models predict r>0.01 = >10sigma discovery

» Representative inflationary models (single-large-field slow-roll models)
have a lower bound on r, 1 (A¢>z 5. 10-3 (A(p)z

r =

r>0.002, from Lyth relation. N?Z
» no gravitational wave detection at LiteBIRD = exclude representative
inflationary models (i.e. r<0.002 @ 95% C.L.)

» Early indication from non-space-based projects = power spectra at LiteBIRD !

mpl mpl

Similar to LHC Higgs case (Occam's razor)
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theBIRD focal plane deSlgn tri-chroic (140/195/280GHz)

UC Berkeley
TES option

2022 TES
bolometers

T, = 100mK

Band centers can
(S be distributed to

SERE AR ! LA yj increase the
A Ay v S e L L / effective number

4 /| of bands

100GHz

'\ POLARBEAR A
W focalplaneas

= ’."WOf'
Ty W
-' R N
- )

-

|7014/07/28 | |

2uKarcmin
(w/ 2 effective years)

30c

300GHz

8 cm site-t

More space to place <60GHz detectors
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Foreground subtraction exercise

using a template method with 6 bands

We apply the template method to the Planck sky model (Dust
polarization fraction is set to be x3) using the 6 bands, and test the"
. recovery of tensor-to-scalar ratio,.r. Use I <47 and f,, of 50%.

Sensitivity
(LK
arcmin)

10.3
6.5
4.7
3.7
3.1
3.8
1.8 (2.99)

Planck CMB polarization data will
be released in late 2014 and we
will revisit to this optimization with
Planck data.

rrecover

Method II: A-template with uniform 8
distribution

Method II’: A-template with a priorin 8
distribution p
Method lll: iterative A-template ~z

offset = 0.0005
offset = 0.0004
offset = 0.0003
Method Il
Method II’
Method IlI

Katayama et al. in prep.



Strategy

Small Satellite for Super telescope array

ultimate meas. on ground
of r (0r<0.001) 40 < | < 3000~10000

[
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