RECENT DEVELOPMENTS IN CMB
RESEARCH



Outline

e Science with CMB

e Review of recent results

* Ongoing and future CMB experiments
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History of the Universe
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What are we chasing after?

B-mode




From the real sky to the physics of early Universe in one slide
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From the real sky to the physics of early Universe in one slide
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Inflation

* Inflation is introduced to explain
— why the Universe has the scale invariant initial condition
— why the Universe is flat
— why the Universe is uniform

V(o)
A 0o
‘-—\‘ o)
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PCcMB Dend reheating
=

A() Figure from Braumann
" arXiv:0907.5424




Inflation

* Inflation is introduced to explain
— why the Universe has the scale invariant initial condition
— why the Universe is flat
— why the Universe is uniform

* Simple inflation models relate the energy scale of the inflation and the
strength of the primordial gravitational wave.

y1/4 = 3.3 x 1016 /4 GeV
where we define a parameter r, the tensor-to-scalar ratio.



Chaotic Inflation
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Chaotic Inflation
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Quadrupole

Polarization Anisotropy

e
v
 CMB polarization is expected to be linearly Thomson
polarized. » — Scattering
* Quadrupole pattern around the scattering g

center creates the linearly polarized light.

e Sources of the quadrupole pattern:
— Primordial density perturbation
- E-mode
— Primordial gravitational wave originated from inflation
- E-mode and B-mode

Linear
Polarization



Polarization
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Polarization
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Quadrupole

Polarization Anisotropy

e
v
 CMB polarization is expected to be linearly Thomson
polarized. » — Scattering
* Quadrupole pattern around the scattering g

center creates the linearly polarized light.

e Sources of the quadrupole pattern:
— Primordial density perturbation
- E-mode
— Primordial gravitational wave originated from inflation

Linear
Polarization

- E-mode and B-mode
Warning!
The detection of B-mode pattern does not necessary guarantee for the
detection of primordial gravitational wave B-mode.

- The weak gravitational lensing mixes the E-mode and B-mode.
- The polarized galactic emission also creates B-mode pattern.

WMAP 7year



Polarization
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Tenor-to-Scalar ratio using B-mode

BICEP at the
geographic south pole

SPT/SPTpol
Current best limiton r

WMAP+SPT r <0.21. Keisler et al.

Currently these two leading
experiments put the upper limit on
using B-mode polarization.
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W-band orecat esuIt
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CMB Lensing

E and B-mode

.
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Lensed E Lensed B
o+
e\ A
. /
\¢~ Hu and Okamoto (2002)
1022 T T T T T T T T T T T
The lensing field smears the power at o 101;_ 06
scale below the free stream length. 3
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Detection of lensing effect in CMB temperature

Slide from R. Kleisler, presented in Blois 2012. 2.0f ' w : : : -

eGravitational lensing of CMB =

1.5 [ lact .

Y
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|

oFirst >50 detections in last year.
©20-300 in next year, similar to Planck.
eSensitive to sum of neutrino masses.
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(see Van Engelen et al, 1202.0546)
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WMAP 7year puts constraint Zm,, < 0.58 (95%CL) | =8 bom ke 3
Planck forecast of error in Zm, is 150meV. (Planck bluebok) ™ | 7 e e ‘

= = = pol. dust, p=1.5%

Upcoming: Constraining the mass of neutrino and dark
energy using lensing B-mode polarization
Example with POLARBER->

Sensitive to sum of neutrino mass: 75 meV o
(68%C.L.) (combined with Planck)
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p AN
. . 1
Nishino et al. multipole ¢



Ongoing B-mode Experiments




Challenges in the next generation CMB experiments

Science goals

Need more statistics
— Large array detector experiments
— Large sky coverage

Need to control systematics

— Instrumental systematics
* Beam shape, gain, polarization angle, and many others

— Foreground emission



Challenges in the next generation CMB experiments

Science goals

Need more statistics
— Large array detector experiments—> >1000 detectors
— Large sky coverage—> smaller 1/f noise and fast scan

Need to control systematics

— Instrumental systematics— simpler design, improve
calibration techniques

* Beam shape, gain, polarization angle, and many others
— Foreground emission— broad frequency coverage



Ongoing and next generation experiments

Low / range experiments
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Ongoing and next generation Experiments
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Ongoing and next generation experiments

Low / range experiments
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Planck

Francois Couchot presented the hot

and cold plots of CMB from Planck ir 0.020.029.025
this Blois 2012.
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BICEP1 vs BICEP2 E/B Maps

Z season BICEP1 E-modes Z season BICEP1 B-modes
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* These BICEP1 maps correspond to a limit r<0.72 (95%), from Chiang et al 2009 and still the
world’s best published limit from B-modes.
* These preliminary BICEP2 maps already reach noise levels corresponding to limits of r<0.1

(signal under analysis)

Slide from J. Kovac.



Keck-Array (aka SPUD)

e SPUD is five BICEP2 like
receivers on the old
DASI/QUaD platform

* Enough sensitivity
@150GHz to reach
r=0.02 by 2014

 SPUD will detect a B-
mode — cosmological
or otherwise! Starting
phased switch this
year to other
frequencies to follow
up Slide from J. Kovac.
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Suborbital Polarimeter for Inflation Dust and the Epoch of Reionization

e Long duraton (20+ day
e Sensitive to scales from 20° to 0.5°
e Instrumental sensitivities 5x that of Planck
e Polarization modulation and survey redundancy

e Technical Pathfinder: solutions appropriate for a space mission

$ CARDIFF ,
% | UNIVERSITY OF ler CITA &z
(Gt ICAT ‘o,

PRINCETON  Imperial College
UNIVERSITY

the David

JPL Lucle Dyckeard

FOUNDATION




Likelihood

Spider:

® 94/150 GHz flight in 2013 (~2600 detectors)
e 8% full sky, 0.27/0.20 pK y,s/deg?

e Probing Inflation at r ~ 0.03

e Detecting weak lensing

e Detecting Galactic polarization

e Technology demonstration

* Training for young scientists

— With foregrounds
---- No foregrounds

Planck
SPIDER 1
SPIDER 2

001 002 003 004
r




Status of
ABS

30 May 2012

Arrived in Chile 1/15/2012.
First light (moon) ~ 2/28/2012
Calibrations, etc are ongoing
Princeton, NIST, JHU

R

~First Deployment Team
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Half-Wave Plate

ABS

Atacama B-mode Search

—Filter Stack

| Yl

Wl
~& {m%nm

AN Helium
A Fridge Secondary | Ryt sky
Sl | Pulse Mirror / Shield

Cold *All 150 GHz
Stop
*Low foreground parts of
Tube * ~ 35 microK rt(s)
| *Cold mirrors
Primary:. *Warm continuously
Mirror .
rotating HWP
*300 mK TES-based
polarimeters
*Machined Al feeds




GroundBIRD

® Measurements of the
primordial B-modes at a large
angular scale directly constrain
inflation models !!

Large area of observation allows us to
measure the B-mode power at a large angular

start commissioning
~2013

scale. 10° 1°
? Model predictions for
Primordial B-modes
10 ;g === Chaotic p=1
— B Chaotic p=0.2
< 1 o sSB (N =47~62)
S E ' Other Ground based experiments
S '1 -——— 2
100
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\_ 10-2
O
— -3
— 10
i 4
= 10
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10

100
Multipole | (=180°/6)

CMB
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Focal plane: 0.3K (to be 0.1K)

- MKID
- TES

Rotation w/ 20 RPM

Rotation stage

¢ Mirrors
»st W

From KEK O. Tajima



The POLARBEAR Experiment




POLARBEAR Science Goals

POLA-RBE_AR W_i” measure CMB POLARBEAR expected sensitivity (3
polarization with unprecedented seasons)
high precision 2 I
gl - ¥
Prove the epoch of inflationary OB e E-mode | #5 S
cosmology by detecting B-mode 10" | —— primordial BB , af
. . pol. dust, p = 10% ‘ i
polarization pattern generated by - - - pol. dust, p = 1.5% ' !
primordial gravitational wave T’ e, J?
— sensitivity for scalar to tensor S i [
ratio r=0.025 (95%CL) - o T N
" QY 7% !
~ . o* |
Weak lensing by large scale =10 <

structure also generates B-modes at '

smaller angular scales 10

— Sensitive to sum of neutrino 1o

mass: 75 meV (68%C.L.) 10° N 10
(combined with Planck) Inflationary B-mode |

Weak-lensing B-mode



Antenna-coupled TES Bolometer Arrays

Total: 7 wafers < 637 pixels (1274 bolos)
Expected Array Sensitivity: ~13 uKvs



POLARBEAR2

The upgrade version of POLARBEAR
and KEK lead the receiver construction.

i |
r\& \‘

\

Baseline design

- Frequency at 90 and 150GHz (3.5 arcmin at 150GHz)
- Total # of bolometers, 7588 (32 MUX)

- Going to the existing POLARBEAR telescope

- Two PTCs, receiver and optics tube.

728mm

_—

TT—

Deployment schedule: 2014 spring ,,

June 1, 2012 T. Matsumura



EBEX

100 L T L] L ] Illlll T L T Illlll L ] L T lIIlll I!T.'_:I
- -
E - Dust I Signal magnitude
"~ ~~._— —— Synchrotron i I'1 predicted within ~20%
i 410 T~ ~ o /'/ 1 ’
i T~ PLANCK/, ! T :
S~e A Nearly guaranteed signal
10 IRV
= - 1292 —] / Determination can
2 - . constrain neutrino
i ) masses
L
— 1
é : and dark energy EOS
93 Z
E -
= 0.1F
0.01

B lensing

I\LIIIIIII L L IIIIIII L
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1

Goal: 20 upper limit on r=0.04
Current limit: r<0.21

it

A Observational Cosmology - University of Minnesota, Twin Cities



E)ii Lavout of One Focal Plane

782 element array 140 element decagon Single TES
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- . 3
< 30 cm > 8.6cm

Strehl|>0.9 at 250 GHz

* Total of 1564 transition edge sensor bolometers
 Bath temperature =0.27 K

Hardware being integrated for 12/2012 flight.

AN Observational Cosmology - University of Minnesota



o)
> 400 square degrees ; 1 uit-arcrnin
> Deeg search of Prirnordial B-rnode with de-lensing (4x)
& > Possiole to reachn well oelow r~0.01 , depending on foreground
> The Wide Survey

5 ; 6-10 uit-arcrnin
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The POLAR Array:
* array of multiple mid-size reflectors for CMB polarization

* (a few) arcminute resolution
* multi-frequency (distribution TBD)
*10% the survey speed of CMBPOL



Even after Planck, CMB Polarization presents great scientific
opportunities, most of which can be accessed from the ground

-

~

gravitational waves

B Tensor mode perturbationis a

prediction of Inflation
B Search to r~0.03 at single freq.

B Search to r~0.01 w/ multi-freq.

and lensing removal

B Precise measurement of r, if

r~0.1

-

gravitational lensing

~

B A Large Scale Structure exp. at
high redshift (z~3)
B Sensitive to neutrino mass, dark

energy, spatial curvature

B Cross correlation with other

astronomical measurements

B Bias calibration for optical galax.

surveys

. J




POLAR-1 o
(pathfinder) Ground shield

* Modular focal units, tiled together

to form large focal plane
* Large AQ2, simple optics A .
« Spillover scatterer + Winston shield i
* Boresight angle rotation :
* Aiming for 2013 deployment




SPT-pol

Science targets:

- first measurement of
“B-mode” polarization of CMB

- constrain neutrino mass
- constrain energy scale of inflation

Status:
- First light was seen in Jan. 2012.

- Operating well.
Potential to detect “lensing B-modes” using 2012 data.




ACTPol PA1 Optics Tube Installation:

Vacuum Pumping and Cooldown Configuration

C A
Sy



COrE is proposed to ESA within Cosmic Vision

2015-2025.

CMB satellite after Planck

v (Av) | naet | Ofuwhm Temp (I) Pol (Q,U)
pK-arcmin | pK-arcmin
GHz | GHz arcmin | RJ | CMB | RJ | CMB
45 15 64 23.3 498 | 5.25 | 861 | 9.07
75 15 300 14.0 236 | 2.73 | 4.09 | 4.72
105 15 400 10.0 2.03 | 2.68 | 3.50 | 4.63
135 15 550 7.8 1.68 | 2.63 | 2.90 | 4.55
165 15 750 6.4 1.38 | 2.67 | 2.38 | 4.61
195 15 1150 5.4 1.07 | 2.63 | 1.84 | 4.54
225 15 1800 4.7 0.82 | 2.64 | 1.42 | 4.57
255 15 575 4.1 1.40 | 6.08 | 243 | 10.5
285 15 375 3.7 1.70 | 10.1 | 2.94 | 174
315 15 100 3.3 3.25 | 26.9 | 5.62 | 46.6
375 15 64 28 4.05 | 68.6 | 7.01 119
435 15 64 24 412 | 149 | 712 | 238
555 195 64 1.9 1.23 | 227 | 3.39 | 626
675 195 64 1.6 1.28 | 1320 | 3.52 | 3640
795 195 64 1.3 1.31 | 8070 | 3.60 | 22200
COrE summary (4 year mission)
10°
Spontaneous
Symmetry
Breaking
107} 1
power law
chaotic p=8
chaotic p=1
chaotic p=0.1
- 107
WMAP constraints
COrE constraints
-3
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Table 3.2 EPIC-IM Bands and Sensitivities
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CMB satellite after Planck: LiteBIRD
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LiteBIRD probes the footprint of the inflation in
the CMB polarization with the sensitivity of
o0r>0.001. This enables us testing major single
field inflation models (#>0.002 from the Lyth
bound).

o The design philosophy is to minimize the
__\ . ! satellite size and maximize the sensitivity to the
g ' | primordial B-mode detection.
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Summary

The measurements of the CMB already started to constrain

some models of inflation. The current WMAP+SPT limit is »
<0.21.

A number of ground based and balloon-borne CMB
polarization experiments are observing, deploying, and in
design stage. Their aim is » ~0.01.

The CMB future satellite concepts are put together to
pursue for the ultimate measurements of B-mode
polarization, » ~0.001.

Lensing B-mode also provides a tool to study such as
neutrino mass.



