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with CMB 

•  Review of recent results 

•  Ongoing and future CMB experiments 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History of the Universe 

hKp://map.gsfc.nasa.gov/ 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What are we chasing aEer? 

B‐mode 
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History of the Universe 

WMAP 7year Jarosik et al. 

From the real sky to the physics of early Universe in one slide 
22GHz 
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40GHz 
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90GHz 
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History of the Universe 

WMAP 7year Jarosik et al. 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InflaVon 

•  InflaVon is introduced to explain  

–  why the Universe has the scale invariant iniUal condiUon 
–  why the Universe is flat 
–  why the Universe is uniform 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Figure from Braumann 
arXiv:0907.5424 



 InflaVon 

•  InflaVon is introduced to explain  

–  why the Universe has the scale invariant iniUal condiUon 
–  why the Universe is flat 
–  why the Universe is uniform 

•  Simple inflaUon models relate the energy scale of the inflaUon and the 
strength of the primordial gravitaUonal wave.  

       V1/4 = 3.3 × 1016 r1/4 GeV 
     where we define a parameter r, the tensor‐to‐scalar raUo. 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 Tenor‐to‐Scalar raVo 

June 1, 2012  T. Matsumura/Blois 2012  10 

WMAP put a constraint to the tensor‐to‐scalar 
raUo, r <0.24, Komatsu et al. (2011) using 
temperature anisotropies in CMB. 

This allows to start excluding some of the 
inflaUonary models. 

Komatsu et al. 2009 



 Tenor‐to‐Scalar raVo 
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WMAP put a constraint to the tensor‐to‐scalar 
raUo, r <0.24, Komatsu et al. (2011) using 
temperature anisotropies in CMB. 

This allows to start excluding some of the 
inflaUonary models. 

Komatsu et al. 2009 

ScoK and Smoot  
arXiv:astro‐ph/0601307 



 PolarizaVon 

•  CMB polarizaUon is expected to be linearly  

 polarized.  

•  Quadrupole paKern around the scaKering  

 center creates the linearly polarized light. 
•  Sources of the quadrupole paKern: 

–  Primordial density perturbaVon 

   →　E‐mode 

–  Primordial gravitaVonal wave originated from inflaVon 

   →　E‐mode and B‐mode 

June 1, 2012  T. Matsumura/Blois 2012  12 



 PolarizaVon 

•  CMB polarizaUon is expected to be linearly  

 polarized.  

•  Quadrupole paKern around the scaKering  

 center creates the linearly polarized light. 
•  Sources of the quadrupole paKern: 

–  Primordial density perturbaVon 

   →　E‐mode 

–  Primordial gravitaVonal wave originated from inflaVon 

   →　E‐mode and B‐mode 

June 1, 2012  T. Matsumura/Blois 2012  13 

Komatsu et al. 2011 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PolarizaVon 

•  CMB polarizaUon is expected to be linearly  

 polarized.  

•  Quadrupole paKern around the scaKering  

 center creates the linearly polarized light. 
•  Sources of the quadrupole paKern: 

–  Primordial density perturbaVon 

   →　E‐mode 

–  Primordial gravitaVonal wave originated from inflaVon 

   →　E‐mode and B‐mode 

Warning! 

 The detecUon of B‐mode paKern does not necessary guarantee for the 
detecUon of primordial gravitaUonal wave B‐mode.  

   ‐ The weak gravitaUonal lensing mixes the E‐mode and B‐mode. 

   ‐ The polarized galacUc emission also creates B‐mode paKern. 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Hu, Hedman, Zaldarriaga (2003) 



 Tenor‐to‐Scalar raVo using B‐mode 
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Current best limit on r  
WMAP+SPT  r <0.21.  Keisler et al. 

Currently these two leading 
experiments put the upper limit on r 
using B‐mode polarizaVon. 

BICEP at the 
geographic south pole SPT/SPTpol 

QUIET at Atacama, Chile 



 Tenor‐to‐Scalar raVo using polarizaVon 
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QUIET collaboraUon (2010) 

Current best limit on r  
WMAP+SPT  r <0.21 

Current best limit from BB 
power spectrum 
BICEP‐I two year data,  
r <0.72. Chiang et al. (2010) 

Very big community wide 
efforts to probe this deeper. 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QUIET 2011 

QUIET, W‐band 
Slide from Immanuel Buder presented in Blois 2012 



 CMB Lensing 
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Hu and Okamoto (2002) 

Hu, Hedman, Zaldarriaga 

T  E  Mass potenUal 

Lensed T  Lensed E  Lensed B 

The lensing field smears the power at 
scale below the free stream length. 

The lensing field mix E and B 
 and also mix the modes. 

This is annoying “foreground” for the 
primordial gravitaUonal wave B‐mode 
hunUng, but it contains rich physics in 
itself.  

E‐mode  E and B‐mode 



 DetecVon of lensing effect in CMB temperature 
Slide from R. Kleisler, presented in Blois 2012. 

Upcoming: Constraining the mass of neutrino and dark 
energy using lensing B‐mode polarizaVon 

Lensing B‐mode 

Primordial B‐mode 

Example with POLARBER→ 

SensiUve to sum of neutrino mass: 75 meV 
(68%C.L.) (combined with Planck) 

WMAP 7year puts constraint Σmν < 0.58 (95%CL) 
Planck forecast of error in Σmν is 150meV. (Planck bluebok) 

Nishino et al. 



 Ongoing B‐mode Experiments 



Challenges in the next generaVon CMB experiments 

Science goals 

Need more staVsVcs 
–  Large array detector experiments 
–  Large sky coverage 

Need to control systemaVcs 
–  Instrumental systemaUcs 

•  Beam shape, gain, polarizaUon angle, and many others 

–  Foreground emission 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Science goals 

Need more staVsVcs 
–  Large array detector experiments→ >1000 detectors 
–  Large sky coverage→ smaller 1/f noise and fast scan 

Need to control systemaVcs 
–  Instrumental systemaUcs→ simpler design, improve 
calibraUon techniques 
•  Beam shape, gain, polarizaUon angle, and many others 

–  Foreground emission→ broad frequency coverage 



 Ongoing and next generaVon experiments 
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Low l range experiments 
ABS, BICEP, BICEP‐II, Class,  
GroundBIRD, Keck, SPIDER 

Mid l range experiments 
EBEX, POLAR, POLARBEAR 

High l range experiments  
ACTpol, SPTpol  

l ≥ 2 (Satellite) 
Core, EPIC, LiteBIRD, Pixie, Planck 

Full sky  Small patch 

Satellite  Small telescope  Large telescope 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Planck 
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François Couchot presented the hot 
and cold plots of CMB from Planck in 
this Blois 2012. 

We expect the huge improvement on a 
number of cosmological parameters.  

We also expect to learn about 
(polarized) foreground emission over 
wide range of frequency, 30‐857GHz. 

The temperature results are expected 
to be released in early 2013. 

Figures from Planck Bluebook 



BICEP1 vs BICEP2 E/B Maps 

•  These BICEP1 maps correspond to a limit r<0.72 (95%), from Chiang et al 2009 and sUll 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) 

E‐m
ode m

ap signal dom
inated 

 – liK
le change 

B‐m
ode m

ap noise is w
ay dow

n 

Slide from J. Kovac. 
June 1, 2012  30 T. Matsumura/Blois 2012 



Keck‐Array (aka SPUD) 
•  SPUD is five BICEP2 like 
receivers on the old 
DASI/QUaD plaworm 

•  Enough sensiUvity 
@150GHz to reach 
r=0.02 by 2014 

•  SPUD will detect a B‐
mode – cosmological 
or otherwise! StarUng 
phased switch this 
year to other 
frequencies to follow 
up  Slide from J. Kovac. 

June 1, 2012  31 T. Matsumura/Blois 2012 



Suborbital Polarimeter for InflaUon Dust and the Epoch of ReionizaUon 

•  Long duraUon (20+ day cryogenic hold Ume) balloon borne polarimeter 

•  SensiUve to scales from 20° to 0.5° 

•  Instrumental sensiUviUes 5x that of Planck 

•  PolarizaUon modulaUon and survey redundancy 

•  Technical Pathfinder: soluUons appropriate for a space mission 



Spider: 

•  94/150 GHz flight in 2013 (~2600 detectors) 
•  8% full sky, 0.27/0.20 µKCMB/deg2  

•  Probing InflaUon at r ~ 0.03 
•  DetecUng weak lensing 
•  DetecUng GalacUc polarizaUon 
•  Technology demonstraUon 

•  Training for young scienUsts 



Status of 
ABS  

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

First Deployment Team 



*All 150 GHz 
*Low foreground parts of 
sky 
* ~ 35 microK rt(s) 
*Cold mirrors 
*Warm conUnuously 
rotaUng HWP 
*300 mK TES‐based 
polarimeters 
*Machined Al feeds 

ABS 
Atacama B‐mode Search 



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 
scale. 

  Mirrors 

From KEK O. Tajima 



The POLARBEAR Experiment 



POLARBEAR Science Goals 
•  POLARBEAR will measure CMB 

polarizaUon with unprecedented 
high precision  

•  Prove the epoch of inflaUonary 
cosmology by detecUng B‐mode 
polarizaUon paKern generated by 
primordial gravitaUonal wave 

–  sensiUvity for scalar to tensor 
raUo r=0.025 (95%CL) 

•  Weak lensing by large scale 
structure also generates B‐modes at 
smaller angular scales 

–  SensiUve to sum of neutrino 
mass: 75 meV (68%C.L.) 
(combined with Planck) 

E‐mode 

InflaUonary B‐mode 

POLARBEAR expected sensiUvity (3 
seasons) 

Weak‐lensing B‐mode 



Antenna‐coupled TES Bolometer Arrays 

 Total: 7 wafers ⇔ 637 pixels (1274 bolos) 
 Expected Array SensiUvity: ~13 µK√s 

91 pixels (182 bolometers) per 
wafer under AR‐coated lenslets 

TES bolometer 

Microstrip Filter (150GHz) 

Dual‐PolarizaUon 
Slot Antenna 



POLARBEAR2 

40 June 1, 2012  T. Matsumura 

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

Baseline design 
‐  Frequency at 90 and 150GHz (3.5 arcmin at 150GHz) 
‐  Total # of bolometers, 7588 (32 MUX) 
‐  Going to the exisUng POLARBEAR telescope 
‐  Two PTCs, receiver and opUcs tube. 

Deployment schedule: 2014 spring 



         Observational Cosmology - University of Minnesota, Twin Cities 

EBEX 

r=0.05 

Goal: 2σ upper limit on r=0.04 

Current limit: r<0.21  

Signal magnitude 
predicted within ~20% 

Nearly guaranteed signal 

DeterminaUon can 
constrain neutrino 

masses 

 and dark energy EOS 



Layout of One Focal Plane 

         Observational Cosmology - University of Minnesota 

•  Total of 1564 transiUon edge sensor bolometers 

•  Bath temperature = 0.27 K 

782 element array  140 element decagon  Single TES 

Strehl>0.9 at 250 GHz 

3 mm 

8.6 cm 

150 

150  150 

150 250 

250 

410 

Lee, UCB 

2.1 mm 

30 cm 

 Hardware being integrated for 12/2012 flight.  



The South Pole StaUon; 2015? 

The POLAR Array:  
 * array of mulUple mid‐size reflectors for CMB polarizaUon 
 * (a few) arcminute resoluUon  
 * mulU‐frequency (distribuUon TBD) 
 * 10% the survey speed of CMBPOL  



gravita1onal waves 

  Tensor mode perturbaUon is a 

predicUon of InflaUon  

  Search to r~0.03 at single freq.  

  Search to r~0.01 w/ mulU‐freq. 

and lensing removal  

  Precise measurement of r,  if 

r~0.1 

gravita1onal lensing 

  A Large Scale Structure exp. at 
high redshi� (z~3) 

  SensiUve to neutrino mass, dark 

energy, spaUal curvature 

  Cross correlaUon with other 
astronomical measurements 

  Bias calibraUon for opUcal galax. 
surveys  



•  Modular focal units, Uled together  
   to form large focal plane 
•  Large AΩ, simple opUcs 
•  Spillover scaKerer + Winston shield 
•  Boresight angle rotaUon 
•  Aiming for 2013 deployment 

Winston cone 
Ground shield 

Secondary 
reflector 

AZ drive and 
cable wrap 

Enclosure
/scaKerer 







CMB satellite aEer Planck 
COrE is proposed to ESA within Cosmic Vision 
2015‐2025. 

EPIC‐IM, US(JPL) based CMB satellite. 

From COrE white paper 
From Study of the   Experimental Probe of InflaUonary Cosmology ‐ 
Intermediate Mission   for NASA’s Einstein InflaUon Probe  



CMB satellite aEer Planck: LiteBIRD 

LiteBIRD: A small CMB satellite probing the 
primordial gravitaVonal‐wave B‐mode 

LiteBIRD probes the footprint of the inflaUon in 
the CMB polarizaUon with the sensiUvity of 
δr>0.001. This enables us tesUng major single 
field inflaUon models (r>0.002 from the Lyth 
bound). 

The design philosophy is to minimize the 
satellite size and maximize the sensiUvity to the 
primordial B‐mode detecUon. 



Summary 

June 1, 2012  50 T. Matsumura/Blois 2012 

The measurements of the CMB already started to constrain 
some models of inflaUon. The current WMAP+SPT limit is r 
<0.21. 

A number of ground based and balloon‐borne CMB 
polarizaUon experiments are observing, deploying, and in 
design stage. Their aim is r ~0.01. 

The CMB future satellite concepts are put together to 
pursue for the ulUmate measurements of B‐mode 
polarizaUon, r ~0.001. 

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


