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CMB	
  emission	
  

z	
  ≈	
  1-­‐3	
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CMB	
  science	
  

•  InflaMon	
  –	
  of	
  course,	
  but	
  also…	
  
•  A	
  census	
  of	
  mass	
  (CMB	
  lensing)	
  
•  Cosmological	
  parameters	
  
•  Detailed	
  validaMon	
  of	
  the	
  model	
  
•  A	
  census	
  of	
  hot	
  gas	
  (thermal	
  SZ)	
  
•  The	
  cosmic	
  velocity	
  field	
  (kineMc	
  SZ)	
  
•  Thermal	
  history	
  /	
  absolute	
  spectrum	
  
•  Surprises	
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Requires	
  us	
  to	
  	
  
resolve	
  the	
  CMB	
  

beam	
  ≈	
  4'	
  

Requires	
  us	
  to	
  
resolve	
  clusters	
  

beam	
  ≈	
  1'	
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GalacMc	
  foregrounds	
  at	
  200	
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GalacMc	
  foregrounds	
  at	
  100	
  GHz	
  

5%	
  
1%	
  

1%	
  in	
  amplitude	
  
=	
  10-­‐4	
  in	
  power	
  

5%	
  in	
  amplitude	
  
=	
  2.5	
  10-­‐3	
  in	
  power	
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CORE	
  concept	
  and	
  strategy	
  

Resolve	
  the	
  CMB	
  for	
  exhausMve	
  CMB	
  science	
  
≈	
  4'-­‐6'	
  resoluMon	
  or	
  beVer	
  
	
  
Signal	
  dominated	
  data	
  (S/N	
  >2-­‐3	
  for	
  Blens)	
  
σP	
  =	
  1.5-­‐2.5	
  μK.arcmin	
  on	
  ≈	
  100%	
  sky	
  
	
  
Control	
  of	
  systemaMc	
  effets	
  	
  
for	
  polarisaMon	
  measurements	
  
	
  
Control/separaMon	
  of	
  polarised	
  
(and	
  intensity)	
  foregrounds	
  

A	
  near-­‐ul7mate	
  CMB	
  polarisa7on	
  mission	
  proposed	
  to	
  ESA.	
  	
  
	
  -­‐	
  guaranteed	
  CMB	
  science	
  (full	
  exploita7on	
  of	
  CMB	
  polariza7on	
  informa7on)	
  
	
  -­‐	
  strong	
  legacy	
  value	
  and	
  discovery	
  poten7al	
  for	
  many	
  areas	
  of	
  science	
  

Class	
  1.2-­‐1.5	
  m	
  telescope	
  or	
  beVer	
  
≈	
  6-­‐8'	
  at	
  135	
  GHz;	
  ≈	
  4-­‐5'	
  at	
  200	
  GHz	
  

	
  
from	
  ≈	
  2000	
  (base)	
  to	
  5000	
  (extension)	
  

detectors	
  at	
  ≈	
  100	
  mK	
  
	
  

L2	
  orbit;	
  Redundancy	
  and	
  polarisaMon	
  
modulaMon	
  by	
  scanning	
  strategy	
  

	
  
15-­‐20	
  frequency	
  bands	
  (or	
  more)	
  
covering	
  ≈	
  60-­‐600	
  GHz	
  (or	
  more)	
  

	
  

Performance	
  /	
  requirement	
   Solu7on	
  



Spacecraw	
  (from	
  M4	
  to	
  M5	
  concept)	
  

M4	
  proposal	
  

ESA	
  CDF	
  

M5	
  proposal	
  (TBC)	
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Spin	
  
Axis	
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Service	
  module	
  
AcMve	
  
coolers	
  

T	
  =	
  300K	
  

Spin	
  
Axis	
  

Telescope	
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Focal	
  Plane	
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Sun	
  screen	
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Interface	
  

Service	
  module	
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Shadow	
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T	
  =	
  40-­‐100K	
  



Payload	
  baffle	
  

Focal	
  Plane	
  
screens	
  

Focal	
  Plane	
  
D	
  ≈	
  50cm	
  

Sun	
  screen	
  

InsulaMng	
  
Interface	
  

Service	
  module	
  

Thermal	
  
filters	
  

AcMve	
  
coolers	
  

Shadow	
  cone	
  

T	
  =	
  40-­‐100K	
  

T	
  =	
  300K	
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Orbit	
  and	
  Scan	
  strategy	
  

Precession	
  
≈	
  4	
  days	
  

RotaMon	
  
≈	
  1-­‐2	
  minutes	
  

RevoluMon	
  
≈	
  1	
  yr	
  

Solar	
  
IlluminaMon	
  

L2	
  

Earth	
  

Moon	
  

Sun	
  
Base	
  Configura7on	
  :	
  
≈45%	
  sky	
  covered	
  	
  
every	
  4	
  days	
  with	
  a	
  

sensi7vity	
  and	
  angular	
  
resolu7on	
  beWer	
  than	
  
Planck	
  HFI,	
  in	
  ≈20	
  
frequency	
  bands.	
  

	
  
Nominal	
  mission	
  :	
  3-­‐4	
  yrs	
  

A.U.	
  

A.U.	
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Wallis	
  et	
  al.,	
  arXiv	
  1604.02290	
  



Spacecraw	
  (ESA	
  CDF	
  version)	
  
Tulip-­‐shaped	
  V-­‐grooves	
  
provide	
  passive	
  cooling	
  
to	
  60K	
  even	
  with	
  α≈45°	
  

No	
  direct	
  ray	
  	
  
from	
  the	
  sky	
  

to	
  the	
  focal	
  plane	
  

Cold	
  shield	
  <20K	
  
	
  

+	
  4K	
  stage	
  
+	
  Baffle	
  <1K	
  	
  

>1.2m	
  aperture;	
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Conclusions	
  of	
  the	
  ESA	
  CDF	
  

Slide 32 ESA UNCLASSIFIED – For Official Use - Privileged Summary 

Summary 

• Baseline CDF design 
– No specific  technical show-stoppers identified, but some technology 

developments needed 
– Difficult to increase the aperture (>1.5 m cannot be accommodated) 
– Preliminary cost above M5 envelope 
– Suitable for collaboration (>20% level) 

• Options identified to reduce complexity and cost of baseline design 
– Reduce spin rate (to 0.5 – 1.0 rpm) 
– Reduce pointing reconstruction error (to 5-6”) 
– Increase telescope temperature (to ~100 K) 

• Alternative design (cryo-option 1) 
– Actively cooled shields 
– Aperture <0.8 m 
– Not studied at same level of detail. Cost savings uncertain 
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Slide 31 ESA UNCLASSIFIED – For Official Use - Privileged Summary 

Criticalities 

Mission drivers: 
• Large precession: large Sun aspect angle more complex cryo-architecture, 

additional solar panels, complex TT&C, complex AOCS, 
• Cryogenic cooling FPU @100 mK, only free design parameter is Telescope 

temperature 
• Fairing size and precession law: limiting maximum telescope size 
Open points: 
• Technology maturity of detector arrays (TRL 3-4). Clear Development plan required 

in the proposal 
• Need of Half Wave Plate. Consensus from community required for a credible 

proposal 
 
 
 

 

Conclusions	
  of	
  the	
  ESA	
  CDF	
  

Nothing	
  we	
  can	
  do	
  on	
  FPU	
  but	
  flexibility	
  on	
  telescope	
  

Reduce	
  α	
  to	
  30°	
  

Address	
  these	
  two	
  points	
  in	
  the	
  proposal	
  and	
  in	
  companion	
  papers	
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Conclusions	
  of	
  the	
  ESA	
  CDF	
  

Slide 30 ESA UNCLASSIFIED – For Official Use - Privileged Summary 

Cost 

• The costs of the mission is above the limit of a M-class mission, requiring either: 
– Substantial contribution from the member states  
– International cooperation 

• Cost/risk reduction could be achieved by : 
1. Reducing spin rate to 1 rpm 

– RW based AOCS possible  
– Lower data-rate: smaller data storage 
– Less power or less time for data download (X-band still not feasible) 
– Simpler Propulsion System  

2. No passive cooling at 60K cryo-architecture 
– Avoids use of He shrouds test chamber 
– Smaller/warmer telescope 

 
 

AcMvely	
  discussed	
  

OK!	
  That	
  was	
  our	
  M4	
  baseline	
  …	
  checking	
  ½	
  RPM	
  

OK,	
  but	
  maybe	
  building	
  more	
  	
  
on	
  Planck	
  heritage	
  is	
  sMll	
  beVer.	
  	
  

OK,	
  test	
  impact	
  on	
  science	
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CMB	
  polarizaMon	
  sensiMvity 	
   	
   	
   	
   	
  2.05	
  uK.arcmin	
  
Synchrotron	
  extrapolaMon	
  at	
  130	
  GHz 	
   	
   	
  1.00	
  uK.arcmin	
  
Dust	
  extrapolaMon	
  at	
  220	
  GHz 	
   	
   	
   	
  1.10	
  uK.arcmin	
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The	
  Primordial	
  InflaJon	
  Explorer	
  
Beyond	
  the	
  Power	
  Spectrum	
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L2	
  Halo	
  Orbit	
  
• 	
  Spin	
  axis	
  91	
  deg	
  to	
  sun	
  line	
  
• 	
  Precess	
  scan	
  plane	
  to	
  follow	
  sun	
  line	
  
• 	
  Full-­‐sky	
  coverage	
  every	
  6	
  months	
  

Cryogenic	
  instrument	
  at	
  L2	
  halo	
  orbit	
  
• 	
  Spin	
  at	
  1	
  RPM	
  
• 	
  Precession	
  5	
  hours	
  about	
  sun	
  line	
  

PIXIE Nulling Polarimeter 

Measured Fringe Pattern  
Samples Frequency Spectrum  

of Polarized Sky Emission 

Zero means zero: No fringes if sky is not polarized 

!"#$%&'('

Interfere 
Two Beams From Sky 
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Fourier Transform 
Spectrometer 

Beam-Forming 
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PIXIE	
  Samples	
  History	
  of	
  the	
  Universe	
  

QuesMons	
  specifically	
  called	
  out	
  in	
  Astro-­‐2010	
  Decadal	
  Survey	
  

Big	
  Bang	
  Cosmology	
  
	
  	
  	
  	
  	
  InflaMon	
  
	
  	
  	
  	
  	
  Grand	
  UnificaMon	
  physics	
  
	
  	
  	
  	
  	
  Quantum	
  gravity	
  

Early	
  Universe	
  
	
  	
  	
  	
  	
  Dark	
  maVer	
  decay/annihilaMon	
  
	
  	
  	
  	
  	
  Primordial	
  density	
  perturbaMons	
  	
  

ReionizaJon	
  and	
  First	
  Stars	
  
	
  	
  	
  	
  	
  	
  DetecMon	
  of	
  neutrino	
  mass	
  
	
  	
  	
  	
  	
  	
  Nature	
  of	
  first	
  stars	
  

Large-­‐scale	
  Structure	
  
	
  	
  	
  	
  Cosmic	
  tomography	
  
	
  	
  	
  	
  Star	
  formaMon	
  history	
  

	
  
GalacJc	
  Structure	
  
	
  	
  	
  	
  	
  Assembly	
  history	
  of	
  the	
  Galaxy	
  
	
  	
  	
  	
  	
  Dust	
  &	
  chemical	
  separaMon	
  

All	
  this	
  science	
  
with	
  
single	
  instrument	
  

1010	
  yr	
  

109	
  yr	
  

108	
  yr	
  

105	
  yr	
  

1	
  yr	
  

<<	
  1	
  sec	
  Time	
  

Big	
  Bang	
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NASA	
  Explorer	
  Program	
  
Small	
  PI-­‐led	
  missions	
  

• 	
  22	
  full	
  missions	
  proposed	
  Feb	
  2011	
  
• 	
  $200M	
  Cost	
  Cap	
  +	
  launch	
  vehicle	
  

PIXIE	
  not	
  selected;	
  urged	
  to	
  re-­‐propose	
  	
  
• 	
  Top	
  (Category	
  I)	
  science	
  raMng	
  
• 	
  Broad	
  recogniMon	
  of	
  science	
  appeal	
  

Re-­‐propose	
  to	
  next	
  MIDEX	
  AO	
  (2016)	
  
• 	
  Technology	
  is	
  mature	
  
• 	
  Launch	
  early	
  next	
  decade	
  

Mature	
  
technology	
  

Mirror	
  Transport	
  Mechanism	
  

Sun/Earth	
  Shield	
  

Calibrator	
  

Detector	
  

!"#$%&#'()*+%

,"-$.#'/%
0"##1#%

2#')+3$#%
0"##1#+%

Fourier	
  
Transform	
  
Spectrometer	
  

"PIXIE's	
  spectral	
  measurements	
  alone	
  	
  
	
  	
  jusMfy	
  the	
  program"	
  

	
  -­‐-­‐	
  NASA	
  review	
  panel	
  08	
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r=0.01	
  

5.6	
  μKCMB.s1/2	
  =	
  6	
  μKCMB.arcmin	
  
in	
  polarisaMon	
  for	
  a	
  4yr	
  mission	
  	
  



Main	
  limitaMons	
  of	
  PIXIE	
  
	
  
1)  Beam	
  size	
  2.6°	
  
	
  
2)	
  Foreground	
  emission	
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LiteBIRD working group 

139	
  members,	
  internaMonal	
  and	
  interdisciplinary	
  (as	
  of	
  May	
  1,	
  2016)	
  

JAXA 
T. Dotani 
H. Fuke 
H. Imada 
I. Kawano 
H. Matsuhara 
T. Matsumura  
K. Mitsuda 
T. Nishibori 
K. Nishijo 
A. Noda  
A. Okamoto 
S. Sakai 
Y. Sato 
K. Shinozaki 
H. Sugita 
Y. Takei 
S. Utsunomiya 
T. Wada 
R. Yamamoto 
N. Yamasaki 
T. Yoshida 
K. Yotsumoto 

Osaka U. 
S. Kuromiya 
M. Nakajima	

S. Takakura 
K. Takano	


Osaka Pref. U. 
M. Inoue 
K. Kimura 
H. Ogawa 
N. Okada 

Okayama U. 
T. Funaki 
N. Hidehira 
H. Ishino 
A. Kibayashi 
Y. Kida 
K. Komatsu 
S. Uozumi 
Y. Yamada	


NIFS 
S. Takada 

Kavli IPMU 
K. Hattori  
N. Katayama 
Y. Sakurai 
H. Sugai 

KEK 
M. Hazumi (PI)  
M. Hasegawa 
N. Kimura  
K. Kohri 
M. Maki 
Y. Minami 
T. Nagasaki 
R. Nagata 
H. Nishino 
S. Oguri  
T. Okamura 
N. Sato  
J. Suzuki 
T. Suzuki 
O. Tajima  
T. Tomaru 
M. Yoshida  

Konan U. 
I. Ohta 

NAOJ 
A. Dominjon 
T. Hasebe 
J. Inatani 
K. Karatsu  
S. Kashima 
T. Noguchi 
Y. Sekimoto 
M. Sekine 

Saitama U. 
M. Naruse 

NICT 
Y. Uzawa 

SOKENDAI 
Y. Akiba 
Y. Inoue 
H. Ishitsuka 
Y. Segawa 
S. Takatori 
D. Tanabe 
H. Watanabe 

TIT	
  
S. Matsuoka	

R. Chendra 

Tohoku U. 
M. Hattori 

Nagoya U. 
K. Ichiki 

Yokohama 
Natl. U. 
T. Fujino 
F. Irie 
H. Kanai 
S. Nakamura 
T. Yamashita 

RIKEN 
S. Mima 
C. Otani  

APC Paris 
R. Stompor 

CU Boulder 
N. Halverson 
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Lite (Light) Satellite for the Studies of B-mode Polarization 
and Inflation from Cosmic Background Radiation Detection	


§  CMB polarization all-sky survey proposed to JAXA (Feb. 2015) 

§  Also to NASA MO for U.S. participation (Dec. 2014) 
§  Both proposals passed initial down-selections ! 
§  ISAS/JAXA Phase-A studies have started (Aug. 2016) 

§  ISAS team leader: Tadayasu Dotani (ISAS/JAXA) 
§  ISAS is also hiring a full professor for LiteBIRD. 

§  Clear mission : to test major large-field inflation models 
and quantum gravity behind them 
§  Total uncertainty on tensor-to-scalar ratio, r, σ(r=0) < 0.001 
§  Multipole coverage: 2 ≤ l ≤ 200 

§  Launch in ~2025 w/ JAXA’s H3 for 3-year observations at L2 
§  Currently the only CMB polarization space project in Phase-A status 

Mission	
  instruments	
  based	
  
on	
  experiences	
  in	
  	
  
ground-­‐based	
  CMB	
  
projects	
  +	
  past	
  cryogenic	
  
satellites	
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•  To	
  be	
  consistent	
  with	
  the	
  launch	
  in	
  2025,	
  we	
  need	
  to	
  finish	
  detailed	
  
engineering	
  studies	
  in	
  2016-­‐2021	
  (Phase-­‐A/B/C)	
  and	
  start	
  flight	
  
model	
  producMon	
  in	
  2022	
  (Phase	
  D).	
  

•  5-­‐year	
  extension	
  of	
  Kavli	
  IPMU	
  is	
  well	
  aligned	
  to	
  the	
  overall	
  schedule	
  
of	
  LiteBIRD.	
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Final	
  selecMon	
  

LiteBIRD	
  schedule	
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The	
  ESA-­‐JAXA	
  CDF	
  study	
  

08	
  Sep.	
  2016	
   Space	
  Missions	
   43	
  hVp://sci.esa.int/trs/57795-­‐cmb-­‐polarisaMon-­‐mission-­‐study/	
  



CDF	
  study	
   LiteBIRD	
  
Orbit	
   L2	
   L2	
  

Launch	
  year	
   >2026	
  at	
  the	
  earliest	
  
anMcipated:	
  2029	
  

target:	
  2025	
  

ObservaMon	
  Mme	
   3	
  years	
   3	
  years	
  

Mass	
   2.2	
  tons	
   2.2	
  tons	
  

Power	
   2.2	
  kW	
   2.5	
  kW	
  

Main	
  telescope	
   Gregorian,	
  	
  
1.2m	
  aperture,	
  60K	
  passive	
  

Cross	
  Dragone	
  
40cm	
  aperture,	
  <10K	
  acMve	
  

Secondary	
  telescope	
  +	
  instrument	
   No	
   Yes	
  

Frequencies	
   ≈	
  60-­‐600	
  (15-­‐20	
  bands)	
   ≈	
  40-­‐400	
  (12+3	
  =	
  15	
  bands)	
  

Detectors	
   2420	
  single	
  band,	
  100mK	
  
One	
  focal	
  plane	
  

2276,	
  100	
  mK	
  
Two	
  focal	
  planes	
  

Cooling	
  system	
   ST/JT/CCDR	
  or	
  ADR	
   ST/JT/ADR	
  or	
  CCDR	
  

Data	
  size	
   100-­‐400	
  Gbit/day	
   4	
  Gbit/day	
  

Moving	
  parts	
  in	
  PLM	
   none	
   2	
  CRHWPs,	
  cooled	
  to	
  <10K	
  
Slip	
  ring	
  between	
  PLM	
  and	
  SVM	
  

Moving	
  parts	
  in	
  SVM	
   Deployable	
  solar	
  panels	
  
Steerable	
  antenna	
  

Deployable	
  solar	
  panels	
  
Steerable	
  antenna	
  

SensiMvity	
   2	
  μK.arcmin	
   3	
  μK.arcmin	
  
(assumes	
  0.8	
  yield	
  +	
  25%	
  margin)	
  

Angular	
  resoluMon	
   10'	
  @	
  100	
  GHz	
   30'	
  @	
  100	
  GHz	
  



Outline	
  

•  IntroducMon	
  
• CORE	
  
• PIXIE	
  
• LiteBIRD	
  
• Discussion	
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Comparison	
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CMB	
  
resoluJon	
  

CMB	
  lmax	
   CMB	
  
SensiJvity	
  
μK.arcmin	
  

Number	
  of	
  
channels	
  

%	
  modes	
  
up	
  to	
  2000	
  
up	
  to	
  3000	
  

LiteBIRD	
   25'	
   400	
   2-­‐3	
   15	
   4%	
  
2%	
  

PIXIE	
   2.5°	
   80	
   6	
   400	
   0.16%	
  
0.07%	
  

CORE	
   5'	
   2000	
   2	
   19	
   100%	
  
50%	
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The	
  suborbital	
  
roadmap	
  

The	
  CMB	
  spectrum	
  

PolarizaMon	
  
from	
  space	
   UNIQUE:	
  

resolve	
  CMB	
  with:	
  
-­‐  many	
  frequencies	
  
-­‐  full	
  sky	
  
-­‐  systemaJcs	
  control	
  
	
  

Synergy	
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NASA	
  :	
  proposals	
  for	
  probe-­‐scale	
  mission	
  studies	
  

•  Similar	
  to	
  CMBPol	
  study	
  (2007)	
  

•  Probe-­‐scale	
  =	
  400M$-­‐1B$	
  

•  Planning	
  for	
  next	
  decadal	
  

•  Call	
  for	
  mission	
  studies	
  (not	
  mission	
  proposals)	
  
–  e.g.	
  The	
  CMBPol	
  study	
  for	
  decadal	
  2010	
  
–  Proposals	
  due	
  Nov.	
  15	
  2016,	
  selecMon	
  Feb.	
  2017	
  
–  Study	
  duraMon	
  18	
  months	
  (Mar.	
  2017	
  –	
  Sep.	
  2018)	
  
–  Funding	
  100-­‐150	
  k$	
  +	
  cost	
  of	
  design	
  studies	
  +cost	
  assessment	
  


