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  M. Johns, P. McCarthy, K. Raybould, A. Bouchez, A. Farahani, J. Filgueira, G. Jacoby,  

S. Shectman, M. Sheehan, Giant Magellan Telescope Organization Corp. (United States) 

 

 8444 1I Science with the re-baselined European Extremely Large Telescope [8444-54] 

  J. Liske, P. Padovani, M. Kissler-Patig, European Southern Observatory (Germany) 
 
 

  SITE CHARACTERIZATION, TESTING, AND DEVELOPMENT 

 
   

 8444 1J Opacity measurements at Summit Camp on Greenland and PEARL in northern Canada with 

a 225-GHz tipping radiometer [8444-55] 

  K. Asada, P. L. Martin-Cocher, C.-P. Chen, S. Matsushita, M.-T. Chen, Y.-D. Huang, M. Inoue, 

Institute of Astronomy and Astrophysics (Taiwan); P. T. P. Ho, Academia Sinica Institute of 

Astronomy and Astrophysics (Taiwan) and Harvard-Smithsonian Ctr. for Astrophyics (United 

States); S. N. Paine, Harvard-Smithsonian Ctr. for Astrophysics (United States); E. Steinbring, 

National Research Council Canada (Canada) 

 

 8444 1K Site characterization studies in high plateau of Tibet [8444-56] 

  Y. Yao, H. Wang, L. Liu, Y. Wang, X. Qian, J. Yin, National Astronomical Observatories 

(China) 

 

 8444 1L New instruments to calibrate atmospheric transmission [8444-57] 

  P. Zimmer, J. T. McGraw, D. C. Zirzow, The Univ. of New Mexico (United States); C. Cramer, 

K. Lykke, J. T. Woodward IV, National Institute of Standards and Technology (United States) 

 
 

  DESIGN OF TELESCOPES FOR EXTREME ENVIRONMENTS 

 
   

 8444 1N The Greenland Telescope [8444-59] 

  P. Grimes, R. Blundell, Smithsonian Astrophysical Observatory (United States) 

 

 8444 1O Status of the first Antarctic survey telescopes for Dome A [8444-60] 

  Z. Li, Nanjing Institute of Astronomical Optics & Technology (China) and Graduate Univ. of 

Chinese Academy of Sciences (China); X. Yuan, X. Cui, Nanjing Institute of Astronomical 

Optics & Technology (China) and Chinese Ctr. for Antarctic Astronomy (China); D. Wang, 

Nanjing Institute of Astronomical Optics & Technology (China); X. Gong, Nanjing Institute of 

Astronomical Optics & Technology (China) and Chinese Ctr. for Antarctic Astronomy 

(China); F. Du, Y. Zhang, Nanjing Institute of Astronomical Optics & Technology (China);  

Y. Hu, National Astronomical Observatories (China); H. Wen, X. Li, L. Xu, Nanjing Institute of 

Astronomical Optics & Technology (China); Z. Shang, National Astronomical Observatories 

(China) and Chinese Ctr. for Antarctic Astronomy (China); L. Wang, Purple Mountain 

Observatory (China) and Chinese Ctr. for Antarctic Astronomy (China) 

 

 8444 1P Ukpik: testbed for a miniaturized robotic astronomical observatory on a high Arctic 

mountain [8444-61] 

  E. Steinbring, B. Leckie, T. Hardy, K. Caputa, M. Fletcher, National Research Council 

Canada (Canada) 

 

 8444 1Q The Gattini South Pole UV experiment [8444-62] 

  A. M. Moore, Caltech Optical Observatories (United States); S. Ahmed, California Institute 

of Technology (United States); M. C. Ashley, The Univ. of New South Wales (Australia);  

x
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  E. Croner, A. Delacroix, Caltech Optical Observatories (United States); Y. Ebihara, Research 

Institute for Sustainable Humanosphere, Kyoto Univ. (Japan); J. Fucik, Caltech Optical 

Observatories (United States); D. Martin, California Institute of Technology (United States); 

V. Velur, Caltech Optical Observatories (United States); A. Weatherwax, Siena College 

(United States) 

 

 

 8444 1R PLATO-R: a new concept for Antarctic science [8444-63] 

  M. C. B. Ashley, Y. Augarten, C. S. Bonner, M. G. Burton, L. Bycroft, The Univ. of New South 

Wales (Australia); J. S. Lawrence, Australian Astronomical Observatory (Australia);  

D. M. Luong-Van, S. McDaid, C. McLaren, G. Sims, J. V. Storey, The Univ. of New South 

Wales (Australia) 
 
 

  CONTROL OF THERMAL ENVIRONMENT 

 
   

 8444 1S Canada-France-Hawaii Telescope image quality improvement initiative: thermal assay of 

the observing environment [8444-64] 

  K. Thanjavur, K. Ho, S. Gajadhar, M. Baril, T. Benedict, S. Bauman, D. Salmon, Canada-

France-Hawaii Telescope (United States) 

 
 

  PROJECT REVIEWS 

 
   

 8444 1T New optical telescope projects at Devasthal Observatory (Invited Paper) [8444-65] 

  R. Sagar, B. Kumar, A. Omar, A. K. Pandey, Aryabhatta Research Institute of Observational 

Sciences (India) 

 

 8444 1U Towards a national astronomy observatory for the United Arab Emirates [8444-66] 

  S. Els, Gaia Data Processing & Analysis Consortium (Spain); J. Maree, S. Al Marri,  

Y. Al Muqbel, A. Yousif, Emirates Institution for Advanced Science and Technology (United 

Arab Emirates); H. Al Naimiy, Univ. of Sharjah (United Arab Emirates) 

 

 8444 1V The 3,6 m Indo-Belgian Devasthal Optical Telescope: general description [8444-67] 

  N. Ninane, C. Flebus, AMOS Ltd. (Belgium); B. Kumar, Aryabhatta Research Institute of 

Observational Sciences (India) 

 

 8444 1W Manufacturing optics of a 2.5m telescope [8444-68] 

  F. Poutriquet, P. Plainchamp, J. Billet, B. Pernet, T. Lagrange, C. Cavadore, J. Carel,  

H. Leplan, E. Ruch, R. Geyl, J. Jouve, Sagem Défense Sécurité (France) 

 
 

  ENABLING TECHNOLOGIES FOR EXTREMELY LARGE TELESCOPES I 

 
   

 8444 1X E-ELT optomechanics: overview [8444-69] 

  M. Cayrel, European Southern Observatory (Germany) 

 

 8444 1Y E-ELT M1 test facility [8444-70] 

  M. Dimmler, J. Marrero, S. Leveque, P. Barriga, B. Sedghi, M. Mueller, European Southern 

Observatory (Germany) 
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Part 2 
 

 8444 1Z Active damping strategies for control of the E-ELT field stabilization mirror [8444-71] 

  B. Sedghi, M. Dimmler, M. Müller, European Southern Observatory (Germany) 

 

 8444 20 Development of a fast steering secondary mirror prototype for the Giant Magellan 

Telescope [8444-117] 

  M. Cho, National Optical Astronomy Observatory (United States); A. Corredor, C. Dribusch, 

The Univ. of Arizona (United States); K. Park, Y.-S. Kim, Korea Astronomy and Space Science 

Institute (Korea, Republic of); I.-K. Moon, Korea Research Institute of Standards and 

Science (Korea, Republic of); W.-H. Park, College of Optical Sciences, The Univ. of Arizona 

(United States) 

 

 8444 21 Repairing stress induced cracks in the Keck primary mirror segments [8444-73] 

  D. McBride, J. S. Hudek, S. Panteleev, W.M. Keck Observatory (United States) 

 
 

  ENABLING TECHNOLOGIES FOR EXTREMELY LARGE TELESCOPES II 

 
   

 8444 22 Alignment algorithms for the Thirty Meter Telescope [8444-74] 

  G. Chanan, Univ. of California, Irvine (United States) 

 

 8444 23 Phasing metrology system for the GMT [8444-75] 

  D. S. Acton, Ball Aerospace & Technologies Corp. (United States); A. Bouchez, Giant 

Magellan Telescope Project (United States) 

 

 8444 24 Performance prediction of the fast steering secondary mirror for the Giant Magellan 

Telescope [8444-76] 

  M. Cho, National Optical Astronomy Observatory (United States); A. Corredor, C. Dribusch, 

The Univ. of Arizona (United States); W.-H. Park, College of Optical Sciences, The Univ. of 

Arizona (United States); M. Sheehan, M. Johns, S. Shectman, J. Kern, C. Hull, Giant 

Magellan Telescope Project (United States); Y.-S. Kim, Korea Astronomy and Space 

Science Institute (Korea, Republic of); J. Bagnasco, Naval Postgraduate School (United 

States) 

 

 8444 25 Dynamics, active optics, and scale effects in future extremely large telescopes [8444-77] 

  R. Bastaits, B. Mokrani, Active Structures Lab., Univ. Libre de Bruxelles (Belgium);  

G. Rodrigues, European Space Agency (Netherlands); A. Preumont, Active Structures Lab., 

Univ. Libre de Bruxelles (Belgium) 

 
 

  SEGMENTED MIRROR ALIGNMENT, PHASING, AND WAVEFRONT CONTROL 

 
   

 8444 26 The development of the actuator prototypes for the active reflector of FAST [8444-78] 

  Q. Wang, M. Wu, M. Zhu, J. Xue, Q. Zhao, X. Gu, National Astronomical Observatories 

(China) 
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  OBSERVATORY FACILITIES 

 
   

 8444 28 Design, development, and manufacturing of highly advanced and cost effective 

aluminium sputtering plant for large area telescopic mirrors. [8444-80] 

  R. R. Pillai, S. K. K., K. Mohanachandran, N. Sakhamuri, Hind High Vacuum Co. Pvt. Ltd. 

(India); V. Shukla, A. Gupta, Aryabhatta Research Institute of Observational Sciences 

(India) 

 

  SQUARE KILOMETER ARRAY AND SKA PATHFINDERS 

 
   

 8444 2A The Australian SKA Pathfinder (Invited Paper) [8444-82] 

  A. E. T. Schinckel, J. D. Bunton, T. J. Cornwell, I. Feain, S. G. Hay, Commonwealth Scientific 

and Industrial Research Organisation (Australia) 

 

 8444 2B LOFAR, the low frequency array (Invited Paper) [8444-83] 

  R. C. Vermeulen, ASTRON (Netherlands) 

 
 

  RADIO TELESCOPES 

 
   

 8444 2D The RAEGE VLBI 2010 radiotelescope design [8444-85] 

  E. Sust, MT Mechatronics GmbH (Germany); J. López Fernández, Instituto Geográfico 

Nacional (Spain) 

 

 8444 2E Architecture of the metrology for the SRT [8444-86] 

  T. Pisanu, F. Buffa, G. L. Deiana, P. Marongiu, INAF - Osservatorio Astronomico di Cagliari 

(Italy); M. Morsiani, INAF - Istituto di Radioastronomia (Italy); C. Pernechele, INAF - 

Osservatorio Astronomico di Padova (Italy); S. Poppi, G. Serra, G. Vargiu, INAF - 

Osservatorio Astronomico di Cagliari (Italy) 

 

 8444 2F Requirements and considerations of the surface error control for the active reflector of FAST 

[8444-87] 

  M. Wu, Q. Wang, X. Gu, B. Zhao, National Astronomical Observatories (China) 

 

 8444 2G The Sardinia Radio Telescope (SRT) optical alignment [8444-88] 

  M. Süß, D. Koch, MT Mechatronics GmbH (Germany); H. Paluszek, Sigma3D GmbH 

(Germany) 

 
 

  MILLIMETER AND SUBMILLIMETER WAVELENGTH TELESCOPES I 

 
   

 8444 2J Final tests and performances verification of the European ALMA antennas [8444-91] 

  G. Marchiori, F. Rampini, European Industrial Engineering s.r.l. (Italy) 

 

 8444 2K ALMA system verification [8444-92] 

  R. Sramek, K.-I. Morita, M. Sugimoto, P. Napier, M. Miccolis, Joint ALMA Observatory (Chile); 

P. Yagoubov, European Southern Observatory (Germany); D. Barkats, W. Dent, Joint ALMA 

Observatory (Chile); S. Matsushita, Academia Sinica Institute of Astronomy and 

Astrophysics (Taiwan); N. Whyborn, S. Asayama, Joint ALMA Observatory (Chile); J. Marti 

Canales, European Southern Observatory (Chile); R. Bhatia, E. DuVall, S. Blair, Joint ALMA 

Observatory (Chile) 
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  MILLIMETER AND SUBMILLIMETER WAVELENGTH TELESCOPES II 

 
   

 8444 2M The CCAT 25m diameter submillimeter-wave telescope [8444-94] 

  D. Woody, Owens Valley Radio Observatory (United States); S. Padin, California Institute of 

Technology (United States); E. Chauvin, B. Clavel, Eric Chauvin Consulting (United States); 

G. Cortes, Cornell Univ. (United States); A. Kissil, J. Lou, Jet Propulsion Lab. (United States);  

P. Rasmussen, Owens Valley Radio Observatory (United States); D. Redding, Jet Propulsion 

Lab. (United States); J. Zolwoker, Cornell Univ. (United States) 

 

 8444 2N High performance holography mapping with the LMT [8444-95] 

  D. R. Smith, MERLAB, P.C. (United States); K. Souccar, Large Millimeter Telescope, Univ. of 

Massachusetts Amherst (United States) 

 

 8444 2O Photonic local oscillator technics for large-scale interferometers [8444-96] 

  H. Kiuchi, M. Saito, S. Iguchi, National Astronomical Observatory of Japan (Japan) 

 

  POSTER SESSION: AIRBORNE TELESCOPES 

 
   

 8444 2Q First technological steps toward opening a near-IR window at stratospheric altitudes  

[8444-98] 

  F. Pedichini, M. Centrone, D. Lorenzetti, M. Mattioli, M. Ricci, F. Vitali, INAF - Osservatorio 

Astronomico di Roma (Italy) 

 

 8444 2R SOFIA in operation: telescope performance during the basic science flights [8444-99] 

  H. J. Kärcher, MT Mechatronics GmbH (Germany); J. Wagner, A. Krabbe, Deutsches SOFIA 

Institut, Univ. Stuttgart (Germany); U. Lampater, Deutsches SOFIA Institut, NASA Dryden 

Flight Research Ctr (United States); T. Keilig, Deutsches SOFIA Institut, Univ. Stuttgart 

(Germany); J. Wolf, SOFIA Science Ctr., NASA Ames Research Ctr. (United States) 

 

 8444 2S A new backup secondary mirror for SOFIA [8444-100] 

  M. Lachenmann, M. J. Burgdorf, J. Wolf, Deutsches SOFIA Institut, Univ. Stuttgart (Germany) 

and SOFIA Science Ctr., NASA Ames Research Ctr. (United States); R. Brewster, Orbital 

Sciences Corp., NASA Ames Research Ctr. (United States) 

 

 8444 2T Upgrade of the SOFIA target acquisition and tracking cameras [8444-101] 

  M. Wiedemann, J. Wolf, Deutsches SOFIA Institut, Univ. Stuttgart (Germany) and SOFIA 

Science Ctr., NASA Ames Research Ctr. (United States); H. Roeser, Institute of Space 

Systems, Univ. Stuttgart (Germany) 

 
 

  POSTER SESSION: ASSEMBLY, INTEGRATION, VERIFICATION, AND COMMISSIONING 

 
   

 8444 2U The 3,6 m Indo-Belgian Devasthal Optical Telescope: assembly, integration and tests at 

AMOS [8444-102] 

  N. Ninane, C. Bastin, J. de Ville, F. Michel, M. Piérard, E. Gabriel, C. Flebus, AMOS Ltd. 

(Belgium); A. Omar, Aryabhatta Research Institute of Observational Sciences (India) 
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 8444 2V First tests of the compact low scattered-light 2m-Wendelstein Fraunhofer Telescope  

[8444-103] 

  U. Hopp, R. Bender, F. Grupp, Univ.-Sternwarte München (Germany) and Max-Planck-

Institut für extraterrestrische Physik (Germany); H. Thiele, N. Ageorges, Kayser-Threde GmbH 

(Germany); P. Aniol, Astelco Systems GmbH (Germany); H. Barwig, C. Gössl, F. Lang-Bardl, 

W. Mitsch, Univ.-Sternwarte München (Germany); M. Ruder, Astelco Systems GmbH 

(Germany) 

 

 8444 2W SALT's transition to science operations [8444-104] 

  D. A. H. Buckley, J. C. Coetzee, S. M. Crawford, South African Astronomical Observatory 

(South Africa); K. H. Nordsieck, Space Astronomy Lab., Univ. of Wisconsin-Madison (United 

States); D. O'Donoghue, South African Astronomical Observatory (South Africa);  

  T. B. Williams, Rutgers, The State Univ. of New Jersey (United States) 
 
 

  POSTER SESSION: CONCEPTS FOR FUTURE TELESCOPES 

 
   

 8444 2Y The QUIJOTE-CMB experiment: studying the polarisation of the galactic and cosmological 

microwave emissions [8444-106] 

  J. A. Rubiño-Martín, Instituto de Astrofísica de Canarias (Spain) and Univ. de La Laguna 

(Spain); R. Rebolo, Instituto de Astrofísica de Canarias (Spain) and Univ. de La Laguna 

(Spain) and Consejo Superior de Investigaciones Cientificas (Spain); M. Aguiar, Instituto de 

Astrofísica de Canarias (Spain); R. Génova-Santos, Instituto de Astrofísica de Canarias 

(Spain) and Univ. de La Laguna (Spain); F. Gómez-Reñasco, J. M. Herreros, R. J. Hoyland, 

Instituto de Astrofísica de Canarias (Spain); C. López-Caraballo, A. E. Pelaez Santos, 

Instituto de Astrofísica de Canarias (Spain) and Univ. de La Laguna (Spain); V. Sanchez de 

la Rosa, A. Vega-Moreno, T. Viera-Curbelo, Instituto de Astrofísica de Canarias (Spain);  

E. Martínez-Gonzalez, R. B. Barreiro, F. J. Casas, J. M. Diego, R. Fernández-Cobos,  

D. Herranz, M. López-Caniego, D. Ortiz, P. Vielva, Instituto de Fisica de Cantabria, Univ. de 

Cantabria (Spain); E. Artal, B. Aja, J. Cagigas, J. L. Cano, L. de la Fuente, A. Mediavilla,  

J. V. Terán, E. Villa, DICOM spol. s.r.o. (Spain); L. Piccirillo, R. Battye, E. Blackhurst, M. Brown, 

R. D. Davies, R. J. Davis, C. Dickinson, S. Harper, B. Maffei, M. McCulloch, S. Melhuish,  

G. Pisano, R. A. Watson, Jodrell Bank Ctr. for Astrophysics, The Univ. of Manchester (United 

Kingdom); M. Hobson, K. Grainge, Cavendish Lab., Univ. of Cambridge (United Kingdom); 

A. Lasenby, Cavendish Lab., Univ. of Cambridge (United Kingdom) and Kavli Institute for 

Cosmology, Univ. of Cambridge (United States); R. Saunders, P. Scott, Cavendish Lab., 

Univ. of Cambridge (United Kingdom) 

 

 8444 2Z The next generation of the Canada-France-Hawaii Telescope: science requirements and 

survey strategies [8444-108] 

  A. McConnachie, P. Côté, D. Crampton, NRC Herzberg Institute of Astrophysics (Canada); 

D. Devost, D. Simons, Canada-France-Hawaii Telescope Corp. (United States); K. Szeto, 

NRC Herzberg Institute of Astrophysics (Canada) 

 

 8444 30 The optics and detector-simulation of the air fluorescence telescope FAMOUS for the 

detection of cosmic rays [8444-109] 

  T. Niggemann, T. Hebbeker, M. Lauscher, C. Meurer, L. Middendorf, J. Schumacher,  

M. Stephan, RWTH Aachen Univ. (Germany) 
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  POSTER SESSION: CONTROL OF THERMAL ENVIRONMENT 

 
   

 8444 31 Experimental characterization of the turbulence inside the dome and in the surface layer 

[8444-110] 

  A. Ziad, D.-A.Wassila, J. Borgnino, Observatoire de la Côte d'Azur, Univ. de Nice Sophia 

Antipolis, CNRS (France); M. Sarazin, European Southern Observatory (Germany) 

 

 8444 32 Seeing trends from deployable Shack-Hartmann wavefront sensors, MMT Observatory, 

Arizona, USA [8444-111] 

  J. D. Gibson, G. G. Williams, T. Trebisky, MMT Observatory, Univ. of Arizona (United States) 

 

 8444 33 An updated T-series thermocouple measurement system for high-accuracy temperature 

measurements of the MMT primary mirror [8444-112] 

  D. Clark, J. D. Gibson, MMT Observatory, Univ. of Arizona (United States) 

 
 

  POSTER SESSION: ENABLING TECHNOLOGIES FOR EXTREMELY LARGE TELESCOPES 

 
   

 8444 35 A spectropolarimetric focal station for the ESO E-ELT [8444-115] 

  K. G. Strassmeier, I. Di Varano, I. Ilyin, M. Woche, Leibniz-Institut für Astrophysik Potsdam 

(Germany); U. Laux, Thüringer Landessternwarte Tautenburg (Germany) 

 

 8444 37 Performance of industrial scale production of ZERODUR mirrors with diameter of 1.5 m 

proves readiness for the ELT M1 segments [8444-119] 

  T. Westerhoff, P. Hartmann, R. Jedamzik, A. Werz, SCHOTT AG (Germany) 

 
 

  POSTER SESSION: EXTREMELY LARGE TELESCOPES 

 
   

 8444 38 E-ELT project: geotechnical investigation at Cerro Armazones [8444-120] 

  P. Ghiretti, V. Heinz, European Southern Observatory (Germany); D. Pollak, J. Lagos, 

ARCADIS Chile S.A. (Chile) 

 

  POSTER SESSION: GAMMA RAY TELESCOPES 

 
   

 8444 39 Technological developments toward the small size telescopes of the Cherenkov Telescope 

Array [8444-121] 

  R. Canestrari, INAF - Osservatorio Astronomico di Brera (Italy); T. Greenshaw, Univ. of 

Liverpool (United Kingdom); G. Pareschi, INAF - Osservatorio Astronomico di Brera (Italy); 

R. White, Univ. of Leicester (United Kingdom) 

 

 8444 3A SST-GATE: an innovative telescope for very high energy astronomy [8444-254] 

  P. Laporte, J.-L. Dournaux, H. Sol, Observatoire de Paris, CNRS, Univ. Paris Diderot (France); 

S. Blake, Durham Univ. (United Kingdom); C. Boisson, P. Chadwick, D. Dumas, G. Fasola,  

F. de Frondat, Observatoire de Paris, CNRS, Univ. Paris Diderot (France); T. Greenshaw, 

Univ. of Liverpool (United Kingdom); O. Hervet, Observatoire de Paris, CNRS, Univ. Paris 

Diderot (France); J. Hinton, Univ. of Leicester (United Kingdom); D. Horville, J.-M. Huet,  

I. Jégouzo, Observatoire de Paris, CNRS, Univ. Paris Diderot (France); J. Schmoll, Durham 

Univ. (United Kingdom); R. White, Univ. of Leicester (United Kingdom); A. Zech, 

Observatoire de Paris, CNRS, Univ. Paris Diderot (France) 
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  POSTER SESSION: INDUSTRIAL PERSPECTIVES 

 
   

 8444 3B A new era for the 2-4 meters class observatories: an innovative integrated system 

telescope-dome [8444-122] 

  G. Marchiori, A. Busatta, S. De Lorenzi, F. Rampini, European Industrial Engineering s.r.l. 

(Italy); C. Perna, G. Vettolani, Istituto Nazionale di Astrofisica (Italy) 

 

 

  POSTER SESSION: MEASUREMENT AND CONTROL OF TELESCOPE VIBRATION 

 
   

 8444 3C Low-frequency high-sensitivity horizontal monolithic folded-pendulum as sensor in the 

automatic control of ground-based and space telescopes [8444-123] 

  F. Acernese, Univ. degli Studi di Salerno (Italy) and Istituto Nazionale di Fisica Nucleare 

(Italy); R. De Rosa, Istituto Nazionale di Fisica Nucleare (Italy) and Univ. degli Studi di Napoli 

Federico II (Italy); G. Giordano, Univ. degli Studi di Salerno (Italy); R. Romano, F. Barone, 

Univ. degli Studi di Salerno (Italy) and Istituto Nazionale di Fisica Nucleare (Italy) 

 

 8444 3D Herzberg Institute of Astrophysics' vibration measurement capabilities with applications to 

astronomical instrumentation [8444-124] 

  P. W. G. Byrnes, NRC Herzberg Institute of Astrophysics (Canada) 

 
 

  POSTER SESSION: MILLIMETER AND SUBMILLIMETER WAVELENGTH TELESCOPES II 

 
 

 8444 3F ALMA array element astronomical verification [8444-126] 

  S. Asayama, Joint ALMA Observatory (Chile) and National Astronomical Observatory of 

Japan (Japan); L. B. G. Knee, Joint ALMA Observatory (Chile) and NRC Herzberg Institute 

of Astrophysics (Canada); P. G. Calisse, Joint ALMA Observatory (Chile) and European 

Southern Observatory (Chile); P. C. Cortés, Joint ALMA Observatory (Chile) and National 

Radio Astronomy Observatory (United States); R. Jager, Joint ALMA Observatory (Chile) 

and European Southern Observatory (Chile); B. López, C. López, Joint ALMA Observatory 

(Chile); T. Nakos, N. Phillips, Joint ALMA Observatory (Chile) and European Southern 

Observatory (Chile); M. Radiszcz, Joint ALMA Observatory (Chile); R. Simon, Joint ALMA 

Observatory (Chile) and National Radio Astronomy Observatory (United States); I. Toledo, 

Joint ALMA Observatory (Chile); N. Whyborn, Joint ALMA Observatory (Chile) and 

European Southern Observatory (Chile); H. Yatagai, Joint ALMA Observatory (Chile) and 

National Astronomical Observatory of Japan (Japan); J. P. McMullin, National Solar 

Observatory (United States); P. Planesas, Observatorio Astronómico Nacional (Spain) 

 

 8444 3G Trajectory generation for parametric rotating scan patterns at the LMT [8444-127] 

  D. R. Smith, MERLAB, P.C. (United States); K. Souccar, Large Millimeter Telescope, Univ. of 

Massachusetts Amherst (United States) 

 

 8444 3H Atacama compact array antennas [8444-128] 

  M. Saito, National Astronomical Observatory of Japan (Japan) and Joint ALMA 

Observatory (Chile); J. Inatani, National Astronomical Observatory of Japan (Japan);  

K. Nakanishi, National Astronomical Observatory of Japan (Japan) and Joint ALMA 

Observatory (Chile); H. Saito, S. Iguchi, National Astronomical Observatory of Japan 

(Japan) 
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 8444 3I Very large millimeter/submillimeter array toward search for 2nd Earth [8444-129] 

  S. Iguchi, National Astronomical Observatory of Japan (Japan); M. Saito, National 

Astronomical Observatory of Japan (Japan) and Joint ALMA Observatory (Chile) 

 

 8444 3K ACA phase calibration scheme with the ALMA water vapor radiometers [8444-253] 

  Y. Asaki, Institute of Space and Astronautical Science (Japan) and The Graduate Univ. for 

Advanced Studies (Japan); S. Matsushita, Academia Sinica Institute of Astronomy and 

Astrophysics (Taiwan) and Joint ALMA Observatory (Chile); K.-I. Morita, National 

Astronomical Observatory of Japan (Japan) and Joint ALMA Observatory (Chile);  

  B. Nikolic, Univ. of Cambridge (United Kingdom) 

 

 

  POSTER SESSION: SOLAR TELESCOPES 

 
   

 8444 3L Functional safety for the Advanced Technology Solar Telescope [8444-132] 

  S. Bulau, T. R. Williams, National Solar Observatory (United States) 

 

 8444 3M Facility level thermal systems for the Advanced Technology Solar Telescope [8444-133] 

  L. Phelps, National Solar Observatory (United States); G. Murga, AEC IDOM (United States); 

M. Fraser, M3 Engineering & Technology Corp. (United States); T. Climent, AEC IDOM 

(United States) 

 

 8444 3N Stray light and polarimetry considerations for the COSMO K-Coronagraph [8444-134] 

  A. G. de Wijn, J. T. Burkepile, S. Tomczyk, National Ctr. for Atmospheric Research (United 
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Introduction 
 
 
The large number of submissions to and excellent attendance at the Ground-
based and Airborne Telescopes IV conference reflects the strong and growing 
interest in the astronomical and engineering communities. More than 250 papers 
were submitted to this year's conference, the largest number in the series' history. 
This year's conference included 28 oral sessions and two poster sessions. 
 
Good progress was reported on many ongoing and planned programs. Excellent 
invited papers were presented on ALMA, ASKAP, ATST, CTA, DCT, DOT, E-ELT, FAST, 
GMT, KDUST, LMT, LOFAR, LSST, MeerKAT, NST, SKA, SOFIA, and TMT. 
 
The technical subjects covered in the papers are similar to previous conferences, 
with some evolution of emphasis. Papers were presented on many current and 
proposed optical-IR telescope projects, and attendance was strong as always in 
the session on the ELT projects. Many aspects of telescope design were covered, 
including structures and enclosures, control systems, active optics, thermal and 
vibration control, and alignment and control of segmented mirrors. 
    
We heard reports on several solar telescope projects in two conference sessions, 
one of which was devoted to ATST. There were two sessions on airborne 
telescopes, with one devoted to SOFIA, which has recently started science 
operations.  The increasing importance of survey telescopes was evident with two 
sessions devoted to telescopes for synoptic and survey observations. Another 
area of increased interest is gamma ray telescopes, which also had its own 
session at this conference.  
 
Development of new radio telescopes remains a strong area, occupying one full 
day in the conference. The progress of SKA was reflected in a separate SKA 
session with four invited papers. Millimeter and submillimeter telescopes filled two 
sessions, with one session devoted to ALMA, which has started science operations 
this year. 
 
It is clear that our understanding of the properties of astronomical sites is 
continuing to improve, and there is a growing interest in the design of telescopes 
to operate in extreme environments, particularly the Arctic and Antarctic. 
Another area of increasing interest is the design of telescopes to withstand 
earthquakes, with new approaches presented at the conference. 
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The cosmic microwave background:
observing directly the early universe

Paolo de Bernardisa and Silvia Masia

aDipartimento di Fisica, Sapienza Universitá di Roma, P.le A. Moro 2 00185 Roma, Italy

ABSTRACT

The Cosmic Microwave Background (CMB) is a relict of the early universe. Its perfect 2.725K blackbody
spectrum demonstrates that the universe underwent a hot, ionized early phase; its anisotropy (about 80 μK rms)
provides strong evidence for the presence of photon-matter oscillations in the primeval plasma, shaping the initial
phase of the formation of structures; its polarization state (about 3 μK rms), and in particular its rotational
component (less than 0.1 μK rms) might allow to study the inflation process in the very early universe, and the
physics of extremely high energies, impossible to reach with accelerators. The CMB is observed by means of
microwave and mm-wave telescopes, and its measurements drove the development of ultra-sensitive bolometric
detectors, sophisticated modulators, and advanced cryogenic and space technologies. Here we focus on the new
frontiers of CMB research: the precision measurements of its linear polarization state, at large and intermediate
angular scales, and the measurement of the inverse-Compton effect of CMB photons crossing clusters of Galaxies.
In this framework, we will describe the formidable experimental challenges faced by ground-based, near-space and
space experiments, using large arrays of detectors. We will show that sensitivity and mapping speed improvement
obtained with these arrays must be accompanied by a corresponding reduction of systematic effects (especially
for CMB polarimeters), and by improved knowledge of foreground emission, to fully exploit the huge scientific
potential of these missions.

Keywords: cosmic microwave backgorund, millimeter wave telescope, array of bolometers

1. INTRODUCTION

We live in an expanding universe, cooling down from a state of extremely high density and temperature, the big
bang. In our universe the ratio between the density of photons (the photons of the cosmic microwave background)
and the density of baryons is of the order of 109: this abundance of photons dominated the dynamics of the
Universe in the initial phase (first 50000 years). During the first 380000 years the universe was ionized and
opaque to radiation, due to the tight coupling between photons and charged baryons. Radiation thermalized in
this primeval fireball, producing a blackbody spectrum. When the universe cooled down below 3000K, neutral
atoms formed (recombination), and radiation decoupled from matter, traveling basically without any further
interaction all the way to our telescopes. Due to the expansion of the universe, the wavelengths of photons
expand (by the same amount all lengths expanded, a factor of 1100). What was a glowing 3000K blackbody
380000 years after the big bang, has been redshifted to millimeter waves, and is now observable as a faint
background of microwaves. This is the cosmic microwave background, which has been observed as a 2.725K
blackbody filling the present universe.1

The CMB is remarkably isotropic. However, it is widely believed that the large scale structure of the universe
observed today (see e.g.2) derives from the growth of initial density seeds, already visible as small anisotropies
in the maps of the Cosmic Microwave Background. This scenario works only if there is dark (i.e. not inter-
acting electromagnetically) matter, already clumped at the epoch of CMB decoupling, gravitationally inducing
anisotropy in the CMB. There are three physical processes converting the density perturbations present at re-
combination into observable CMB temperature fluctuations ΔT/T . They are: the photon density fluctuations
δγ , which can be related to the matter density fluctuations Δρ once a specific class of perturbations is specified;
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Figure 1. Left-Top: Angular power spectrum for CMB anisotropy (TT) and for EE polarization. The latter has been
amplified 20 times to make it visible in the same plot of TT. The angular scale γ corresponding to multipole � is
approximately γ(o) = 180/�. Left-Bottom: Filter functions of CMB telescopes with different angular resolutions. A
FWHM smaller than 1o is needed to be sensitive to the ”acoustic peaks” due to photon-baryon oscillations in the early
universe. The curves are labeled with the beam FWHM. Differential instruments will not be sensitive to multipoles
� < 180/α(o) where α is the angular separation of the beam switch; experiments scanning a limited sky region with
angular size θ cannot be sensitive to multipoles with � < 180/θ(o) . Right: Selected recent measurements of the angular
power spectrum of CMB anisotropy.

the gravitational redshift of photons scattered in an over-density or an under-density with gravitational potential
difference Δφr; the Doppler effect produced by the proper motion with velocity v of the electrons scattering the
CMB photons. In formulas:

ΔT

T
(�n) ≈ 1

4
δγr +

1
3

Δφr

c2
− �n · �vr

c
(1)

where �n is the line of sight vector and the subscript r labels quantities at recombination.

Our description of fluctuations with respect to the FRW isotropic and homogeneous metric is totally sta-
tistical. So we are not able to forecast the map ΔT/T as a function of (θ, φ), but we are able to predict its
statistical properties. If the fluctuations are random and Gaussian, all the information encoded in the image is
contained in the angular power spectrum of the map, detailing the contributions of the different angular scales
to the fluctuations in the map. In other words, the power spectrum of the image of the CMB details the relative
abundance of the spots with different angular scales.

If we expand the temperature of the CMB in spherical harmonics, we have

ΔT

T
=

∑
aT

�,mY m
� (θ, φ) (2)

the power spectrum of the CMB temperature anisotropy is defined as

cTT
� = 〈TT 〉 = 〈aT

�,maT,∗
�,m〉 (3)

with no dependence on m since there are no preferred directions. Since we have only a statistical description
of the observable, the precision with which the theory can be compared to measurement is limited both by
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Figure 2. Left: The first map of the CMB with angular resolution and signal to noise ratio sufficient to resolve degree-sized
causal horizons in the early universe was obtained by the BOOMERanG experiment, at 145 GHz, using an off-axis telescope
flown on a stratospheric balloon.11 The structures visible in the map are CMB anisotropies, while the contamination from
local foregrounds and from instrument noise are both negligible. Right: The WMAP satellite has mapped the whole
sky, confirming the ubiquitous presence of causal horizons, and allowing a precise determination of the power spectrum
of CMB anisotropy and of the cosmological parameters.12, 13

experimental errors and by the statistical uncertainty in the theory itself. Each observable has an associated
cosmic and sampling variance, which depends on how many independent samples can be observed in the sky. In
the case of the c�s, their distribution is a χ2 with 2� + 1 degrees of freedom, which means that low multipoles
have a larger intrinsic variance than high multipoles (see e.g.3).

Theory predicts the angular power spectrum of CMB anisotropy with remarkable detail, given a model
for the generation of density fluctuations in the Universe, and a set of parameters describing the background
cosmology. Assuming scale-invariant initial density fluctuations, the main features of the power spectrum cTT

�

are a 1/ [�(� + 1)] trend at low multipoles, produced by the Sachs-Wolfe effect4 (second term in equation 1); a
sequence of peaks and dips at multipoles above � = 100, produced by acoustic fluctuations in the primeval plasma
of photons and baryons,5–7 and a damping tail at high multipoles, due to the finite depth of the recombination
and free-streaming effects.8 Detailed models and codes are available to compute the angular power spectrum of
the CMB image (see e.g.9, 10). The power spectrum cTT

� derived from the current best-fit cosmological model is
plotted in fig.1 (top panel).

High signal-to-noise maps of the CMB have been obtained since year 200011 (see fig.2). From such maps, the
power spectrum of CMB anisotropy is now measured quite well (see e.g.11, 13–27 and fig.1, right panel); moreover,
higher order statistics are now being measured with the accuracy required to constrain cosmological parameters
(see e.g.28). Despite of the very small signals, the measurements from independent experiments, using diverse
experimental techniques, are remarkably consistent. Moreover, an adiabatic inflationary model, with cold dark
matter and a cosmological constant, fits very well the measured data (see e.g.12, 18, 29–45).

The CMB is expected to be slightly polarized, since most of the CMB photons undergo a last Thomson
scattering at recombination, and the radiation distribution around the scattering centers is slightly anisotropic.
Any quadrupole anisotropy in the incoming distribution produces linear polarization in the scattered radiation.
The main term of the local anisotropy due to density (scalar) fluctuations is dipole, while the quadrupole term
is much smaller. For this reason the expected polarization is quite weak (46–49). The polarization field can be
expanded into a curl-free component (E-modes) and a curl component (B-modes). Six auto and cross power
spectra can be obtained from these components: 〈TT 〉, 〈TE〉, 〈EE〉, 〈BB〉, 〈TB〉, and 〈EB〉. For example

cTE
� = 〈TE〉 = 〈aT

�,maE,∗
�,m〉 (4)
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where the aE
�,m and aB

�,m decompose the map of the Stokes parameters Q and U of linear polarization in spin-2
spherical harmonics:

(Q ± iU)(θ, φ) =
∑

�m

(
aE

�m ∓ iaB
�m

)
±2Y�m(θ, φ) (5)

.

Due to the parity properties of these components, standard cosmological models have 〈TB〉 = 0 and 〈EB〉 = 0.
Linear scalar (density) perturbations can only produce E-modes of polarization (see e.g.50). In the concordance
model, 〈EE〉 ∼ 0.01〈TT 〉, making 〈EE〉 a very difficult observable to measure. The power spectrum cEE

� derived
from the current best-fit cosmological model is plotted in fig.1 (top-left panel).

Tensor perturbations (gravitational waves) produce both E-modes and B-modes. If inflation happened (see
e.g.51–54), it produced a weak background of gravitational waves. The resulting level of the B-modes depends
on the energy scale of inflation, but is in general very weak (see e.g.55, 56). Alternative scenarios, like the cyclic
model,57 do not produce B-modes at all.58

There is a strong interest in measuring CMB polarization, and in particular the B-modes, because their
detection would represent the final confirmation of the inflation hypothesis, and their level would constrain the
energy-scale of the inflation process, which, we know, happened at extremely high energies (which cannot be
investigated on earth laboratories59).

For long time attempts to measure CMB polarization resulted in upper limits (see e.g.60–65). The possibility
of detecting the 〈BB〉 signature of the inflationary gravity waves background renewed the interest in these
measurements (66–80). The first statistically significant detections of CMB polarization have been reported by
the coherent radiometer experiments DASI,81 CAPMAP,82 CBI,83 WMAP for both 〈TE〉77 and 〈EE〉,84 and by
the bolometric instrument BOOMERanG-03.85–87 The quality of CMB polarization measurements has improved
steadily with the introduction of instruments with detectors arrays, like QUAD,88–90 BICEP,91 and QUIET.92

Recent measurements of the angular power spectra of CMB polarization are collected in fig.3. The polarization
power spectra measured by these experiments are all consistent with the forecast from the “concordance” model
best fitting the WMAP 〈TT 〉 power spectrum. In addition, they constrain the optical depth to reionization (the
process ionizing the universe when the first massive stars formed), which is not well constrained by anisotropy
measurements alone (see e.g.93).

The WMAP data have sufficient coverage to allow a stacking analysis and show the irrotational pattern of
polarization pseudovectors around cold and hot spots of the CMB sky:45 a clear visual demonstration of the
polarization produced by density perturbations in the early universe.

To date, measurements of the rotational component of the polarization field 〈BB〉 resulted in upper limits,
implying a ratio of tensor to scalar fluctuations r <∼ 0.3.

2. OBSERVING THE CMB

The CMB is a diffuse mm-wave source, filling the sky (with a photon density of ∼ 400γ/cm3) and very faint with
respect to radiation produced in the same wavelength range by our living environment and by the instruments
used to measure it (the telescope, the optical system, the filters, the detector). The greatest difficulty in measuring
the CMB is to reduce the contamination from other sources.

Measuring the specific brightness of the CMB with the COBE-FIRAS instrument required cooling cryogeni-
cally the spectrometer (a Martin-Puplett Fourier-Transform Spectrometer) and the bolometric detectors, and
launching it in a 400 km orbit. The first operation reduced drastically the emission of the instrument and the
noise of the detectors, the second minimized the emission of the earth atmosphere. The COBE-FIRAS was a
null-instrument, comparing the specific sky brightness, collected by a multi-mode Winston concentrator,94 to the
brightness of an internal cryogenic blackbody reference. The output was precisely nulled (within detector noise)
for Tref=2.725 K . This implies that the brightness of the empty sky is a blackbody at the same temperature,
and that the early universe was in thermal equilibrium. The brightness of a 2.725K blackbody95 is relatively large
(compared to the typical noise of mm-wave detectors), but everything at room temperature emits microwaves
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Figure 3. Left: Recent selected measurements of the angular cross-spectrum Temperature-E-modes-polarization 〈TE〉.
Center: Recent selected measurements of the angular power spectrum of E-modes-polarization 〈EE〉. Right: Recent
selected measurements (upper limits) of the angular power spectrum of B-modes-polarization 〈BB〉. Note the different
vertical scales for the three plots. The dashed line is the model prediction for the same cosmological parameters best
fitting 〈TT 〉 measurements.

in the same frequency range: the instrument itself, the surrounding environment, the earth atmosphere. A
room-temperature blackbody is orders of magnitude brighter than the CMB. Low emissivity, reflective surfaces
must be used to shield the instrument, which needs to be cooled to cryogenic temperatures. Also, to avoid a very
wide dynamic range, a cryogenic reference source should be used in the comparison. All this drove the design of
the COBE-FIRAS instrument .1

The FIRAS one can be considered a definitive measurement of the spectrum of the CMB in the mm range:
the deviations from a pure blackbody are less than 0.01% in the peak region, small enough to be fully convincing
about the thermal nature of the CMB. However, there are regions of the spectrum where small deviations from
a pure blackbody could be expected.

The ARCADE experiment,96, 97 another cryogenic flux collector working with coherent detectors from a
stratospheric platform, focused on the low frequency end of the spectrum, looking for cm-wave deviations. In
addition to emission from unresolved extragalactic sources, processes like the reionization due to the first stars,
and particle decays in the early universe, would heat the diffuse matter, which in turn would cool, injecting the
excess heat in the CMB (see e.g.98).

CMB anisotropy and polarization measurements target at much smaller brightnesses. The specific brightness
of CMB anisotropy (and its polarization) is a modified blackbody

ΔB = B(ν, TCMB)
xex

ex − 1
ΔT

T
; x =

hν

kT
(6)

peaking at 220 GHz, and with ΔT/T of the order of 30 ppm, resulting in very faint brightness differences.
However, in differential measurements common mode signals (coming from the average CMB but also from the
instrument and the environment) can be rejected with high efficiency.

The focus here shifts on angular resolution (i.e. size of the telescope), sensitivity (i.e. noise of the detectors
and photon-noise from the radiative background), and mapping speed.

2.1 Angular Resolution and Sidelobes

Theory predicts a power spectrum c∗∗� with important features at degree and sub-degree angular scales (i.e.
multipoles above � = 100, see top panel of Fig.1). Resolving those features requires sub-degree angular resolution.
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In the bottom panel of Fig.1 we plot the window function (i.e. the sensitivity of the instrument to different
multipoles) for Gaussian beams with different FWHM : B2

� = e−�(�+1/2)/σ2
, with σ = FWHM/

√
8 ln 2.99

At the frequency of maximum specific brightness of the CMB (160 GHz), and for a FWHM of 10′, the
diameter of the entrance pupil of a diffraction-limited optical system has to be around 0.8 m. However, to
reduce the spillover from strong sources in the sidelobes, it is needed to oversize the entrance pupil (i.e. the
diameter of the collecting mirror/lens) leaving a guard-ring around the entrance pupil. The aperture stop is
placed in a cold part of the system, effectively apodizing the illumination of primary light collector. So, at least
meter-sized telescopes are needed to explore the features of the angular power spectrum of the CMB, while 10m
class telescopes are needed to study its finest details.

Bolometric systems are capable of integrating many radiation modes, boosting their sensitivity at the cost of
a corresponding increase in the size of the entrance pupil. At lower frequencies, where the atmosphere is more
transparent, the required telescope size increases by a large factor (for example by a factor ∼ 4 at ∼ 40 GHz),
entering in the realm of large and expensive telescope structures, including compact interferometric systems.

For all these reasons, CMB telescopes cannot easily be cooled at cryogenic temperatures to reduce their
radiative background, unless they are operated in space (see below).

The control of telescope sidelobes is also extremely important. If ground pickup is not properly minimized,
the nuisance signal coming from the earth emission in the far sidelobes can be comparable or larger than the
CMB anisotropy signal. The detector will receive power from the boresight, pointed to the sky, but also from
all the surrounding sources, weighted by the angular response R as follows:

W (θ, φ) = A

∫

4π

B(θ′, φ′)R(θ − θ′, φ − φ′)dΩ (7)

where B(θ, φ) is the brightness from direction (θ, φ).

Beyond the main beam (off-axis angles θ � λ/D) the envelope of the angular response R for a circular
aperture in diffraction limited conditions scales as θ−3. For a ground based experiment, where the sky fills the
main beam with solid angle ΩM 	 1 sr and the emission from ground fills a large solid angle in the sidelobes
ΩS ∼ 2π sr, the detected signal can be approximated as

W 
 A [Bsky〈R〉MΩM + Bground〈R〉SΩS ] = A [IM + IS ] (8)

where 〈〉M,S represent the averages of the angular response R over the main lobe (where 〈R〉M <∼ 1) and
over the sidelobes (where 〈R〉S 	 1). In the case of a 2.725K sky emission and of a 250K ground emission, for
example, in order to have IS 	 IM we need 〈R〉S 	 4×10−5 for a 10o FWHM experiment, and 〈R〉S 	 1×10−8

for a 10′ FWHM experiment. Hence the necessity of additional shields surrounding the telescope, to increase
the number of diffractions that radiation from the ground must undergo before reaching the detectors.

The situation is even worse in the case of anisotropy measurements, where the interesing signal is of a few
μK. Here a differential instrument is needed, which helps in reducing the sidelobes contribution to the measured
signal. The last resource is to send the instrument far from the earth, so that the solid angle occupied by ground
emission is 	 2π. This is the case for the WMAP and Planck space missions, devoted to CMB anisotropy and
polarization measurements. They both operate from the Lagrange point L2 of the sun-earth system, where the
solid angle occupied by the earth is only 2 × 10−4 sr. This relaxes the conditions on sidelobes rejection by a
factor ∼ 30000 with respect to ground-based or balloon-borne experiments.

The telescope and shields configurations are optimized using numerical methods (see e.g. www.ticra.com),
normally based on the geometrical theory of diffraction100 to speed-up the computations (see e.g.101).

To reduce the sidelobes, off-axis telescope designs are preferred, and complemented by extensive ground and
sun shields (see e.g.85, 102–110). In particular, compact test range telescope configurations offer wide focal planes
(allowing the use of large format detector arrays, see below), with excellent cross-polarization quality (which is
essential for CMB polarization studies) see e.g.111, 112
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Figure 4. Photon noise from the natural radiative background and from the instrument (left scale) compared to CMB
anisotropy and polarization signals (right scale). The two top continuous lines represent the noise due to quantum fluctu-
ations of atmospheric emission, for 2 mm PWV and 0.5 mm PWV, typical of a high altitude ground based observatory.
The dotted line is the noise due to quantum fluctuations of the emission from the residual atmosphere, at balloon (41
km) altitude. The lower thin continuous line is the photon noise of the CMB itself. The dashed lines represent the
noise produced by a low-emissivity ( ε = 5 × 10−3 ) optical system at different temperatures (300K, 40K, 4K, 1.5K
from top to bottom). The dot-dashed lines represent a typical CMB anisotropy brightness fluctuation (corresponding
to ΔTCMB = 90μK, higher line ) and a typical CMB polarization fluctuation (corresponding to ΔTCMB = 3μK, lower
line).

The actual sidelobes pattern is usually measured with strong far-field sources (like a Gunn oscillator in the
focus of a large telescope, producing a plane-wave to illuminate the telescope of the instrument). For space
missions, where the operating environment can be very different from the laboratory conditions, the sidelobes
are measured during the mission, using the Moon or the Sun (see e.g.113).

2.2 Sensitivity

The sensitivity of a detector measuring CMB anisotropy depends on detector performance (usually quantified by
its intrinsic noise equivalent temperature, NETi, in CMB temperature fluctuation units (μKCMB)) and on the
noise of the incoming radiative background, NETγ . The latter is computed following114 (but see also115, 116):
it depends on the emission of the instrument itself (presence of warm lenses, mirrors, windows) and on the
atmosphere above the operation site (the telescope can be ground-based, on a stratospheric balloon, or on a
satellite). Operating above the earth atmosphere photon noise is reduced, and the instrument must be cooled
cryogenically to exploit the optimal environmental conditions. In figure 4 we compare the photon noise from the
natural radiative background and from the instrument to the signal to be detected, for several typical situations.
Keep in mind that photon noise 〈N2〉1/2 in figure 4 is given for unit optical bandwidth (1 cm−1), unit electrical
bandwidth (1 Hz, roughly corresponding to 1 s of integration), and for a throughput AΩ = 1cm2sr, and scales as
the square root of these; moreover, in Rayleigh-Jeans conditions, it scales also as the square root of the emissivity
ε.

From figure 4 it is evident that ground-based observations are limited to low frequencies ( <∼ 40 GHz) and
the W and D bands (note, however, that only quantum fluctuations have been plotted here, while turbulence,
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winds, instabilities can increase atmospheric noise significantly). Balloon-borne telescopes can work with room-
temperature telescopes, while to exploit the low radiative background of space the telescope should be cooled to
at least 40K, and better below 4K if high frequency measurements are planned.

Quite recently mm-wave bolometers operated below 0.3K have achieved background limited conditions (i.e.
NETi

<∼ NETγ). This is the case of the bolometers of the HFI instrument117 aboard of the Planck satellite,
where the telescope is cooled radiatively to 40K.118 For these detectors NEPi

<∼ 10−17W/
√

Hz (119), and a cold
optical system is required, to exploit their excellent performance (compare this NEPi to the photon noise in fig.
4, for a typical throughput AΩ ∼ λ2 ∼ 0.05cm2sr).

2.3 Mapping Speed

Once background-limited conditions are reached, the only way to improve the performance of a CMB survey
is to increase the number of detectors simultaneously scanning different directions, i.e. to produce large arrays
of mm-wave detectors. This will boost the mapping speed of the experiment, by a factor of the order of the
number of detectors in the focal plane. The need for large arrays required an important technology development
to achieve fully automated production of a large number of pixels. This is very difficult to achieve in the case of
coherent detectors, because of the cost and the power dissipation of each amplifier. In the case of bolometers and
other incoherent detectors (like KIDs and CEBs, see below), it has been possible to devise pixel architectures
which can be completely produced by photolithography and micromachining, with low cost and negligible power
per pixel.

Bolometers are thermal detectors, absorbing radiation and sensing the resulting temperature increase. For
a review of CMB bolometers development and operation see e.g.120, 121 The development of fully lithographed
arrays is the result of a long process started with the development of the so-called spider-web bolometer,122

followed by the polarization sensitive bolometer (PSB).123 Several of these devices were arranged on the same
wafer.124 Then voltage-biased Transition Edge superconducting Sensors (TES) were developed (see e.g.125–129

and integrated on the array wafer (see e.g.130–137). In parallel to the development of the TES bolometers, a large
effort has been spent in the development of the readout electronics, which uses SQUIDs to read and multiplex
a large number of detectors with a limited number of wires, thus maintaining the heat load on the cryostat at
manageable levels.138, 139 These detectors have been installed at large CMB telescopes (ACT, SPT, APEX ...)
with excellent performance, providing high resolution CMB measurements. Antenna coupling to the radiation,
dual polarization sensitivity, and even spectral filtering are now also integrated in the TES wafers (see e.g.140–146),
producing powerful imaging/polarimetry/spectrometry capabilities in a lightweight block.

In addition to TESs, the quest for large mm-wave cameras for CMB research drove the development of other
non-coherent detection technologies.

In the MKIDs (microwave kinetic inductance detectors) low energy photons (like CMB photons, in the meV
range) break Cooper pairs in a superconducting film, changing its surface impedance, and in particular the kinetic
inductance Lk. The change is small, but can be measured using the film as the inductor in a superconducting
resonator, which can have very high merit factor Q, up to 
 106, and thus be very sensitive to the variations
of its components. Many independent MKIDs are arranged in an array, an shunt the same line, where a comb
of frequencies fitting the resonances of the pixels is carried. CMB photons absorbed by a given pixel produce a
change in the transmission of a single frequency of the comb. So MKIDs are intrinsically multiplexable, requiring
only two shielded cables to supply and read hundreds of pixels. The initial KID concept,147 where mm-wave
photons are antenna coupled to the resonator, has evolved in the LEKID (Lumped Elements Kinetic Inductance
Detector) concept,148, 149 where the resonator is shaped as an efficient absorber of mm-waves analogous to
bolometer absorbers. The great advantage of MKIDs with respect to TES is that the fabrication process is
significantly simpler, and also the readout electronics requires only a wide-band amplifier cryogenically cooled.
Today, MKID arrays are produced in many laboratories (see e.g.150–152) and are starting to be operated at large
telescopes (see e.g.153, 154).

In a Cold Electron Bolometer (CEB)155 the signal power collected by an antenna is capacitively coupled to
a tunnel-junction (SIN) sensor and is dissipated in the electrons which act as a nanoabsorber; it is also removed
from the absorber in the form of hot electrons by the same SIN junctions. This electron cooling provides
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Figure 5. Left: The Planck satellite, scanning the sky in the mm/submm from the Lagrangian point L2 of the sun-
earth system. Right: Map of the sky in Galactic coordinates, obtained from the full sky surveys of Planck at nine
frequencies. The maps have been linearly combined in two ways: the red-yellow palette evident at high galactic latitudes
is the combination maximizing CMB signals. Here the horizon-sized spots are ubiquitous and dominant at high galactic
latitudes. The blue-white palette is the combination maximizing the local foreground. The power of wide frequency
coverage is evident: from this map it is possible to monitor the faintest interstellar clouds at high galactic latitudes.
Figure credit: European Space Agency.

strong negative electrothermal feedback, improving the time-constant, the responsivity and the NEP.156 Since
the thermistor is the gas of electrons, confined in a ∼ 100 nm junction and thermally insulated from the rest of
the sensor, these detectors should be quite immune to cosmic-rays hits, an important nuisance for TES and KIDs
in space. Moreover, these detectors promise very good performance in a wide range of radiative backgrounds,
while efficient multiplexing schemes are still to be developed.

3. CURRENT TRENDS IN CMB RESEARCH

We have entered the era of precision observations of the CMB.

Planck157 has produced a shallow survey of the whole sky in nine mm - submm bands (centered at 30, 44,
70, 100, 143, 217, 353, 545, 857 GHz). Taking advantage of the wide frequency coverage and of the extreme
sensitivity of the measurements, it is possible to separate efficiently the different contributions to the brightness
of the sky along each line of sight (see figure 5).

While it is evident from fig.5 that foreground emission can be important even at high galactic latitudes, it is
also clear that the multifrequency survey of Planck allows to detect and remove tiny contaminations from thin
interstellar clouds. With the foregrounds under control, Planck is expected to produce very precise measurements
of CMB anisotropy and polarization in the next data release, early in 2013.

High-resolution anisotropy measurements are now performed mainly in the direction of clusters of galaxies
(SZ effect) and to search for non-Gaussianity of the CMB. High sensitivity polarization measurements aim at
measuring B-modes from inflation and from lensing of E-modes. We will outline here a few, selected issues that
we consider relevant for the continuation of these studies.

3.1 Sunyaev-Zeldovich Effect and spectral anisotropy measurements

The Sunyaev-Zeld́ovich (SZ) effect158 is the energization of CMB photons crossing clusters of galaxies, due to
the inverse Compton effect with the hot intergalactic plasma. The order of magnitude of the effect can be
estimated noticing that the optical depth for a rich cluster is τ ∼ neσT � <∼ 0.01 and the fractional energy gain
of each interacting photon is of the order of kTe/mec

2 ∼ 0.01, so the fractional CMB temperature change will
be ΔT/T ∼ τkTe/mec

2 <∼ 10−4: a large signal if compared to the primordial CMB anisotropy. The SZ effect is
thus a powerful tool for studying the physics of clusters and using them as cosmological probes (see e.g.159–161).
Large mm-wave telescopes (109, 110, 136), coupled to imaging multi-band arrays of bolometers, are now operating
in excellent sites and produce a number of detections and maps of the SZ effect in selected sky areas, discovering
new clusters, and establishing cluster and cosmological parameters.
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From the Planck data an early catalogue of massive clusters detected via the SZ effect has been extracted.162

This consists of 169 known clusters, plus 20 new discoveries, including exceptional members.163 All these
measurements take advantage of the extreme sensitivity of bolometers, with their excellent performance in the
frequency range 90-600 GHz where the spectral signatures of the SZ effect lie.

Several components contribute to the signal detected from the line of sight crossing the cluster: a thermal
component due to the inverse Compton effect; a Doppler component, caused by the collective motion of the cluster
with respect to the CMB restframe; a non-thermal component caused by a non-thermal population of electrons,
produced by e.g. the AGNs present in the cluster, relativistic plasma in cluster cavities, shock acceleration; the
intrinsic anisotropy of the CMB; the emission of dust, free-free and synchrotron in our Galaxy and in the galaxies
of the cluster. Since the spectrum of thermal SZ significantly departs from the spectra of the foreground and
background components, multi-frequency SZ measurements allow the estimation of several physical parameters
of the cluster, provided there are more observation bands than parameters to be determined, or some of the
contributions are known to be negligible. In164 we have analyzed how different experimental configurations
perform in this particular components separation exercise. Ground-based few-band photometers cannot provide
enough information to separate all physical components, because atmospheric noise limits the number of useful
independent bands. These instruments need external information (optical, X-ray, far-IR, etc.) to produce mainly
measurements of the optical depth of the thermal SZ (see e.g.165–172).

Future space-based spectrometers can cover the full range of interesting frequencies and offer much more
information. A cryogenic differential imaging Fourier Transform Spectrometer (FTS) in the focal plane of a
space mission with a cold telescope, like Millimetron,173 would be a powerful experiment, measuring accurately
all the parameters of a cluster. The FIRAS experiment has demonstrated the power of these large-throughput,
wide frequency coverage instruments, which are intrinsically differential. In that case one of the two input
ports collected radiation from the sky, while the other port was illuminated by an internal blackbody: the
perfect nulling of the measured difference spectrum demonstrated accurately the blackbody nature of the cosmic
microwave background. In this implementation, the two input ports of the instrument collect radiation from
two contiguous regions of the focal plane of the same telescope (see left panel of fig.6). In this way only the
anisotropic component of the brightness distribution produces a measurable signal, while the common-mode
signals from the instrument, the telescope, and the CMB itself are efficiently rejected. The FTS is sensitive to
a wide frequency band (say 70 - 1000 GHz for SZ studies), so photon noise is the limiting factor. In fig.6 we
compare what can be achieved with a warm system on a stratospheric balloon174–176 (center panel) to what can
be ultimately achieved with a cold system in deep space164 (right panel). In both cases important improvements
with respect to the state-of-the-art determination of cluster parameters are expected. The intermediate case of
a cold spectrometer coupled to a warm telescope in a Molniya orbit has been studied in177 .

Other important scientific targets of these instruments are the measurement of the C+ and CO lines, in the
redshift desert and beyond, for a large number of galaxies, and spectral observations of a number of processes in
the early universe and in the recombination and reionization eras (see e.g.177, 179–183).

3.2 B-modes of CMB polarization

Measuring the tiny B-modes signal is a formidable experimental challenge. For this reason it is very important
that independent teams develop advanced experiments, using different techniques and methods. Only indepen-
dent consistent detections will provide convincing evidence for the existence of B-modes.

The mainstream in this field is the use of large arrays of single-mode bolometric polarimeters, using a polariza-
tion modulator in the optical path (as close as possible to the input port of the instrument, to avoid modulating
instrumental polarization) to modulate only the polarized part of the incoming signal. The throughput of the
telescope has to be very large, of the order of

∑n
i=1 Niλ

2
i /Fi, where the number of detectors Ni in each band i

is of the order of 103, and the filling factor of the focal plane is Fi
<∼ 1.

The removal of the polarized foreground (mainly produced by the interstellar medium) is a matter of the
utmost importance. It has been analyzed in great detail, most recently in the framework of the Planck mission
(see e.g.184–186 and references therein) and of future missions devoted to CMB polarization (see e.g.187). The
solution is to carry out surveys with wide frequency coverage, from tens of GHz (to survey strongly polarized
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Figure 6. Left : Block-diagram of a differential FTS. This very symmetrical configuration reduces instrumental offsets
and doubles the efficiency with respect to the standard MPI FTS.178 Center : Simulated observations of a rich cluster
of galaxies with a warm differential FTS aboard of a stratospheric balloon, like OLIMPO. Right : Same for a differential
FTS aboard of a satellite in L2, with a large (10m) cold (4K) telescope, like Millimetron. In both cases, 3 hours of
observation are assumed, and bolometer performance limited only by the radiative background. The two continuous
lines represent the SZ effect from the plasma in the cluster and differential emission of interstellar dust, the two main
components of the measured brightness.

synchrotron emission) to several hundreds of GHz (to survey polarized emission from interstellar dust). For this
reason a number of bands n ∼ 10 is required to separate the foreground components from the primordial CMB
signal. Accommodating all the bands in the focal plane of the telescope exacerbates the large throughput problem
for these systems, also because only the center region of the focal plane has optimal polarization efficiency and
beam-symmetry properties. Multichroic pixels including bolometric detectors in 3 or more bands under the same
microlens have been developed,146 allowing a very efficient use of focal plane space. This approach has been
proposed for the LiteBIRD satellite.188

In the case of incoherent detectors, intrinsically insensitive to the polarization status of the incoming power,
the classic Stokes polarimeter requires a half-wave plate retarder plus a polarizer. If the HWP is rotated with a
rotation rate θ̇, the linearly polarized part of the incoming signal is modulated at 4θ̇, while the unpolarized and the
circular polarization components are not modulated. Wide-band retarders can be obtained in transmission using
a sandwich of birefringent crystals (see e.g.189–193) or suitable meta-materials assembled with metal meshes.194 In
reflection, a rotation mirror / polarizer combination195 can be used, or a translating polarizer / mirror assembly
(Variable Delay Modulator196), or a translating circular polarizer / mirror combination (Transational Polarization
Rotator197). The main issues with these modulators is the equalization of the transmission (reflection) for the
two orthogonal polarizations (any mismatch, even at a level of 1%, will produce a comparatively very large 2θ̇
signal) and the need to cool at cryogenic temperatures the modulator, to reduce its (polarized) emission (see198

for a discussion).

Reaching satisfactory performance over a wide frequency band and a wide throughput is problematic. In the
case of the dielectric HWP, a sandwich of differently oriented plates is required, following the Pancharatman199

recipe. This approach is suitable for accurate measurements of CMB polarization in the range 120-450 GHz.200

However, it is currently impossible to obtain large-diameter ( >∼ 30cm) slabs of sapphire (or any other birefringent
crystal suitable for mm wavelengths), so their use is limited to medium throughput systems. Using metal meshes
might solve the problem, but requires a careful equalization of the conductivity of the meshes. In the case of
the mirror/polarizer combination, which can be produced in very large sizes, the operative band is restricted to
∼ 20% of the center frequency. It is possible, however, to operate the modulator at multiples of a fundamental
frequency, with decreasing fractional bandwidth, as proposed in.201

A Martin-Puplett Fourier Transform Spectrometer,178 with the two input ports A and B (fig.6) co-aligned
to look at the same sky patch, becomes a polarimeter. In fact, it produces at the two output ports a and b, with
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polarization x and y, the following 4 signals, which can be detected by 4 independent detectors: [Ia,x(z)−〈Ia,x〉] ∝∫
(E2

B,x(σ) − E2
A,y(σ))cos(4πσz)dσ ; [Ia,y(z) − 〈Ia,y〉] ∝

∫
(E2

B,y(σ) − E2
A,x(σ))cos(4πσz)dσ ; [Ib,x(z) − 〈Ib,x〉] ∝∫

(E2
A,x(σ) − E2

B,y(σ))cos(4πσz)dσ ; [Ib,y(z) − 〈Ib,y〉] ∝ ∫
(E2

A,y(σ) − E2
B,x(σ))cos(4πσz)dσ , where σ is the

wavenumber and z is the position of the moving mirror. Summing and subtracting the Fourier-transformed
signals from detectors couples it is possible to estimate the frequency spectra of the Stokes parameters of
the incoming radiation. This is the principle of operation of the proposed PIXIE experiment,182 a space-based
large-throughput spectro-polarimeter covering the frequency range 30-6000 GHz. The optical axis of the spectro-
polarimeter is aligned to the spin axis of the satellite, so that any polarization signal becomes spin-synchronous.
In this configuration, the specifications for beam ellipticity, and beam, gain and polarization mismatch for the
four detectors are very stringent. These could be relaxed with the use of a rotating achromatic HWP at the
entrance of the system, but it is currently impossible to fabricate a high-efficiency highly-balanced HWP over
such a wide frequency range.

There is a long list of potential systematic effects in Stokes polarimeters (see e.g.202), and the requirements
for a clean detection of B-modes are extremely stringent (see e.g. table 6.1 in203). A few examples: tens of
mK signals at 2θ̇ are produced by the unpolarized 2.7K background, modulated by ∼ 1% efficiency mismatch
between the ordinary and extraordinary rays in the waveplate. The emission of a mismatched HWP also produces
tens of mK signals at 2θ̇, unless its temperature is below 2K. These signals challenge the dynamic range of the
detector, which is optimized for measuring CMB polarization signals ∼ 104 times smaller. Any non-linearity
in the detector can convert part of this 2θ̇ signal into a 4θ̇ signal, producing a large offset in the polarization
measurement. If part of the emission of the polarizer is reflected back by the waveplate, it is modulated at
4θ̇, contributing with additional ∼ few μK signals to the offset. A possible solution to this problem is the
step and integrate strategy (see e.g.204). At variance with the continuous rotation strategy, here the HWP is
kept steady during sky scans, and angular steps are performed at the turnarounds. All the systematic effects
generated internally to the instrument produce a constant offset during each scan, which can be removed, while
the sky polarization is modulated at the (very low) frequency of the repetition of the scans. In addition to
these effect, other noticeable sources of systematic problems are the ellipticity of the main beam (< 10−4), the
level of its polarized sidelobes (< 10−6), the instrumental polarization (< 10−4), the relative gain calibration
(< 10−5): all these convert unpolarized brightness fluctuations into apparent B-modes signals; an error in the
main polarimeter axis angle (< 0.2o) and the cross-polar response (< 3 × 10−3) convert E-modes into apparent
B-modes; moreover, the relative pointing of differenced observation directions must be < 0.1 arcsec to avoid
conversion of brightness fluctuations into apparent B-mode signals. Pathfinder experiments are the best way to
find and test the best mitigation methods for all these subtle systematic effects. Current attempts exploit different
techniques, ranging from ground-based coherent polarimeters, like QUIET,92 to ground-based bolometer arrays
with HWP, like POLARBEAR,205 to ground-based bolometric interferometers, like QUBIC,206 to stratospheric
balloons like SPIDER,207 EBEX,208 and LSPE.209 Using completely independent techniques, these experiments
provide a powerful test set for any detection of B-modes in the CMB, in view of a post-Planck next generation
space mission for the CMB.

4. CONCLUSIONS

The future of CMB studies is bright. A large community has grown around the success of CMB missions,
producing large amounts of excellent data. The experiments have drifted from a situation where sensitivity was
the issue to a situation where control of systematic effects is the main problem. So we are facing very difficult
challenges, with the ambition of understanding the most distant phenomena happening in our universe, analyzing
tiny signals embedded in an overwhelming noisy background. When we approached CMB research for the first
time, in 1980, measuring the intrinsic anisotropy of the CMB was considered almost science-fiction. Today CMB
anisotropy is measured in a single pass with scanning telescopes using large arrays of bolometers. This experience
makes us confident that much more is coming in this field, with the enthusiastic contribution of young researchers
and the cross-fertilization between cosmologists, astrophysicists, solid-state / detector physicists, optics experts.
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[43] Spergel, D. N., Bean, R., and Doré, e. a., “Three-Year Wilkinson Microwave Anisotropy Probe (WMAP)
Observations: Implications for Cosmology,” The Astrophysical Journal Supplements 170, 377–408 (June
2007).

[44] Komatsu, E., Dunkley, J., and Nolta, M. R. e. a., “Five-Year Wilkinson Microwave Anisotropy Probe
Observations: Cosmological Interpretation,” The Astrophysical Journal Supplements 180, 330–376 (Feb.
2009).

[45] Komatsu, E., Smith, K. M., and Dunkley, J. e. a., “Seven-year Wilkinson Microwave Anisotropy Probe
(WMAP) Observations: Cosmological Interpretation,” The Astrophysical Journal Supplements 192, 18
(Feb. 2011).

[46] Rees, M. J., “Polarization and Spectrum of the Primeval Radiation in an Anisotropic Universe,” The
Astrophysical Journal Letters 153, L1 (July 1968).

[47] Kaiser, N., “Small-angle anisotropy of the microwave background radiation in the adiabatic theory,” Mon-
thy Notices of the Royal Astronomical Society 202, 1169–1180 (Mar. 1983).

[48] Hu, W. and White, M., “A CMB polarization primer,” New Astronomy 2, 323–344 (Oct. 1997).
[49] Kamionkowski, M., Kosowsky, A., and Stebbins, A., “Statistics of cosmic microwave background polariza-

tion,” Physical Review D 55, 7368–7388 (June 1997).
[50] Seljak, U., Pen, U.-L., and Turok, N., “Polarization of the Microwave Background in Defect Models,”

Physical Review Letters 79, 1615–1618 (Sept. 1997).
[51] Mukhanov, V. F. and Chibisov, G. V., “Quantum fluctuations and a nonsingular universe,” ZhETF Pis

ma Redaktsiiu 33, 549–553 (May 1981).
[52] Guth, A. H. and Pi, S.-Y., “Fluctuations in the new inflationary universe,” Physical Review Letters 49,

1110–1113 (Oct. 1982).
[53] Linde, A. D., “Chaotic inflation,” Physics Letters B 129, 177–181 (Sept. 1983).
[54] Kolb, E. W. and Turner, M. S., [The early universe. ] (1990).
[55] Copeland, E. J., Kolb, E. W., and Liddle, A. R. e. a., “Observing the inflation potential,” Physical Review

Letters 71, 219–222 (July 1993).
[56] Turner, M. S., “Recovering the inflationary potential,” Physical Review D 48, 5539–5545 (Dec. 1993).
[57] Steinhardt, P. J. and Turok, N., “A Cyclic Model of the Universe,” Science 296, 1436–1439 (May 2002).
[58] Boyle, L. A., Steinhardt, P. J., and Turok, N., “New duality relating density perturbations in expanding

and contracting Friedmann cosmologies,” Physical Review D 70, 023504 (July 2004).
[59] Liddle, A. R., “The inflationary energy scale,” Physical Review D 49, 739–747 (Jan. 1994).
[60] Caderni, N., Fabbri, R., and Melchiorri, B. e. a., “Polarization of the microwave background radiation. II.

An infrared survey of the sky,” Physical Review D 17, 1908–1918 (Apr. 1978).
[61] Nanos, Jr., G. P., “Polarization of the blackbody radiation at 3.2 centimeters,” The Astrophysical Jour-

nal 232, 341–347 (Sept. 1979).
[62] Lubin, P. M. and Smoot, G. F., “Polarization of the cosmic background radiation,” The Astrophysical

Journal 245, 1–17 (Apr. 1981).
[63] Masi, S., “Search for the Cosmic Background Polarization,” in [Gamow Cosmology ], 310 (1986).
[64] Partridge, R. B., Nowakowski, J., and Martin, H. M., “Linear polarized fluctuations in the cosmic mi-

crowave background,” Nature 331, 146 (Jan. 1988).
[65] Wollack, E. J., Devlin, M. J., and Jarosik, N. e. a., “An Instrument for Investigation of the Cosmic

Microwave Background Radiation at Intermediate Angular Scales,” The Astrophysical Journal 476, 440
(Feb. 1997).

Proc. of SPIE Vol. 8442  844203-15

liii

Proc. of SPIE Vol. 8444  844401-53



[66] Keating, B. G., O’Dell, C. W., and de Oliveira-Costa, A. e. a., “A Limit on the Large Angular Scale
Polarization of the Cosmic Microwave Background,” The Astrophysical Journal Letters 560, L1–L4 (Oct.
2001).

[67] Subrahmanyan, R., Kesteven, M. J., and Ekers, R. D. e. a., “An Australia Telescope survey for CMB
anisotropies,” Monthy Notices of the Royal Astronomical Society 315, 808–822 (July 2000).

[68] Hedman, M. M., Barkats, D., and Gundersen, J. O. e. a., “New Limits on the Polarized Anisotropy of the
Cosmic Microwave Background at Subdegree Angular Scales,” The Astrophysical Journal Letters 573,
L73–L76 (July 2002).

[69] Piccirillo, L., Ade, P. A. R., and Bock, J. J., e. a., “QUEST-A 2.6-m mm-wave telescope for CMB po-
larization studies,” in [Astrophysical Polarized Backgrounds ], Cecchini, S., Cortiglioni, S., Sault, R., and
Sbarra, C., eds., American Institute of Physics Conference Series 609, 159–163 (Mar. 2002).

[70] Delabrouille, J. and Kaplan, J., “Measuring CMB polarization with the Planck HFI,” in [Astrophysical
Polarized Backgrounds ], Cecchini, S., Cortiglioni, S., Sault, R., and Sbarra, C., eds., American Institute of
Physics Conference Series 609, 135–143 (Mar. 2002).

[71] Masi, S., de Bernardis, P., and de Troia, G. e. a., “Scanning polarimeters for measurements of CMB
polarization,” in [Experimental Cosmology at Millimetre Wavelengths ], de Petris, M. and Gervasi, M.,
eds., American Institute of Physics Conference Series 616, 168–174 (May 2002).

[72] Villa, F., Mandolesi, N., and Bersanelli, M. e. a., “The low frequency instrument of the Planck mission,”
in [Astrophysical Polarized Backgrounds ], Cecchini, S., Cortiglioni, S., Sault, R., and Sbarra, C., eds.,
American Institute of Physics Conference Series 609, 144–149 (Mar. 2002).

[73] Kovac, J. M., Leitch, E. M., and Pryke, C. e. a., “Detection of polarization in the cosmic microwave
background using DASI,” Nature 420, 772–787 (Dec. 2002).

[74] Johnson, B. R., Abroe, M. E., and Ade, P. e. a., “MAXIPOL: a balloon-borne experiment for measuring
the polarization anisotropy of the cosmic microwave background radiation,” New Astronomy Reviews 47,
1067–1075 (Dec. 2003).

[75] Keating, B. G., Ade, P. A. R., and Bock, J. J. e. a., “BICEP: a large angular scale CMB polarimeter,” in
[Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series ], Fineschi, S., ed., Society
of Photo-Optical Instrumentation Engineers (SPIE) Conference Series 4843, 284–295 (Feb. 2003).

[76] Keating, B. G., O’Dell, C. W., and Gundersen, J. O. e. a., “An Instrument for Investigating the Large
Angular Scale Polarization of the Cosmic Microwave Background,” The Astrophysical Journal Supple-
ments 144, 1–20 (Jan. 2003).

[77] Kogut, A., Spergel, D. N., and Barnes, C. e. a., “First-Year Wilkinson Microwave Anisotropy Probe
(WMAP) Observations: Temperature-Polarization Correlation,” The Astrophysical Journal Supple-
ments 148, 161–173 (Sept. 2003).

[78] Farese, P. C., Dall’Oglio, G., and Gundersen, e. a., “COMPASS: An Upper Limit on Cosmic Microwave
Background Polarization at an Angular Scale of 20’,” The Astrophysical Journal 610, 625–634 (Aug.
2004).

[79] Cortiglioni, S., Bernardi, G., and Carretti, E. e. a., “The Sky Polarization Observatory,” New Astronomy 9,
297–327 (May 2004).

[80] Cartwright, J. K., Pearson, T. J., and Readhead, A. C. S. e. a., “Limits on the Polarization of the Cosmic
Microwave Background Radiation at Multipoles up to l ˜ 2000,” The Astrophysical Journal 623, 11–16
(Apr. 2005).

[81] Leitch, E. M., Kovac, J. M., and Halverson, N. W. e. a., “Degree Angular Scale Interferometer 3 Year
Cosmic Microwave Background Polarization Results,” The Astrophysical Journal 624, 10–20 (May 2005).

[82] Barkats, D., Bischoff, C., and Farese, e. a., “First Measurements of the Polarization of the Cosmic Mi-
crowave Background Radiation at Small Angular Scales from CAPMAP,” The Astrophysical Journal Let-
ters 619, L127–L130 (Feb. 2005).

[83] Readhead, A. C. S., Myers, S. T., and Pearson, T. J. e. a., “Polarization Observations with the Cosmic
Background Imager,” Science 306, 836–844 (Oct. 2004).

Proc. of SPIE Vol. 8442  844203-16

liv

Proc. of SPIE Vol. 8444  844401-54



[84] Page, L., Hinshaw, G., and Komatsu, E. e. a., “Three-Year Wilkinson Microwave Anisotropy Probe
(WMAP) Observations: Polarization Analysis,” The Astrophysical Journal Supplements 170, 335–376
(June 2007).

[85] Masi, S., Ade, P. A. R., and Bock, J. J. e. a., “Instrument, method, brightness, and polarization maps
from the 2003 flight of BOOMERanG,” Astronomy and Astrophysics 458, 687–716 (Nov. 2006).

[86] Piacentini, F., Ade, P. A. R., and Bock, J. J., e. a., “A Measurement of the Polarization-Temperature Angu-
lar Cross-Power Spectrum of the Cosmic Microwave Background from the 2003 Flight of BOOMERANG,”
The Astrophysical Journal 647, 833–839 (Aug. 2006).

[87] Montroy, T. E., Ade, P. A. R., and Bock, J. J. e. a., “A Measurement of the CMB EE Spectrum from the
2003 Flight of BOOMERANG,” The Astrophysical Journal 647, 813–822 (Aug. 2006).

[88] Ade, P., Bock, J., and Bowden, M. e. a., “First Season QUaD CMB Temperature and Polarization Power
Spectra,” The Astrophysical Journal 674, 22–28 (Feb. 2008).

[89] Pryke, C., Ade, P., and Bock, J. e. a., “Second and Third Season QUaD Cosmic Microwave Background
Temperature and Polarization Power Spectra,” The Astrophysical Journal 692, 1247–1270 (Feb. 2009).

[90] Brown, M. L., Ade, P., and Bock, J. e. a., “Improved Measurements of the Temperature and Polarization
of the Cosmic Microwave Background from QUaD,” The Astrophysical Journal 705, 978–999 (Nov. 2009).

[91] Chiang, H. C., Ade, P. A. R., and Barkats, D. e. a., “Measurement of Cosmic Microwave Background
Polarization Power Spectra from Two Years of BICEP Data,” The Astrophysical Journal 711, 1123–1140
(Mar. 2010).

[92] QUIET Collaboration, Bischoff, C., Brizius, A., and Buder, I. e. a., “First Season QUIET Observations:
Measurements of Cosmic Microwave Background Polarization Power Spectra at 43 GHz in the Multipole
Range 25 ¡ ell ¡ 475 ,” The Astrophysical Journal 741, 111 (Nov. 2011).

[93] Mortonson, M. J. and Hu, W., “Reionization Constraints from Five-Year WMAP Data,” The Astrophysical
Journal Letters 686, L53–L56 (Oct. 2008).

[94] Welford, W. T. and Winston, R., [The optics of nonimaging concentrators - Light and solar energy ], New
York: Academic Press, 1978 (1978).

[95] Fixsen, D. J., “The Temperature of the Cosmic Microwave Background,” The Astrophysical Journal 707,
916–920 (Dec. 2009).

[96] Fixsen, D. J., Kogut, A., and Levin, S. e. a., “The Temperature of the Cosmic Microwave Background at
10 GHz,” The Astrophysical Journal 612, 86–95 (Sept. 2004).

[97] Fixsen, D. J., Kogut, A., and Levin, S. e. a., “ARCADE 2 Measurement of the Absolute Sky Brightness
at 3-90 GHz,” The Astrophysical Journal 734, 5 (June 2011).

[98] Burigana, C., de Zotti, G., and Danese, L., “Analytical description of spectral distortions of the cosmic
microwave background.,” Astronomy and Astrophysics 303, 323 (Nov. 1995).

[99] Silk, J. and Wilson, M. L., “Residual fluctuations in the matter and radiation distribution after the
decoupling epoch,” Physica Scripta 21, 708–713 (1980).

[100] Keller, J. B., “Geometrical theory of diffraction,” Journal of the Optical Society of America (1917-1983) 52,
116 (Feb. 1962).

[101] O’Sullivan, C., Murphy, J. A., and Yurchenko, V. e. a., “The quasi-optical performance of CMB astro-
nomical telescopes,” in [Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series ],
Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series 6472 (Feb. 2007).

[102] dall’Oglio, G. and de Bernardis, P., “Observations of cosmic background radiation anisotropy from Antarc-
tica,” The Astrophysical Journal 331, 547–553 (Aug. 1988).
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