
current view of cosmology 
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foundations of !CDM cosmology 
•! Motivated on theoretical 

grounds!
!
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foundations of !CDM cosmology 
•! Motivated on theoretical 

grounds!

•! The existence of the cosmic 
microwave background!

•! Statistical properties of CMB 
temperature anisotropies!
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angular power spectrum and parameter determination  

Data fits six !
parameter model!

8.??&@A& 1.??&@A&

Planck+WMAP+ACT+SPT+BAO 2013!
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cosmic inflation 
•! Exponential expansion of space 

at 10-36 - ~10-32 s. “The bang” of 
“the big bang”.!
–! A.H. Guth Phys. Rev. D 23, 327 

(1981)!
–! A.D. Linde Phys. Lett. B 108, 389 

(1982)!
–! A. Albrecht, P.J. Steinhardt Phys. 

Rev. Lett. 48, 1220 (1982)!
•! Explains observed flatness and 

homogeneity !
•! Leading paradigm for 

explaining origin of primordial 
density perturbations that seed 
structure formation!
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inflation predictions, current constraints 
•! near scale invariant 

spectrum of density 
perturbations!
–! "P ~ k ns-1!

–! ns slightly less than 1!
•! Stochastic background of 

gravity waves !
–! parameterized by “r”: ratio of 

power in tensors to scalars !
–! direct measure of expansion 

rate during inflation!
•! CMB measurements 

constrain both ns and r!
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CMB is linearly polarized 
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Partial linear 
polarization 

Thomson 
scattering 

Quadrupole 
anisotropy 
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summary power spectrum measurements 
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many CMB experiments 
•  Ground

–  SPT-3G
–  Advanced ACTPol
–  Simons Array/Polarbear2
–  BICEP series (keck array, BICEP3, BICEP array)
–  CLASS
–  Simons Observatory

•  Balloon
–  EBEX-IDS
–  SPIDER
–  PIPER

•  Satellite
–  LiteBIRD
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CMB Stage-IV 
•! The next-generation ground-

based CMB experiment!
•! 30-300 GHz using multiple 

telescopes observing from 
the South Pole, the Atacama, 
and potentially northern 
hemisphere sites!

•! Community-wide effort with 
DOE and NSF support!

•! Biannual meetings!
–! Next one:  SLAC Feb 27-28, 

2017!
•! science book: arXiv:

1610.02743v1!
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CMB-StageIV science goals 
•! tests of inflation, role in 

particle physics!
–! energy scale associated 

with GUT-scale physics!
•! determine the number 

and masses of neutrinos!
•! constrain possible new 

light relic particles!
•! constraints on the nature 

of dark energy!
•! test GR on large scales!
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challenging measurements 
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challenging measurements 
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•! Low signal to noise!

•! Low systematic 
contamination!



challenging measurements 
•  Low signal to noise

•  Low systematic 
contamination

•  Foregrounds
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Planck	2015	Results	X	

30-300	GHz	



challenging measurements 
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J.	Errard	et	al	2015	

•  Low signal to noise

•  Low systematic 
contamination

•  Foregrounds

•  Atmospheric 
fluctuations



low temperature detectors and readout for CMB polarization 
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microwave	SQUID	mulRplexer	SPIDER-II	sensor	array	

2	mm	



detection cartoon 
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transition-edge sensor (TES) bolometer 

•! Relative power meter!
•! Superconducting film is sensing element!
•! Added noise ~ T/h#!
•! TES enabled fabrication of detector arrays!
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TES detector array implementations 
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design heritage from radio 
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Grimes,	P.	K.,	et	al.	"Compact	broadband	planar	orthomode	transducer."	Electronics	Le-ers	43.21	(2007):	1146-1147.		
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multichroic W and G-band implementation 

McMahon	et	al.	JLTP	(2011)	

	
255	spaRal	pixel,	1020	detector	
camera	operaRng	on	ACTPol	
since	Feb	2015	
	
DaQa	et	al.	JLTP	2016		
arXiv:1510.07797	
	
	

90	 150	

7	mm	

Hannes	Hubmayr	 25	



feedhorn/probe-coupled arrays (NIST+) 

•  Single band and multichroic implementations on-sky
•  Previous/Current Experiments: ABS, SPTpol, ACTPol, MUSTANG2, Advanced ACTPol
•  Future Experiments: SPIDER, Advanced ACTPol, LiteBIRD
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feedhorn/probe-coupled arrays (NIST+) 

•! Single band and multichroic implementations on-sky!
•! Previous/Current Experiments: ABS, SPTpol, ACTPol, MUSTANG2, Advanced ACTPol!
•! Future Experiments: SPIDER, Advanced ACTPol, LiteBIRD!
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detector arrays ready for S4, production scaling required 
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•! Revamped design and fabrication 
process for increased wafer yield 
and high performance with CMB-
S4 scale in mind!

•! Duff et al JLTP 184, 3-4 (2016)!
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multiplexed readout 
•! multiplexed readout required to 

manage cryogenic wiring and 
thermal loads!

•! time division and MHz 
frequency division SQUID 
multiplexing used with current 
cameras (1,000 to 10,000 
sensors)!
–! Scalable to CMB-S4?!

•! More pixel-count-scalable 
multiplexing techniques 
welcomed as well as better 
detector to readout packaging.!

!"##$%&!'()"*+& -V&
!$#;$+%3#&$C&"4&h\GE&T-?,MU&

GKL&Ljg& eKL&%$+6$%&"++"*&

k;<"#2$;&kBGE34&q!er&"++"*&



microwave SQUID multiplexing 
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•! Pixel-count scalability of microwave 
techniques + proven sensitivity of TES!

•! scales to f1000x!
•! 64x demonstrated recently in 

MUSTANG2!
.?&



on-detector-wafer microwave SQUID multiplexing 
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Conclusions 
•! CMB temperature measurements 

helped establish $CDM cosmology!

•! Polarization measurements will 
enable the next wave of discoveries 
(what caused the bang of the big 
bang?, quantum nature of gravity, 
neutrino physics, dark energy ...)!
–! the field is active!  See following talks.!

•! CMB Stage-IV is a community driven, 
ground-based observing program for 
the next decade.!

•! Measurements and scale of CMB-S4 
are demanding!

•! Detector arrays ready, readout and 
packaging need improvements!
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