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Lecture 10:

Part 1: CMB Anomalies

Part 2: Detectors and 
Experiments
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Smoothed CMB map 
(above), TT (right above), 

TE (right), and EE (far 
right) angular power 

spectrum measurements 
from Planck satellite 
data, fitted with a 6-

parameter ΛCDM 
cosmology model.

CMB is Gaussian random field
The CMB data is perfectly described as a 
Gaussian random field, originating from 

stochastic density fluctuations created by 
inflation and enhanced by baryonic interactions.
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Low multipole “anomaly”
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Low multipole “anomaly”
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WMAP “fingers”

WMAP cold spot
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CMB “anomalies”
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WMAP 7 yr result
Bennett et al. (2011)
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CMB “anomalies”
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WMAP 7 yr result
Bennett et al. (2011)

A large fraction of simulated CMB skies will 
have some kind of anomaly or oddity.  The key 
is whether the oddity is specified in advance. 
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“pi” in the sky
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Ali Frolop & Douglas Scott, arXiv:1603.09703
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Search for anomalies: 
Penrose’s CCC “rings” in the CMB sky
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Search for anomalies: 
Penrose’s CCC “rings” in the CMB sky
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๏ If marginalized over all 
possible ring sizes, there is 
no evidence for “excess” 
positive-gradient rings    
(CCC authors do not provide 
an a-priori size estimate)


๏ There is no evidence of 
these rings in the polarization 
data either
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Signs of non-Gaussianity
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Quantifying non-Gaussianity
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fNL to parametrize non-Gaussianity
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fNL = 0 fNL = 3000 

From Liguori et al. (2007)

Primordial non-Gaussianities are generally described by a non-zero value of the three-point correlation 
function of the primordial curvature function φ(k) in the Fourier space:

F(k) is the shape function of the bispectrum. In this limit, the primordial curvature perturbations can be 
parametrized by the dimensionless quantity fNL with respect to the linear Gaussian part in real space:
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Planck limits on non-Gaussianity
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There is no evidence of a non-zero fNL from Planck data Planck (2018) results
Temperature bispectrum calculations 

from different flavors of the CMB maps.
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CMB Experiments
and Detector Types



An Introduction to the CMB 10: CMB Anomalies, Detectors & Experiments 16



An Introduction to the CMB 10: CMB Anomalies, Detectors & Experiments

COBE satellite
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Launched on Nov. 1989 on a Delta 
rocket.

DIRBE:  Measured the absolute sky 
brightness in the 1-240 μm 
wavelength range, to search for the 
Infrared Background

FIRAS: Measured the spectrum of the 
CMB, finding it to be an almost perfect 
blackbody with T0 = 2.725 ± 0.002 K 

DMR:  Found “anisotropies” in the 
CMB for the first time, at a level of 1 
part in 105 

2006 
Nobel 

prize in 
physics

Credit: NASA
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BOOMERanG and MAXIMA
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Boomerang launch Dec 1998
(Balloon Observations Of Millimetric 

Extragalactic Radiation ANd Geophysics)

Maxima launch Aug 98, Jun 99

Launched from Texas
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DASI from South Pole
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DASI (Degree Angular Scale Interferometer) was a 
13-element interferometer operating from South 
Pole, and in 2002 reported the first detection of 

polarization anisotropies (E-mode). 

DASI was replaced by the QUaD and then Keck 
Array, both bolometer instruments.
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Planck satellite (2009-2013)
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Credit: ESA
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PLANCK launch: May 2009
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Destination L2: the second
Lagrangian point

(getting crowded there!)

Credit: ESA
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Planck transforming the CMB science
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l<26, θ~7°

l<780, θ~0.2°

l<2160, θ~0.1°
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Possible launch 2027+
23
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Planck satellite detector array
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Planck detectors

25



An Introduction to the CMB 10: CMB Anomalies, Detectors & Experiments

Planck HFI
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Planck: polarization sensitivity
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Planck Focal Plane Unit with
polarization sensitive bolometers

(spiderweb bolometers). Here one has 
two bolometers back-to-back

with orthogonal grids.
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CMB receiver types
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Coherent receivers:
     Phase-preserving amplification 
     Correlation of different polarization

• Correlation/Pseudocorrelation receiver (e.g. WMAP, CAPMAP)
• Interferometer (e.g. DASI, CBI)

Incoherent receivers (bolometers):
     Direct detection of radiation, 
     No phase information kept
     Large arrays!

• Bolometers (e.g. ACBAR, Boomerang, BICEP, Clover, Planck)
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Coherent receivers: 
Interferometers for CMB
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DASI in South Pole                             CBI in Atacama desert

Coherent receivers: Can be configured 
so that the output is the correlation of 
two input signals.
HEMT  (High  Electron  Mobility 
Transistor) allow coherent amplification 
with low noise and high gain.
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Interferometric measurement
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Properties of interferometers that make them 
ideally suited for CMB observation:

• Automatic subtraction of the mean signal

• Intrinsically stable (no skynoise)

• Beamshape is easy to obtain (and is not 
as important as in single dish observations)

• Direct measurement of visibilities (which 
are very nearly the Fourier transform of sky 
brightness distribution)

• Precision radiometry and polarimetry

• Repeated baselines allow variety of 
instrumental checks
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Bolometers (heat detectors): 
Workhorse of all CMB experiments
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Bolometer and HEMT sensitivities
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Fluctuations in the arrival rate of CMB photons impose a fundamental limit of 
~30 μK√(sec) for detection of a single mode of radiation in a fractional 

bandwidth of 25% from ~30 to 220 GHz. This is called the photon noise limit.
Modern bolometers are essentially photon noise limited.

(CMB Task Force Report)(Already a decade ago)



An Introduction to the CMB 10: CMB Anomalies, Detectors & Experiments 33

(Slide from Andrew Lange)

Bolometer and HEMT sensitivities
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A modern bolometer feedhorn array
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More bolometer array examples
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Bolometer cryostat for the ACT
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Ground- and space-based 
Bolometer detector arrays
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Planck HFI focal plane, showing the 
feed horns for 32 bolometer detectors

SPT-3G focal plane, with over 15 000 
detectors (0.5 m diameter)

SPT-3G collaboration
Dec 2017



An Introduction to the CMB 10: CMB Anomalies, Detectors & Experiments

Why space? Ground- and space-
based detector load comparison
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From Delabrouille et al., CORE mission paper

A single space-borne detector can reach a sensitivity equivalent 
to 100-1000 ground-based detectors (depending on frequency).
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Noise from atmosphere and ground
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Since 3 K << 300 K, CMB measurements are sensitive to 
thermal emission from their environments.

CMB telescopes are specially designed to be very directional, 
but ~300 K in the sidelobes is always a worry. Hence most 
telescopes use ground shields.

The atmospheric noise totally dominates scales larger than 
~few tens of arcminutes, making low multipole CMB 
measurements from the ground extremely challenging.

Atacama Cosmology Telescope

QUaD at south pole

A receiver measures system temperatre, Tsys

 Tsys = Tdetector + TCMB + Tatmosphere + Tground + ...

The radiometer equation is:

bandwidth time 

antenna efficiency



An Introduction to the CMB 10: CMB Anomalies, Detectors & Experiments

Atmospheric noise in polarization
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The atmospheric emission is unpolarized, so 
it is easier to make low-multiple EE/BB power 
measurements. The main concern is the 
Galactic foregrounds (polarized dust 
emission and synchrotron emission).

EE

Planck / SPTpol / SPT-3G
TT
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Detectors for the ground-based telescopes
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Evolution of the SPT detector assembly

(Credit: SPT collaboration)
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Moore’s law for CMB detectors
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Detector development for Simons 
Observatory
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Detector development for Simons 
Observatory

44



An Introduction to the CMB 10: CMB Anomalies, Detectors & Experiments

CMB-S4 plans
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Credit: CMB-S4 collaboration



An Introduction to the CMB 10: CMB Anomalies, Detectors & Experiments

Fred Young Submillimeter Telescope (FYST)
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6 meter aperture and extremely large 
field-of-view sub-millimeter telescope on 
the Cerro Chajnantor (at 5600m) Chile

2.5 m diameter bolometer receiver

Partners: Cornell, Bonn-Cologne-Munich, Canadian universities

Starting 2
024

Project originally called CCAT-prime
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More on FYST/CCAT-prime
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Partnership with Uni Bonn and Uni Köln



An Introduction to the CMB 10: CMB Anomalies, Detectors & Experiments 48

Preparation of the site at Chile and 
test-assembly in Germany, 2021

More on FYST/CCAT-prime
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Will these fly to space?
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Questions?
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Feel free to email me or ask questions  
in our eCampus Forum


