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CMB detectors, space- and 
ground-observations
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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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CMB receiver types
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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)
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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)(about a decade ago)
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Bolometer and HEMT sensitivities
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(Slide from Andrew Lange)
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Example of a modern bolometer array
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Ground- and space-based 
experiments
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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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Ground- and space-based 
experiments
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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
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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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Maybe this will fly to space!
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Next generation ground-based 
telescopes

 15

CCAT-prime
6 meter aperture and extreme 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
021
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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.

     A receiver has system temperatre Tsys

       Tsys = Trec + TCMB + Tatm + Tground + ...

The radiometer equation is:
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CMB measurements from ground
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Atacama Cosmology Telescope

QUaD at south pole
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Planck detectors
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Planck detectors
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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.



Observational Cosmology K. Basu:  CMB  theory and experiments

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)

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

 23

Ali Frolop & Douglas Scott, arXiv:1603.09703
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Part 3:

Secondary 
CMB Anisotropies
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SECONDARY temperature anisotropies
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CMB photons on their way to us
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Last scattering surface

Observer
Two things can happen  
to the CMB photons: 

1. they are deflected by 
gravitational potentials 

2. they get scattered off 
electrons
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CMB power at small angular scales
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~2006

~2015
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Power at small angles
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The signal is actually Cl  ⎯ our power spectrum plots boost the apparent 
variance at large l by a factor l2 . Observations at high-l therefore 
requires far greater sensitivity over the same angular beam.
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Lensing of the CMB photons
Slide from A. Lewis
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CMB lensing formalism - I

 30

Sl
id

e 
fro

m
 A

. L
ew

is



Observational Cosmology K. Basu:  CMB  theory and experiments

CMB lensing formalism - II
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Lensing of the CMB photons
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One result of CMB lensing is 
blurring of temperature and E-
mode polarization anisotropies, 
as the angular scales associated 
with the peaks are smeared.

Another result is the creation of 
B-mode polarization from E-
mode (by mixing Stokes Q and U 
params).

CMB photons get deflected by the 
intervening large scale structure. 
This is quantified by the deflection 
angle



Observational Cosmology K. Basu:  CMB  theory and experiments

Temperature & polarization after lensing
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Slide from Wayne Hu

Lensing of the CMB photons

Bew
are

! 

Diffe
ren

t notati
on!



Observational Cosmology K. Basu:  CMB  theory and experiments

Lensing effect on the power spectrum
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Lensing smooths the temperature power spectrum (and E 
mode polarization) with a width ∆l~60 This is a small, 

subtle effect, but reaches up to ~20% at l~3000.
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Lensed TT and EE power
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The left panels show the unlensed (solid) and lensed (dashed) power spectra of the CMB temperature 
(top) and E mode polarisation (bottom). Lensing spreads out the peaks very slightly while transferring 
power to large l. The right panels show the fractional change in the power spectrum caused by lensing.
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CMB lensing measurements
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Planck 2015 results

Statistically detectable at high-
significance with Planck because low 
foregrounds and other secondaries at 

large angular scales.
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Matter distribution from CMB lensing
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Cosmology with CMB lensing
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CMB lensing by galaxy clusters

 42

Sl
id

e 
fro

m
 A

nt
ho

ny
 L

ew
is



Observational Cosmology K. Basu:  CMB  theory and experiments

CMB lensing by galaxy clusters
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Cluster lensing state-of-the-art

 44

High-sensitivity, high resolution 
CMB can calibrate mass of 1000 
stacked clusters to a few percent

Current ground-based CMB experiments (SPT 
and ACT) are able to measure the lensing 

convergence from galaxy clusters by stacking 
1000s of objects. This precision is expected to 

improve dramatically in the coming years.

Raghunathan et al. (2019): DES and SPTpol
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Other lensing effects: Moving lens
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Birkinshaw & Gull (1983) Yasini et al. (2018)
Hotinli et al. (2018)
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Scattering of CMB after recombination
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The main impact of cosmic 
reionization at redshift z ~ 6-10 is to 

dampen the temperature 
anisotropies, and create new E-mode 

anisotropies at very large angles.


𝜏 degenerate with other cosmological 
parameters, especially 𝐴𝑠 and related 
parameters 𝑛𝑠, 𝜎8,  and foregrounds. 

Current constraint from Planck (2018):


𝜏  = 0.054 ± 0.007



    Re-scattering of CMB photons damps 
anisotropy power (ΔT2) as e-2τ, with τ the 
optical depth to Thomson scattering.

    For τ = 0.095, this means a 20% reduction 
from initial power.

    New perturbations are generated on small 
scales due to the bulk motion of electrons 
in over-dense regions (Ostriker-Vishniac 
effect) → also called kSZ from reionization

Observational Cosmology K. Basu:  CMB  theory and experiments

ΔT/T from reionization
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Additional small effects
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Resonant scattering by atoms and molecules (CMB spectroscopy!)

OI 63 µm line

Basu, Hernandez-Monteagudo
 & Sunyaev 2004
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Local y-distortion: 
Sunyaev-Zeldovich effect(s)
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See recent review: arXiv:1811.02310 Coma cluster from Jens Erler’s master’s thesis, 
created using ILC method and Planck data
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Single IC scattering of CMB photons
The physics of the SZ effect is very simple. Moving electrons transfer some of their kinetic energy 

to the low-energy CMB photons, via Doppler effect. This is the well-known energy ratio of 
photons after Compton scattering when 

 In single-scattering events with electrons at speed drawn from an isotropic velocity 
distribution there is no net effect, as the gains and losses average out to leading order, 

leaving a second order term. The average energy gained by a CMB photon in each 
scattering is determined by Δ𝜈/𝜈 = (4/3) β2 = 4kBTe / mec2. 


This is referred to a Compton y-type distortion, first derived for the case of galaxy 
clusters by Sunyaev & Zeldovich (1969).
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Single IC scattering of CMB photons

 51K. Basu:  CMB  theory and experiments

Scattering kernel for 5 keV and 15 keV thermal 
plasma (taken from Birkinshaw 1999)

It can be seen that the distribution

of scattered photon frequencies is 

asymmetric, with a stronger 
upscattering tail than a 

downscattering tail. 


This is the origin of the SZ effect!

The scattering probability function P(s;β) 

from a single electron with velocity β


(β = 0.01, 0.02, 0.05, 0.10, 0.20, and 0.50)


s = logarithmic frequency shift due to scattering


This function needs to be integrated over the 
velocity distribution of electrons.

′ 
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Spectrum of the SZ effect
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The following definitions are used:

and

The y-parameter is the line-of-sight
integral of pressure:
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Actual SZ measurement (APEX-SZ 150 GHz) 

for the galaxy cluster Abell 2163

SZ null

(~218 GHz)

In this example, y0 = 3.4x10-4 

y<<1  ⇒  ΔI/ICMB =g(𝜈) y <<1 
g(𝜈) is the frequency spectrum

It’s a small effect compared  
to the CMB

Magnitude of the SZ effect

K. Basu:  CMB  theory and experiments
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tSZ spectral distortion: the rSZ effect
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(difference from 0 keV)

For very high energy electrons, the Komaneets approximation breaks down (scattering can no 
longer be considered elastic). This is often the case for hot galaxy clusters, where average 

temperature can exceed 10 keV, so there are enough relativistic (𝛾≳100) electrons in the thermal 
tail (sometimes called the Maxwell-Jüttner distribution).


This spectral departure from the classical non-relativistic calculation is termed as the relativistic 
SZ, or rSZ, effect. Just like measuring the X-ray Bremsstrahlung spectrum in the high-energy 

part, this is an effective tool to measure cluster temperatures directly.
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The five different SZ effects

 55

tSZ 

kSZ 

rSZ 

pSZ 

ntSZ

The thermal SZ (tSZ) effect is the main effect, caused by inverse Compton 
scattering from the hot electrons in the intracluster plasma. For a typical massive 
cluster, its amplitude can be ~few 100 μKCMB.


The second most important is the kinematic SZ (kSZ) effect, which arises if there 
is a strong bulk motion of the scattering gas along the line of sight. This gives a 
Doppler boost (or decrease) to the CMB temperature without changing its 
spectrum. Since typical velocities are ~100 km/s, the kSZ signal is roughly 10 
times smaller than the tSZ, of the order 10 μKCMB.


When the electron temperature is high (≳5 keV), then the higher-order relativistic 
corrections to both the tSZ and kSZ spectra can be noticeable. Generally, one 
refers to the relativistic correction to the tSZ effect, calling it relativistic SZ (rSZ) 
effect. Typical signal ~1 μKCMB, depending strongly on the frequency.


There can be also scattering from electron populations other than thermal, most 
notably, power-law energy distributions (e.g. created by shock acceleration). This 
is the same effect that creates inverse Compton emission at hard X-ray band. It 
has a different spectrum than the tSZ, hence is called nonthermal SZ (ntSZ) 
effect. Depending upon the energy density, signal is ~0.01−0.1 μKCMB.


Lastly, SZ effect can be polarized. The two main contributors are (a) scattering of 
the intrinsic CMB quadrupole, and (b) a quadrupole generated by the clusters 
own motion. This is labelled polarized SZ (pSZ) effect.  Signal is ~0.001 μKCMB.
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Kinematic SZ effect
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Caused by Doppler shift of photon energy. In 
the electron’s rest frame there is a CMB dipole, 

which the IC scattering partially isotropize. 
Then, transferred to the observer’s frame, 

there is a net anisotropic signal.

The signal is simply proportional to the line-
of-sight velocity of the clusters multiplied by 

its optical depth
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Note that kSZ can be either positive or negative!
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Here is the first measurement of the kSZ 
effect from internal gas motions in a 

cluster (MACS J0717.5; Mroczkowski et 
al. 2012, Adam et al. 2017)

tSZ

kSZ

Note that a kSZ signal is indistinuishable 
from a CMB hot or cold spot. 

This is because we are not considering 
any energy distribution of the electrons, 

but rather the case when all electrons 
have the same bulk kinetic energy.

Kinematic SZ effect

K. Basu:  CMB  theory and experiments
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kSZ effect for cosmology
kSZ effect is one of the most promising 
tool to map the cosmic velocity field in 
the  linear  regime.  This  has  huge 
potential  for  cosmology,  since  the 
amplitude of the velocity field is directly 
proportional  to  the  growth  rate  of 
structure and the matter density.

tSZ

kSZ

Predictions for 
the CCAT-prime 

telescope 
cosmology survey

K. Basu:  CMB  theory and experiments

(Simulations by K. Dolag)
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Non-thermal SZ effect
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tSZ 

kSZ 

rSZ 

pSZ 

ntSZ

kSZ

Pfrommer et al. (2005)
Abdulla et al. (2018)
arXiv:1806.05050

Non-thermal SZ is the spectral distortion from ultra-high energy electrons with power-law 
energy distribution (i.e. cosmic ray electrons) or any other non-Maxwellian distribution. 

A very recent observation has provided strong evidence for this signal inside AGN 
bubbles on galaxy clusters.

ntSZ

tSZ (+ rSZ)
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Non-thermal SZ effect — in the X-ray!
This is the same effect that causes the Inverse Compton (IC) emission in the hard X-ray 
band. There we are observing the effect from the very high-energy tail of the power-law 

electrons, typically at 10-100 keV (1018—1020 Hz). 

X-ray IC emission from radio AGN lobes are now routinely detected. 
ntSZ is yet undetected.



Observational Cosmology

Thermal SZ effect summary
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Kinematic SZ effect summary
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is the component of 

peculiar velocity along the line of sight

kSZ (with

rel. correction)



Sine the SZ effect is a scattering of the background CMB photons, the 
effect of the cosmic expansion is the same on both the scattered and un-
scattered photons. In other words, the signal is independent of redshift!

Hence if you can resolve the cluster, the total flux density within the 
telescope beam remains constant no matter the distance of the cluster, 

provided the intrinsic property of the cluster remains the same.

Observational Cosmology

Redshift-independence of the SZ effect
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“Beam dilution” of the SZ effect
However,  if  the  instrument 
beam is larger than the cluster, 
then the flux generated by the 
SZ  effect  gets  weaker  as  the 
cluster  is  more  distant  and 
hence  smaller  in  angular 
diameter  (think  of  a  surface 
with uniform brightness getting 
smaller).  This  causes  a 
redshift-dependent  selection 
for  some SZ experiments,  like 
Planck (upper figure on right). 

For Ground-based experiments 
with ~1 arcmin beam size, like 
SPT,  this  is  not  a  problem, 
since clusters above 2x1014 M⊙ 
do not get any smaller! In fact, 
the mass threshold goes down 
slightly,  as  the  clusters  get 
denser and hotter at high-z.
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In six years (SPT alone)
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~700 confirmed galaxy clusters 
from the SPT 2500 deg2 field


(Bleem et al. 2015)
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In the next few years
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SPT-3G, currently taking data, is 
expected to find over 5000 clusters

Our own CCAT-prime project (with 
collaborators from US and Canada) 

will start taking data in 2021

CCAT-prime’s unique strength will be the 
separation of the tSZ, kSZ and rSZ 

components from multi-frequency observations
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Questions?

 68


