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THE tSZ EFFECT

Sunyaev-Zel’dovich effect (1970): 
● Inverse compton scattering of low energy CMB photons 

with free electrons in the hot ICM.
● Each scattering changes the frequency of the photon, 

and up-scattering is more likely: 

𝜟𝜈/𝜈 ≃ kBTe / mec
2 ~ 10-2    



THE tSZ EFFECT

Sunyaev-Zel’dovich effect (1972): 
 



THE tSZ EFFECT

Sunyaev-Zel’dovich effect (1970): 
● Inverse compton scattering of low energy CMB photons 

with free electrons in the hot ICM.
● Each scattering changes the frequency of the photon, 

and up-scattering is more likely: 

𝜟𝜈/𝜈 ≃ kBTe / mec
2 ~ 10-2

● The net effect is a distortion of the CMB black body 
spectrum → low energy photons are up-scattered to 
higher frequencies inducing a characteristic spectral 
signature     



THE tSZ EFFECT



THE tSZ EFFECT

The tSZ spectral distortion:

 

Compton-y parameter:

Reduced frequency:

Spectral signature: - Negative at low frequencies
      - Positive at high frequencies
      - Transition at x ≃ 3.83 → 𝜈 ≃ 220 GHz 

Amplitude

Electron pressure



THE tSZ EFFECT

The tSZ spectral distortion:

 

Compton-y parameter:

Reduced frequency:

T(z)CMB assuming adiabatic expansion

Cluster redshift

Redshift 
independent! 

~Redshift 
independent! 

Spectral distortion independent from 
the cluster redshift



THE tSZ EFFECT

The tSZ spectral distortion can be used to measure the 
CMB temperature over cosmic time:

 

Redshift 
dependent! 



THE tSZ EFFECT

The tSZ spectral distortion can be used to measure the 
CMB temperature over cosmic time:

 

Saro et al. 2014
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H0 FROM X-RAY AND SZ MEASUREMENTS

Based on a distance measuring techniques that depend 
on a comparison of 2 observables (Cavaliere+77):

We get a standard ruler: A2/E ≃ 𝜟L

If the structure of the gas is known, given the angular size 
𝜗 of the system, the angular diameter distance, DA = 𝜟L\ 𝜗,   
is given by:



X-SZ distance measurements 
from 14 relaxed clusters

(Wan+21)

(Wan+21)

H0 FROM X-RAY AND SZ MEASUREMENTS



CMB SECONDARY ANISOTROPIES



CMB SECONDARY ANISOTROPIES



CMB SECONDARY ANISOTROPIES: tSZ

Signal at high multipole 
dominated by secondary 
anisotropies

Astrophysics becomes 
important to model the observed 
spectrum

@220 GHz: tSZ vanishes but 
there’s contribution from CIB 
and radio point sources

@150 GHz: tSZ is negative, and 
dust is much dimmer than at 220 
GHz 



y-MAPS



y-MAPS

SPT 3G Compton-y map:



tSZ POWER SPECTRUM

Similarly to the CMB temperature anisotropies we can study the statistical properties of the y-map 
computing the angular power spectrum:

● Expand in spherical harmonics:

● Compute the angular power spectrum:



tSZ POWER SPECTRUM

Even after cleaning process the y-maps is not free 
from contamination:

Planck 2015 results



tSZ POWER SPECTRUM

Dependence on cosmological parameters:

●
●

● On large scale the amplitude scale as:

● Due to large degeneracies we can actually constrain the parameter combination:

B = hydrostatic mass bias



tSZ POWER SPECTRUM

Dependence on cosmological parameters: impact of hydrostatic mass bias

Planck 2015 results



tSZ POWER SPECTRUM

Dependence on cosmological parameters:

Halo mass function

FT of radial compton-y profile of 
individual clusters 

Matter power spectrum

Halo bias



tSZ EFFECT: RELATIVISTIC CORRECTIONS

● Relativistic corrections modify 
the zero frequency of the tSZ 
spectral distortion, that follows 
the relation ν0 ≃  217.4 + Te/2. 

● Note also the significant 
increase of the 353 to 545 GHz 
tSZ intensity ratio.

● In general, higher temperatures 
for the plasma will favor a 
higher tSZ amplitude at 
high-frequencies, and a lower 
tSZ intensity at low frequencies.



tSZ EFFECT: RELATIVISTIC CORRECTIONS

Significant amount of tSZ signal in 
the 545 GHz stacked map for the 
high-temperature bin, whereas the 
low-temperature bin does not 
present a significant tSZ emission 
at this frequency

Hurier et al. 2017 (https://arxiv.org/pdf/1701.09020)



kSZ EFFECT

Kinematic Sunyaev-Zel’dovich effect: secondary anisotropy of the CMB caused by the bulk 
motion of free electrons (typically in the ICM):

● CMB photons scatter off free electrons via Thomson scattering. If the electrons have 
a peculiar velocity vpec along the line of sight, the scattered photons experience a 
Doppler shift which produces a temperature fluctuation 

● Unlike the tSZ, the kSZ does not change the shape of the CMB spectrum – frequency 
independent (to first order) – but it simply shifts the temperature

● It is much weaker than the tSZ (typically by a factor of 10, 𝜟T/T ~ 10-6 )
● Unique tool for measuring the peculiar velocities of clusters, and direct probe of 

large-scale velocity field



kSZ EFFECT

Pairwise kSZ: Since the kSZ signal from a single cluster is noisy and 
small we can stack pair of clusters, which on average, are infalling 
toward each other

Soergel et al. 
(2016)
4.2 sigma 
detection with
~6700 
clusters

Mean optical depth of the cluster sample



kSZ EFFECT

Rotating kSZ (Yang et al 2026):

● Estimate the direction of the projected 
angular momentum by measuring the 
redshift dipole of satellite galaxies 
around their group centre

● Oriented stacking of the Planck CMB 
temperature map using the group 
centres and directions of angular 
momenta

●  2.3𝜎 measurement of the coherent 
rotational kSZ effect within the virial 
radii of SDSS groups with an average 
mass of 1014 ℎ −1M

☉
 

https://arxiv.org/pdf/2603.14494



SZ VIEW OF GALAXY CLUSTERS



SZ VIEW OF GALAXY CLUSTERS



SZ VIEW OF GALAXY CLUSTERS



SZ VIEW OF GALAXY CLUSTERS

SPT-CL J2106 - 5844 Train Wreck (Abel 520) Moo J1142+1527 

z = 1.13 M = 1015 M
☉

 z = 0.2 z = 1.9  M = 1.1 ⨉ 1015 M
☉



SZ CLUSTER CATALOGS

Primary CMB
Astrophysical foregrounds
Instrumental noise

Optimal Matched Filter (Melin et al. 2006):

● For each frequency map we have:

f(𝜈) = spectral dependence (tSZ frequency law)

● Matching the data to a template of what a cluster 
is expected to look like in both space (its shape) 
and frequency (its SZ signature)

● The filter 𝜓(k) is designed to maximize the 
Signal-to-Noise Ratio at the cluster's location



SZ CLUSTER CATALOGS

Optimal Matched Filter:

● By combining channels is 
possible to "subtract" the 
primary CMB and noise 
away exploiting the 
spectral signature of the 
tSZ effect

● Detection: peaks in the 
filtered map above some 
S/N threshold



SZ CLUSTER CATALOGS

Optimal Matched Filter:

● The actual size of the 
cluster is known →the 
filter is run multiple 
times assuming 
different spatial filter 
scales 𝜗c.

● For each scale 
compute S/N and 
select the scale 
maximizing the signal  



SZ CLUSTER CATALOGS

Staniszewski et al. 2009: First “blind” detection of SZ clusters using SPT data 

 



SZ CLUSTER CATALOGS

SZ cluster candidate 
confirmation:

● The SZ signal is noisy and 
redshift independent → 
Optical and NIR follow up 
data needed to confirm 
the detection, and assign 
a redshift to the cluster   



SZ CLUSTER CATALOGS

?
?
?
?



PROTOCLUSTER



PROTOCLUSTER

700ks Chandra observation of Spiderweb



PROTOCLUSTER

~Few hours observation with ALMA


