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Uniqueness of CMB Spectral Distortion Science

Guaranteed distortion 
signals in ΛCDM 

New tests of inflation 
and particle/dark 
matter physics 

Signals from the 
reionization and 
recombination eras 

Huge discovery 
potential 

Complementarity and 
synergy with CMB 
anisotropy studies

Chluba & Sunyaev, MNRAS, 419, 2012 
Chluba et al., MNRAS, 425, 2012 
Silk & Chluba, Science, 2014 
Chluba, MNRAS, 2016
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Classical SZ effects

Sunyaev & Zeldovich, 1980

Rephaeli, 1995

Birkinshaw, 1999

Carlstrom, Holder & Reese, 2002

• SZ clusters are a great cosmological probe 

• Many years of developments since its first 
prediction by Zeldovich & Sunyaev, 1969



New Comprehensive Review of SZ effects8 Tony Mroczkowski et al.
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Fig. 1 Updated illustration based on the classic L. van Speybroeck SZ diagram adapted by J. E. Carl-
strom. A CMB photon (red) enters the hot ICM (light blue) from an arbitrary angle, and on average is
up-scattered to higher energy (blue) by an electron (black). The largest energy is imparted on the photon
when it is scattered into the direction of the incoming electron, and it is minimal when deflected into the di-
rection opposite to the incoming electron. However, on average scattering constellations with ' 90� angles
between the particles are most relevant for the tSZ. The total momentum in the interaction is conserved,
so the electron is essentially undeflected by the interaction.

2.1 The thermal SZ e↵ect

As CMB photons pass through regions of hot thermal gas (see schematic represen-
tation in Figure 1), inverse Compton scattering moves them from the low-frequency
region of the blackbody spectrum towards higher energies. In single-scattering events
with electrons at speed � drawn from an isotropic velocity distribution there is no
net e↵ect, 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 deter-
mined by �⌫/⌫ ' (4/3) �2

' 4kTe/mec2 (e.g., Rybicki & Lightman 1979; Sazonov
& Sunyaev 2000). In the last step, we used �2

th/3 ⇡ kTe/mec2 for a thermal (non-
relativistic) velocity distribution. Similarly, a narrow photon line broadens by �⌫/⌫ 'p

(2/3) �2 '
p

2kTe/mec2 in each scattering event. In the non-relativistic limit, both
e↵ects can be incorporated using the Kompaneets equation (Kompaneets 1956), which
when applied to the case of SZ clusters3 reduces to a simple di↵usion equation in

3 Stimulated scattering and recoil terms can be omitted.

See arXiv:1811.02310 → To appear as Space Science Reviews

• Highlights high-resolution and 
high-sensitivity SZ 

• Illuminates new directions 

• Connection to simulations

On average ~ 90°  
scattering angles



Planck Collaboration, 2013, paper XXIV
Planck Collaboration, 2015, paper XXIV

Thermal SZ effect is now routinely observed!

~ 2000 objects

ACT

SPT

90 GHz 150 GHz 220 GHz
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All-sky Compton y-map from Planck

Planck Collaboration, 2013, paper XXI 
Planck Collaboration, 2015, paper XXII

Map was produced by 
Mathieu Remazeilles



Planck SZ analysis

Planck Collaboration, 2015, paper XXIV 
Planck Collaboration, 2015, paper XXII

Power spectrum Number counts

• SZ results on σ8 in tension with 
CMB only result 

• Hydrostatic mass bias 

• Dependence on combination of 
data and modeling details



What is the role of relativistic SZ (rSZ) in this?
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Effect of relativistic temperature corrections

A lot of information 
about rSZ from high 
frequency part

vth ' 0.1c

For 5 keV cluster ⇒ 
Relativistic electron 
velocities!

Systematic shift upwards 
and broadening of SZ signal

Total tSZ signal

y = 10-4

Classical formula 
assumes v/c<<1
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High frequencies are crucial for rSZ!
Relativistic correction signal only
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Figure from Hurier, 2016, ArXiv:1701.09020

High-frequency spectrum has to be computed carefully…

G. Hurier: High significance detection of the tSZ e↵ect relativistic corrections

Table 1. Main characteristics of the galaxy cluster catalogs. Ncl
is the number of objects in the catalog, Te,min and Te,max are the
covered range of temperature, Te,med is the median, zmin and zmax
are the covered range of redshift and zmed is the median redshift

Catalog Ncl Te,min Te,max Te,med zmin zmax zmed
MCXC 1743 0.11 10.25 2.81 0.00 1.26 0.14
CAV08 192 2.44 19.13 6.99 0.03 1.24 0.26
ZHA08 37 3.2 11.6 6.7 0.14 0.30 0.23
VIK09 85 2.13 14.72 4.4 0.03 0.89 0.09
PRA09 31 2.07 8.91 3.85 0.06 0.18 0.12
ECK11 26 0.62 2.99 1.61 0.01 0.05 0.02
MIT11 64 0.90 15.91 4.37 0.00 0.22 0.05
REI11 232 2.0 15.0 5.9 0.04 1.46 0.30

MAH13 50 3.1 12.1 6.5 0.15 0.55 0.24
LAG13 117 2.0 15.2 5.8 0.11 1.24 0.35

2.2. Catalogs

We used two di↵erent galaxy cluster samples. The first one con-
siders all galaxy clusters in the MCXC catalog (Pi↵aretti et al.
2011). For this sample we computed the electron temperatures
using the scaling relation from Pratt et al. (2009),

LX = (0.079 ± 0.008) (T [keV])2.70±0.24 1044erg.s�1. (1)

In the second sample we considered galaxy clusters for
which we have a spectroscopic temperature (Cavagnolo et al.
2008; Zhang et al. 2008; Vikhlinin et al. 2009; Pratt et al. 2009;
Eckmiller et al. 2011; Mittal et al. 2011; Reichert et al. 2011;
Mahdavi et al. 2013; Laganá et al. 2013).
In Table. 1, we summarize the main characteristics of each
galaxy cluster catalogs, Ncl is the number of objects in the cata-
log, Te,min and Te,max are the covered range of temperature, Te,med
is the median. We stress that the di↵erent catalogs present over-
laps of objects. This overlap has been considered in the follow-
ing analysis.

3. The tSZ effect

The thermal Sunyaev-Zel’dovich e↵ect (Sunyaev & Zeldovich
1972) is a distortion of the CMB blackbody radiation through in-
verse Compton scattering. CMB photons receive an average en-
ergy boost by collision with hot (a few keV) ionized electrons of
the intra-cluster medium (see e.g., Birkinshaw 1999; Carlstrom
et al. 2002, for reviews). The thermal SZ Compton parameter in
a given direction, n, on the sky is given by

y(n) =
Z

ne
kBTe

mec2�T ds, (2)

where ds is the distance along the line-of-sight, n, and ne and Te
are the electron number density and temperature, respectively. In
units of CMB temperature, the contribution of the tSZ e↵ect for
a given observation frequency ⌫ is

�TCMB

TCMB
= g(⌫) y. (3)

Neglecting relativistic corrections we have

g(⌫) =

x coth

✓ x
2

◆
� 4
�
, (4)

with x = h⌫/(kBTCMB). At z = 0, where TCMB(z =
0) = 2.726±0.001 K, the tSZ e↵ect is negative below 217 GHz
and positive for higher frequencies.

Compton parameter to CMB temperature, KCMB, conversion
factors for each frequency channel depend of the convolution
of this tSZ contribution to the sky intensity with the Planck
frequency responses.

This characteristic spectral signature of tSZ e↵ect makes it
a unique tool for the detection of galaxy clusters as presented in
Planck Collaboration 2015 results XXVII (2016) and is related
to Te through relativistic corrections.
The relativistic corrections on the tSZ emission law have been
computed as presented in (Pointecouteau et al. 1998). From this
estimation, if we assume that the relativistic corrections on the
tSZ emission law can be described as a first order approximation
(see Nozawa et al. 2000, for a detailed fitting formula),

�T relat
CMB(Te) = �T unrelat

CMB + Te�T cor
CMB, (5)

the averaged tSZ emission from di↵erent electron populations at
various temperatures can be modeled with a single temperature.
This approach enables the possibility to perform stacking
analyses of the tSZ relativistic corrections. This approximation
is already implicitly considered when fitting a single temper-
ature on the observed tSZ signal. Considering that electronic
temperature varies along the line of sight. We stress that the
quasi linear behavior of the tSZ spectral distorsion relativistic
corrections with respect to Te is only used to motivate a stacking
analysis. In the following, when fitting for Te on the stacked tSZ
signal we use the exact tSZ spectral distorsion as a function of
Te.

Figure 1. tSZ spectral distorsion as a function of the frequency
for various temperatures of the hot plasma from 0 to 20 keV.

Figure 1 shows the tSZ spectral dependance as a function
of the frequency for various temperatures of the hot plasma
ranging from 0 to 20 keV. We observe that the main conse-
quence of relativistic corrections is a modification of the zero
frequency, ⌫0, of the tSZ spectral distorsion, that follows the re-
lation ⌫0 ' 217.4 + Te/2. We also observe a 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.

The Planck experiment has a large frequency coverage at low
frequency (< 217 GHz) where the tSZ e↵ect produces an inten-
sity decrement, at 217 GHz where tSZ e↵ect is almost null, and
at higher frequencies (> 217 GHz) where tSZ produce positive

2

Simple asymptotic expansions 
(e.g., Itoh et al., ApJ, 1998) converge 
slowly in CMB Wien tail

SZpack* takes care of this 
(JC, Nagai, Sazonov & Nelson, 2012)

*www.Chluba.de/SZpack



Clusters seen by Planck are pretty hot!

Rotti, Bolliet, Remazeilles & JC, in prep

kTe ' 5 keV


E(z)M500

3⇥ 1014h�1 M�

�2/3
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Standard (X-ray) 
temperature mass-relation        
(e.g., Arnaud et al., 2005, Erler et al. 2018)

439 clusters 
(S/N > 6)
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Figure 9. Spectral modelling results for our sample of 772 galaxy clusters selected from the second Planck cluster catalogue (PSZ2). Upper panel: spectrum
extracted after passing the Planck, IRAS and AKARI maps through our matched filtering pipeline and stacking the cluster positions. The red and blue solid
lines indicate the best-fit tSZ and FIR models. Note that the data points have been corrected for the instrumental bandpasses using the best-fit model for
illustrational purposes only in order to plot smooth curves. Lower panel: marginalised 2D and 1D constraints on our model parameters obtained though an
MCMC approach. The colours in the 2D plots represent the 68%, 95% and 99% confidence intervals. The dashed lines on top of the 1D constraints indicate the
best-fit values and the 68% confidence interval. The third parameter of the FIR model �Dust was fixed to the common value 1.5 in order to obtain these results.
We do not observe any strong correlation between the tSZ and FIR parameters. The tSZ signal of the sample is detected with high significance (31�) and we
obtain a 2.2� measurement of the sample- average cluster temperature.

MNRAS 000, 1–21 (2016)

Erler, Basu, JC & Bertoldi, 2018, 
ArXiv:1709.01187

Stacked Planck tSZ signal + foregrounds

• Matched filter approach 
• Combination of data 
• 772 clusters (PSZ2) 

• rSZ at ~2.2 σ level 
• In tension with 

Hurier, A&A, 2016    
(claimed ~ 5 σ detection)

• 100 hottest clusters:

⇒ typical y-weighted temperature 
of ~ 4-7 keV quite reasonable



Theoretical SZ power spectrum computations

Remazeilles, Bolliet, Rotti & JC, MNRAS, 2019

From Komatsu & Seljak, 2002:

Computation with CLASS-SZ (Bolliet et al., 2017)

Refregier et al., 2000

→ temperature of systems 
contributing to the multipole 
range relevant to Planck’s 
Cl analysis seems > 5 keV



How is the y-map obtained?



SZ Compton-! signal reconstruction: ILC

" #, % = '( # )* % +,(#, %)

• ILC = weighted linear combination of frequency maps: 

/* % = ∑#1 # " #, %

such that 8 /*
9 = 1: "": 1 minimum
∑#1 # '( # = >

• ILC weights : 1: = '(: ?@>
'(: ?@>'(

(? ≡ "": )

⟹ /* % = )*(%) +)1:,
Planck 2015 results XXII

'( #

A&A 594, A22 (2016)
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Fig. 3. A small region of the reconstructed Planck all-sky Compton parameter maps for NILC (left) and MILCA (right) at intermediate Galactic
latitudes in the southern sky centred at (0�,�45�) in Galactic coordinates. The colour scale is in units of y ⇥ 106.
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left to right we present the original y-maps, and their in and cross scan contributions for a small region at intermediate Galactic latitudes in the
southern sky centred at (0�,�45�) in Galactic coordinates.

A22, page 6 of 24

Planck frequency 
data 

signal 
of interest 

foregrounds 
+ noise 

recovered
signal

(2)

minimized
residuals

by (1)

(1) 
(2)

Courtesy Mathieu Remazeilles



Miscalibrated Compton-! signal reconstruction

" #, % = ' #, () *+ % + -(#, %)

• ILC = weighted linear combination of frequency maps: 

0+ % = ∑#2 # " #, %

such that 9 0+
: = 2; ""; 2 minimum
∑#2 # '? # = @

• ILC weights : 2; = '?; AB@
'?; AB@ '?

(A ≡ ""; )

⟹ 0+ % = '?; AB@ ' ()
'?; AB@ '?

+ % + 2;-
Planck 2015 results XXII

' #, ()
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'?(#)
Planck frequency 

data 
signal 
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foregrounds 

+ noise 

Bias < @

(1)
(2)

Underestimation of Compton-+ signal !
Courtesy Mathieu Remazeilles
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What is the net effect on the y-parameter?

• Obtained y-parameter is 
underestimated by ~7% 
for kTe ~ 5 keV for Planck 

• This is consistent with 
353 GHz channel driving 
the effect for Planck data 

• Also consistent with Erler 
et al. 2018 ILC analysis 

• Total effect generally 
depends on frequency 
configuration and ability 
to subtract foregrounds 
(Rotti et al., in prep.)

Remazeilles, Bolliet, Rotti & JC, MNRAS, 2019

y low

y low

y high



Courtesy Mathieu Remazeilles



Which effective electron temperature should be used?

• Single cluster / stacking → y-weighted temperature is relevant

kT y
e =

⌦
kTe y

↵
⌦
y
↵ =

R
kT 2

e Ne dlR
TeNe dl
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• SZ power spectrum analysis → y2 -weighted temperature is relevant

kT yy
e,` =

⌦
kTe(M, z) |y`|2

↵
⌦
|y`|2

↵ ⌘
CTe,yy

`

Cyy
`
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• Can be efficiently computed based on the halo model using CLASS-SZ 

• Higher mass systems are up-weighted → higher effective temperature expected 
• Scale-dependent quantity (but fixed temperature captures leading order effect)!

Remazeilles, Bolliet, Rotti & JC, MNRAS, 2019



Theoretical estimate for the y2 -weighted temperature

Remazeilles, Bolliet, Rotti & JC, MNRAS, 2019

• Significant uncertainties…  

• Contributions from diffuse y 
become important at large 
angular scales                 
(e.g., Hansen et al., 2005)  

• Assuming kTe ~ 5 keV for 
Planck appears conservative 

• Effective temperature is 
roughly constant for scales 
relevant to Planck

• rSZ plays a part in the σ8 tension, alleviating it 
• rSZ leads to systematic shift + increase of errors

CLASS-SZ computation



Effect of rSZ on cluster number counts

Rotti, Bolliet, Remazeilles & JC, in prep.

• Rescaled S/N increases 

• Effect of rSZ pushes some 
systems above S/N threshold                               
→ # of clusters increases 

• Caveats regarding noise 
rescaling                                  
→ filter scale also changed 

• shape of N(z) seems better 

• Still work in progress….

• rSZ again moves σ8 into the right direction 
• Preliminary effect found at ~1σ level



Future opportunities for rSZ studies
• Tens of thousands of clusters will be detected through the tSZ effect 

• Unprecedented sensitivity, frequency coverage and angular resolution 
(e.g., SO, CCAT-prime, Millimetron, PICO…) 

• Complements X-ray and lensing measurements

Individual systems 
• y-maps, Te-maps & 

velocity (?) maps 
• Reconstruction of 

cluster profiles 
• Non-thermal SZ  

(cosmic rays and 
turbulence)

Stacking analysis 
• rSZ in mass bins 

• Self-calibration of SZ 
temperature-mass relation 

• Cosmology with new SZ 
observables (⟷ moments)

Statistical analysis 
• rSZ power spectrum 

• Cluster number counts in 
mass and redshift bins 

• Higher order statistics    
(⟷ non-Gaussianity)

Highly relevant when using SZ clusters as a cosmological tool 
(⟷ neutrino masses, σ8, dark energy)

⬇



Conclusions

• rSZ still hard to see for individual clusters or in stacking analysis 
(e.g., Erler et al., 2017) 

• rSZ causes an underestimation of the y-parameter for Planck 

• rSZ plays a role in the σ8 tension (shift upwards + increase of error) 

• Careful analysis marginalizing over model uncertainties is required 

• Net effect on SZ number counts still work in progress…

Remazeilles, Bolliet, Rotti & JC, MNRAS, 2019


