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The SZ effect
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The SZ effect

Bump in the 
sky”

SZ brightness is 
independent from z 
(the SZ flux is not)

Proportional to 
the gas content 

of halos

“Hole in the 
sky”
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Sunyaev & Zeldovich 1972



z

mm Universe @ NIKA2, 4th of June 2019, Grenoble !4

Mroczkowski+2019

Thermal
Kinetic

Relativistic 
corrections

Non-thermal

Polarised
Multiple 
Scattering
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The SZ effect
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ΔIν
I0

= f x,Te( )ytSZ + f x,vz ,Te( )ykSZ

ytSZ =
σ T

mec
2 Pe dl∫

ykSZ =σ T −
vz
c
ne dl∫

• Thermal effect

• Kinetic effect

• Reflect the state of the gas in the potential well 
• High-z Universe 

The SZ effect

Mroczkowski+2019
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The SZ and X-ray synergy 
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Hot gas in clusters

Pariiskii 1973Gurski 1971

• First detection of the Coma cluster in X-ray and SZ
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Hot gas in clusters

Coma cluster seen by Planck, ROSAT, DSS 
(Planck Collaboration 2013)

• Two independent probes of the same physical component

low energy 
CMB photon

higher energy 
photon

Bremsstrahlung Inverse Compton

• 107-8 K, ne~10-3 cm-3 (τe~0.01),~10–1000 galaxies 
• Mtot = (0.85 DM + 0.12 gas + 0.03 galaxies) 1014-15 M⨀

see talk by  E. Ettori
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SZ and X-ray combination

Adam+17Ruppin+17

• Joint SZ and X-ray imaging 
‣ bypass X-ray spectroscopy

ytSZ ≡  f (Te ) Pe dl∫
SX ≡  n e

2Λ(Te )dl∫
Pe(r)
n e
2 (r)
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Why we care ?
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SZ surveys
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SZ surveys

http://szcluster-db.ias.u-psud.fr
ACT PLANCK SPT

1,5’ 4.5-10’ 1.6’
91 1963 747

Hasselfield+13 Planck Coll.+11+13+15  Bleem+15

(XXL — see Pacaud+16)

M
as

s

Redshift

10.4 Planck SPT 
400SD XXL

z

see talk by J. Macias-Perez 

• (All sky) catalogues of clusters 
• Mass limited surveys up to high z 

http://szcluster-db.ias.u-psud.fr
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The cluster population

Pike+14

Andrade-Santos+17

CCNCC

Weak dependence on non-grav. physics (low scatter   Y - M relation)  
Less CC clusters in local universe (over-represented in X-ray surveys)

    ⇒ cluster formation and evolution 

    ⇒ physics of the intra-cluster medium
see talks by
M. Rossetti
A. Ferragamo
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• N(M,z) extremely sensitive to the geometry and 
matter content of the universe. 
‣ a powerful cosmological probe

!15

Cosmology with the SZ clusters

σstuff

Ω t
hi
ng

see talk by F. Mayet
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• Consistent thermal pressure 
distribution for the ICM gas through 
the various samples, methods and 
numerical simulations

!16

Pressure of the gas

Bourdin+17Ghirardini+19

see also Kay+12, Bataglia+12, Eckert+13,Adam+15+16, Dolag+16, Sayers+16, Romero+17, Ruppin+17+18 Shitanishi+17 
see also talk by N. Battaglia, poster by A.-R. Pop

PLANCK 
XMM

Planck Collaboration+13 

see talk by  A. Baldi
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Dynamics of clusters
Planck Int. Result X, 2013

West

Planck 
XMM

COMA

South-east

see talk by H. Bourdin

Mach number:  
Mw = 2.03 [+0.09,−0.04]  
MSE = 2.05 [+0.25,-0.02]  

• Pressure jumps sign the presence of shocks
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• Assembly of structures 
‣ Virialising regions of 

massive halos 
‣ Accretion from the cosmic 

web 
‣ Physics of the hot gas out to 

the virial radius

!18

Outskirts of clusters
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Routinely 
traced by 
X-rays

SZ : Probing a 
large new 
volume of 
clusters

see talks by  
D. Eckert
D. Nagai
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Towards high spatial resolution 
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The new era of high spatial resolution

NIKA-1 @ IRAM 30m 
150 GHz, 18” FWHM

Mason+10, Korngut+11

MUSTANG-1 @ GBT 100m 
90 GHz, 9” FWHM

Kitayama+16

ALMA 
90 GHz, 5” FWHM

3.5 arcmin

2.3 arcmin

1.5 arcmin

Adam+2014

The benchmark cluster — RXJ1347-1145 (z=0.45)
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Pressure profile at high z

z~0.6 z~0.9

Ruppin+17 Romero+17

• SZ is competitive with X-ray observations 
‣ Sensitivity 
‣ Spatial resolution

• NIKA-1 @ IRAM 30m 
• 150 GHz, 18” FWHM
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Gas thermodynamics at high z
Ruppin+17

• SZ+X-ray imaging 
‣ Pressure from SZ 
‣ Density from X-rays 

• Derive all thermodynamical 
quantities:  
‣ Temperature (mass weighted), HE 

mass, Entropy, …

NIKA-1+XMM+PLANCK

see talks by  
F. Ruppin 
F. Kéruzoré
I. Bartalucci
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Dynamics of clusters at high z

Tgmw ≡  ytSZ
SX effl

/24Rémi Adam - PNCG - Paris 23-24/12/2016

Individual detection of the kinetic SZ effect
MACS J0717.5+3745 at z=0.54
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SZ pressure: NIKA

Xray density: Chandra
Optical galaxies: HST

➡ kSZ mapping open-up a new way to study cluster formation

High sensitivity + high angular resolution + systematics removal required
➡ Very challenging to measure

• First detection by Bolocam [Sayers et al. 2013]
• First imaging by NIKA [Adam et al. 2016]

�I⌫
I0

= f⌫ ytSZ + g⌫ ykSZ

➡ Separate kSZ and tSZ with 2 bands

gas pressure gas velocity and density

spectral dependencies

/24Rémi Adam - PNCG - Paris 23-24/12/2016

Individual detection of the kinetic SZ effect
MACS J0717.5+3745 at z=0.54
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➡ kSZ mapping open-up a new way to study cluster formation

High sensitivity + high angular resolution + systematics removal required
➡ Very challenging to measure

• First detection by Bolocam [Sayers et al. 2013]
• First imaging by NIKA [Adam et al. 2016]

�I⌫
I0

= f⌫ ytSZ + g⌫ ykSZ

➡ Separate kSZ and tSZ with 2 bands

gas pressure gas velocity and density

spectral dependencies

• MACS J0717.5+3745 at z=0.55  
• A triple merger system with a complex dynamics

Separate kSZ and tSZ with 2 bands 
Map the bulk motions distribution

First temperature map

NIKA-1 @ IRAM 30mMUSTANG-1 @ GBT
Adam+2016Mroczkowski+2012 Adam+2017



z

mm Universe @ NIKA2, 4th of June 2019, Grenoble

• Unambiguous detection of P jump at 
z~0.9 (El Gordo)  

• Correlated to radio emission ⇒  B field
!24

Dynamics of clusters at high z

shock? 

Basu+16Wilber+19, Korngut+11

• Shock detection in SZ+radio 
‣ MACS J0744.9+3927 (z~0.7) 
‣
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• SZ can discriminate between thermal, non-thermal, 
and other sources of pressure support  

• MS 0735.6+7421 @ z=0.216  
•

!25

AGN feedback in clusters

Vantyghem+14 Abdulla+18



z

mm Universe @ NIKA2, 4th of June 2019, Grenoble

• The SZ effect reflect the physical state 
of the hot gas and is a good probe of 
gravitational physics  
‣ direct access to the gas pressure and velocity 

• Joint X-ray/SZ imaging 
‣ Cheaper than X-ray spectroscopy at high z 

and high radii  
‣ Hot gaz thermodynamics  
‣ Assembly of structure 

- bulk motion (kSZ) 
- turbulence (brightness fluctuations) 

‣ Energetic of the AGN feedback 

• Excellent  match between the new 
generation SZ machines and XMM/
Chandra

!26

Take home messages

• Review on the SZ effect: Mroczkowski et al. 2019 (arXiv:1811.02310) 



z

mm Universe @ NIKA2, 4th of June 2019, Grenoble !28

SZ machines

2000

2015
SPT

NIKA/IRAM

ACT

APEX-SZ CARMA

Mustang/GBT

AMI

Planck

Bolocam

NIKA-2/IRAM Mustang-2/GBT SPT-3G ACTpolALMA/ACA

Diabolo/IRAM NOBA/Nobeyama OVRO/BIMASuzie/CSO

AtLAST CSSTCCAT-primeKISS/QuichoteCONCERTOTolTEC/LMT


