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Inverse Compton 
scattering

Intra-cluster gas emission

low energy 
CMB photon

higher energy 
photon

Bremsstrahlung

Two independent probes of the same physical component

→ Sunyaev-Zeldovich effect→ X-ray emission
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SZ and X-ray 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
No redshift dimming for SZ 
X-rays find lower mass halos

(XXL — see Pacaud+16)

Mass limited surveys up to high z 

M
as

s

Redshift

10.4 Planck SPT 
400SD XXL

z

http://szcluster-db.ias.u-psud.fr
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Sample selection

YSZ α P
V
∫ dV

Simulations  
Planck 

Weak dependence on non-grav. physics     
Low scatter   YSZ - M relation 

Pike+1
LX α ne

2Λ T( )
V
∫ dV

Simulations  
XMM-REXCESS 

Strong dependence on non-grav. physics    
High scatter   LX - M relation 

Expected to be closer to (unbiased)  mass selection 

Pike+14
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The cluster population

Rossetti+16 Andrade-Santos+17

CCNCC

Less CC clusters in local universe (over-represented in X-ray surveys) 
More disturbed clusters

Close to mass selected, SZ catalogs up to z 
    ⇒ cluster formation and evolution 

    ⇒ physics of the intra-cluster medium
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The SZ information
ΔIν
I0

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

Reflect the state of the gas in the 
potential well 

A probe of gravitational physics

ytSZ =
σ T

mec
2 Pe dl∫

• Thermal SZ effect 

Pressure

ykSZ =σ T −
vz
c
ne dl∫

• Kinetic SZ effect 

Velocity

Planck 2015 results XXII, 16

Planck y map
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Imaging the SZ effect

NIKA-1 @ IRAM 30m 
150 GHz, 18” FWHM

Mason+10, Korngut+11

MUSTANG-1 @ GBT 100m 
90 GHz, 9” FWHM

The benchmark — RXJ1347-1145 (z=0.45)

Kitayama+16

ALMA 
90 GHz, 5” FWHM

3.5 arcmin

2.3 arcmin

1.5 arcmin

Adam+2014
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Physics of merging clusters: shocks 

Planck Int. Result X, 2013

West

Planck 
XMM

Korngut+11

1 arcmin

MACS J0744.8+3927 Z=0.69

COMA

South-east

Direct access to the gas pressure 

Better evidence of shocks 

Mach number:  
Mw = 2.03 [+0.09,−0.04]  
MSE = 2.05 [+0.25,-0.02] 
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Physics of merging clusters: radio relics

Basu+16

el Gordo z=0.9

Unambiguous detection of P jump 
with radio ⇒  magnetic field

shock? 

ALMA
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Physics of merging clusters: gas motion

Separate kSZ and tSZ with 2 bands 
To be combined  with X-ray (density)

/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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kinetic SZ: NIKA
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

19

➡ 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

Mroczkowski+2012 Adam+2016

ΔIν
I0

= f x,Te( )ytSZ + g x,vz ,Te( )σ T −
vz

c
ne dl∫

First detection by Bolocam (Sayers+2013)  

First imaging by NIKA (Adam+16)

MACS J0717.5+3745 at z=0.55  
A triple merger system with a complex dynamics
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Turbulence of the gas

Dissipation of energy through bulk motions and turbulent flows 
Implication for thermalisation physics and Mass estimate  

From small scales X-ray fluctuations to large scales  

Khatri & Gaspari, 17

Planck

Coma

• Constrains on the turbulence power 
spectrum; peak at ~500 kpc scale 
  
• Favour adiabatic mode (sound 
waves) 

• Eturb/Eth ~ 0.34
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Pressure of the gas

PLANCK 
XMM

Planck Coll. 2013, Planck Int V

Profile from 0.02 to 3 R500 from X-ray +SZ

Probing the gas physics in the clusters’ outskirts
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Pressure of the gas

PSZ1 G045.85+57.71    z= 0.61 

S/N~5

15 ksec

4.35 hours

NIKA12/18”

SZ now competitive with X-ray

• Less steep radial decrease of SZ signal  
• SZ imaging versus X-ray spectroscopy 

XMM

Ruppin+17

Ruppin+17

PLANCK XMM NIKA
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Joint X-ray and SZ profiles

Ruppin+17

ytSZ ≡  f (Te ) Pe dl∫
SX ≡  n e

2Λ(Te )dl∫ deprojection

Pe(r)
n e
2 (r)

Tmw  and  ne(r)      

Q = ne
2 / ne

2

• Require X-rays and SZ with similar spatial resolution 
• Direct probe of Tmw  
• Comparison with TX: clumpiness, ellipticity, Tsl effects 
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Joint X-ray and SZ profiles

500R/R1
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0

K
/K

1

X-ray/SZ, photometric median

X-ray/SZ, photometric mean

X-ray spectroscopic data

Purely gravitational collapse model
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Tchernin+16

XMM+PLANCK

[Cheaper] thermodynamical profiles at high z

Ruppin+17

Probe of accretion physics 
in outskirts 

Entropy follows gravitational model 
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Joint X-ray and SZ imaging
Temperature 

=/

MACS J0717.5+3745 at z=0.55  

Adam+17, subm.

effl =
ne dl∫( )2
n e
2 dl∫

Tgmw ≡  ytSZ
SX effl

SZ derived Pressure X-ray derived density

First kT map from SZ and X-ray  imaging 
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• The SZ effect reflect the physical state of the hot gas and is a 
good probe of gravitational physics (shock, turbulence,…)  
‣ direct measurement of the gas pressure  and (with enough sensitivity) 

of the gas velocity (also expected from X-ray line shift in a near 
future) 

• As compared to X-ray 
‣ Better mass proxy →  unbiased catalogs 
‣ No z dimming →  high z clusters 
‣ Proportional to ne (rather than ne

2) → outskirts 

• Joint X-ray/SZ imaging 
‣ Cheaper than X-ray spectroscopy at high z and high radii  
‣ Probe of Tmw 

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

17

Take home messages


