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Questions?
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Mass probes 
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•
 Most extended X-ray sources in extragalactic 
fields are galaxy clusters

•
 Clusters can be identified based on an extent 
criterion that distinguishes them from AGN, 
which are 10 times more abundant. This allows a 
very efficient and clean selection in extragalactic 
fields (|b|>20deg)

•
 In deep XMM exposures (>3h) clusters are 
visible out to z>1

•
 X-ray selection has a high contrast (ne2), 
allows accurate mass measurements, and search 
volumes can be quantified

•
 Additional optical cluster confirmation of a 
galaxy overdensity is needed

•
 distance measurements mostly with optical 
spectroscopy of cluster galaxies
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X-ray view of galaxy clusters
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X-ray cluster samples
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The X-ray flux limit establishes a simple criterion for sample 
completeness and searching volume, thereby giving a reasonably
accurate idea for the number of objects per unit volume. 
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M-T scaling relation
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M-L and L-T relations
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Scaling relation pitfalls
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Scaling relation pitfalls
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L-T relation for relaxed and non-relaxed clusters, before and after
removing the core component (from Maughan et al. 2012)
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X-ray emission from clusters
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Thermal Bremsstahlung
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X-ray emission from clusters
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Thermal Bremsstahlung
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X-ray cluster profile
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Example: X-ray derived mass
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Mass from density & temp. profiles
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X-ray temperature profile
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A1689: ~30000 photons in 10 ks
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Tx in the cluster outskirts
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ICM entropy
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This simply follows from the 
adiabatic index:

K = P ρ-5/3

The classic definition of 
entropy for a monatomic ideal 

gas is then:
s = ln K 3/2 + const
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ICM structures in X-rays
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ICM structures in X-rays

19



Observational Cosmology Lectures 4-6:  Cosmology with Galaxy Clusters

Gas sloshing & cold fronts
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Observational Cosmology

The Sunyaev-Zel’dovich (SZ) effect



1-2% of the CMB photons traversing galaxy clusters
are inverse Compton scattered to higher energy
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The Sunyaev-Zel’dovich (SZ) effect
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Compton scattering

23



Observational Cosmology Lectures 4-6:  Cosmology with Galaxy Clusters

Inverse Compton scattering
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Inverse Compton scattering
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For ICM:
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Spectrum of the SZ effect
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Thermal SZE is a small (<1 mK) distortion in the CMB caused by 
inverse Compton scattering of the CMB photons

Total cluster flux density is independent of redshift!
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Properties of the SZ effect
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Kinematic SZ effect (kSZ)
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Also: cluster rotation!
(Chluba & Mannheim 2002)

Net change in photon energy
due to peculiar motion of the
cluster in the CMB rest frame

(Doppler effect)

Sum of kSZ signal in many
clusters will be zero.
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SZ: A new window
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SZ Experiments
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SZ Experiments
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Abell 2319 with PLANCK
Top row: 44, 70, 100, 143 GHz
Bottom row: 217, 353,545 GHz

Source: http://planck.cf.ac.uk/results/abell-2319

Planck satellite

http://planck.cf.ac.uk/results/abell-2319
http://planck.cf.ac.uk/results/abell-2319
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Some recent SZ results
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Some recent SZ results

33



• 12-m on-axis ALMA prototype

• Located at the Chilean altiplano, 
elevation 5100 m

• 1 arcmin reolution @ 150 GHz, 0.4 deg 
FoV

● Surface accuracy 18 μm
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APEX telescope
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Clusters detected by APEX-SZ
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● PI instrument on APEX, commissioned Spring 2007, 
approx 600 hours of data

● Demonstrates new technologies for SZ experiments:
- TES bolometers
- Multiplexed readout electronics
- Pulse tube cooler (no cryogen loss)

● Can track sources in RA-Dec, powerful camera for 
targeted cluster observation
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APEX-SZ instrument
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ICM and galaxy density profile
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ICM and galaxy density profile
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Singular Isothermal Sphere (SIS) model:
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ICM and galaxy density profile
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King model:
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ICM and galaxy density profile
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The β model:
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β model of the ICM
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A consistently good 
empirical fit!

For cool core cluster a much 
better fit is double β-model
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X-ray and SZ in β-model
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The most convenient feature of isothermal β-model is that X-ray surface 
brightness and SZE decrement takes simple analytical forms 

Try writing these two expressions in full details by solving these two integrals:

(integration is along the line of sight dl = DA dζ)



Observational Cosmology Lectures 4-6:  Cosmology with Galaxy Clusters

Solving for ne
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Integrating over density distribution gives total gas mass:
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Solving for dA
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Reese et al. 2002
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Measuring cluster mass
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The condition of hydrostatic equilibrium determines the balance 
between pressure force and gravitational force:

Using equation of state for ideal gas:

For isothermal beta model:


