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Questions?
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X-ray observation       
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Few photons: luminosity bias
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From Million & Allen (2009)
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Few photons: luminosity bias
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Chen, Reiprich, Boehringer, Ikebe, Zhang (2007)
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Yx: a low-scatter mass proxy
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Mgas is also good mass proxy, but relatively larger scatter (~15%)

Figure from Kravtsov, Vikhlinin & Nagai (2006)
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Yx: a low-scatter mass proxy
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Yx is defined analogous to SZ integrated Y parameter: it is
the X-ray analogue of total thermal pressure
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Yx and Ysz comparison
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From Planck collaboration (2011)



Observational Cosmology Lecture 8 (K. Basu):  Cosmology with Galaxy Clusters

Joint SZ/X-ray modeling
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Assuming f(r) drops to zero more quickly than 
1/r, the inverse Abel transform is given by
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Abel Inversion
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The Abel transform of a function f(r) is given by
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Density and temperature profiles
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SZ/X-ray Abel inversion results
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Abell 2204 mass Entropy profile comparison
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High-resolution SZ

13

A
18

35

M
A

C
S0

74
4
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J0717.5+3745 at z = 0.548

Clearly disturbed, shock-like substructure, 
filament. What will SZ image look like?
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Mergers, shocks and bubbles
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Perseus cluster
Abell 2052
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Future: SZ imaging with ALMA
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Future: SZ imaging with CCAT
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Partners: Cornell, Caltech, Assoc. Univ. (US), 
McGill, Toronto (Canada), Bonn, Cologne (Germany)
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SZ power spectrum
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SZ power spectrum
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SZ power spectrum
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Komatsu & Kitayama  1999
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SZ power spectrum
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Komatsu & Kitayama  1999

Cosmology Astrophysics
(electron pressure profile)
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SZ power cosmology dependence
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SZ power measurement
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SZ power measurement
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SZ power measurement
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Shirokoff et al. 2011, Reichardt et al. 2012
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SZ power measurement
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SZ effect “skewness”

25

ACT data
, W

ilso
n et

 al.
 2012

α3 ~ 10 !!

Value of σ8 obtained by comparing 
with simulations.



Observational Cosmology Lecture 8 (K. Basu):  Cosmology with Galaxy Clusters 26

(Slide from Michael Mortonson)

Massive clusters at high-z
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Massive clusters at high-z
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Searching for high-z clusters
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Massive clusters at high-z
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IDCS J1426.5+3508
at z=1.75

All z>1 clusters, solid
lines are 95% exclusion 

boundaries.
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Massive clusters at high-z
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Photometry of clusters
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• 
a pronounced red-sequence in the CMD is a basic cluster characteristic 
and is present for basically all known clusters up to high-z

• 
red-sequence galaxies selected with appropriate color-cuts in the CMD 
give a high contrast of cluster members relative to background/ 
foreground galaxies (interlopers)

• 
the identification of a red-sequence with an appropriate filter 
combination is an efficient method for the optical/IR search for distant 
clusters or the photometric confirmation of X-ray selected candidates

• 
the redshift evolution of the red-sequence in the CMD (mean color/ zero 
point, RS slope, scatter) is a powerful tool to study early-type galaxy 
formation and evolution in clusters

• 
the homogeneous color properties and redshift evolution of the RS 
sequence galaxies suggest a common underlying formation mechanism
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Red sequence technique
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Galaxies in the red sequence
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Galaxies in the red sequence
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Red sequence technique
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The red-sequence technique is uses the fact that all galaxy clusters, however they 
were discovered, possess a population of galaxies which exhibit a tight 
relationship in colour--magnitude space, the red-sequence.

The red-sequence method involves constructing many colour slices from the 
survey data and searching for overdensities of galaxies in these slices. Once 
significant overdensities are found, the slice containing the peak signal for the 
overdensity gives the cluster candidate's most probable redshift.

z = 1.62

Requires only 2 filters: inexpensive
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Red sequence technique
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Red-sequence Cluster Survey 
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Clusters Richness
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Clusters in optical surveys are 
selected on the basis of richness, 
which depends on the number of 
galaxies observed within a certain 
projected radius from the cluster 
center.

Yee & Ellingson 2003
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Velocity dispersion
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Velocity dispersion is the optical analog of X-ray temperature.

Observationally:   σ2 = (1.0 ± 0.1) kB  Tlum / μ mp

But this gas-mass weighted temperature, Tlum,  is typically ~20% higher
than X-ray spectroscopic temperature (non-gravitational effects? clumping?) 
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Measuring velocity dispersion
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Persistence of substructures (simulations by White, Cohn & Smit 2010) 

The velocity field 
traces the 

filamentary 
substructure
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Example: dynamical mass
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Example: dynamical mass
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While the thermal gas emitting in X-rays is present in all clusters, the detection of 
extended radio emission only in ~10% of the systems indicates that the non-thermal 
plasma is not a common property of galaxy clusters. Non-thermal emissions over ~1 
Mpc scales are present only in the most massive merging systems.
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Radio observation of clusters
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327 MHz map of the mini-halo in the Perseus cluster (z = 0.018).
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Radio phenomenology
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Radio phenomenology
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Radio global properties
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Radio global properties
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Radio halo - mass correlation
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Non-thermal γ-rays from clusters
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Prediction from Hadronic Model (Pinzke et al. 2011)


