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Our story begins...

Philosophical Transactions of the Royal Society of London, 75,  213 (1785)

•  William Herschel 
recognizes the 
clustering of nebulae 
and their spatial anti-
correlation with the 
Milky Way. 



Galaxy clusters => Dark matter haloes

•  Clusters ⇒  intersection/nodes in�
           cosmic filaments

•  Hierarchical scenario of large scale 
structure formation �
(ΛCDM universe):�
 ⇒  clusters are still forming.�
 ⇒  infall of matter.

ΛCDM “millenium simulation”
Springel et al., Nature, 2005 e 2009



Large scale structure formation
•  ΛCDM scenario => Hierarchical formation, from small to large scale
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hot dark matter 

“merging tree” showing the events 
leading to the formation of a massive 
halo at z = 0 (Lacey & Cole 1993).Power spectrum of density fluctuations



Large scale structure formation
•  ΛCDM scenario => Hierarchical formation, from small to large scale

•  Press–Schechter (1974):�

•  Galaxy clusters �
(M > 1014 M) �
are the last, �
(almost)-relaxed, �
structures to form.

Mass function



Clusters of galaxies
Largest structures in (quasi) equilibrium in the universe.

Abell 426 (Perseus), BVR+Ha (R. J. Gabany)

5 arcmin

110 kpc



Galaxy cluster composition�
(in mass)

Coma – SDSS

~ 2% galaxies

~ 13% gas

~ 85% dark matter

VIRGO consortium
simulation

ROSAT PSPC



Thermal Bremsstrahlung (electron–ion scattering)

Spectrum

Total emission

Hot plasma (T ~ 107–108 K ~ 2–12 keV), rarefied (n0 ~ 10–2–10–3 cm–3), enriched (Z ~ 0,3 Z)

Emission lines   metallicity

ISM absorption 



Cooling-flow
•  The gas loses energy by bremsstrahlung emission.

–  Cooling time-scale: E/(dE/dt)  E/LX:

•  Cool-core clusters    cuspy density profile

•  Heating mechanism prevents overcooling (Peterson et al. 
2001, 2003).

clusters with
a “cool-core“

years

gas at ~ Tvirial/3



X-ray space observatories

•  Chandra high spatial resolution (comparable to 
traditional optical imaging from Earth).

•  XMM-Newton high sensibility .

•  Suzaku: Micro-calorimeter, high spectral resolution.
•  (XRS, X-ray Spectrometer; 0.3-12 keV).

•  lost the cooling liquid helium 3 months after launch.



X-ray data
A 4-dimensional matrix (or list): X, Y, energy, and time for each detected foton.
    (in fact even more: quality, pattern, etc…)

Some interesting projections:

• 2-D X, Y (imaging)

• 1-D Energy (spectrum)

• 1-D Time (light curve)

Exemple of a light-curve from
Abell 3376 XMM observation



X-ray studies of rich galaxy clusters
•  Regular clusters

– compare different mass estimates (dark matter)

– cosmological probes (dark energy)

•  Irregular clusters
– cluster evolution

•  relaxation, merging, infall, etc...

–  interaction between galaxies & ICM
•  ram stripping, metal & energy input into the ICM

•  But, how irregular are regular clusters?



X-ray images of 5 rich clusters
•  Narrow redshift range, similar observations

XMM data
0.3–7.0 keV

Rather regular clusters...



Temperature maps

Highly irregular clusters, except for the smallest (coolest) one

Durret & Lima Neto 2008



Metallicity maps

patches of high (solar) metallicity gas, still not mixed. Cl2137, the coolest, is the more "mixed"

Durret & Lima Neto 2008



Search of substructures in the intracluster gas
•  Determination of the intracluster gas dynamical state:�

Which fraction of nearby clusters shows signs of recent 
dynamical activity?

•  Sample selection of z < 0.06 clusters with deep (> 30 ks) 
Chandra X-ray observations (because of its high spatial 
resolution).

•  Only 16 clusters selected.

•  Imaging analysis (2D maps):
–  Hardness ratio (pseudo temperature)
–  Search for substructures in residual maps (after subtracting smooth 

symetrical 2D model).

Laganá et al. 2009 submitted



Hardness ratio   Temperature map
•  Real temperature map is very long to compute

•  Hardness ratio is fast to compute and it is related to the shape of the spectrum 
 temperature.

           Banda Soft: 0,3–1,3 keV

         Banda Hard: 1,3–6,0 keV

€ 

HR =
hard− soft
hard+ soft



Hardness Ratio

•  Surface brightness isocontours ( ~ number density square).
•  Cold gas “arm”, spiral pattern from the center.



Abell 496

“Spiral arm” visible in both the surface brightness and hardness ratio maps.



Search for substrutures in the residual images

•  Substructure maps, made after subtracting a smooth, 
2D beta-model or Sérsic model �
(F. Andrade-Santos, 2008).

•  Spiral arm also found in residual maps.

Centaurus Hydra Ofiucus

A85



Recovering substructures with residual maps
•  Add an ad hoc spiral over a smooth model; add bubbles (holes); add noise

•  Run the residual maps algorithm .

Perseus Cluster



Perseus

•  Arm scale length larger than the central bubbles.

•  Is the work done by the central AGN, PdV, enough to 
generate this arm?
–  collisions and/or mergers provide more energy.

Weighted Voronoi Tesselation �
(Diehl & Statler 2005)

substructure
(Andrade-Santos 2008)



Superficial brightness Temperature map Residual map

Centaurus

Ophiuchus

Laganá et al. 2009 submitted

More examples:
a common feature?



A4059

•   About half of our sample (7/15) shows an arm (spiral-like) substructure.
–   All of them are in cool-core clusters.

•   Such substructure is easier seen in the residual map than in the temperature map
–  Temperature maps lack the spatial resolution and require spectral analysis.

•   All clusters show substructures (not always arm like).

Superficial brightnessTemperature map Residual map

Results



Results
•  Origin of spiral-like substructures.

•  Off-axis sub-sonic collision with smaller group/poor cluster.

•  Sloshing of the cool, central�
intracluster gas.
–  Hydro/N-body simulation of�

(Ascasibar & Markevich 2006)

•  Role of the central AGN energy�
input?�
(e.g., Perseus bubbles)

•  Arm seen in temperature map�
vs. residual map?

•  Collisions with Dark Clusters? Temperature map and dark matter density isocontour
(Ascasibar & Markevitch 2006)



Scenario
•  Non radial minor-collision.

•  Sub-halo goes through the central region, sloshing the cold gas.

•  Spiral-like arm feature is formed.

•  Cool core survives (does not get heated) and cooling flow may 
even get stronger.

•  Cool gas finds its way to the central AGN, feeding it.

•  Strong AGN and cool-core are observed simultaneously until the 
AGN heats the gas and stops the cooling-flow.

•  The AGN gets weaker and the central gas may cool again.

•  Gas cools – cooling-flow –  AGN reactivates .... again and again!



Conclusion
•  Mass determination (with X-rays) heavily biased by 

non-gravitational heating.
•  Merger events are not the same in different redshifts.

•  Frequent cluster collisions still today
–  Seen by others too: A2029 (Clarke et al.); A1795 (Fabian et al. 2001, 

Liuzzo et al. 2009); NGC 5098 (Randall et al. 2009)

•  Collisions with dark clusters?
•  AGN activity is variable.
•  Systematics when temperature and/or X-ray luminosity 

are used as a proxy for the mass.


