
Difficult Job !

•  Abell 2319 Optical Sky Survey !
•  Despite the high degree of difficulty Abell 

did a fantastic job- but catalog suffers from 
incompleteness and projection effects  !

X-ray image!

26!

Radio Selection !•  FR I radio galaxies (low power radio 
galaxies, which possess an �edge-
darkened� radio morphology)  occur 
more frequently in clusters than in the 
field because their hosts are always 
luminous ellipticals !

•  Similar 'tailed' radio galaxies(a subset 
of FRIs) 'only' occur in clusters 
(Giacintucci  et al 2009) Fomalont & Bridle 
1978; Burns & Owen 1979;  more recently Blanton et 
al. 2000, 2001 and 2003; Smolcic et al. 2007; 
Kantharia et al. 2009).!

Galaxies around high z FRI candidates !

These radio techniques enable !
clusters to be found, but there 
is no relation!
Between radio properties and 
other properties of the cluster !
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Cluster Formation !

•  Cluster mergers are thought to be the 
prime mechanism of massive cluster 
formation in a hierarchical universe 
(White and Frenk 1991) !

•   the most energetic events in the 
universe since the big bang. These 
mergers with infall velocities of ~2000 
km/s and total masses of 1015 M!  
have a kinetic energy of 1065 ergs.  !

•  The shocks and structures generated in 
the merger have a important influence 
on cluster shape, luminosity and 
evolution and may generate large 
fluxes of relativistic particles!

28!

Numerical Simulation of   a Merger !
•   X-ray contours with kT in color, dark matter 

distribution, velocity vectors and  how the two 
gas components mix (0.3 and 3.5Gyr after closest 
approach) !

• Roettiger, Stone and 
Mushotzky 1998 first 
detailed simulations of a 
merger- trying to match 
A754! 29!



X-ray Images of   Mergers !

A85!

•  A754 (Henry et al 2004) 
pressure and x-ray 
intensity images !

30!

•  Movie 
from 
http://
www.mult
idark.org/
MultiDark
/pages/
ImagesMo
vies.jsp!

•  made by 
G. Yepes!
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What is a Merger Tree !

•  In LCDM cosmology 
structure grows by the 
merging of bound 
systems + infall !

•  The fraction of 
contribution of each 
component depends on 
time and mass. !

n!

R. Wechsler!

today!

0.12 age of universe!

32!

Brightest Cluster Galaxies !

•  most luminous and most massive 
galaxies in the Universe at the present 
epoch. !

•  At low redshift, these objects exhibit a 
small dispersion in their aperture 
luminosities!

•  lie close to the peaks of the X–ray 
emission!

•  Have small relative velocity to cluster 
average !

•  Different luminosity profiles than 
typical cluster elliptical galaxies- show 
a shallow very large 'envelope'!

•  Very large number of globular clusters !
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Cosmology!

•  The rate of cluster growth  
is a strong function of 
cosmological parameters !

Lo
g 

N
>M

/v
ol

 

Bahcall,Cen,Fan! 34!

Mass Function !
•  The number of clusters per unit mass 

(optical luminosity, x-ray luminosity, 
velocity dispersion, x-ray temperature) !

•  Is a strong function of cosmology !
•  One of the main areas of research is to 

determine this function over a wide range 
in redshift.!

•  One of the main problems is relating 
observables to mass. !

Kochanek 2004 !

Vikhlinin et al  2009 !
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Mohr 2003!

Redshift distribution of clusters in a 
flux limited survey for 3 sets of 
cosmological parameters !

36!

Galaxy Cluster AbundanceGalaxy Cluster Abundance
Dependence on cosmological parameters
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•  The dispersion σr completely characterizes 
the radial velocity distribution function if it 
is Gaussian: P(vr) is the probability 
distribution of the velocity !

•  P(vr)=(1/σrsqrt(2π))exp(-(vr-<vr>)2)/2σ2
r!

 the Gaussian velocity distribution in clusters 
suggests that they are at least partially 
relaxed systems, BUT  they are not fully 
relaxed to thermodynamic equilibrium. In 
thermodynamic equilibrium, all components 
of the cluster would have equal 
temperatures; what is observed is that  the 
velocity dispersion is nearly independent of 
galaxy mass !

If relaxed the virial theorm says that T~σ2
r!

!

Relation of Velocity Dispersion!
and x-ray temperature !

38!

Mass Estimation- Girardi et al 
1998 !
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X-ray Mass Estimates !
•   use the equation of hydrostatic 

equilibirum!
•   !

Putting numbers in gives !

40!

•  Majority (75%) of observable cluster mass (majority of 
baryons) is hot gas!

•  Temperature  T ~ 108 K ~ 10 keV!
•  Electron number density ne ~ 10-3 cm-3 !
•  Mainly H, He, but with heavy elements (O, Fe, ..)!
•  Mainly emits X-rays!
•  LX ~ 1045 erg/s, most luminous extended X-ray sources in 

Universe!
•  Age ~ 2-10 Gyr!

Intracluster Gas!

Sarazin! 41!



The Intracluster Medium as a Fluid!
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!Mean-free-path λe ~ 20 kpc < 1% of diameter !� fluid!
! !(except possibly in outer regions, near !

!galaxies, or at shocks and cold fronts)!

Sarazin!
42!

•  Mainly ionized, but not completely!
•  Coulomb collision time scales!

τ(e,e) ~ 105 yr!
τ(p,p) ~ 4 x 106 yr!
τ(p,e) ~ 2 x 108 yr!
all < age (>109 yr)!
!Kinetic equilibrium, Maxwellian at T!
!Equipartition Te=Tp!
!(except possibly at shocks)!

Physical State of Intracluster Gas:"
Local Thermal State!
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•  Continuum emission!
•  Thermal bremsstrahlung, ~exp(-hν/kT)!
•  Bound-free (recombination)!
•  Two Photon!

•  Line Emission!
!(line emission)!

Lν � εν (T, abund) (ne
2 V)!

Iν � εν (T, abund) (ne
2 l)!

X-ray Emission Processes!

44!

X-ray Spectrum!
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The Intracluster Medium as a Fluid "
(cont.)!

!
•  Specify local:!

•  Density (ρ or ne)!
•  Pressure P!
•  Internal energy or temperature T!
•  Velocity v!

•  Ideal gas P = n k T!
(except for nonthermal components;!
! !cosmic rays, magnetic fields)!

46!

Magnetic Fields in Clusters!

B ~ µG  �  PB « Pgas in general in clusters!
Electron, ions gyrate around magnetic!
!field lines!
! !rg ≈ 108 cm « scales of interest!

•  Act like effective mean free path,!
make ICM more of a fluid!

•  Suppress transport properties 	 B!
!Could greatly reduce thermal conduction,!
! !but depends on topology of B fields!

!

B!

e!
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Heating and Cooling of ICM!

•  What determines temperature T?!
•  Why is ICM so hot?!
•  What are heating processes?!

•  gravitational heating!
•  nongravitational heating (SNe, AGNs)!

•  What are cooling processes?!
!

Sarazin! 48!

•  Clusters have huge masses, very deep gravitational 
potential wells!

•  Any natural way of introducing gas causes it to move 
rapidly and undergo fast shocks!

           infall                            ! !galaxy ejection!

Why is gas so hot?!

All intracluster gas is shocked at ~2000 km/s!

49!



Clusters from hierarchically, smaller things form first, 
gravity pulls them together!

!

Cluster Mergers!

Abell 85 Chandra! 50!

!Main heating 
!mechanism of 
!intracluster gas!

!

Merger Shocks!
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Simple Scaling Laws for Gravitational 
Heating (Kaiser 1986)!

•  Gas hydrostatic in gravitational potential!
! !kT ~ µmp GM/R!

•  Clusters formed by gravitational collapse!
!
ρcluster〉 ~ 180 ρcrit (zform)!

•  Most clusters formed recently, zform ~ now!
•  Baryon fraction is cosmological value, most baryons in gas!
! !R � ( M / ρcrit

0 )1/3 � M1/3!
! !T �M2/3!
! !LX �T2!

!

52!

Radiative Cooling of ICM!

•  Main cooling mechanism is radiation, 
mainly X-rays!

!L = Λ(T,abund) ne
2!

! ! !ergs/cm3/s!
!!
!T � 2 kev, Λ � T1/2   !  

!Thermal bremsstrahlung!
!T � 2 keV, Λ � T-0.4 !
! !X-ray lines!

Very important in high density regions-
center of cluster, 'cooling flows' !

!
53!



Radiative Cooling (cont.)!

•  Cooling time (isobaric, constant pressure)!

•  Longer than Hubble time in outer parts of clusters!
•  Short in centers of ~1/2 clusters, �cooling flows�, tcool ~ 3 x 108 yr!
!
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Heating of ICM - Summary!

•  Most of energy in large clusters due to gravity, mergers 
of clusters!

•  Smaller clusters, groups, centers of clusters � 
significant evidence of nongravitational heating!

•  Due to galaxy and star formation, supernovae, 
formation of supermassive BHs!
! !ICM/IGM records thermal history of ! !

!Universe!
!
!
!
Sarazin!
!
!

55!



Sound Crossing Time!

•  Sound speed!

•  Sound crossing time!

!!
Less than age � unless something happens (merger, AGN, 

…),!
! !gas should be nearly hydrostatic!

!
•  Sarazin!
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Hydrostatic Equilibrium!
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Cluster Potentials!
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Analytic King Model (approximation to isothermal !sphere!

Cluster Potentials (cont.)!
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Beta Model"
(Cavaliere & Fusco-Femiano 1976)!

Assume King Model DM potential             Alternatively, assume 
galaxies follow King Model, and have isotropic, constant velocity 
dispersion!
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Beta Model (cont.)!
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Where do the Baryons Go? !
•  Most of the baryons in the universe 

(>80%) do not live in galaxies (Fukugita  
and Peebles 2007) !

Ωtotal(Baryon)h2
 =0.0214!

•  In a simulation of the formation of 
structure only a small fraction of the 
baryons (light blue) end up as stars  !

Particles in red and green are in 
clusters- red closer to center !
!

Ωstars h = 0.0027 +/- 0.00027"
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How to Measure the Mass and Baryonic Mass of a System !

•  Measure its light and from stellar 
evolution theory transform light to 
mass. !

•  This is most accurate in the near-IR (K 
band) - if one includes all the objects 
which once were main sequence stars 
(e.g. white dwarfs, neutron stars, black 
holes) there is a factor of 2 theoretical 
error (e.g. M/LK(solar units) ~0.8-1.9 
(Ellis 2009) !

•  One can actually measure this in a 
wide range of objects using the 
dynamics of stars  to get the total mass 
of the galaxy (Bell et al 2007( !
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Basics of Gravitational Lensing!
•  See Lectures on Gravitational Lensing by!
Ramesh Narayan Matthias Bartelmann     or 

http://www.pgss.mcs.cmu.edu/1997/Volume16/
physics/GL/GL-II.html!

For a detailed discussion of the problem !
•  Rich centrally condensed clusters 

occasionally produce giant arcs when a 
background galaxy happens to be aligned 
with one of the cluster caustics.!

•  Every cluster produces weakly distorted 
images of large numbers of background 
galaxies.!
–  These images are called arclets and the 

phenomenon is referred to as weak 
lensing. !

mass!

mass!
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Hoekstra 2008 Texas Conference!
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Hoekstra 2008 Texas Conference!

66!
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Carlstrom! 68!
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Carlstrom! 70!

S-Z Simple Physics !
•  The optical depth for the S-Z effect is 

small!
•  the density of electrons is of order ne ~ 10-3 

cm-3, the path length ` through a cluster 
medium ~ several Mpc. With a Thomson 
cross section σ= 6.65 x10 -25 cm2, !

   optical depth τ = neσl~ 0.005;  ~ 1%!
probability that a CMB photon crossing a rich 

cluster is scattered by an electron.!
•  Since the electron energy is much larger 

that the energy of the photon, to first order 
δv/v ~ kTe/mec2 = 1%. The resulting 
fractional temperature change of the CMB 
is of the order of 10-4,~300µk!

•  For a review see Carnegie Observatories 
Astrophysics Series, Vol. 3: Clusters of 
Galaxies: Probes of Cosmological Structure and 
Galaxy Evolution, 2004 Using the Sunyaev-
Zelídovich Effectto Probe the Gas in 
Clusters MARK BIRKINSHAW !

The spectrum of the thermal SZE has a 
characteristic shape!
all interacting CMB photons get 
approximately a 1% boost in energy, the 
result is a transfer of photons in the CMB 
spectrum from lower to higher frequencies, 
resulting in a decrease of brightness at low 
frequencies   !

CMB!
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A Strange Fact!

•  As clusters are observed at higher 
redshifts the solid angle which scatters 
the CMB gets smaller- however the 
CMB gets brighter in the past!

•  These two terms almost cancel IF the 
cluster hot gas were the same at higher 
redshifts. !

•  Since we expect the cluster hot gas to 
evolve with z it is not clear what the 
total effect will be . !

•  The amplitude of the S-Z effect is t 
independent of  DΑ  the angular 
distance !

72!

Sunyaev-Zeldovich Distances!
•  The Sunyaev-Zeldovich effect 

is the Compton scattering of 
microwave background photons 
off the hot electrons in the IGM 
in the cluster!

•  At present ~400 clusters have 
measured S-Z effect 
�decrements� and x-ray 
temperatures (Primarily from 
Planck and the South Pole 
Telescope and the Atacama 
Cosmology telescope)!

Angular distance DA:ΔT0 is the 
S-Z decrement, SX0 the x-ray 
surface brightness, Te0 the x-ray 
temperature,θ an angular size 
and Λ the cooling function !

All quantities are directly measurable 
with  an x-ray image, temperature map 
and S-Z image !

Line integral of pressure!

Geometry uncertainty!
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Sunyaev-Zeldovich 
effect !

•  Compton scattering changes 
both the angular and energy 
distribution of the microwave 
background!

•  At low frequencies the result is 
a diminution (decrement) in 
the surface brightness of the 
MWB whose amplitude and 
shape depends on the Compton 
optical depth, the 3-D 
distribution of the hot electrons 
and their temperature!

!
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Sunyaev-Zeldovich effect !
•  The main technical limits are the long 

exposures required in both the x-ray 
band and the milli-meter (~1 day each 
for the highest z clusters) !

•  The S-Z decrement is independent of 
redshift, while the x-ray surface 
brightness drops as (1+z)4!
!Setting a practical limit to z~1.3 for the 
x-ray measurements !

•  In a massive cluster the typical optical 
depth is τ ~0.1 !

S-Z contours images for a 
sample of clusters from 
z~0.3-0.9 !

X-ray image 
with S-Z 
contours for 
z=0.54 
cluster!
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Clusters of Galaxies an X-ray Perspective !
Probes of the history of structure formation  
Dynamical timescales are not much shorter than the age of the universe  !
• Studies of their evolution, temperature and luminosity function can place strong constraints 
on all theories of large scale structure !
• and determine precise values for many of the cosmological parameters !
!
Provide a record of nucleosynthesis in the universe- as opposed to galaxies, clusters 
probably retain all the enriched material created in them!

!•Measurement of the elemental abundances and their evolution provide 
fundamental data for the origin of the elements !

!•The distribution of the elements in the clusters  reveals  how the metals were 
removed from stellar systems into the IGM !
!
Clusters should be "fair" samples of the universe" !

!•Studies of their mass and their baryon fraction  reveal the "gross"  properties of 
the universe as a whole !

!•Much of the entropy of the gas in low mass systems is produced by processes 
other than shocks-  !

!- a major source of  energy in the universe ?!
!- a indication of the importance of non-gravitational  processes in structure 

formation ?! 76!

Origin of 'Metals'!

•  Metal production is dominated for 
(0…Ni) by supernova.!

•  Type II (core collapse) produce most 
of the O and Type I produce most of 
the Fe. !

•  The fraction of other elements (e.g. 
Si,S) that are produced by the SN 
depend on the IMF and the (poorly 
understood) yields of the SN.!

•  If the observed cluster galaxiesare the 
source of the metals  and 'standard' 
SN rates and IMF are assued 
(Portinari et al 2004) then one cannot 
produce the observed metals !

•  One is led to either non-standard 
IMFs, a strong evolution in SN 
(which is now being constrained) or 
another source of metals (stars in the 
IGM !

In any case >70% of the metals 
generated in galaxies has to be 'lost' 
to the ICM and!
A factor of 3 high SN rate in clusters 
than in the field !
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Metals in Clusters !

•  One of the main issues in cluster 
physics is when and how the metals in 
the ICM are created!

•  Pattern of metallicity!
•  Evolution of metallicity !
•  Simple numbers !
•  Feedback!

Molendi et al 2009!
78!

Fitting results �

AWM7 
χ2 / dof /
= 15.9 / 3/
/
NSNe II / NSNe Ia

=  4.0 ± 1.2


"  ~75% of Fe, 
    ~40% of Si and S  
    from SNe Ia 

W7 model�O�
(Ne)�

Mg�

Si�
S�

Fe�

Ne is excluded in the fits.�

Sato et al !
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Pattern of metals !

•  Pattern of metals 
compared to a model 
consisting of a sum of 
TypeI and Type II SN- 
relative amounts are a 
free parameter !

de Plaa et al. (2007) 
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Numbers and Ratio of SNe Ia & II�
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Metallicity Evolution !

•  There is weak evidence for 
cluster metallicity evolution- 
however sample selection 
effects may dominate!

•   Most of the metals were in 
place at z~0.5 and maybe at z~1 !

Anderson et al 2009!

Ehlert and Ulmer 2009! 82!

Mass-to-Light Ratio: MLR �Metals are synthesized in stars (galaxies):�
Compare  Mmetal, < R ( in units of M! )�
with  stellar luminosity (re LB, < R  ( in units of L! )�

Mmetal, < R 

LB or K, < R 
MLR  =  

M! 
L! Makishima et al. (2001) 
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Temperature (keV) �mass of system 

Oxygen Mass-to-Light Ratio: OMLR 
Magnesium Mass-to-Light Ratio: MMLR 
Iron Mass-to-Light Ratio: IMLR� 83!



OMLR & MMLR�
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- shows factor of several variation �
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Comparison of Numbers of SNe II�
"  Number of SNe II expected from Star Formation Rate  
    of Hubble Deep Field (Madau et al. 1998)�
" �Numbers of SNe II expected from the metal mass 
    observed with Suzaku 

Normalized by K-band
2MASS��luminosities �

Numbers of SNe II
Mpc-3��
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N
e I

I /
 L

K
 


L K
!
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�

HDF 
AWM7 

A1060 

NSNe II normalized by LK 
between field galaxy and  
clusters from our obs. 
is consistent . 

tars (galaxies) 

A262�
r < 0.1 r180�
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Feedback- How AGN Influence the Cluster Gas!

Direct evidence from cluster x-ray images combined with radio !
data that central AGN has strongly influenced the gas !

Jet power 
 = feedback? 

Perseus A 
Fabian et al 87!



Cavaties and Low Freq Radio Emisson !

•  The giant cavaties seen in many 
cooling flow clusters are often 'filled' 
by low frequency radio emitting 
plasama !

Hydra A Wise et al 2007!

A262 Clarke et al 2009!
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Effects of Feedback in Image and Temperature!

����	����	�����

A2052 (Chandra)!

the hot gas can apparently be strongly affected by AGN activity- 
direct evidence of the ability of SMBHs to influence environment 
on large scales!
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