
Physical Conditions in the Gas 	


•  the elastic collision times for (ions and electrons ) in the intracluster 

gas are much shorter than the time scales for heating or cooling , 
and the gas can be treated as a fluid. The time required for a sound 
wave in the intracluster gas to cross a cluster is given by	



•  Ts~6.6x108yr (Tgas/108)1/2(D/Mpc)	



•  (remember that for an ideal gas vsound=√(γP/ρg) (P is the 
pressure, ρg is the gas density, γ=5/3 is the adiabatic index 
for a monoatomic ideal gas ) 	





Hydrostatic Equilibrium Kaiser 19.2	


•  Equation of hydrostatic 

equil 	


sP=-ρgsφ(r) 	


where φ(r) is the gravitational 

potential of the cluster 
(which is set by the 
distribution of matter)	



P is the gas pressure 
 ρg is the gas density	





How do Clusters Form- Mergers 	


•  As time progresses more and more objects come together- merge 	



Now	



1010 yrs ago	







NOT A 
MERGER	



•  Merger	



Merger	







Comparison of dark matter and x-ray cluster and group  distribution ���
every bound system visible in the numerical simulation is detected in the x-ray band  - bright regions are 

massive clusters,  dimmer regions groups,	



Dark matter 
simulation 

X-ray emission in 
simulation 



Extreme Merger	


•  Bullet cluster (1E0657) 	


•  Allen and Million 	



Surface brightness 	

 Temperature	



Pressure	

 Entropy	





Use of X-rays to Determine Mass	


•  X-ray emission is due to the 

combination of thermal 
bremmstrahlung and line 
emission from hot gas	



•  The gas "should be" in 
equilibrium with the 
gravitational potential 
(otherwise flow out or in)	



•  density and potential are 
related by Poisson’s equation	



     s2φ = 4πρG 	


•  and combining this with  the 

equation of hydrostaic equil  	



    s.(1/ρsP)=-s2φ 
=-4πGρ 	



 gives for for a spherically 
symmetric system	



 (1/ρg) dP/dr=-dφ(r)/dr=GM(r)/r2 	


 	



With a little algebra and the definition of 
pressure - the total cluster mass (dark and 
baryonic) can be expressed as 	


	


M(r)=-(kTg(r)/µGmp)r (dlnT/dr+dlnρg/dr)	


	


k is Boltzmans const, µ is the mean mass of a 
particle and mH is the mass of a hydrogen atom  	


Every thing is observable	


The temperature Tg from the spatially resolved 
spectrum 	


The density ρgfrom the knowledge that the 
emission is due to bremmstrahlung 	


And the scale size, r, from the conversion of 
angles to distance 	
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see Longair eq 4.2-4.6	





•  density and potential are related 
by Poisson’s equation	



s2���φ = 4πρG 	


•  and combining this with  the 

equation of hydrostaic equil  	



•  s.((1/ρ)sP)=-s2���φ 
=-4πGρ (eq 4.3 in Longair)	



	


•  or, for a spherically symmetric 

system	


 1/r2 d/dr (r2/ρ dP/dr)=-4πρGρ 	





Hydrodynamics--see Longair ch 4.2	
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Deriving the Mass from X-ray Spectra ���
Ch 4.4 Longair ���

	

For spherical symmetry this reduces to 	


(1/ρg) dP/dr=-dφ(r)/dr=GM(r)/r2 	


	


With a little algebra and the definition of pressure - the total cluster 

mass can be expressed as (eqs 4.17-4.19 in Longair) 	


	


M(r)=(kTg(r)/µGmp)r (dlnT/dr+dlnρg/dr)	


	


k is Boltzmans const, µ is the mean mass of a particle and mH is the mass of a 

hydrogen atom  	


Every thing is observable	


The temperature Tg from the spatially resolved spectrum 	


The density ρgfrom the knowledge that the emission is due to 

bremmstrahlung and the x-ray image	


And the scale size, r, from the conversion of angles to distance 	





•  And the mass in gas is 	


•  Mgas(< r) = 4π∫r0 r2dr ρgas(r)	





How to Obtain Gas Density	


•  De-project X-ray surface brightness profile        

I(R) to obtain gas density vs. radius, ρ(r) 

•  Where Λ is the cooling function and ne is the gas 
density  (subtle difference between gas density 
and electron density because the gas is not pure 
hydrogen 

•  De-project X-ray spectra in annuli T(r)  
•  Pressure P = ρkT/(µmp) 
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X-ray Mass Estimates 	


•   use the equation of hydrostatic 

equilibirum	


•   	



Putting numbers in gives 	





Density Profile	


•  a simple model(the β model) fits  the surface brightness well 	



S(r)=S(0)(1+(r/a)2) -3β+1/2 cts/cm2/sec/solid angle	


•  Is analytically invertible (inverse Abel transform) to the density profile 	



ρ(r)=ρ(0)(1+(r/a)2) -3β/2	



The conversion function from S(0) to ρ(0) depends on the detector 	


The quantity 'a' is a scale factor- sometimes called the core radius	


------------------------------------------------------------------------------- 	



•  The Abel transform, , is an integral transform used in the analysis of spherically symmetric 
or axially symmetric functions. The Abel transform of a function f(r) is given by:	



  f(r)=1/p∫r∞ dF/dy dy/√(y2-r2)	


	


•  In image analysis the reverse Abel transform is used to calculate the emission function 

given a projection (i.e. a scan or a photograph) of that emission function. 	


•  In general the integral is not analytic  	





A geometrical interpretation of the 
Abel transform in two 
dimensions. An observer (I) 
looks along a line parallel to the 
x-axis a distance y above the 
origin. What the observer sees 
is the projection (i.e. the 
integral) of the circularly 
symmetric function f(r) along 
the line of sight. The function 
f(r) is represented in gray in this 
figure. The observer is assumed 
to be located infinitely far from 
the origin so that the limits of 
integration are ±∞	





Density Profile- Longair 4.22	

•  I(R) is the projected luminosity 
surface brightness, j(r) is the 3-D 
luminosity density (circular 
images- if image is elliptical no 
general solution)	



j(r)=-1/π∫ ∞RdI/dR/sqrt(R2-r2)	


this is an Abel integral which has only 
a few analytic solutions	


Simple power law models I(R)=r-α	


       then j(r)=r-α-1	



  generalized King profile with surface brightness	


 I(r)=I(0)(1+(r/rc)2)-5/2  	


 gives a density law ρ(r)=ρ(0)(1+(r/rc)2)-3/2 where rc=3σ/sqrt(4πGρc)	
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Sarazin sec 5  	





Surface Brightness Profiles 	


•  It has become customary 

to use a 'β' model 
(Cavaliere and Fesco-
Fumiano)' 	



•  clusters have <β>~2/3 	



XMM/Newton 
A1413             
Pratt & Arnaud 
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'Two' Types of Surface 
Brightness Profiles 	



•  'Cored'	



•  Central Excess	


•  Range of core radii 

and β 	





X-ray 
Emissivity	



•  The observed x-
ray emissivity is 
a projection of 
the density 
profile 	



A large set of 
clusters over 	


a wide range in 
redshift 	





Mass Profiles from Use of Hydrostatic Equilibrium	


•   Use temperature and density profiles +hydrostatic 

equilibrium to determine masses   

Physical units 	

 Scaled  units 	





Checking that X-ray Properties Trace Mass 	



Surface mass density for 42 
Rosat selected clusters from 
Sloan lensing analysis  

Comparison of cluster mass from lensing 
and x-ray hydrostatic equilibrium for 
A2390 and RXJ1340 (Allen et al 2001)   
At the relative level of accuracy for  
smooth relaxed systems the x-ray and  
lensing mass estimators agree  



Comparison of Lensing to X-ray 
Masses 	



•  ∆ is the overdensity of the part of the cluster 
used for the observations of the cluster mass 
compared to the critical density of the 
universe at the redshift of the cluster	



•  Mx is the mass from x-ray observations and 
assumption of hydrostatic equilibrium 	



•  ML is the mass from weak lensing	





Hoekstra 2007	





Lensing vs Hydro	


•  See Clash-x: A 

Comparison Of 
Lensing And X-
ray Techniques 
For Measuring 
The Mass 
Profiles Of 
Galaxy Clusters- 
Donahue et al 
2015 	
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Why are Clusters Interesting or Important 	


•  Laboratory to study 	



–  Dark matter 	


•  Can study in detail the distribution 

and amount of dark matter and 
baryons 	



–  Chemical evolution	


•  Most of the 'heavy' elements are in 

the hot x-ray emitting gas 	


–  Formation and evolution of cosmic 

structure	


•  Feedback	


•  Galaxy formation and evolution	


•  Mergers	



–  Cosmological constraints 	


•  Evolution of clusters is a strong 

function of cosmological 
parameters 	



–  Plasma physics on the largest scales 	


–  Numerical simulations 	



–  Particle acceleration 	



Each one of these issues 	


Leads to a host of topics 	


	


Dark matter:	


How to study it 	


    lensing 	


    Velocity and density  distribution 

	

of galaxies	


     Temperature and density distribution      
of the hot gas 	


	


Chemical Evolution 	


Hot and when where the elements 
created	


Why are most of the baryons in the hot 
gas	


Does the chemical composition of the 
hot gas and stars differ?	


	





Chemical Evolution of the 
Universe	



•  A major area of astrophysical research is 
understanding when stars and galaxies 
formed and how the elements are 
produced 

•  With the exception of H and He (which 
are produced in the big bang) all the other 
elements (called metals in astrophysical 
jargon) are "cooked" in the centers of 
massive stars and  supernova and then 
"ejected" by  explosions or winds 

•  The gas in these explosions is moving 
very fast (1000 km/sec) and can easily 
escape a galaxy.  

•  Clusters are essentially giant "boxes" 
which can hold onto all their material 

• Measurement of the amount and 
change of metals with time  in clusters 
directly measures their production  

• In the hot gas elements such as silicon 
and iron have only 1 or 2 electrons  
These ions produce strong H, He like x-
ray emission lines. 
The strengths of these lines 
 is 'simply' related to the  
amount of silicon or iron in  
the cluster	





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 galaxies 
are the source of the metals  
and 'standard' SN rates and 
IMF are assumed they produce 
only 1/3 of the  the observed 
metals 	



Since most of the metals are in 
the gas>70% of the metals 
generated in galaxies has to be 
'lost' from galaxies (where the 
stars live) to the ICM 	





Virialized systems- Clusters, Groups and Big galaxies ���
XMM Grating Results- J. Peterson et al���
these abundances are normalized to solar values 	





Cluster Metallicity	


•  The abunances are not 

uniform in the cluster but 
can be higher in the center  	



Temperature      Abundance	





Relative Abundance of Different Elements 	


•  The relative abundance of 

differenet elements is 
related to the processes that 
produce them 	



•  Fe and Ni are mostly made 
(we think) in type I 
supernova (the explosion of 
a white dwarf)	



•  Oxygen and Neon are 
made mostly in a type II 
SN- the explosion of a 
massive star	



•  The relative and absolute 
number of SN is related to 
the distribution of the 
masses of the stars and 
other interesting things  	



de Plaa et al. (2007) 



Numbers of Type I and II Supernova	


•  As we will discuss later the two types of SN produce a very different 

mix of heavy elements	


•  This allows a decomposition into their relative numbers and absolute 

numbers (Sato et al 2008) - (~109-1010 SN per cluster) 	





Fitting results �

AWM7 
Ratio of the 
number of 
each type of 
SN

NSNe II / NSNe Ia

=  4.0 ± 1.2


Ø  ~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 	





Numbers and Ratio of SNe Ia & II	
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Gas mass（M¤）	
 Gas mass（M¤）	


SNe II 
SNe Ia（W7）	
＋	


3.5 

Ø  Numbers of SNe Ia & II ∝ the gas mass	

Ø  SNe II/Ia Ratio: ~3.5 (W7 and WDD2), ~2.5 (WDD1) 

Clusters (XMM ; de Plaa et al. 2007): ~3.5 
Our Galaxy (Tsujimoto et al. 1995): ~6.7 
LMC & SMC (Tsujimoto et al. 1995): 3.3 – 5 
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Metallicity Evolution 	


•  There is weak evidence 

for cluster metallicity 
evolution- when were 
the metals produced 	



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



Anderson et al 2009	



Ehlert and Ulmer 2009	





Mass-to-Light Ratio: MLR �Metals are synthesized in stars (galaxies):	

Compare  the mass of metals Mmetal, < R ( in units of M¤ )	

with  B-band luminosity of stars  
(similar to mass to light ratio)  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	




OMLR & MMLR	

   

  O
M

LR
   

   
   

r / r180 

Metal enrichment process in the ICM 
- shows factor of several variation 	


r / r180 



Elemental Abundances in a Group	


•  Li et al 

compare the 
elemental 
abundances 
with respect 
to solar for 
Oxygen thru 
Ni for the 
gas in the 
center of 
NGC4636 a 
nearby low 
mass group	




