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
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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 20N1 and 20N+ Smaleie ot al 2007

Giacimtucei & Venturi: Tailod radio galaxics as tracors of galaxy chastors
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Table 1.  Table 1: Abell Richness Class
Abell 0 Abell 1 Abell 2 Abell 3
Napenn 3545 45-75 75-125  125-200
Number ~ 1000 1224 383 6
o (kms™1) 600 750 950 1250
Mass (10141\{;;) 2 4 9 15
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Radio Selection
Galaxies around high z FRI candidat

Figure 2 RGB images of nine cluster candidates found around our high-z FR I candidates. The
“color” images are obtained using Spitzer data at 3.6um for the R channel, z-band for the G
channel, and V-band for the B channel. The projected scale of each image is ~110” x 90”. The
photometric redshifis of the candidates are between 1.30 and 2.04.

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 10" Mg
have a kinetic energy of 10% 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
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Numerical Simulation of a Merger
I -

4.5 19.5 keV

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)

6.5

V_.=1850kms’

*Roettiger, Stone and
Mushotzky 1998 first
detailed simulations of a
merger- trying to match

A754 2



X-ray Images of Mergers
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A754 (Henry et al 2004)
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Movie
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/pages/
ImagesMo
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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.

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

lookback time (Gyr)
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Figure 1. BOG merge tree. Symbols ara colour-coded aa a function of B - V colour and thelr acen scals with the stllar mass. Oly
progsaitors more massive than 10'° M, h~" are shown with symbols. Circlas ara usod for galaxics that reside in the FOF group inhabited
Trianglas show

by the main branch.

‘galaxics that have not yet jcined this FOF group.

HST Image of M387 Globular Clusters
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Cosmology
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The Galaxy Cluster Redshift Distribution

Redshift distribution of clusters in a

LI B B B B B S B B B B B R
60 ,7(‘\

i \\Mohr 200
L\

A4

N
o

dN/dz [1 deg?]

n

o
I
1

Ny
LT ke b A

1 2

flux limited survey for 3 sets of
cosmological parametersS
Cluster redshift distribution probes:
1) volume-redshift relation
2) abundance evolution
3) cluster structure and evolution.

JIM) contains the connections between the
well understood theory of the
formation of massive halos and the
real world observations.
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Galaxy Cluster Abundance

Dependence on cosmological parameters
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The dispersion o, completely characterizes
the radial velocity distribution function if it
is Gaussian: P(v,) is the probability
distribution of the velocity

P(v,)=(1/0,sqrt(2m))exp(-(v,~<v>)?)/202,

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~0?,

o

Relation of Velocity Dispersion

and x-ray temperature
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6 keV

+(0.63 +0.04) log(L) . (32)

Mass Estimation- Girardi et al
1998

In principle, one can estimate the cluster mass within a
radius r, M ;(< r), by using the Jeans equation, coupled
with the equation which links the two observable quanti-
ties ¥(R) and op(R), i.e. the projected galaxy number
density and the projected velocity dispersion as a function
of the projected radius R:

d(por (1)?) _ 20(r)Be? _
dr r T

Gp(r)M. T
_Gp(r) 2J(< )‘ )

o R? r
AEREE) =2 [ pr)odr)(1- B ) i @)

where r is the distance from the cluster center, p(r) is
the spatial number density of galaxies linked to X(R) via
the Abel integral, o.(r) is the radial component of veloc-
ity dispersion o(r), and B(r) = 1 — o2 /0?2 is the velocity
anisotropy parameter (e.g., Binney & Tremaine 1987).

Unfortunately, there are three unknowns (M (< r),o(r),
f(r)) and only two equations. In order to solve these equa-
tions it is therefore necessary to make some assumptions.
It seems natural to assume knowledge of either 3(r) or
M(r), and then to evaluate the remaining two functions
so that they are consistent to the observed velocity disper-
sion profile (e.g., Merritt 1987).

The virial theorem derives from the Jeans equation via
an integration step. It relates the global kinetic energy
with the potential one (2" + U = 0, e.g. Binney and
Tremaine 1987) and is usually used to compute virial
masses.

3.2 THE MASS DERIVED FROM THE VIRIAL
THEOREM

The total virial mass of the cluster, My, depends on the
global velocity dispersion, ¢ and the spatial distribution
of the galaxy population (e.g., Merritt 1988):

<v®>
T G<rlF > @)
where the brackets indicate spatial averages over the ob-
served sample of N galaxies, r are the galaxy distances
from the cluster center, and v are the galaxy velocities re-
ferred to the cluster mean velocity. The function F(r) is
the mass fraction within r and depends on the (generally)
unknown form of mass distribution.
If mass is distributed like the observed galaxies (i.e.,
Pmass < p), then the appropriate form of eq. 3 is (Limber
& Mathews 1960):

My

(4)

where Ry is the virial radius which depends on ri;, i.e.
the distance between any pair of galaxies.

From the observational point of view, the large advan-
tage of the virial theorem is that the global projected ve-
locity dispersion op and, consequently, the total mass are
independent of possible anisotropy of galaxy velocities, al-
ways being 62 = 303 for spherical systems (e.g., The &
White 1986; Merritt 1988). Therefore, in the case of spher-
ical systems, for the respective projected quantities o p and
Rpy, eq. 4 becomes:

<V2>

My =37/2- ———— = 3x/2-05Rpv/G.
G<R;'>

(5
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X-ray Mass Estimates Putting numbers in gives

e use the equation of hydrostatic log P dlooT
13 : 8, g
equilibirum M(r)=-371x10% My T(r)r )
 dlogr d logr
APy - GIR(7)Pgas @ o T i in nnite of kaV and » i< in nnite of Mne (€
dr rz n2

0

2 /,72\38
where Py, is the gas pressure, p,,, is the density, G is (147 / é) i

the gravitational constant, and M ,(r) is the mass of
M87 interior to the radius r.
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where p is the mean molecular weight (taken to be 0.6),
and M, is the mass of hydrogen atom. '
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Intracluster Gas

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

e Temperature T ~108 K ~10 keV

 Electron number density n, ~ 10~ cm3

* Mainly H, He, but with heavy elements (O, Fe, ..)

* Mainly emits X-rays

o Ly ~10% erg/s, most luminous extended X-ray sources in
Universe

e Age~2-10 Gyr

Sarazin 41



The Intracluster Medium as a Fluid

3/2 2
i g 3D
4 8 /rne'lnA

T\ n -
~ 23 e kpc
(1081() (10-3 cm‘3) P

—> Mean-free-path A, ~20 kpc < 1% of diameter — fluid

(except possibly in outer regions, near
galaxies, or at shocks and cold fronts)

Sarazin

Physical State of Intracluster Gas:
Local Thermal State

* Mainly ionized, but not completely
* Coulomb collision time scales
t(e,e) ~10° yr
T(p,p) ~4x 106 yr
T(p,e) ~2 x 108 yr
all < age (>10° yr)
Kinetic equilibrium, Maxwellian at T
Equipartition T =T,
(except possibly at shocks)

42
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X-ray Emission Processes

e Continuum emission
e Thermal bremsstrahlung, ~exp(-hv/kT)
e Bound-free (recombination)
* Two Photon

e Line Emission

(line emission)
L, < ¢, (T, abund) (n2 V)
—> [, o< ¢, (T, abund) (n21)

X-ray Spectrum

dL/dE (ergs s ke‘f‘)

L1
5 10

44
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The Intracluster Medium as a Fluid
(cont.)

* Specify local:
e Density (p or n,)
e Pressure P
e Internal energy or temperature T
e Velocity v
e IdealgasP=nkT
(except for nonthermal components;
cosmic rays, magnetic fields)

Magnetic Fields in Clusters

B ~uG — Pj «P,, in general in clusters
Electron, ions gyrate around magnetic

field lines

r, = 10% cm « scales of interest
* Act like effective mean free path,
make ICM more of a fluid

e Suppress transport properties 1 B

Could greatly reduce thermal conduction,

—> but depends on topology of B fields

46
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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

Why is gas so hot?

* C(lusters 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

All intracluster gas is shocked at ~2000 km/s

49



Cluster Mergers

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

Abell 85 Chandra 50

Merger Shocks

——> Main heating
mechanism of
intracluster gas

51



Simple Scaling Laws for Gravitational
Heating

Gas hydrostatic in gravitational potential
kT ~ um, GM/R
Clusters formed by gravitational collapse

<pcluster> ~ 180 pcrit (Zform)
Most clusters formed recently, z; ., ~ now

e Baryon fraction is cosmological value, most baryons in gas
R o< (M / pcrito )1/3 oc M3
T ocM23
Ly o< T?

52

Radiative Cooling of ICM

=2 v, O

e Main cooling mechanism is radiation,
mainly X-rays

L = A(T,abund) n.?
ergs/cm?/s

ey KT /g

T 22 kev, A oc T12

Thermal bremsstrahlung
T <2keV, A oc T04

X-ray lines

Very important in high density regions-
center of cluster, 'cooling flows'
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Radiative Cooling (cont.)

* Cooling time (isobaric, constant pressure)

-1 1/2

T
—> ¢t =69 1, Gvr
cool (10‘3cm'3) (1081() Y

* Longer than Hubble time in outer parts of clusters
 Short in centers of ~1/2 clusters, “cooling flows”, t

~3x108yr

cool

54

Heating of ICM - Summary

* Most of energy in large clusters due to gravity, mergers
of clusters

e 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 C =y—=-—

* Sound crossing time

-1/2
(, =6.6x10°( -~ D Ny
10°K Mpc

Less than age — unless something happens (merger, AGN,

ees)s
gas should be nearly hydrostatic

56
e Sarazin

Hydrostatic Equilibrium

--pVy
1dP_ d¢ _ GM(r)
p dr dr r

spherical

Isothermal (T = constant)

lVP——V ,okT kT
um,

o p

[P0, 1= o]

Vinp=-V¢
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Cluster Potentials

NFW (Navarro, Frenk, & White 1997)

IOdm(r) =¢2

r r
—1+— np
F T

c=r, /r =5forclusters,

vir

v =2Mpc, r, =400kpc

M(r)=4mp.r’ [1n(1+”)— r }

., r+r,

N
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Cluster Potentials (cont.)

Analytic King Model (approximation to isothermal sphere
A 1
IO dm,0 :

Pan (1) = 372

r

[1 + () ] NFW

7 In p

¢ flat core
r,=r /2=200kpc King

Inr

59



Beta Model

Assume King Model DM potential Alternatively, assume
galaxies follow King Model, and have isotropic, constant velocity
dispersion

o

, dinp,, =_d¢=( kT ]dlnp

o dr dr \um,| dr
Pga,
Pou (1) = glO2 372
[1 + (r) }
rC
60
Beta Model (cont.)
p(r) = ,002 3812
[1 + (r) }
rC
ﬂm Ozal :
B = leg but treat as fitting parameter

~3B+1/2

Iy(r)o

(]
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Where do the Baryons Go?

*  Most of the baryons in the universe
(>80%) do not live in galaxies (Fukugita I i T

and Peebles 2007) Q___h = 0.0027 +/- 0.00027

stars

Q,..(Baryon)h?=0.0214

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

H‘Jy =

106 k

T (K)

10° 3

10* | E
1000 o Unbourd Cos =]

o - o Gos within < Ry o Local Ly a

Gas within < R, Stor forming gos
100 bl ol el o cvd il vl
0.01 0.1 1 10 100 1000 10* 105 1(08.
Pans/ <P>

Particles in red and green are in
clusters- red closer to center
62

How to Measure the Mass and Baryonic Mass of a System

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

e 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/Ly(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

e See Lectures on Gravitational Lensing by

Ramesh Narayan Matthias Bartelmann  or
http://www .pgss.mcs.cmu.edu/1997/Volume 16/
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.

Quasar Image 1

43 seen from Earth

cstra 2008 Texas Conference

Inhomogeneities in the mass distribution distort the paths of
light rays, resulting in a remapping of the sky. This can lead to
spectacular lensing examples...

65



Weak gravitational lensing

Weak gravitational lensing

t

A measurement of the ellipticity of a galaxy provides an
unbiased but noisy measurement of the shear

Credit: Michael Sachs

Hoekstra 2008 Texas Conference

In the absence of noise we would be able to map the matter
distribution in the universe (even “dark” clusters). 66
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Cosmic shear is the lensing of distant galaxies by the overall
distribution of matter in the universe: it is the most “common”
lensing phenomenon.




) H .
The Sunyaev-Zel'dovich Effect:
probe of Galaxy clusters
Wavelength (mm)
MICROWAVE BACKGROUND . 10 5 2 1 05
-~ 05" Measured SZ spectrum 1
of A2163
- — thermal SZ
ol |h
Small distortion = i
~ 15 BLUE SHIFTED p— . .
Te 0.01 for 10 MO -\lﬁmcnowst pHor <] N~ klnetlc SZ
S 0% e B0 100 200 800 1000 Frequency (GHz)
from Leon Van Speybroeck
SZA SPT Bands
" ATy,
Carlstrom Redshift independent: —SZE f n,T,dl 6
CMB

The beauty of the SZ Effect

Thermal SZE is a small (<1 mK) distortion in the CMB caused by inverse
Compton scattering of the CMB photons

) [r0

TCMB meC2

Total cluster flux density is independent of redshift!

J‘ne‘Te av o fgasthn
Dy D

AS, = /AI,, dl

Abell 1914 z=0.1% ME1064—-0321 z=0.83
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Sunyaev-Zel'dovich Effect

Single Clusters

- Measure of integrated pressure
(total thermal energy)

- Distances, H,, H(z)
- Cluster gas mass fractions,

cluster structure, evolution studies

- Peculiar velocities at high z
SZ Cluster Surveys
- Exploit SZ redshift indep

- Measure growth of structure
and large scale velocity fields
to constrain Dark Energy

nce

Carlstrom

S-Z Simple Physics

The optical depth for the S-Z effect is
small

the density of electrons is of order n, ~ 103
cm, the path length * through a cluster
medium ~ several Mpc. With a Thomson
cross section 0= 6.65 x10 -2 cm?,

optical depth T = n,ol~ 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
dv/v ~ kTe/m.c? = 1%. The resulting
fractional temperature change of the CMB
is of the order of 104,~300uk

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

AT, SZE

o f nTdl

TCMB
S o [ATypd2
X %fnendV
D,(z)

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
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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

SZE decrement (mK CMB)

-0.8 -0.6 —0.4 —0.2 0.0 0.2

-0.32  -024  -0.16 .08 0.00 0.08
(Wy/sr)

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 .

e The amplitude of the S-Z effect is t
independent of D, the angular
distance

DEC (DEG)

.
24410 244.05 244,00 243.95 243.90 243.85 243.80
RA. (DEG)

Fig.1. Map of Abell 2163 at 150 GHz, overlaid with
XMM-Newton X-ray contours (see Fig. 3) in unmits of
10Perg s~'em*aremin?. Because the correlated-noise re-
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Sunyaev-Zeldovich Distances

Line integral g

AT x g(v) / dz n.(r) T.(r),

e The Sunyaev-Zeldovich effect pressure

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

* At present ~400 clusters have Sx Ry / dz "e(z)z Te(z) A(Tea Zab)ﬁ
measured S-Z effect (1 ) ‘)
“decrements” and x-ray
temperatures (Primarily from
Planck and the South Pole
Telescope and the Atacama
Cosmology telescope)

Geometry uncertain?r

0.s
( Tsz) X (n

2
(AT)*Agyo |
X 3 9—',
SxO el c
All quantities are directly measurable

with an x-ray image, temperature map
and S-Z image

Angular distance D ,:AT| is the DA
S-Z decrement, Sy, the x-ray
surface brightness, T, the x-ray
temperature,0 an angular size
and A the cooling function



Sunyaev-Zeldovich 40 e

effect i ]
* Compton scattering changes - ]
A = =
both the angular and energy . = E
. . . . E (.
distribution of the microwave = 0
background nOE
. . ~ C
e At low frequencies the result is < o1
a diminution (decrement) in
the surface brightness of the 0001 N A RRET] B AN L
. 1 3 10 30 100 300 1000
MWB whose amplitude and v/GHz
shape depends on the Compton , , » ,
. Fig. 1. The spectrum of the microwave background radiation, and the microwave
Optlcal depth, the 3_D background radiation after passage through an (exaggerated) scattering atmosphere with
. . . y = 0.1 and 73 = 0.05 (as defined in Sections 3 and 6), compared with the integrated
distribution of the hot electrons
and their temperature .
photon in
photon out
<
electron out b1z

The scattering geometry, in the frame of rest of the electron hjﬁf}o the interaction.
»ming photon, at angle @ relative to the r. axis, is deflected by angle ¢12, and emerges

Sunyaev-Zeldovich effect

* The main technical limits are the long
exposures required in both the x-ray ¥ e a=oags. e
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)*

Setting a practical limit to z~1.3 for the
X-ray measurements

* In a massive cluster the typical optical
depth is T ~0.1

X-ray image

with S-Z
! contours for :
. 7=0 .54 S-Z contours images for a
' sample of clusters from
cluster

7z~0.3-09 75




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

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
thon in tha ficld

Origin of 'Metals'

e Metal production is dominated for
(0...N1) 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'

T L R B

1E Salpeter -
0.8 F Kroupa ]

SN rates and IMF are assued L, ]
(Portinari et al 2004) then one cannot 0.02 - ]
produce the observed metals I (d)

¢ One is led to either non-standard 0.01 — —

IMFs, a strong evolution in SN
(which is now being constrained) or L
another source of metals (stars in the 5 10 15
IGM t [Gyr]




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
‘ (o] :_ . # ) (T‘ k # #) # ‘ 4 Loy ‘ A} O —:
Si/Fe —L i 9 i ‘ t % % > } REE 1.47 £ 0.05
#’ + Osire ~ 20%
| |

cluster sequence

The Si, Fe, Ni abundances as well as Si/Fe and Ni/Fe
abundance ratios distributions of the sample show
moderate spread (from 20% to 30%)
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Molendi et al 2009
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Pattern of metals

e Pattern of metals —————————
compared to a model de Plaa et al. (2007) _
consisting of a sum of L 0 Ne si S Ar Ca Fe  INi A
Typel and Type II SN- 0
relative amounts are a < -
free parameter 2

2
o 1 1 ! !

10 15 20 25 30

Atomic Number
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Numbers and Ratio of SNe la &
= T T Ty —TTrrT 6 ML | LML | MR | ML
1 [OSNell R | W7 model |
c—U 101 :—+SNe Ia(W?) E %
[ F + ] Caf i
Zz Il 0 ] © [3.5_1__ 4 I
(0)) I 1 = } n A1060 -
w— RIS @O + A1060 AWM7
(o] E ”'_ awm7y @O 5 L | -
& [ O + NGC507 % NGC507
8 108 A262 | - ® Obs. region A262 A
: IOIO 10]] 10]2 ]0[3 ]0[4 10]0 10][ 10]2 10]3 10]4
=z

Gas mass(Mg) Gas mass (M)

» Numbers of SNe la &
SNe ll/la 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 etal 1995): 3.3 -5 s



Metallicity Evolution

There is weak evidence for

cluster metallicity evolution- éﬂ
however sample selection I Anderson et al 2009
effects may dominate asl
Most of the metals were in )
place at z~0.5 and maybe at z~1 ~ §° "I
5 ——
~ 8 e ——
s T A=
5 0.8f ] oz —{
\(%/ 0.6 ] )
g 04F T
5 o2f ] o .
1: 0.0 ) ) ) 0 02 04 Uzb 08 12
2 o 1 2 3 4
Radius (Counts Region)
Fig.2. Iron abundance as a function of radius for clusters
with high temperatures and short cooling times, separated
by redshift. The solid line corresponds to subset # 2 (z <
0.4). The dashed line corresponds to subset # 6 (z > 0.4).
Ehlert and Ulmer 2009 82
Metals are synthesized in stars (galaxies):
Compare M, . < g (in units of Mg )
with stellar luminosity
0.01;_ Galaxy grougs# w *i* ##¥+
. - } + Galaxy clusters
i A
IE-4F N . +", X-ray extended 3
4; ------- : *& :'e]lipl}icals M
1E-sLH- - metal, <R M
E\\“:#_"j' X-ray compact ellipticals M LR - ©
N Makishima et al. (2001) LB orK, <R
0.5 1.0 2.0 3 0 50 10.0
Temperature (keV) eccmass of system
Oxygen Mass-to-Light Ratio: OMLR
Magnesium Mass-to-Light Ratio: MMLR
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Iron Mass-to-Light Ratio: IMLR



MMLR

Nsne 11/ Lk (Lko™

Metal enrichment process in the ICM
- shows factor of several variation
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Comparison of Numbers of SNe |l

Number of SNe Il expected from Star Formation Rate
of Hubble Deep Field (Madau et al. 1998)

» Numbers of SNe Il expected from the metal mass
observed with Suzaku

Normalized by K-band (2MASS) luminosities

B R e o

[ ]
| AWM7
¥ TUDF r<0.1rygl
[ A262 ]
([ ]

Ngne y NOrmalized by L
between field galaxy and
clusters from our obs.

A1060
[ ]

0 PETTT ERTTT BERTTT . BERTTT EERTTT BRI EERTIT EERTTr BETTT BERTT

100 105 10° 107 10° 10° 10° 10" 102 107 10%

Numbers of SNe Il (Mpc »




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

86
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Declination (J2000)

Cavaties and Low Freq Radio Emisson

The giant cavaties seen in many
cooling flow clusters are often 'filled'
by low frequency radio emitting
plasama
"""" P
A262 Clarke et al 2009
Hydra A Wise et al 2007
Effects of Feedback in Image and Temperature
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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