How OlId are the Galaxies

One of the major issues is when
did clusters form and what does
that mean?

CDM simulations indicate when
the dark matter mass
concentrations formed- but how
were they populated with
galaxies and gas?

The oldest average age for a
stellar population is found in the
most massive galaxies in
clusters
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Cosmic Web

e large scale structure of the universe consists of sheets and filaments-
clusters occur at the intersection of these structures

2dF Galaxy Redshift Survey
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Cosmic Web (again)

e The large scale structures are Blanton et al. (2003) (astro-ph/0210215)
'seen' in both the all redshift . 625
o8~ 17T 6.
surveys out to the largest Y P

redshifts

Numerical Simulation of

Large—Scale Structure samplelGy3

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,

AL .

dar

mtter imn '

gas simulation



Dark Matter

The existence of dark matter in clusters and groups of galaxies is indicated by
1) high mass-to-light ratio.
estimate the cluster total mass by assuming that the member galaxies have become

dynamically relaxed and that they are in an equilibrium configuration-the virial theorem )
to obtain the virial mass

2) lensing and x-ray measurements

The observed optical luminosity of the galaxies corresponds to a mass that is much lower than
the total cluster mass

* So alarge quantity of matter not visible as stars

— X-ray emitting gas constitutes a portion- ~1/6" of this “missing mass” .

In clusters ratio ratio of DM
to baryonic matter is ~6:1

Galaxy Cluster Abell 2218
Hubble Space Telescope * WFPC2

d the ERO Team (STScl, ST-ECF) » STScl-PRC00-08

How are the Baryons and Dark Matter Partitioned??
1.0F "= 7500 3

e In massive clusters
the vast majority of 2
the baryons are in E“ !
the gas phase <.0.1}
(Lagand et al. 2013) 3 :

e ~12% of the total
mass is in gas (f,,
independant of
redshift Msoo [M )]
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How Do We Know This

e X-ray images give the flux and surface brightness of the x-rays
e The xray flux is due to thermal bremmstrahlung whose emissivity is
related to the density squared and the square root of the temperature
— The total flux is the emissivity X volume
e X-ray luminosity ~10%3-10%- erg/sec, average density ~10-3 with
n~r?

¢, =C TPV o i fexpl b (g )] ()

v

T= temperature, n, is electron density , n, is the 1on density (n.~n;)
g 18 a function from quantum
mechanics (Gaunt function) , Z is the atomic number
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Bullet Cluster
e Direct evidence (Bullet cluster)

that dark matter and baryons can
be in different places

QGravitational mass from
lensing (blue)

Hot x-ray emitting gas (red)

Galaxies — white
(Bullet shape is due to a Mach cone)
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Formation

* Galaxy clusters form through
gravitational collapse, driven by dark
matter (~80% of their total mass)

* In the hierarchical scenario more
massive objects form at later times:
clusters of galaxies are produced by
the gravitational merger of smaller
systems, such as groups and sub-
clusters

Non-linear structures
g v > o ‘ily l).‘.
mergers
in LCDM cosmology

Millenium
Simulation

Millennium Run
0. portides

What is a Merger Tree

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

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

Growth of C-P. Ma

Cosmic Fluctuations

gravit:;tional
instability

O.GSE
o.71
Oo. 74
Q. 772
O.B
O.B3S
O.B71
O.B93
02911
0.926
0941
0.95
0973
O.9B2
0991
1.000

Primordial
fluctuations
are amplified
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Massive Clusters Grow at ~ 1°f ' |

log n/{h-Mpec)-?

Late Times

In standard cosmologies the
number of massive clusters (log
Mg~15) increases by ~ 30x from
z~1 to the present — cluster growth
depends on dark matter

0_=0.3, 7,=0.7, h=0.7, 0,=0.8
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G. Yepes and the
MUSIC Collaboration
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X-ray Image of Cluster at z=1.58

Cluster at Redshift 1.58
M500=3 .2><10141\/[® DEC

R500=560kpc -20:33:00 ]

— 500 subscript is the
location where the density -20:33:30
is 500x the average of the
universe at the relevant
epoch

O0hddm09s 0hddm06s 0hddm03s Ohddm0O0s
Thn

K.

Tozzi et al 2015 32



Finding Clusters- A Difficult ...

Job

Despite the high degree of difficulty Abell
did a fantastic job- but catalog suffers from

incompleteness and projection effects

X-ray image

92045315 +43 56 42.64 (J2000)

+441500 =% °

PR R

+44 0000 [

1921 00

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 (10MMg) 2 4 9 15

30.0 19:21:00.0 20:30.0

What is the “right” survey

There are many ways to
find clusters- we need a
uniform approach from
which mass can be
estimated

So far there are 4 promising

techniques
Large scale x-ray imaging
surveys

Sunyaev-Zeldovich
surveys (more later)
Multi-color deep optical

images (Gladders and
Yee 2002)

e Lensing surveys

X-ray surveys are a proven technique,
luminosity and mass strongly correlated.
Works over large mass range to z~1.3. Non-
gravitational effects may be important at low
mass

S-Z surveys working well, PLANCK all sky
catalog.Very little redshift bias

Red galaxy survey is

- not clear how
complete it can be as a function of mass.
Extension to large solid angles takes lots of
telescope time

Just starting- so far small number statistics,
yield based on detailed studies of x-ray selected
clusters not yet clear- direct detection of mass




Finding Clusters

* C(Clusters are found by

— optical surveys finding
overdensities of galaxies

— x-ray surveys finding extended
X-ray sources

— S-Z- radio sources

4 H. Ebeling et al.

10 ks 2r s o 2lks |
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Declination (2000)

Declination (2000)
g 8
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-09°38'
30° 18 2=0.363 ] . 2=0.447

P S S PO e S . n . P R
30 25 200 15 10°  0500° 14 00° 100 05 33"00° 55 50° 45° 40°15"32735° 35 300 25 200 15 10°22°43705
Right Ascension (2000) Right Ascension (2000) Right Ascension (2000)
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X-ray selected clusters, boxes Rosat image, contours Chandra

How are they found

Radio - Infrared

Optical X-ray

Current Surveys: Current Surveys: Current Surveys:
SDSS ROSAT Planck
PanSTARRS XMM SPT

ACT
Future Surveys: Future Surveys:
LSST EROSITA Future Surveys:
DES CCAT
Euclid SPTpol

Pierpaoli 2013
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X-ray data

e C(Clusters have a narrow range
of x-ray spectra compared to
AGN and Stars (Bohringer et
al 2017)

Lots of clusters to be found
eRosita launch 2019

number of objects

0.1L . N
1 10
X—ray flux (0.1-2.4keV)

[107 erg s™ crﬁ"]
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e
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x-ray spectral slope

number of sources as a
function of flux

-1722 clusters in a sky area of
~8.25 ster. 37

X-ray Detection -eRosita

luster Redshift Distribution

Differential Number of Clusters

« 100,000 clusters eROSITA C
total

* most clusters 8
around 7t

270.3, Mg,,~10" Mg 6

dN/dz/deg?

2110 M
13

2510 M
14

21-10"* M

/h ——
/h ——
h ——

sun
sun

sun

>50 photons on eROSITA CCDs, 1.6 ks
(conservative)

e

0.2

1.4
Borm+TBS,
Pillepich+12

0.8
redshift z

0.4 0.6 1.2
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Optical Surveys

e These are difficult due to

foreground/background 0.10
projections
— Use colors to help § 0.05
— works to z~1 , then )
need IR data =
< 0.00
(o]
<
O
A -0.05
Sloan digital sky survey
image of Abell 2219 -0.10 &
0.1 0.0 -0.1
RA - 250.0825 (dea)
39
Abell2219

e Ground, HST



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

Cluster Mergers

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

Abell 85 Chandra

41
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Numerical Simulation of a Merger
I -

4.5 19.5 keV

e 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)

g |
6.5 11.5 keV

V_.=1850kms’

Roettiger, Stone and Mushotzky
1998 simulation of a merger-
trying to match A754

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



Merger Shocks

——> Main heating
mechanism of
intracluster gas

* Most of energy in large
clusters due to gravity,
conversion of potential
energy into heat via
merger shocks

ICM/IGM records

thermal history of
Universe

45

g_})i £ The Center for Astrophysical Thermonuclear Flashes

Binary Galaxy Cluster Merger

Simulated using the Flash Code
Mass Ratio 1:1, with an Offset Impact

This work was supported in part by the DOE NNSA ASC ASAP

and by the NSF. This work also used computational resources

at the ALCF at ANL awarded under the INCITE program, which
is supported by the DOE Office of Science.

Fa An Advanced Simulation and Computation (ASC) \
mn Academic Strategic Alliances Program (ASAP) Center Z\
oY at The University of Chicago AsSC



Galaxy Cluster Merger

Rubens Machado, Gastao Lima Neto
IAG-USP
2012
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Brightest Cluster Galaxies

* most luminous and most
massive galaxies in the
Universe at the present
epoch. 12

e At low redshift, these
objects exhibit a small
dispersion in their
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luminosities ; ,

* lie close to the peaks of the .
X-ray emission

* Have small relative velocity p—
to cluster average

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

e Very large number of e
globular clusters
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Cosmology

Fra. 18.— Same as Fig. 16 but the high-z sample is split into three redshift

ns.
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The Galaxy Cluster Redshift Distribution

Redshift distribution of clusters

l TrTrrrJrrrrrrr o I T 5 71
0 7\, for 3 sets of cosmological
parameters

o 40 4 .\ Mohr 2003
: "'i ‘. \
5 7
-U : ,=0 .\\
seor a \\ —

0 |}‘ 1 1 il A N w TRy ]

0 1 2 3 4

Redshift

Notice for for a 'low' Q universe with no cosmological
constant there are many more clusters in the high z universe

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 X () and op(IR), i.e. the projected galaxy number
density and the projected velocity dispersion as a function
of the projected radius R:

d(por(r)?) + 2p(r)Bo? _ _Gp(r)ﬂi-r(< ) (1)

dr T T

b dr (2)

2 T
REREER) =2 [ p)eE )01 s
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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,-(7) is the radial component of veloc-
ity dispersion o(r). and B(r) = 1 — o2 /o2 is the velocity
anisotropy parameter (e.g., Binney & Tremaine 1987).
Unfortunately, there are three unknowns (M (< r).o(7r),
3(7)) and only two equations. In order to solve these equa-
tions it is therefore necessary to make some assumptions.

The virial theorem derives from the Jeans equation via
an integration step. It relates the global kinetic energy
with the potential one (27" + U = 0, e.g. Binney and 59
Tremaine 1987) and is usually used to compute virial

masses.



Mass Estimation- Girardi et al
1998

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

X-ray Mass Estimates

use the equation of hydrostatic
equilibrium

dPW _Gm.(r)pps
o -— 3

r

where Py, is the gas pressure, p,,, is the density, G is
the gravitational constant, and M ,(r) is the mass of
MB87 interior to the radius r.

N me Tw
P @

where p is the mean molecular weight (taken to be 0.6),
and My, is the mass of hydrogen atom. '

KT.. [d dT, =GM,(r
”‘(&.,,_"‘).—.—'()d,’ 5)
pml{ Pgas Tw r?
which may be rewritten as:
dlog Ty,

KT, ( d10g P

_GpWZH dlogr )r=m‘(') ©)

dlogr

M) =-3T1x 10° M, T() r

<v2>

G<r,-'j1

My = = 'Ry /G (4)

>
where Ry is the virial radius which depends on ryj, ie.
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 o p and, consequently, the total mass are
independent of possible anisotropy of galaxy velocities, al-
ways being o* = 303 for spherical systems (e.g., The &
White 1086; Merritt 1988). Therefore, in the case of spher-
ical systems, for the respective projected quantities op and
Rpy, eq. 4 becomes:

<Vt

Mv=37|'/2'm=37r/2'0%;RpV/G. (5)

)
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Putting numbers in gives
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Intracluster Gas

* Majority (75%) of observable cluster mass (majority of baryons)
1s hot gas

o Temperature T ~ 107- K ~ 1-10 keV

¢ Electron number density n, ~ 103 cm™

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

e Mainly emits X-rays

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

e Age ~2-10 Gyr

Sarazin 55

The Intracluster Medium as a Fluid

A{ ~ _ 33/2 (kT)Z .
o mean free path of a particle

P8 mne nA

T 2 " -1
~ 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
56



X-ray Emission Processes

e Continuum emission
e Thermal bremsstrahlung, ~exp(-hv/kT)
e Bound-free (recombination)
e Two Photon
e Line Emission
(line emission)
—> L, < ¢, (T, abund) (n.2 V)

X-ray Spectrum

t

dL/dE (ergs s ke‘f‘)
=

10% | 1 P R



Chemical Abundances

Hitomi has the possibility to produce extremely precise chemical
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Heating and Cooling of ICM

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

 gravitational heating
e nongravitational heating (SNe, AGN5s)
What are cooling processes?

Sarazin 61

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

% 3
o (=)
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’ . .
The Sunyaev-Zel'dovich Effect:
probe of Galaxy clusters
Wavelength (mm)
MICROWAVE BACKGROUND . 10 5 2 1 05
-~ 95 Measured SZ spectrum i
of A2163
- — thermal SZ
ol |h
Small distortion = g °
T~ 0.01 for 1075M, 1 3 ~ kinetic S7
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=0.17 CLOC16+16 z=0.54 M81054-0321 z=0.82
-
A
(@R
fJ
S/

Carlstrom et al. 64




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-

67

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 s 1

* Compton scattering changes . :
both the angular and energy S E
distribution of the microwave N -
background 0

e At low frequencies the result is F ol
a diminution (decrement) in
the surface brightness of the oot L Lol w1l I
MWB whose amplitude and ' ° TR
shape depends on the Compton Flg. L— The specteum of the microwave background radkation, sad the micromsss
Optical depth, the 3-D background radiation after passage through an (exaggerated) seattering 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 hgx(n)v the interaction

»ming photon, at angle  relative to the r. axis, is deflected by angle ¢;2, and emerges

Sunyaev-Zeldovich effect

* The main technical limits are the long
exposures required in both the x-ray ¥ 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 20




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

71

Jet power
~ feedback?




Declination (J2000)

Cavities and Low Freq Radio Emission

The giant cavities seen in many
cooling flow clusters are often 'filled'
by low frequency radio emitting
plasma
"""" 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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Why are Clusters Interesting
or Important

Formation and evolution of cosmic structure
* The Cooling flow problem

¢ Interaction of radio sources and the
hot gas

¢ Star formation

— Why are cluster galaxies
different than those in the field

* AGN evolution
e Cosmological constraints

* Evolution of clusters is a strong
function of cosmological
parameters

¢ How to utilize this information

— Evolution of mass function of
clusters

* Power spectrum of clusters (BAO)

Plasma physics on the largest scales-
lots of detailed physics

Numerical Simulations

There is a vast literature on
numerical simulations of the
formation and evolution of structure
The properties of clusters of galaxies
are one of the strongest tests of these
techniques

Particle acceleration

Cluster shocks source of highest E
cosmic rays?

Certain types of radio sources only
appear in clusters
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Next topic — Black Holes and Active Galaxies
Chapter 9 in S&G
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