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Galaxy Clusters introduction

first mentioning™ by Max Wolf in 1901/02:

* “strange accumulation of nebulae”
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*actually William Herschel already found in 1783 some 23 nebuluous things in that direction...
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Galaxy Clusters introduction

first mentioning by Max Wolf in 1901/02:

* “strange accumulation of nebulae” (“Ein merkwiurdiger Haufen von Nebelflecken’)
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Galaxy Clusters introduction

first mentioning by Max Wolf in 1901/02:

* “strange accumulation of nebulae” (“Ein merkwiurdiger Haufen von Nebelflecken’)
* “frightened by such remarkable appearance” (“Man erschrickt bei dem Anblick”)

* “of greatest relevance for understanding of our Universe!”
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Galaxy Clusters introduction

first mentioning by Max Wolf in 1901/02:

* “strange accumulation of nebulae” (“Ein merkwiurdiger Haufen von Nebelflecken’)
* “frightened by such remarkable appearance” (“Man erschrickt bei dem Anblick”)

* “of greatest relevance for understanding of our Universe!”
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Galaxy Clusters

introduction

first mentioning by Max Wolf in 1901/02:

* “strange accumulation of nebulae” (“Ein merkwiurdiger Haufen von Nebelflecken’)

* “frightened by such remarkable appearance” (“Man erschrickt bei dem Anblick”)

* “of greatest relevance for understanding of our Universe!”

O™ g™ B 57 56M 5™ 54T 53T 52 1™ g™ 0™ 48T 477 46™ 457 44™ 43" 42" 417 40" 39" 38T 37 ge™ 35"

8.0 ' [ ] |
597135 |t |
4+ - T X T T

30

45

f0® o

13

45

61° o

"o
43
62 o

30
45 |
63° Dl

15
30
45

627 ofl*

V)

1875.0

(https://ui.adsabs.harvard.edu/abs/1902PAj... | .. 25VW/abstract)

.155..127W)

r is this?

(https://articles.adsabs.harvard.edu/pdf/ | 9¢TAN..



https://ui.adsabs.harvard.edu/abs/1902PAIKH...1..125W/abstract
https://articles.adsabs.harvard.edu/pdf/1901AN....155..127W

Galaxy Clusters

introduction

first mentioning by Max Wolf in 1901/02:

* “strange accumulation of nebulae” (“Ein merkwiurdiger Haufen von Nebelflecken’)

* “frightened by such remarkable appearance” (“Man erschrickt bei dem Anblick”)

* “of greatest relevance for understanding of our Universe!’
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Galaxy Clusters introduction

““Galaxy clusters are the largest gravitationally bound objects in the Universe.”

first mentioning by Max Wolf in 1901/02:

* “strange accumulation of nebulae” (“Ein merkwiurdiger Haufen von Nebelflecken’)
* “frightened by such remarkable appearance” (“Man erschrickt bei dem Anblick”)

* “of greatest relevance for understanding of our Universe!”
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Galaxy Clusters introduction

““Galaxy clusters are the largest gravitationally bound objects in the Universe.”

180:Mpc/h

. PERSEUS

constrained simulation of the local universe
(www.clues-project.org)
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Galaxy Clusters introduction

““Galaxy clusters are the largest gravitationally bound objects in the Universe.”
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Galaxy Clusters introduction

““Galaxy clusters are the largest gravitationally bound objects in the Universe.”
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Galaxy Clusters introduction

““Galaxy clusters are the largest gravitationally bound objects in the Universe.”
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Galaxy Clusters introduction

““Galaxy clusters are the largest gravitationally bound objects in the Universe.”
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Galaxy Clusters introduction
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actual observation of the local Universe
(https://cosmicflows.iap.fr)
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CL0024+17
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introduction

gravitational lensing effects used to reconstruct matter distribution

CL0024+17
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dark matter ring

CL0024+17

(Lee et al., 2007,Ap), 661, 728)
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(Lee et al., 2007,Ap), 661, 728)




Galaxy Clusters

introduction

dark matter ring

CL0024+17

(Lee et al., 2007,Ap), 661, 728)
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introduction

dark matter in galaxy clusters...

...already proposed by Fritz Zwicky in 1933:

gravity

velocity

@ispersion _@

> &
7 ~N

equilibrium requires more matter than is seen




Galaxy Clusters

introduction

galaxy clusters contains...
: lusters coptaing
*v'. galaxies
v' dark matter

!

+

-




Galaxy Clusters introduction

galaxy clusters E'onfaing....
*v'. galaxies .4 -

v dark matter ., 4
~ v anything else?
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Galaxy Clusters

introduction

100 Kpc (@ z=1124)=

intra-cluster stars/light

- -
# +WFC3 F814W+F105WgF140W

A

Ko & Jee (2018)




Galaxy Clusters

introduction

100 Kpc (@ z=1124)=

intra-cluster stars/light

..but what about non-optical wavebands?!

Ko & Jee (2018)
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observations in different wave-bands

Hydra A - optical

http://chandra.harvard.edu/photo/0087/index.html




Galaxy Clusters introduction

observations in different wave-bands

b
what about an X-ray image? ,

Hydra A - optical

http://chandra.harvard.edu/photo/0087/index.html




Galaxy Clusters introduction

observations in different wave-bands

Hydra A — X-rays

http://chandra.harvard.edu/photo/0087/index.html
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introduction

observations in different wave-bands

hot X-ray emitting gas

Hydra A — X-rays

http://chandra.harvard.edu/photo/0087/index.html




Galaxy Clusters

introduction

observations in different wave-bands

hot X-ray emitting gas

what about a radio image?

Hydra A — X-rays

http://chandra.harvard.edu/photo/0087/index.html




Galaxy Clusters introduction

observations in different wave-bands

Hydra A — radio

http://chandra.harvard.edu/photo/0087/index.html




Galaxy Clusters

introduction

observations in different wave-bands

AGN activity generating radio-lobes

Hydra A — radio

http://chandra.harvard.edu/photo/0087/index.html




Galaxy Clusters introduction

observations in different wave-bands

galaxy clusters eontains...
galaxies
dark matter X
intra-cluster staks *
hot gas

AGN &

Hydra A - optical Hydra A — X-rays Hydra A — radio

http://chandra.harvard.edu/photo/0087/index.html




Galaxy Clusters introduction

observations in different wave-bands

galaxy clusters eontains...
galaxies
dark matter X
intra-cluster staks *
hot gas

AGN &

radiative|processes!
Hydra A - optical Hydra A — X-rays Hydra A — radio

http://chandra.harvard.edu/photo/0087/index.html
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“Abell catalog of rich clusters of galaxies”:

¢ 4073 clusters at z<0.2

* Virgo excluded as it was too large on the plates




Galaxy Clusters

properties

" George Abell

“Abell catalog of rich clusters of galaxies™:
« 4073 clusters at z<0.2 .. . :

G Virgo excluded as it waﬁ too large on the p_Iate‘s‘




Galaxy Clusters

properties

= galaxy cluster classification

 Abell ‘Richness’: - number of galaxies

a) in cylinder of radius 1.5 Mpc, and
b) must lie in magnitude intervall [mj3,4, M3.4-2]




Galaxy Clusters properties

= galaxy cluster classification

 Abell ‘Richness’: - number of galaxies
a) in cylinder of radius 1.5 Mpc, and
b) must lie in magnitude intervall [mj3,4, M3.4-2]

* regular clusters: - well defined geometrical centre

- dominated by central, elliptical galaxy (BCG*)

*Brightest Cluster Galaxy




Galaxy Clusters properties

= galaxy cluster classification

 Abell ‘Richness’: - number of galaxies
a) in cylinder of radius 1.5 Mpc, and
b) must lie in magnitude intervall [mj3,4, M3.4-2]

* regular clusters: - well defined geometrical centre

- dominated by central, elliptical galaxy (BCG)

* irregular clusters: - no well-defined centre
- signs of substructure
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=" general properties

= abundance

" baryonic properties

N
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Mass

Radius
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properties

=" general properties

= abundance

" baryonic properties

hot X-ray gas

»

N

galaxies

Mass

Radius

n

clusters

(ngalaxies

10-103
10'4-10'> Mg
-5 Mpc

10>/ Mpc3
102/ Mpc3)

1043-10% erg/s
108 K
101310 M
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Galaxy Clusters properties

" hot X-ray gas

Opaqueness

100 %

50 %

0 %

[
10m 100m 1km

0.1nm 1nm 10nm 100nm 1um 10um 100um 1mm 1cm
< > Wavelength

X-ray astronomy requires satellites!
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" hot X-ray gas

XMM-Newton

Chandra

Rossi

eRosita Athena
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" hot X-ray gas

http://antwrp.gsfc.nasa.gov/apod/astropix.html
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" hot X-ray gas

Bullet cluster (IE 0657-558)
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= hot X- ray gas X-ray observation (Chandra satellite)

\
»

Bullet cluster (IE 0657-558)
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properties

" hot X-ray gas

dominant (dark matter) mass distribution (reconstructed via grav. lensing)

X-ray observation (Chandra satellite)

\
»

Bullet cluster (IE 0657-558)
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properties

" hot X-ray gas

e X-ray luminosity

L, ~ 108-10% erg/s
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" hot X-ray gas

 X-ray luminosity [Lx ~ [0%3-10% erg/s]

measured with X-ray satellites...
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Galaxy Clusters properties

not measured, but inferred!

'-ray gas

 X-ray luminosity [Lx ~ [0*3-10% erg/s]

measured with X-ray satellites...

but what is causing this emission?
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" hot X-ray gas
e X-ray luminosity

emission processes:

- Bremsstrahlung (free-free radiation)

- collisionally excited emission lines

L, ~ 108-10% erg/s
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" hot X-ray gas
 X-ray luminosity L, ~ 108-10% erg/s

emission processes:

. i e
- Bremsstrahlung (free-free radiation) which 15 th nent?

- collisionally excited emission lines
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properties

" hot X-ray gas

e X-ray luminosity

L, ~ 108-10% erg/s

emission processes:

T>5x107 K (=2.5keV)

Fe (ergs /sec-keV)

10494

Q
E-3
w

o
I
™

- Bremsstrahlung (free-free radiation)

- collisionally excited emission lines
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Galaxy Clusters properties

" hot X-ray gas
 X-ray luminosity L, ~ 108-10% erg/s

emission processes:

- Bremsstrahlung (free-free radiation, T>2.5keV):
e  X-ray gas is highly ionized
* free electrons are accelerated in the E-field

* free-free emissivity:

5,6 1/2
elf = 2'me 2m n TV 2e WK 720, 0(Z, T, v).
3m.c3 \ 3mek

*  total emissivity™*:

€ror = jedv x n,n;T/?

* . . . dL
emissivity: € = av




Galaxy Clusters

properties

" hot X-ray gas

e X-ray luminosity

emission processes:

- Bremsstrahlung (free-free radiation, T>2.5keV):

X-ray gas is highly ionized
free electrons are accelerated in the E-field

free-free emissivity:

5,6 1/2
elf = 2'me 2m n TV 2e WK 720, 0(Z, T, v).
3m.c3 \ 3mek

total emissivity:

€tor = .[ edv « n,n;T/? - T7 =g/

L, ~ 108-10% erg/s




Galaxy Clusters

properties

" hot X-ray gas

e X-ray luminosity

emission processes:

L, ~ 108-10% erg/s

- Bremsstrahlung (free-free radiation)

T<5x107 K (=2.5keV)

Fe (ergs /sec-keV)

lo}43

1n42

1094

1043

1042 |

- collisionally excited emission lines
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T
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Galaxy Clusters properties

" hot X-ray gas
 X-ray luminosity L, ~ 108-10% erg/s

emission processes:

- Bremsstrahlung (free-free radiation)

- collisionally excited emission lines (T<2.5keV):

. rate of collisional excitations:

R =nnl"Cp,(T),

Crn(T) = / ) 0f (0, T) O (v)dv oc T~1/2

3/2 ,
f(v,T)=4n (2 W;T> v2e /KT
T

* line emissivity:

€tor = j e'medv « R o nyn;T~1/?




Galaxy Clusters

properties

" hot X-ray gas

e X-ray luminosity

emission processes:

- Bremsstrahlung (free-free radiation)

- collisionally excited emission lines (T<2.5keV):

rate of collisional excitations:

R =nnl"Cp,(T),

Crn(T) = / ) 0f (0, T) O (v)dv oc T~1/2

3/2 ,
f(v,T)=4n (2 W;T> v2e /KT
T

line emissivity:

€tor = j e'medv « R o nyn;T~1/? — T7 =&\

L, ~ 108-10% erg/s




Galaxy Clusters properties

" hot X-ray gas
 X-ray luminosity L, ~ 108-10% erg/s

emission processes:

- Bremsstrahlung (free-free radiation) e= f e, dvcnn T2 — 17 =/

- collisionally excited emission lines e:felinedvo(neniT_l/z T/ 5N




Galaxy Clusters properties

" hot X-ray gas
 X-ray luminosity L, ~ 10%-10% erg/s = [[[ edV

emission processes:

- Bremsstrahlung (free-free radiation) e= f 6 dv XN TYV? = T7 e/ =L,/

- collisionally excited emission lines e=fe”"edv0<neniT‘1/2 LT/ SN LN
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" hot X-ray gas

 X-ray luminosity L, ~ 10%-10% erg/s = [[[ edV

emission processes: dominant component

-[Bremsstrahlung (free-free radiation)] €= f e dvxnnTV?  — T/ e/ =L,/

- collisionally excited emission lines E=feunedvo<neniT—1/z LT/ SN LN
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" hot X-ray gas

 X-ray luminosity L, ~ 10%-10% erg/s = [[[ edV

emission processes: dominant component

-[Bremsstrahlung (free-free radiation)] €= f e dvxnnTV?  — T/ e/ =L,/

- collisionally excited emission lines E=feunedvo<neniT—1/z LT/ SN LN

can this be used to learn something about the gas?
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" hot X-ray gas

 X-ray luminosity L, ~ 10%-10% erg/s = [[[ edV

emission processes: dominant component

-[Bremsstrahlung (free-free radiation)] €= f e dvxnnTV?  — T/ e/ =L,/

- collisionally excited emission lines E=feunedvo<neniT—1/z LT/ SN LN

LX = f—[f EdV (0.¢ nng/ZRS (assuming n,=const. T=const.)

can this be used to learn something about the gas?
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" hot X-ray gas

 X-ray luminosity L, ~ 10%-10% erg/s = [[[ edV

emission processes: dominant component

-[Bremsstrahlung (free-free radiation)] €= f e dvxnnTV?  — T/ e/ =L,/

- collisionally excited emission lines E=feunedvo<neniT—1/z LT/ SN LN

= f—[f EdV (0.¢ nng/ (assuming n,=const. T=const.)

| |

observed observed

can this be used to learn something about the gas?




Galaxy Clusters properties

" hot X-ray gas

 X-ray luminosity L, ~ 10%-10% erg/s = [[[ edV

emission processes: dominant component

-[Bremsstrahlung (free-free radiation)] €= f e dvxnnTV?  — T/ e/ =L,/

- collisionally excited emission lines E=feunedvo<neniT—1/z LT/ SN LN

— fjf edlV « [nng/%RSJ (assuming n,=const. T=const.)

| |

observed observed
v \ 4

modelled

can this be used to learn something about the gas?




Galaxy Clusters

properties

" hot X-ray gas

e X-ray luminosity

emission processes:

- Bremsstrahlung (free-free radiation)

- collisionally excited emission lines
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LRl |
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S
|

Flux (arbitrary units)
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L, ~ 108-10% erg/s

* shape of spectrum, and

* strength of emission lines

simulated spectrum demonstrating the detail

] that will be captured by ESA's Athena X-ray observatory
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properties

" hot X-ray gas

e X-ray luminosity
* very low density

* extremely hot

L, ~ 108-10% erg/s
n, ~10'-10* cm3

T ~107-108K
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" hot X-ray gas
e X-ray luminosity

* very low density
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T ~107-108K

but why?
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" hot X-ray gas
e X-ray luminosity

* very low density

L, ~ 108-10% erg/s

n, ~10'-10* cm3

* extremely hot

T ~107-108K
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" hot X-ray gas

 X-ray luminosity L, ~ 108-10% erg/s
* very low density n, ~101-104 cm-3
* extremely hot T ~107-108K

gravitationally accelerated material




Galaxy Clusters properties

" hot X-ray gas

 X-ray luminosity L, ~ 108-10% erg/s
* very low density n, ~101-104 cm-3
* extremely hot T ~107-108K

accretion shocks:

/// ’/ / but why?

gravitationally accelerated material

kinetic energy is converted
into thermal energy




Galaxy Clusters

properties

" hot X-ray gas

e X-ray luminosity

* very low density

L, ~ 108-10% erg/s

n, ~ 10'-104 cm-3

* extremely hot

T ~107-108K

accretion shocks:

radio emission
caused by
accretion shocks

=)
(=3
o
N
3
z
o
=
<
=
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06 03 30

00

0 00 01 30
RIGHT ASCENSION (J2000

00 00 30

but why?

(Bagchi et al. 2006)

0005 59 30




Galaxy Clusters

properties

" hot X-ray gas

e X-ray luminosity

* very low density

L, ~ 108-10% erg/s

n, ~ 10'-104 cm-3

* extremely hot

T ~107-108K

accretion shocks:

possible sites for
cosmic ray creation!

radio emission
caused by
accretion shocks

=)
(=3
o
N
3
z
o
=
<
=
=)

06 03 30

00

0 00 01 30
RIGHT ASCENSION (J2000

00 00 30

but why?

(Bagchi et al. 2006)

0005 59 30




Galaxy Clusters properties

" hot X-ray gas

 X-ray luminosity L, ~ 108-10% erg/s
* very low density n, ~101-104 cm-3
* extremely hot T ~107-108K

but why?

another estimate of T:

2 ~




Galaxy Clusters

properties

" hot X-ray gas
e X-ray luminosity

* very low density

L, ~ 108-10% erg/s

n, ~ 10'-104 cm-3

* extremely hot

T

~ 107-108 K

another estimate of T:

-~

but why?




Galaxy Clusters

properties

" hot X-ray gas
e X-ray luminosity

* very low density

L, ~ 108-10% erg/s

n, ~ 10'-104 cm-3

* extremely hot

T ~107-108K

another estimate of T:

galaxies

live in the same potential

m

2
ST ~ 2288 & 4.107K

3k

but why?




Galaxy Clusters properties

" hot X-ray gas — radiative cooling

 X-ray luminosity L, ~ 108-10% erg/s
* very low density n, ~101-104 cm-3
* extremely hot T ~107-108K

if unperturbed, the emitted X-ray radiation will cool the gas!
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" hot X-ray gas — radiative cooling

 X-ray luminosity L, ~ 108-10% erg/s
* very low density n, ~101-104 cm-3
* extremely hot T ~107-108K

if unperturbed, the emitted X-ray radiation will cool the gas:

N 2n kT ~ T A - ( Ne )—1
0t = 2 T T 108 K )\ 10-2erg cm? 5T 102 cm—3
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" hot X-ray gas — radiative cooling

 X-ray luminosity L, ~ 108-10% erg/s
* very low density n, ~101-104 cm-3
* extremely hot T ~107-108K

if unperturbed, the emitted X-ray radiation will cool the gas:

N 2n kT ~ T A - ( Ne )—1
0t = 2 T T 108 K )\ 102erg cm? 5T 102 cm—3

Hubble time
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Galaxy Clusters properties

" hot X-ray gas — radiative cooling

 X-ray luminosity L, ~ 108-10% erg/s
* very low density n, ~101-104 cm-3
* extremely hot T ~107-108K

if unperturbed, the emitted X-ray radiation will cool the gas:

N 2n kT ~ T A - ( Ne )—1
0t = 2 T T 108 K )\ 102erg cm? 5T 102 cm—3

\ J
Y

Hubble time <<| in the cluster centre

= we should see ‘cool cores’ and ‘cooling flows’!?
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properties

" hot X-ray gas — radiative cooling

Without radiative cooling

With radiative cooling

(Kravtsov & Borgani 2012)
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properties

" hot X-ray gas — radiative cooling

 X-ray luminosity L, ~ 108-10% erg/s
* very low density n, ~101-104 cm-3
* extremely hot T ~107-108K

if unperturbed, the emitted X-ray radiation will cool the gas:

N 2n kT ~ T A - ( Ne )—1
0t = 2 T T 108 K )\ 102erg cm? 5T 102 cm—3

\ J
Y

Hubble time <<| in the cluster centre

= we should see ‘cool cores’ and ‘cooling flows’!?

“cooling flow problem”:

only a few clusters (if any) show signs of cooling flows and/or cool cores...




Galaxy Clusters properties

" hot X-ray gas — radiative cooling

 X-ray luminosity L, ~ 108-10% erg/s
* very low density n, ~101-104 cm-3
* extremely hot T ~107-108K

if unperturbed, the emitted X-ray radiation will cool the gas:

Hubble time <<I in the cluster centre
= we should see ‘cool cores’ and ‘cooling flows’!?

“cooling flow problem”:

only a few clusters (if any) show signs of cooling flows and/or cool cores...
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" hot X-ray gas — radiative cooling vs. AGN heating

system
settles. down




Galaxy Clusters properties

" hot X-ray gas — radiative cooling vs. AGN heating
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system
settles.down
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" hot X-ray gas — radiative cooling vs. AGN heating

. cooling and accretion
Cooling onto a central SMBH

cooling is
reestablished

system
settles.down




Galaxy Clusters

properties

" hot X-ray gas — radiative cooling vs. AGN heating

. cooling and accretion
Cooling onto a central SMBH

cooling is
reestablished

system
settlesdown cooling is arrested
. . ¥ PO (heating rate =~ cooling rate)
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properties

" hot X-ray gas — numerical modelling

GAS DENSITY

DARK MATTER DENSITY
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properties

" hot X-ray gas — numerical modelling

Hydra cluster in X-rays

‘Hydra eluster in optical




Galaxy Clusters

properties

" hot X-ray gas — numerical modelling

can we be sure that this is done correctly?

Hydra cluster in X-rays

‘Hydra eluster in optical




Galaxy Clusters

properties

" hot X-ray gas — numerical modelling

comparison of different codes

Type Code name CSF  AGN  Versions Reference
Grid-based RAMSES Y Y RAMSES-AGN  Teyssier et al. (2011)
Moving mesh AREPO Y Y AREPO-IL Vogelsberger et al. (2013, 2014)
Y N AREPO-SH

Modern SPH G3-X Y Y

G3-PESPH Y N Huang et al. (in prep.)

G3-MAGNETICUM Y Y Hirschmann et al. (2014)
Classic SPH G3-Music Y N G3-Music Sembolini et al. (2013)
G2-MusicPI Piontek & Steinmetz (2011)
G3-OWLS Y Y Schaye et al. (2010)
G2-X Y Y Pike et al. (2014)

(Sembolini et al. 2016)
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" hot X-ray gas — numerical modelling: no feedback
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" hot X-ray gas — numerical modelling: no feedback
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o temperature profile
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properties

" hot X-ray gas — numerical modelling: no feedback

T/n2® [keV hcm?]

S=

discrepancy to to numerics!

...and actually known since 1999
(Frenk et al. 1999)

residuals
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(Sembolini et al. 2016)
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" hot X-ray gas — numerical modelling: with feedback
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" hot X-ray gas — numerical modelling: with feedback
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properties

" hot X-ray gas — numerical modelling: with feedback

entropy profile
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" hot X-ray gas — numerical modelling: with feedback

entropy profile
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the free parameters in the feedback modelling

compensate for numerical problems
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e X-ray luminosity
* very low density

* extremely hot

L, ~ 108-10% erg/s
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T ~107-108K




Galaxy Clusters

properties

" hot X-ray gas
e X-ray luminosity
* very low density

* extremely hot

* gas mass!

L, ~ 108-10% erg/s
n, ~10'-10* cm3

T ~107-108K




Galaxy Clusters properties

" hot X-ray gas

 X-ray luminosity L, ~ 108-10% erg/s
* very low density n, ~101-104 cm-3
* extremely hot T ~107-108K

* gas mass!

Ly(R_,R,) = 4 jo " dz jR “ iR R [ne(r)nH(r)] A(T)
i M,

g

with: 12 = R? 4 72
Nn, electron number density

Ny  proton number density
A radiative cooling coefficient
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" hot X-ray gas

 X-ray luminosity L, ~ 108-10% erg/s
* very low density n, ~101-104 cm-3
* extremely hot T ~107-108K

* gas mass M, ~ 1013-10'* Mg,




Galaxy Clusters properties

" hot X-ray gas

 X-ray luminosity L, ~ 108-10% erg/s
* very low density n, ~101-104 cm-3
* extremely hot T ~107-108K

* gas mass M, ~ 1013-10'* Mg,

turns out to be f;, ~ 0.95 f} cosmic
(see total mass estimation on following slides...)
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properties

=" general properties

N

galaxies

Mass

Radius

= abundance
n

clusters

(ngalaxies

" baryonic properties

10-103
10'4-10'> Mg
-5 Mpc

10>/ Mpc3
102/ Mpc3)

1043-1045 erg/s
108 K

10'3-10'4 Mg
0.95 1, cosmic
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properties

=" general properties

N

galaxies

total cluster Mass

Radius

= abundance
n

clusters

(ngalaxies

" baryonic properties

10-103
10'4-10'5 Mg
-5 Mpc

10>/ Mpc3
102/ Mpc3)

1043-10% erg/s
108 K
101310 M
0.95 f,, cosmic
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= cluster mass estimates

* galaxy motion inside cluster
* hot X-ray gas

* gravitational lensing
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Galaxy Clusters properties

= cluster mass estimates

* gravitational lensing™:

M(<0,.) =1.1x10* Mg (0,./30”)? (D/Gpc) with D =Dy Dy / Ds

*more details in Advanced Cosmology lecture...




Galaxy Clusters

properties

= cluster mass estimates

* galaxy motion inside cluster
* hot X-ray gas

* gravitational lensing




Galaxy Clusters properties
" cluster mass profile
* hot X-ray gas - in hydrostatic equilibrium:
M(<r)=— 4+ (exercise)

kTr (dlnp, dinT
dinr  dlnr

Gum,




Galaxy Clusters properties

= cluster mass estimates

» galaxy motion inside cluster®
* hot X-ray gas

* gravitational lensing

*remember Zwicky back in 1933...




Galaxy Clusters

properties

= cluster mass estimates

* galaxy motion inside cluster:

virial theorem: 2 Ey;, + E, =0




Galaxy Clusters properties

= cluster mass estimates

* galaxy motion inside cluster:

virial theorem: 2 Ey;, + E, =0

2B =2 mviE =2 m (vt v 2+ v,?)

E,o = - (3/5) G MR




Galaxy Clusters properties

= cluster mass estimates

* galaxy motion inside cluster:

virial theorem: 2 Ey;, + E, =0

_ 2 2 2 2\ — 2 = 2~ — 2
2 Ein =2 mivit =3 my (Ve i® t vy it TV, ) =3 ) My vigg it = 3 M <y 7> =3 M 0,

E,o = - (3/5) G MR




Galaxy Clusters properties

= cluster mass estimates

* galaxy motion inside cluster:

virial theorem: 2 Ey;, + E, =0

_ 2 2 2 2\ — 2 = 2~ — 2
2 Ein =2 mivit =3 my (Ve i® t vy it TV, ) =3 ) My vigg it = 3 M <y 7> =3 M 0,

E,o = - (3/5) G MR

NM: 5R 0i,¢/ G m




Galaxy Clusters properties

= cluster mass estimates

* galaxy motion inside cluster:

virial theorem: 2 Ey;, + E, =0

_ 2 2 2 2\ — 2 = 2~ — 2
2 Ein =2 mivit =3 my (Ve i® t vy it TV, ) =3 ) My vigg it = 3 M <y 7> =3 M 0,

E,o = - (3/5) G MR

NM: 5R 0i,¢/ G m

we can do even better and get the mass profile...




Galaxy Clusters properties

" cluster mass profile

* galaxy motion inside cluster:

GM (<LT) . o4
— —T ; o

ok 1A 2 of _
Jeans equation*: S ar (poyr) + 28 .

*analog to hydrostatic equilibrium, but now velocity dispersion balances gravity...




Galaxy Clusters properties
" cluster mass profile
* galaxy motion inside cluster:
: 1d of GM(<r o
Jeans equation™: S (pof) + Z,BTT =  GMi=r)  B=1-3

*analog to hydrostatic equilibrium, but now velocity dispersion balances gravity...

r /
anisotropy parameter:
difference between radial and tangential velocities...




Galaxy Clusters properties
" cluster mass profile
* galaxy motion inside cluster:
: 1d of GM(<r o
Jeans equation: S (pof) + Z,BTT = — i )  B=1-3

M(<r)=-—

dinp dinc?

oiT
G

dinr

_I_

dinr T

26)




Galaxy Clusters properties

" cluster mass profile

* galaxy motion inside cluster:

MLr)=—

orT dlnp_l_dlna,?_l_2 8
G \dilnr dlnr B | i




Galaxy Clusters properties

" cluster mass profile

* galaxy motion inside cluster:

MLr)=—

N

dlnr+ dinr + 28 S
7\

G

orT (dlnp dino? -2

. am
circular problem as p = —




Galaxy Clusters properties

" cluster mass profile

* galaxy motion inside cluster:

o’r (dinp dlno? -2

M —— 2 ; ﬂzl——z
(<7) G \dinr T dinr +2p
7\

N

. am . . ,
circular problem as p = —,  — iterative solution...




Galaxy Clusters properties

" cluster mass profile

hydrostatic equilibrium: M(<r)=—

kTr (dinp, dInT
dinr  dinr

_I_
um,G

Jeans equation: M(Lr)=— orr (dinp + dino; + 2[
G \dlnr dinr




Galaxy Clusters properties

" cluster mass profile

* the f— model*

hydrostatic equilibrium: M(< 1) = — kTr (dinp, n ailnT
um,G \ dinr — dinr
2 2
— _oFyT dinp dlnoy
Jeans equation: M(<r) = - (dlnr 4 e + 2

*has nothing to do with the anisotropy parameter!




Galaxy Clusters

properties

" cluster mass profile

* the f— model:

hydrostatic equilibrium:

Jeans equation:

*has nothing to do with the anisotropy parameter!

M(< 7) = kTr (dilnp, N dinT
= um,G \ dinr — dinr
2 2
_orr(dlnp dinoy
M(<T)= G (dlnr * dinr

2
g9 4. . . . .
0=p=1- 0—2 (isotropic velocity dispersion)
T
02=const.

T =const.

+26)




Galaxy Clusters

properties

" cluster mass profile

* the f— model:

hydrostatic equilibrium:

Jeans equation:

kTr (dlnp,
M = —
(<) um, G < dinr >

M(<r) = — orT (dlnp)

G \dinr

2
g9 4. . . . .
0=p=1- 0—2 (isotropic velocity dispersion)
T
02=const.

T =const.




Galaxy Clusters properties

" cluster mass profile

* the f— model:

hydrostatic equilibrium: M(<71)=— kTr (dinp,
um,G \ dinr
2
. _OfT dlnp)
Jeans equation: M(<r)= ; (dlnr

dinp, KTr__, dInp
dinr pm,  dlnr

dlnp, B Gf,ump B ﬂ
dlnp kKT

s
L P (ﬁj
ng pO




Galaxy Clusters properties

" cluster mass profile

* the f— model:

hydrostatic equilibrium: M(<71)=— kTr (dinp,
um,G \ dinr
2
. _OfT dlnp)
Jeans equation: M(<r)= ; (dlnr

dinp, KTr__, dInp
dinr pm,  dlnr

dlnp, B Gf,ump B ﬂ
dlnp kKT

careful: f here is not the anisotropy-/!

s
L P (ﬁj
ng pO




Galaxy Clusters properties

" cluster mass profile

* the f— model:

P _ (ﬁ)ﬁ g = FHHm
Pg,0 Po kT

under the assumptions:

2
0 =1- Z—g (isotropic velocity dispersion)

02=const.

T =const.




Galaxy Clusters

properties

=" general properties

= abundance

" baryonic properties

N

galaxies

Mass

Radius

n

clusters

(ngalaxies

10-103
10'4-10'> Mg
-5 Mpc

10>/ Mpc3
102/ Mpc3)

1043-10% erg/s
108 K
101310 M
0.95 f,, cosmic




Galaxy Clusters

properties

=" general properties

= abundance

" baryonic properties

N galaxies
Mass

Radius

n

clusters

(ngalaxies

~

10-103
10'4-10'> Mg
-5 Mpc

10>/ Mpc3
102/ Mpc3)

1043-10% erg/s
108 K
101310 M
0.95 f,, cosmic

just count...




Galaxy Clusters

properties

=" general properties

the cluster galaxy population!?

= abundance

" baryonic properties

N galaxies
Mass

Radius

n

clusters

(ngalaxies

10-103
10'4-10'> Mg
-5 Mpc

10>/ Mpc3
102/ Mpc3)

1043-10% erg/s
108 K
101310 M
0.95 f,, cosmic




Galaxy Clusters properties

" galaxy population

Edwin Hubble's e
Classification e T
Scheme - - -

Sc

Sb

g Sa. ' z
Ellipticals \ _ ,_
EO E3 E5 E7 SO

o-o o @ Spirals
.- N\




Galaxy Clusters

properties

" galaxy population:

morphology-density relation

0.8 -

o
o

fraction

o
-~

0.2 -

1 1 1 1 1 1 i, |

(Dressler et al. 1997)

0 1 2
log surface density (Mpc~2)




Galaxy Clusters

properties

" galaxy population:

morphology-density relation

0.8 -

o
o

fraction

o
-~

0.2 -

. | X X L L 1 | 1 1 1 | i, |

(Dressler et al. 1997)

0 1 2
log surface density (Mpc~2)

»

increasing density = closer to cluster centre




Galaxy Clusters

properties

" galaxy population:

morphology-density relation

o
(o

fraction

o
-~

0.2 -

1 ] 1 ! T l ' T I T 1 T I

55 Cluster Sample all [ E
""" S0
Sp

! It L L | I 1 1 | 1 { { L |

0 1 2 3
log surface density (Mpc~2)

increasing density = closer to cluster centre

(Dressler et al. 1997)




Galaxy Clusters properties

" galaxy population: morphology-density relation
U T T T o R T T T T T T P T T T —
1~ -
- 55 Cluster Sample all |:| E il
S 0 ]
0.8 Sp "

spiral galaxies preferentially found in cluster outskirts

8 0.6 elliptical galaxies preferentially foundtowards centre
'_; - 4
e \ rr v/ A\ ..
@
i N ERS LSS 1 ek
e
0.4 - =
=<
. 4 o
>
i | =
0.2 - -1 8
- -4
g
i 14
i |2
@]
0 Il | Il 1 X L L l 1 1 1 1 1 { l Il Il | Il ~
-1 0 1 2 3 4

log surface density (Mpc—2)

increasing density = closer to cluster centre




Galaxy Clusters properties

" galaxy population: morphology-density relation

carful though...

0.8 - : ~

spiral galaxies pj

g 0.6 |- found towards centre
- - 4
3]
© 4
B
L
04 - a
I =
! |l
o
[ 1<
0.2 - <8
- - o
o
! - 1 4
I |2
Q
0 1 1 1 1
-1 0 1 2 3 4

log surface density (Mpc2)

increasing density = closer to cluster centre




Galaxy Clusters properties

= galaxy population: Butcher-Oemler effect

! O Butcher & Oemler (1984) §
0.6 [~ 4 Smail et al (1998) =

x Ellingson et al (2001) g
~ % Fabricant et al (1991) N q
~ @ van Dokkum et al (2000) i

-
N

blue fraction®
o
~
T
—5—
L

F—¢—
[
(van Dokkum 2002)

*spiral galaxies are preferentially blue




Galaxy Clusters properties

= galaxy population: Butcher-Oemler effect

! O Butcher & Oemler (1984) §
0.6 [~ a Smail et al (1998) o

x Ellingson et al (2001) g
~ % Fabricant et al ( 1991 ) fracti?n of blue galaxies in clus€ers increases with redshift

~ @ van Dokkum et al (2000) i

blue fraction

1
(van Dokkum 2002)




Galaxy Clusters

properties

" galaxy population:

early—type fraction

O
0

o
o

o
N

O
N

decline of elliptical galaxies with redshift

| O Andreon et al (1997)

| a Dressleretal (1997)

| @ van Dokkum et al (98,01)
| x Lubin et al (1998)

| % Dressler (1980)

l 1 ! 1 l | 1 1 l | 1

1 0.8 0.6
age Universe (xt,)

(van Dokkum 2002)




Galaxy Clusters

properties

" galaxy population:

clear signs of temporal evolution

[
™ O Butcher & Oemler (1984)

0.6 [ aSmailetal (1998)

0.4 —

blue fraction

0.2

T

~ x Ellingson et al (2001)
- * Fabricant et al (1991)
- @ van Dokkum et al (2000)

early—type fraction

0.8

0.6

0.4

0.2

|||||||||||||l_o

L O Andreon et al (1997)
| a Dressler etal (1997)
| ® van Dokkum et al (98,01)

L x Lubin et al (1998)
| % Dressler (1980)

1

1

I 1 1 1 [ 1 1

1

0.8 0.6
age Universe (xt,)




Galaxy Clusters

properties

" galaxy population vs. intra-cluster stars




Galaxy Clusters

properties

" galaxy population vs. intra-cluster stars

Abell 383

Abell 1423

(Burke et al. 2015)




Galaxy Clusters

properties

" galaxy population vs. intra-cluster stars

Abell 383

Abell 1423

(Burke et al. 2015)




Galaxy Clusters

" introduction
" properties
= scaling relations

" application




Galaxy Clusters scaling relations

" properties

* total mass M, ~104-10'> Mg
* extremely hot T ~ 107-108 K
* gas mass M, ~10"3-10" Mg

 X-ray luminosity L,  ~10%-10% erg/s




Galaxy Clusters

scaling relations

" properties

* total mass
* extremely hot
* gas mass

e X-ray luminosity

related!

M Vir

10'4-10'S Mg,
107-108 K
10'3-10'4 Mg,

1043-10% erg/s




Galaxy Clusters

scaling relations

" M,; — M, relation

Mgos,5OO ( N 70_5/2 M G))

1014

Mg X fb,cosmic Mvir

T T T TITIII‘ T T T T

groups’

HIFLUGCS «--oevveee-

(Lovisari et al. 2015)

/|O13 | 1014
Mtot,5OO <h70_1 M@)




Galaxy Clusters scaling relations

= M, — T relation

Ny
~

M, o T3/? (exercise)




Galaxy Clusters

scaling relations

= M, — T relation

RN
-
(@)

—\
O
~

Mtot,SOO <h 7O_1 M (D)

RN
O
N

groups’
HIFLUGCS

Eckmiller+11°

Sun+09°
Vikhlinin+09

(Lovisari et al. 2015)




Galaxy Clusters

scaling relations

= M. — L, relation

Bremsstrahlung: Ly o< e(T, py)r® o< T'/?p2r®,

4
Mvir - _ﬂ-Acchgir

3

3H?
. _ E2 0
) = B 20
ngvir

Pg X3

vir

Mvir X T3/2




Galaxy Clusters

scaling relations

= M. — L, relation

Bremsstrahlung: Ly o< e(T, py)r® o< T'/?p2r®,

47 3

Mvir — ?Acpcrm‘r
3H?
. _ E2 0
) = B 20
ngvir
Pg X3

vir

Mvir X T3/2

Mvir o« L

3/4
X




Galaxy Clusters

scaling relations

= M. — L, relation

groups’

4 %roups BC ---
7 HIFLUGCS
HIFLUGCS BC - - -
Pratt+09 BC

Arnaud+ 10 BC
Eckmiller+11° - - -

lll‘ 1 1 | ll‘ 1

1

1014 %015
Mtot,5OO <h70_1 M@)

(Lovisari et al. 2015)




Galaxy Clusters

scaling relations

m 7'— L, relation

M,,;, o T3/2

3/4
Mvir X LX/

Ly < T?




Galaxy Clusters

scaling relations

m T'— L, relation

1045k

1044*

1043*

Ly (h7o_2 erg S_1>

1042 T

"7 . groups’
¥4 groups BC
{/ HIFLUGCS

Eckmiller+11 BC’
A Pratt+09

Shang+09°
Osmond+04’

(Lovisari et al. 2015)




Galaxy Clusters scaling relations

" M. — Mg relation?




Galaxy Clusters

" M. — Mg relation!

M, 500 (1072 M)

10

T

T T T T I

@®:-<01
001<z<0.6

L

1 1 1 l

10

M, 500 (103M,)

(Kravtsov & Borgani 2012)

scaling relations




Galaxy Clusters

" introduction
" properties
" scaling relations

= application




Galaxy Clusters

(Bahcall et al. 1999)




Galaxy Clusters

galaxy clusters have been one of the pilars
in the determination of cosmological parameters

(Bahcall et al. 1999)




Galaxy Clusters

application

" number density evolution

* high-mass end of massfunction

" Sunyaev-Zeldovich effect




Galaxy Clusters

application

* humber density evolution

* high-mass end of massfunction

" Sunyaev-Zeldovich effect




Galaxy Clusters

application

" number density evolution

(clusters per [Mpc/h]3)
2 S

Abundance of massive clusters

[—
ot
—h
N

:

o |

i

|

{

(Bahcall et al. 1999)




Galaxy Clusters application

" number density evolution

106 ] normalisation sensitive to (25 SCDM

f

::*_ { I
—

- 2N - |

‘:::::'—':::-. ‘ 3

4::::.'__::::2.> + T 5

.

N-ocom
ACDM _

(clusters per [Mpc/h]3)
2 S

TCDM j

Abundance of massive clusters

(Bahcall et al. 1999)

[—
<
—h
N
:
o
o 3
3y
—i
o
L

Redshift




Galaxy Clusters application

" number density evolution

106 ] normalisation sensitive ©© Q0. sepm

f

::*_ { I
—

- 2N - |

‘:::::'—':::-. ‘ 3

4::::.'__::::2.> + T 5

.

N-ocom
ACDM _

(clusters per [Mpc/h]3)
2 S

TCDM j

Abundance of massive clusters

(Bahcall et al. 1999)

[—
<
—h
N
:
o
o 3
3y
—i
o
L

Redshift




Galaxy Clusters application

" number density - Gg = variance of mass on scale of 8 Mpc

2.

N

[0
o
©
o
>
-
=
2
c
2
a2
£
o
L
©
£
?
S
<)
o
N

0O 02 04 06 08 1.0 12 14 1.6 1.8 2.0 22 24 26 28 3.0 32 34 36 38 40 42 44 46
y coordinate in billion light years




Galaxy Clusters application

" number density - Gg = variance of mass on scale of 8 Mpc

2.

N

[0
o
©
o
>
-
=
2
c
2
a2
£
o
L
©
£
?
S
<)
o
N

0O 02 04 06 08 1.0 12 14 1.6 1.8 2.0 22 24 26 28 3.0 32 34 36 38 40 42 44 46
y coordinate in billion light years




Galaxy Clusters

application

" number density - Gg = variance of mass on scale of 8 Mpc

z=3

ACDM

SCDM (5

rCDM (RS E

OCDM

z=1 z=()

0.52 Q"

-0.52+0.13Q,




Galaxy Clusters application

= humber density - os — () tension
y 8 m

0.8

LME A
CME 2016 LCDM

0.84

0.8

g

0.76 1

0.72

0.63

0.20 0.2 0.28 0.32 0.3 040




Galaxy Clusters

application

" number density evolution

" high-mass end of massfunction

" Sunyaev-Zeldovich effect




Galaxy Clusters

properties

= the mass function:

mass spectrum of objects
(dark matter haloes)




Galaxy Clusters properties

= the mass function:*

D(a)

( _53 )dM oy = 2;2IP(k)W2(kR)k2 dk P(k)=(D(a0)) Py(k)
M

dlno,,
dinM

= |2 PO
dM T M o,

2
20 Y W(x)= %(sin(x) - xcos(x))
e

mass spectrum of objects
(dark matter haloes)

*Press-Schechter (1974) mass function (cf. LSS lecture of Cosmology)




Galaxy Clusters

properties

= the mass function:

n_ v

am

-1

©

' )h4 Mpce > M

dn
dM

Mass Function (

_ 2P0

dlno,,

-5

dM

T Mo,

10'10

dinM

exp(

2
20,

|

M

2
Oy =

W(x)= %(sin(x) - xcos(x))
e

10—12
10
107°
10718
10—20
10-22
10—24
10-26

10-28

1
27°

f P(W?(kR)K* dk P(k>=(
0

(http://hmf.icrar.org)

D(a)
D(ay)

) Fy (k)
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Galaxy Clusters properties

* the mass function: high-mass end

2 1 " ~2 2 D(a) ’
dan . |2P O |dno, -0; |dM My { PUOW (R dk P(k)=(D<ao>) fol0
am T Mo, |dnM 200, | M

W(x)= %(sin(x) - xcos(x))
e

10 N

exponential tail: there should be very few

1012 Lo SRR S S g S | objects with high mass!
yen IS S
e } } }
= 10 L. S LN ST
& ? ? ?
= L . e e SN .
= | | |
il% 10720 | ............... ............... ..............
S f f f
2 102L S S TR
c : . :
2 ? ? ? <
o 1024 | TR SEUTURR L 3
° 3 3 3 £
1026 Lo SRR TR T :é
: : : £
1028 L. e S e E
? ? ? =
o0l

10%° 1oM 1022 105 o
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Galaxy Clusters properties

* the mass function: high-mass end

17 . D(a)\
dn M - EE 8. |dno,, ( _53 )dM oy = 2ﬂ2{P(k)W2(kR)k2 dk P(k)=(D(a0)) Py (k)
2
dM xMo,|dnM 20, M W(x)=%(sin(x)—xcos(x))
10-11 -
there should be very few
1014 | objects with high mass!
(especially at high-2)
10-17
To
= 10720
C?U
§ 10723
E 26
sE 10
S 107
2
-32 —
> 10 %‘
2 107 s
=2 . . . . . \ 2
1078 oo R e e poeeeho g
. . . . . \ =
10% fo S R R e R : §
10'44 | | I | | \
1010 1011 1012 1013 1014 1015 1016

Mass (M h ")
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Galaxy Clusters

properties

* the mass function: high-mass end “El Gordo”

-

2= 087
M =3x10'5 Mg

Galaxy Cluster “El Gordo” with Mass Map and X-ray

Hubble Space Telescope = ACS/WFC = Chandra X-ray Observatory

NASA and ESA

STScl-PRC14-22b




Galaxy Clusters properties

" the mass function: high-mass end “El Gordo”

* galaxy clusters found at any given redshift too massive for ACDM?

x 10”
4r contours derived from simulations _ 99% |
15 BN 95% |
' ST 66%
MO
3 - — - = " ‘max ||
225
=)
g
g’ =
= 15 S
1 o
:
0.5
0 | | _J0044 -
0 0.5 1 1.5 2




Galaxy Clusters properties

" the mass function: high-mass end “El Gordo”

* galaxy clusters found at any given redshift too massive for ACDM?

X 1015 maybe simulated volumes not large enough!?
47 contours derived from simulations _ 0099, ]
3.5 B 95% | |
' I 66%
MO
3 - - - - max | |
225
=
=
s =
= 15 )
1 g
S
0.5 g
0 . . _Joo44 -
0 0.5 1 15 >




Galaxy Clusters

properties

" the mass function: high-mass end

* Jubilee simulation (http://jubilee.ft.uam.es)

—~

“El Gordo”

wha “igF




Galaxy Clusters

properties

" the mass function: high-mass end

* Jubilee simulation (http://jubilee.ft.uam.es)

Maximun Mass (M55 10" M_/h)

“El Gordo”

N

N

—_

Woatson et al. (2015)

0.0 0.2

1.0 1.0

N
@)




Galaxy Clusters

application

" number density evolution

* high-mass end of massfunction

* Sunyaev-Zeldovich effect




Galaxy Clusters

application

* Sunyaev-Zeldovich effect

Energetic
electron

85
7

Hot plasma

Comptonized
photon
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application

* Sunyaev-Zeldovich effect
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Galaxy Clusters

application

* Sunyaev-Zeldovich effect

Energetic
electron

85
7

Hot plasma

Comptonized
photon




Galaxy Clusters application

* Sunyaev-Zeldovich effect

* thermal: CMB photons scatter off the hot intra-cluster gas

* kinetic: the cluster gas has a bulk motion with respects to the CMB
and hence induces a Doppler shift




Galaxy Clusters

application

* Sunyaev-Zeldovich effect

* thermal: CMB photons scatter off the hot intra-cluster gas




Galaxy Clusters

application

* Sunyaev-Zeldovich effect

* thermal: CMB photons scatter off the hot intra-cluster gas

frequency shift:

Av. AE kT —hv
v E  muc?

~y
~y

m,c?




Galaxy Clusters

application

* Sunyaev-Zeldovich effect

* thermal: CMB photons scatter off the hot intra-cluster gas

frequency shift:
Av kT
vV m,c?

/10718 [Wm~2Hz'sr1]

10.0000 f
1.0000 }

0.1000 }
0.0100 |

0.0010k
0.0001 [

simple shift

CMB _—
shifted CMB spectrum —

1

10

100 1000
v [GHz]




Galaxy Clusters application
* Sunyaev-Zeldovich effect
* thermal: CMB photons scatter off the hot intra-cluster gas
...also affecting CMB anisotropies simple shift
10° " clusters thermal SZ: N 10.0000 S E
10-10 i ] _ n -
- P T 1.0000¢
e e primary / \\( B N 3
107 E a N : E :
/0 \kmetlc SZ 7 T [
g 107 1 Y 0.1000¢
= c s
O 1078 & L
= Z, 0.0100¢
+ 10714 | E F
Sass 2 00 -
10-15 | . N [
) | o o 0.0010¢ —
10-e B patchy “‘\ = — i shifted CMB spectrum —_—
reibnization L \; 0.0001 . ;
10-17 ~_o 3 2 .
il gl sl s bl ol s 0

10 102

108 104

108 108

10

100
v [GHz]




Galaxy Clusters application

* Sunyaev-Zeldovich effect

* thermal: CMB photons scatter off the hot intra-cluster gas

...also affecting CMB anisotropies

simple shift
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Galaxy Clusters application

* Sunyaev-Zeldovich effect

* thermal: CMB photons scatter off the hot intra-cluster gas

SZ effect (white contours) for Abell 2218
as modelled for the observed gas (orange)

(Bock et al., arxiv:0604101)
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application

" Sunyaev-Zeldovich effect — applications
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" Sunyaev-Zeldovich effect — applications

* scattering effect = magnitude is redshift independent!




Galaxy Clusters

application

" Sunyaev-Zeldovich effect — applications

* scattering effect = magnitude is redshift independent!

= SZ effect allows for detection of high-z clusters




Galaxy Clusters application

" Sunyaev-Zeldovich effect — applications
* detection of high-z clusters

SPT-CL J0459-4947
* Zoy> 1.5
e M~ 101 M@

Decl. (J2000)

-49.80

-49.82

(Bleem et al. 2015)

7498 7496 7494 7492 7490 74.88
R.A. (J2000)
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" Sunyaev-Zeldovich effect — applications

* detection of high-z clusters

* detection of accretion shocks

T
_ i‘-fg“"‘i?a -
13:00.0 e & 32 @&,
» A ;
- 10 )

30.0

‘El Gordo’

14:00.0

30.0

-49:15:00.0 SN =

30.0

16:00.0

Declination (J2000)

30.0

17:00.0

30.0

18:00.0

. ’
10.0 05.0 1:03:00.0 55.0 50.0 45.0 02:40.0
Right ascension (J2000)

(Basu et al. 2016)
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application

" Sunyaev-Zeldovich effect — applications

* detection of high-z clusters

* detection of accretion shocks

13:00.0

‘El Gordo’

Declination
-49:16:00.0 15:00.0 14:00.0

17:00.0

18:00.0

10.0 05.0 1:03:00.0 55.0 50.0

Right ascension

45.0

02:40.0

35.0

(Basu et al. 2016)
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" Sunyaev-Zeldovich effect — applications

* detection of high-z clusters

* detection of accretion shocks

* measuring H,
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" Sunyaev-Zeldovich effect — applications

* detection of high-z clusters
* detection of accretion shocks
* measuring H,

Ly « 4mtd?Fy
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application

" Sunyaev-Zeldovich effect — applications

* detection of high-z clusters
* detection of accretion shocks
* measuring H,
Ly « 4mtd?Fy

AT\ ?
L < (77)

73 CMB temperature flucuations

(Cavaliere et al. 1979)




Galaxy Clusters application

" Sunyaev-Zeldovich effect — applications

* detection of high-z clusters

* detection of accretion shocks

* measuring H,

Ly « 4mtd?Fy

AT\ ?
L < (77)
dL == (1 + Z)ZdA

AT\? _ ,
(?) (1 + 2)~2d, o 4md?F,
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" Sunyaev-Zeldovich effect — applications

* detection of high-z clusters

* detection of accretion shocks
2

. AT
* measuring H, d; o (7) (1+2)2F; 1
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" Sunyaev-Zeldovich effect — applications

* detection of high-z clusters

* detection of accretion shocks
2

. AT
* measuring H, d; o (7) (1+2)2F; 1

l

X-ray observation

measured via SZ effect




Galaxy Clusters application

" Sunyaev-Zeldovich effect — applications

* detection of high-z clusters

* detection of accretion shocks

: ATY? o1 b
* measuring H: d; OC(T) (1+2)°Fy" « o
0




Galaxy Clusters

application

" Sunyaev-Zeldovich effect — applications

* detection of high-z clusters

* detection of accretion shocks
AT\? !

. ) Cc
* measuring H: d, (7) (1+2)%F;! « A
0

e

66 km/s/Mpc (Mason et al. 2001)

Hy= = 67 km/s/Mpc (Udomprasert et al. 2004)

_ 67 km/s/Mpc (Kozmanyan et al. 2019)
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