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Galaxy Cluster Abell 2218 HST « WFPC2

NASA, A. Fruchter and the ERO Team (STScl) « STScl-PRC00-08

Thousands of galaxies with v ~ 1000 km/s Gravitational potential defined by
invisible dark matter

Distant galaxies are gravitationally lensed by A 2218




Major components of a galaxy cluster

Stars Hot gas Dark matter
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few % of total mass 15 % 80 %

Optical X-rays, CMB Indirect



There are three effects which make cloud visible:

WL
1. Thermal effect (change of the CMB spectrum ST
in the direction to the cloud with hot gas) § [
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2. Kinetic effect (moving cloud changes the spectrum of
scattered CMB photons due to Doppler effect) AT (o T
— = —— 1y
Full analogy with the origin of the Dipole Component in the CMB angular distribution r ¢

arising due to our motion relative to the reference frame where CMB is isotropic.

3. Blurring effect (CMB in reality is not isotropic. There are angular fluctuations.
Scattering in the cloud removes all anisotropies in the direction to the cloud

except 10% of quadrupole at the position of a cloud oo et
. TT Cross Power
AI i Il(“) - I(p') =— 77 @mm_ g%ff:mmm
Io Io gsooo \\

X'[ au + 0.9b(u>—% + j CnPn(ﬂ)]

1000

o
2
8
<
.
;

(see Sunyaeyv, Zeldovich, 1981)




Comptonization
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Image credit: ESA / HFI & LFI Consortia

C’;) & (Zeldovich and Sunyaev 1969) i
] Hpj COBE-FIRAS limit (95%): y < 1.5 x 107> (Fixsen et al. 1996)
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PLANCK

100

Image credit: ESA / HFI & LFI Consortia

~ 900 clusters confirmed by X-Ray
or optical observations
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ACT and SPT

Dedicated Telescopes for measurement of
CMB polarization and fine angular scale temperature anisotropy

|O0m South Pole Telescope

6m Atacama Cosmology Telescope :
&7 P http://pole.uchicago.edu

http://www.physics.princeton.edu/act/

e Exceptional high and dry sites for dedicated CMB observations.

* Exploiting ongoing revolution in low-noise bolometer cameras




Angular size as a function of z
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This means, that their total flux also does not depend on redshift for0.5<z< 2
(for similar clusters at different redshifts)
because observed surface brightness also does not depend on the redshift






Fenix cluster of galaxies discovered by SPT at z=0.596 and observed by CHANDRA, GALEX and
Magellan: star burst — 800 solar masses a year, luminosity 8 10745 erg/s, cooling flow ~ 3000
Solar masses a year. Black hole in the center accretes 60 solar masses a year.




Lower limit on (y) from Planck and SPT detected
clusters

Sum the (y) from Planck clusters at z < 0.3 and SPT clusters at
z>0.3
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Fig. from Bleem et al. 2015 (SPT) arXiv:1409.0850



Lower limit on (y) from Planck and SPT detected
clusters

Observed clusters = Minimum average y-distortion in the CMB
(y) > 5.4 x 10 (Khatri & Sunyaev 2015)

I n SPT-SZ 2500 deg® @
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Redshift
Fig. from Bleem et al. 2015 (SPT) arXiv:1409.0850



Dolag et al, 2014
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Figure 34. Map of simulated y-distortion taken from [207]. The y-type signal from the
post-reionization epoch is dominated by the collapsed objects and filaments in the large scale
structure.
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Figure 2. Example of the strong non-Gaussianity of the P() function for
SZ clusters. We present the P(D) function for a SZ map in the Rayleigh-
Jeans region of the spectrum. where clusters are ‘negative’ sources. For
comparison, we also show the best Gaussian fit to this P(D) curve (o =
6.1 nK). This curve will be explained in detail in Section 7.

D - deviation

J. A. Rubino-Martin and R. A. Sunyaev , 2003
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Khatri, Sunyaev, 2015

P(y) for the Planck y-map of the
whole sky (Khatri, 2015) i




SPT-CL. . . “SPT-CL
'J2138-6008- - || J2145-5644 .

Optical follow-up,; redshifts, lensing, dynarﬁical masses -



Spectrum-Roentgen-Gamma (SRG)

Navigato
platform

Lavochkin industry,

Khimki near Moscow
Scan of the whole sky from L2

like PLANCK, but in X-Rays,

Launch from Baikonur with Zenit-Fregat, .
during 4 years

@3? September 2017


http://www.mpe.mpg.de/main-d.html
http://www.mpe.mpg.de/main-d.html

eRosita is an instrument designed to perform all sky 0.5 — 10 KeV surveys: Large Field of View,

large effective area

I n St r u m e nt good resolution 15-25”

Telescope Front Cover

2 Star Sensors

7 X-ray Baffles
7 Mirror Modules
2 Sun Sensors
7 Electron Deflectors

2 Camera Cooling Radiators

‘i 7 Filter-Wheels
7/ CCD-Cameras
. 7 Camera Electronics

- «——2 Control Electronics

Hexapod = I/F with S/C

2 E-Box Cooling Radiators

7 identical Mirror Modules Field of View 1° @

54 nested Mirror Shells each Angular Resolution 15 arcsec on-axis

Zidentical pnCCD Cameras Energy Range ~0,3 - 10 keV
(=
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Focal plane complexity
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10 thousand star forming galaxies

AGN

3 Mio. AGN

e Accretion History: XLF, obscured vs. unobscured
e |SS: AGN ACF, AGN/Galaxy CCF, AGN/Cluster CCF
* AGN host Galaxies: Morphology, SFR, Obscuration
e Sub-Populations:

* High Redshift (z>6)

* Extreme Luminosity

e Compton thick AGN
e Spectra: Obscuration, Continuum, Soft Excess, Iron Lines
e Variability: Var. vs. L, L/L 44, 2, Tidal Disruptions
e BAOs 10c detection, but precise redshifts needed.
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AGN Cosmology: BAO
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A fast survey machine

for clusters of galaxies

Chandra eRosita

~30 pointings ~1 pointing
~2 MSEC ~80 ksec Churazov, IKI, MPA
[0.5” HEW] [28” HEW (FoV avg)]
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Clusters of galaxies in X-rays

Evolution of Cluster Mass Function

MdN/dM, per Mpc3
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Will eROSITA detect all Clusters?

50 counts

eRosita
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. . . Hundreds of thousands
S k D I VI S I O n Galactic X-Ray sources:
y supernovae remnants,
young stars and stars
with active coronae,

white dwarfs, neutron
stars etc
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Local Universe (z=0-0.027)
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It will be great to overlap eRosita map with 100 000 clusters and groups of galaxies
onto high quality y-map from the future CMB spacecraft



Tex 1077 k=7 (k)

Diarerio, Sunyaev, Nusser, 2003
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maximum

Polarization

Figure 1. The geometry of the polarization effect induced by the CMB
guadrupole. The vectors ¢,, > and e; define the eigensystem of the CMB
quadrupole temperature anisotropy. The polarization effect has two broad
maxima in the directions *e3 orthogonal to the plane which contains the
minima (*+e) and maxima (*e;) of the quadrupole. In the same plane
there are four directions for which there is no polarization.



Archaeology with polarisation in
clusters of galaxies

FIG. 1. Geomerwy of the problem of the
scattering of the radio waves emitted
by a central source in a cluster of

To observer

Quasars are variable,
we can see the history
of their activity in the
reflected radiowaves
(traces of the jets)

Sunyaev, 1982
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FIG. 2. Solid curve, the function f(p/a) describing the dependence of the
diffuse scattered radiation intensity on the distance of the line of sight
from the compact radio source at the center of a galaxy cluster of core
radius @, Dashed curve, percentage polarization of the diffuse radiation
as a function of p/a.



Thank you !!!
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Bose-Einstein spectrum
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X-RAY EMISSION FROM CLUSTERS OF GALAXIES

Electron temperature ~ 9 KeV

Electron density ~0.03 cm -3

| | | |
3:0 13:u:r.1 0 3:0 u:u

COMA CLUSTER TEMPERATURE MAP (XMM-Newton)
(Briel et al. 2001, image by Churazov)

=

Dark matter mass —
up to 1015 Msun

Sound velocity of gas is close to velocities of galaxies
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Active galactic nuc.lei, and the most
distant, star-forminggalaxies
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tablished.

converge to common value
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The photon spectrum relaxes to equilibrium Bose-Einstein

T and T,
distribution

For yy > 1 equilibr
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u-distortion: Bose-Einstein spectrum, yy > |
COBE-FIRAS limit (95%): u <9 x 10— (Fixsen et al. 1996)
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Creation of CMB Planck spectrum
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Analitical solution(Sunyaev, Zeldovich, 1970

1= ﬂ(to) e—z ~/(ak) (t—to)

Where a and k are scattering (Comptonisation) and real
absorption coefficients correspondently

In the case of Double Compton (emission of second photon
during scattering) spectral deviations decrease with time

final .
- — Eﬂ._{:u"—'d-:}}"
[ jinitial

Danese, de Zotti, 1984



PLANCK/HFI

- Coma, optical image
~ 900 clusters confirmed by X-Ray central part

or optical observations :55 shadow
' oma cluster of galaxies






u-type distortions

Time —> t=380,000 years
t=3mins t=70days t=19years —3g00 years CMB

BBN E
- 3x10° 7 .
ele” - 7 =200 million years
annihilation E_ =
8 - e,
10>z > 10 SRR = S
ntermediate . ) N
Blackbody —type Z —
Photosphere . t S
z z
-e - 3 .
7z=2x10 z=2x10 z=1.5x10 7=1100 z=30 z=6

-<=—— Redshift

Compton + double Compton + bremsstrahlung
Analytic solution: p = 1.4 [ 5= 40 o~ 7(2) ¢
(Sunvaev and Zeldovich 1970)



Processes responsible for creation of CMB spectrum

Dominant few percent
Compton Y Double Compton

! Electron accelerates
Can emit photon
y)/ ,j\\—xT

Recoil=h \{l-cns a)
— e Bremsstrahlung

» Double Compton and bremsstrahlung create/absorb photons
(o< 1/x%)

» Compton scattering distributes them over the whole spectrum
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Local Universe (z=0-0.027)

Y [1e-6]

It will be great to overlap eRosita map with 100 000 clusters and groups of galaxies
onto high quality y-map from the future CMB spacecraft



The general picture
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Intermediate-type distortions (Khatri and Sunyaev 2012b)

Solve Kompaneets equation with initial condition of y—type solution.
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Bose-Einstein spectrum- Chemical potential (1)

|
n(x) = T

Given two constraints, energy density (£) and
number density (/V) of photons, 7', i uniquely
determined.

Idea behind analytic solutions:

It we know rate of production of photons and energy
injection rate, we can calculate the
evolution/production of i (and T)



(Zeldovich and Sunyaev 1969)
COBE-FIRAS limit (95%): y < 1.5 x 107 (Fixsen et al. 1996)
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