We have 2 lectures left:

Feb. 16" — lecture 12 — Today's and Feb. 21*
Feb. 23" — lecture 13 — and Feb. 28"

Mar. 2" — exam at CAMK at room 18/19
Mar. 9" — overview of exam, signing cards

You can still upload your HW#6 and hands-on results
Up to the Feb. 19" (Copernicus birthday).

Overview of this HW#6 will be on Feb. 23"



Summary after 10" and 11" lecture:

10" lecture: 11" lecture:
Accreting physics: SNRs:
- accretion disc - shock heated plasma

- images in different line's emission
- kinematics and shock evolution
- emission from SNe

- accretion efficiency

- Eddington luminosity

- flux from accretion disc
- inner disc temperature

ISM in X-rays:
X-ray binaries: - extinction on heavy ions
- HMXB, LMXB distribution over galactic plane
- transients ]
- eclipsing X-ray binaries Galactic Center:
- X-ray binary pulsars - Sgr A* radio source
- X-ray bursters - mini-spirals in radio emission
- QPO sources - morphology around GC

- hot bubble of ionized gas emission
. ) - flares from GC
Accretmg black holes: - iron line emission as a trace of past activity
- spectral state transition - surface brightness
- X-ray reflection from accretion disc - two-phase medium
- Comptonization in hot corona
- disc truncation
- iron K alpha line
- ULX sources



The theory of different emission processes
across astrophysical objects:

e Solar system objects
e Nuclear Burning Stars
e \White Dwarfs

e Cataclysmic Variables
e Classical Novae

e Pulsars and Isolated Neutron Stars
e Accreting Neutrons Stars and Black Hole binaries
e Supernova Remnants
e Interstellar Medium

e Galactic Center

e Nearby Galaxies

e Active Galactic Nuclei

e Clusters of Galaxies

e Gamma - Ray Bursts

e Cosmic X-ray Background




Lecture 12" : Everything beside AGN:
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Inter-stellar Medium — strong absorption:

ISM — the space between the stars in not empty ...
— interstellar extinction discovered by Trumpler 1930.
— cold neutral Hydrogen, ward ionized gas HIl regions.
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Fig.2. Relative importance of different elements in the interstellar medium for the absorption of soft
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Fig. 1. Illustration of geometries

HIM — hot interstellar medium first in X-rays Giacconi+ 1962,
and soft component (< 2 keV) Bowyer + 1968.



ISM — Soft X-ray emission of gas:

Observations of OVI line towards the different stars Jenkins+ 1974
UV Copernicus spectrometer. Using the ratio of:
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ISM — Soft X-ray emission of gas:
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C — band soft X-ray

emission of the southern
galactic hemisphere Cygnus
loop and Vela SNRs are present.

Neutral hydrogen column
density maps.
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'16. 1b.—Map of the neutral hydrogen column density duta compiled by Daltabuit and Meyer (1972). Each line of shading per resolution element corresponds to 102 H atoms em™,
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Soft X-ray emission decreases with increasing neutral H column
density. Bulk of the cool gas is beyond the X-ray emitting region.
Sanders + 1977.



ISM — Soft X-ray emission of gas:

Local Hot Bubble model
Sanders + 1977.

Solar System is surrounded
by a bubble, filled with hot
plasma of:

DISTANCE FROM SUN

X-RAY EMITTING GAS

6 |
TN 10 K ————+ INCREASING £
-3 -3 F1c. 3.—Schematic picture of the hypothesized distribution of
n-~ 5 >< 1 O cm X-ray emitting gas and neutral hydrogen {distance from the Sun

as a function of galactic longitude) at an arbitrary intermediate
galactic latitude. At a different galactic latitude a quantitatively
different but gualitatively similar distribution would result.

displacing HI.

Frisch + 1983 — Sun is in the local HI void with
column density down to:

N,~10"%cm™



ISM — extinction:

Extinction is due to both absorption and scattering by gas and dust.
Optical extinction arises primarily from scattering off grains of dust.

X-ray extinction is primarily due to absorption (wabs model)

but also dust is important. X-ray source behind dense dust cloud
Is expected to be surrounded by halo of faint and diffuse X-ray
emission.

With one single measurement
iIn X-rays one can determine:

- from X-ray cutoff the total
extinction due to photoelecric
absorption,

- total scattering from the
surrounding diffuse X-ray halo.
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ISM — connection of visual extinction vs NH;
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ISM — connection of visual extinction vs NH;

S R M

LI L

= ETE {;..
Peterson +

_ EE o A 1995
10 Eq 1731-260 € {:}_ﬂf"ﬁ,ﬂ Sl

Ay [mag]

_ {} ¢ fax 4

- LM X1 € CX 1742
ﬂ — e m ad J-ﬁ a a0l [ | [ ] | I |

i3 5 f 145 20 25 Ao 35
Ny [J’U"Eir - E

Fig. 3 Visuul cxlinclion vs. couivalenl hvdrogen column densicy. The
A0 ideolted line) does ot contain GX 1742 and LRIOC X-1. 10 yields
Ny = L7903 Ay fmag] % 108 [om 4

iy
[T T R T [ T TR A TR Y Y TR TR TN I WO S T T

A,=0.56N,[10" cm *]+0.23



|S M —_ in X- rayS: ROSAT PSPC ALL-5KY SURVEY Soft X-ray Background

Ailol[ Pro n
Ciaalactic 1l Soor =

All -Sky Survey:

1) unresolved Galactic
point sources,

2) unresolved extragalactic
point sources (80% of
total emission),

3) diffuse local emission (Local Bubble),
4) diffuse distant Galactic emission (hot ISM and Galactic Halo),
5) diffuse warm-hot intergalactic medium (WHIM)

6) local emission due to CT of solar wind with geocorona.



X-rays from nearby galaxies:

ROSAT — wide field of view, better angular resolution allowed

to study Super Soft Sources (SSS) and ISM from other galaxies.
Chandra and XMM-Newton the deepest look at galaxies in X-rays.

ROSAT PSPC
LMC X-1 Region
0.1-2.0 keV
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Right — XMM-Newton image is a zoom-in by a factor of six
compared to the ROSAT image.



alaxies:

Microwave Infrared o UV X-Ray Gamma Ray

' ' ' LII!l_lT‘ITY ! ¥ '

’.‘ . Infrared ~ Optical : Ultraviolet X-ray
* 1200-800 nm (10-3.6 um) ‘o 450-750 nm 400-200 nm 100-10 nm

10,000 K « 10,000,000 K

N

- . .-. ".l 'I ;
( | . Voo . & '_* !ﬁ
', |

Multiwavelength Whirlpooi Galaxy. o

A ; A\ L A

COLD GAS: Radio waves reveal ‘ COOL STARS: Infrared shows H SOLAR STARS: Optical light ‘ HOT STARS: Ultraviolet shows ‘ HOT GAS: X-rays are emitted ‘

regions of gas cool enough for smaller cool red stars that comes from stars around the the larger hot blue stars that from the hottest regions of
CO; molecules toexist. - .»|| make up most of the galaxy. | size ofthe Sun. are less frequent in galaxies. gas where atoms are ionized.
1 2 . & . - . 0 1 @ . . .
/ \ e 5 ™ L © 4
& = T L . { . . . Y . . 1 -

3 ) o
s .
e 0y
<= COOL LOW ENERGY RADIATION wees \/ISIBLE LIGHT we== HOT HIGH ENERGY RADIATION =p




alaxies:

NuSTAR
X-Ray

_ “Center of Galaxy

S

= ~\"Pulsar



Point like emission components:

X-ray Pulsars in SNMIC

e X-ray binaries (XRBs)
e Supersoft sources (SSS)

AX]J0051-722

e Supernovae (SN) j \
C
e Supernovae remnants (SNRs) vt o
SAX JO103.2 -72048 e
e Nuclear sources

%— XTE]J0053-72:

e Ultra-luminous X-ray sources (ULXs) hay

Often X-ray population of the target galaxy is confused by
foreground stars in the Milky Way and background objects
(galaxies, galaxy clusters, and AGN).
Classification can be based on:

- position and/or time variability with counterparts

observed in other energy bands,

- X-ray time variability,

- hardness rations,

- energy spectra.



Point like emission components:

XRBs contribute the major fraction to the host galaxy's X-ray

luminosity:

HMXBs — lifetime limited by the nuclear time scale of the
massive donor star to less than 10° — 10" yrs,
comparable to the duration of star formation event.

LMXBs — lifetime limited also by binary orbit decay time-scale
10° — 10" yrs comparable to the hst galaxy.

The population of LMXBs is proportional to the total
stellar mass of a galaxy.

Distribution of HMXRs
and LMXBs in the Milky
Way Grimm + 2002,
RXTE ASM.

open circles) and HMVM XBs (filled circles) in the Galaxy. Tn woral 36 LM XBs and 52
nt concentration of HVMIXBs towards vhe Galactic Plane and the clustering of
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Point like emission components:

Log(N) — Log(S) distribution (number-flux relation):
N(>S)=kx(S"—s") N(>S8)=kxS™
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Luminosity function, dN/dL.:
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Point like emission components:
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Other galaxies in comparison with our Galaxy Grimm + 2002.



Point like emission components:

M 33 X-7 - the first
eclipsing black hole
Pietsch, Mochejska + 2004
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Ultra luminous X-ray sources (ULXs):

Point sources in nearby, normal galaxies, for which the inferred
X-ray luminosity exceeds the Eddington limit for a
10 M black hole i.e. 1.3 x 10* erg/s;

dtcGMmy,

0]

38M

L<L, ., =
Edd M

10

T

Sun

They may represent:
1) rare states or phases of accretion in binary systems
2) they may harbor intermediate black hole (IMBH)

SMBH, 10°°M, , T~10""K
TocM M IMBH, 10°°M, , T~10°"K
GBHB, 10M T~10"K

Sun’



Ultra luminous X-ray sources (ULXs):
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Figure 2. TJLXs with cool accretion disks do not lie on the temnperature—luminosity trend observed
in stellar-mass black holes, and form a rather tight group, suggesting a distinct subclass, which may
indeed harbor IMBHs (Miller et al., 2004a).

The disk temperature is lower than in X-ray binaries suggesting
lower accretion rate or higher black hole mass.



SMBH — radiatively inefficient flows:
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HST (left) and Chandra (right) image of M33 and radio source
P2 — possible galactic center. Dashed circle is consistent

with the position of the black hole. Only 13 counts were detected
within the circle, Garcia+2005.



Hot plasma component:

Fabbiano + 1989, 1992 have systematically analyzed all Einstein
galaxy observations. They find normal galaxies of all
morphological types as spatially extended sources of X-ray
emission with luminosities in the 0.2-3.4 keV in the range:

L,~10"—10%ergl/s

Spiral galaxies reach only 10*" erg/s and are harder then for
elliptical.

Hot gaseous component in the ISM — HIM was theoretically
predicted as a result of SNRs interaction with ISM.



Hot plasma component:

Magellanic Clouds (MC)

SNRs — squares

XRBs — crossed squares
SSSs — double squares.

Sasaki + 2002




Hot plasma component:

Diffuse X-ray
emission from M101.

For the first time
ROSAT

showed evidence

for shadowing of the
soft X-ray background
at about 0.25 keV by
a M101 spiral arm.

Snowden + 1995

Iice. 2. Lhed ke¥ lX—:ra:.r contoars superpascd oneo A digitized vecsivo ol a blus photograph of M from the Atlas of Peculinr Galaxies |A™ L9686, X-ray data
huve been smoalbed with a Gaussian fonction of 42° FWHM. Conbours are given ber 2, 3.4 5 79 11 13, and 17 o lewel ahave backgrooml |1 0 commesponds o

220 % 107 gty s~ b wremin T 3.

Buomyvors & FiescH (see 457, 62H)



Hot plasma component:

XMM-Newton EPIC observations of NGC 253 — starburst galaxy.

=

e ' :\é.\ NGC 253 XMM-NEWTON EPIC
- k!

NGC25%

ROSAT PSPGC

Red — lower energy 0.1-0.5 keV, blue — 1-2 keV. Hard emission
2-10 keV is shown superimposed in the EPIC image as countours.
Emission absorbed by ISM, many point-like sources resolved in
the disk. The ellipse indicates the optical extent.
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Hot plasma component in Centaurus A:

np,=3.7 x 1071, r=>50 pe

Borkar + 2021
Simulations of

photoionization with
CLOUDY code. Gas+Dust
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Figure 15. Same as Fig. 14, but for r= 50 pc.
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Figure 14. Length scales of CO (1 — 0) emission for various column densities given in the panel box. The model is computed for the gas density: 3.7 x 1074
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Clusters of galaxies — largest objects in the Universe:

The next to quasars, most luminous X-ray source in the Universe
with radiation powers of the order of 10*-10* erg/s.

Hot intraclaster plasma (ICM) with temperatures of few x 10" K.
Gives information on the cluster structure since radiation is
thermal. X-ray imaging studies of those objects are important.

Coma cluster about: 100 h;ol Mpc
SDSS




Clusters of galaxies — largest objects in the Universe:

ICM constitutes an atmosphere, which is approximately in
hydrostatic equilibrium in the cluster potential:

B kBT(r) dlo ( ) d10g<TX>
M(r)__Gump ' dloi(fﬂ)) +dlog(r)

where, mp is a proton mass, J is the mean molecular particle
weight (~ 0.6 for fully ionized ICM plasma). From observations

we get T, (r) and p(r) profiles.
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Clusters of galaxies — largest objects in the Universe:

ICM constitutes an atmosphere, which is approximately in
hydrostatic equilibrium in the cluster potential:
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Clusters of galaxies — largest objects in the Universe:

ICM constitutes an atmosphere, which is approximately in
hydrostatic equilibrium in the cluster potential:

MACS J0152.5-2852 MACS JO717.5+3745.
r N

ABELLs370 . i ABELL 2744 . R T | zwcriass+e2 ~ :



Clusters of galaxies — largest objects in the Universe:

ICM constitutes an atmosphere, which is approximately in
hydrostatic equilibrium in the cluster potential:

Density profiles from
N-body simulations
Navarro + 1997,

or Morre + 1999.

Commonly used density

profile:
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Clusters of galaxies — largest objects in the Universe:

The X-ray emitting ICM is the largest visible matter component,
5-6 times larger than optical part.
Gas mass fraction about 12% of total mass of the cluster:
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Clusters of galaxies — largest objects in the Universe:

RCX2318+0034 Chandra Laurence+ 2012

107 — ———
......
3
—
o T
& Wp-E -
@ ]
g @
£ 1 8
1 o
- ] m
=1 E 1 'l‘li
g 3 ] =
E ] a
8 FERT
=18 a 108 |- -
=1y e
[ 2
3'_
E.
el qo-10 el T |
La 100
rikpe)
L T, 3— Talpmamalsubime ) anal copresumavmmciz) 00360 e’ am-
e I e £ ey noeE ng nge 5 Fae: briptuna s prodi el ROS 2308 (KR4 omc-hafivg b omnissivn Mran a 1 &P
pite alist: wsanl e wasl aba witk oar slarzlarl 5 oreesked Caelis) el oalsy
T, &— TTamlrass raties dreps: alims vtk suraes brighiness coaam e shawets e s ATTE-T Lewclpmamal (hamiamdal sadisl livgd a2l rame amzl ren
riveal s b sad ) Dl imna: shasaaoin Tip L Deriial ksl lines)

Hardness ratio F(0.5-2)/F(2-6)

r(500) — radius within which the average density of the cluster
Is 500 times the critical density of the Universe at the
redshift of the cluster.



Clusters of galaxies — largest objects in the Universe:

: - i The bolometric luminosity

within r(500).

Laurence+ 2012
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Cooling and heating of the ICM

Cooling time of the gas falls below the Hubble time.
M87 in Virgo cluster observed by XMM-Newton Bohringer + 2001
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Cooling and heating of the ICM

Multi — temperature cooling flow was proposed by Fabian + 1984

Bohringer + 2001 XMM-Newton temperature map
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But no lines from low ionization spacies were detected.



Heavy elements enrichment of the cluster ICM:
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Heavy elements enrichment of the cluster ICM:

HITOMI mission operated only one month, Nature 2016

ASTRO-H Science Instruments

Soft X-ray Telescope (SXT-I)

Focuses low-energy X-rays for images
and spectra

Focuses low-energy X-rays into the SXS ')I'(wo |d¢fent!cal telescc:jpes focus high-energy
for state-of-the art spectral measurements glaySlioNimagesanaispectia

Soft X-ray Telescope (SXT-S) Y Hard X-ray Telescopes (HXTs)
B ¥ ©

Soft X-ray Imager (SXI)
X-ray camera with the widest field of
view yet flown — 38 arcminutes, larger
than the apparent width of a full moon.
Energy range: 0.4 to 12 keV

$ 0 ~ - e = s~vr Nafar PaY 2 [ € ¢ )
t Gamma-ray L‘r‘ tectors (OGLS)

Soft X-ray Spectrometer (SXS) 3 ANy watzri‘%etr;]t;ci‘:fgny-mggg et
The S¥S Cotiida moSSAT AT SRS RO 5 3 S
to -459.58 degrees F (-273.1 C), enabling the ‘élr:ter:';;?agrrgz:te;)t ::2;';'}’(:\); e ilon
capture of high-resolution spectra through

the SXT-S. Energy range: 0.3 to 12 keV

Hard X-ray Imagers (HXIs)
Two identical cameras placed at HXT
focal points. A 12-meter (39.4-foot)
Extensible Optical Bench lengthens in
orbit to correctly position the cameras.
Energy range: 5 to 80 keV

Micro-calorimeter with energy resolution
<7eV at6 keV




Heavy elements enrichment of the cluster ICM:

HITOMI mission operated only one month, Nature 2016

e vitomisXS position Perseus Galaxy Cluster
%1 s ’ X-ray Spectra

Approximately
[ 195,000 light-years

Hitomi SX5S
Suzaku XIS

Photon count
lo

Photon count

Observed energy




Heavy elements enrichment of the cluster ICM:

HITOMI mission operated only one month, Nature 2016

100,000 light-years

Gas velocity
km/h mph

360,000 224,000

Receding

Approaching

216,000 134,000




Cooling and heating of the ICM - Galaxy Feedback

Composite image of the M87
halo region with X-ray
emission in red and radio
emission in blue color.

Impact of Active Galactic
Nucleus outburst in its
gaseous atmosphere.




Warm Hot Intergalactic Medium - Galaxy Feedback

Current cosmological model:
The density of matter and energy in the Universe from PLANCK

Baryonic matter which
we can observe

Dark Matter

Dark Energy




Observed Baryonic matter — 4.9 % in the Universe:

Budget from Shull et al (2012)

OVI+BLA uncertain 15-30%

Missing

p, baryons
. 40%

Ly 0. 30%

N HI 1%
" Gal 1%

22%  Clus 3%
WHIM - warm hot
intergalactic medium



Warm Ho’_[ Intergalactic Medium - Galaxy Feedback

Absorption on Oxygen
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X-ray observations for Cosmology:

Dark Matter Galaxies,
26.8 % Incl. Stars
T<10'K
Clusters WHIM
5 ;
T>10'K 10°<T' <10' K




Lecture on Feb. 21% — today's lecture

NEXT NEW LECTURE on Feb. 23" 2023

- You can still upload your HW#6 and hands-on results
Up to the Feb. 19" (Copernicus birthday).
- Overview of this HW#6 will be on Feb. 23"

- theory, but we still practice

wi-fi password: a w sercu maj
We have eduroam as well



