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Galaxy classification
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Galaxy classification e

Early-type Late-type

Ellipticals

EO E3 E5
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Early-type galaxies

ellipticals and lenticulars e .Y
red & dead
- old stellar population

- low star formation (< 1 Mg /yr)

in galaxy groups and clusters

elliptical galaxy

galaxy cluster lenticular galaxy 3/28
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Early-type galaxies e

ellipticals and lenticulars

red & dead » _ .
- old stellar population : S |
- low star formation (< 1 Mg /yr) " ‘ B
in galaxy groups and clusters " , b
massive systems (> 10%% M) ’

- hot atmospheres : .

- supermassive black holes
~ 10% — 101° M,
= Active Galactic Nucleus (AGN)

M87, Credit: EHT Collaboration
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Early-type galaxies e

ellipticals and lenticulars

red & dead

- old stellar population

early-type galaxy

- low star formation (< 1 Mg, /yr)

in galaxy groups and clusters

massive systems (> 1012 M..)

- hot atmospheres

- supermassive black holes hot atmosphere
~ 10% — 101° M,
= Active Galactic Nucleus (AGN)
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Hot atmospheres e

e hot diffuse plasma
-n~10 —-1cm?
- T~10% - 108K

early-type galaxy

hot atmosphere
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Hot atmospheres e

e hot diffuse plasma
-n~10 —-1cm?

- T~10% - 108K

e most of the baryonic matter
- halo > 80 %
- stars ~ 10 %
- coldgas & dust <1 %

50 100

r (kpc)

Credit: Buote & Barth 2018
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Hot atmospheres

e hot diffuse plasma
-n~107>—-1cm>3
- T~10%° - 108K

e most of the baryonic matter
- halo > 80 %
- stars ~ 10 %
- cold gas & dust <1 %

e origin of atmospheres
- accretion from filaments

- stellar wind & supernovae
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Hot atmospheres in X-rays e

Bremsstrahlung (ff-emission)

e emit X-ray photons

kgT, =1 keV, 3keV, 9keV; Ny=0cm™

- bremsstrahlung (ff)
- line emission (bb)

keV/cm 2s keV

Fe, Si, S, Mg, Ca, O, Ne,...

wavelength (A)
50 30 20 10 9 (,)

1
Energy [keV]
ff+fb+bb-emission
kgTo =1 keV, 3keV, 9keV; A=0.4; Ny

¥
W]
*‘w‘l uwl |

/em ?skeV

EPIC, resolving power > 10

keV

\{J

1
Energy [keV] 5/28
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Hot atmospheres in X-rays

e emit X-ray photons
- bremsstrahlung (ff)
- line emission (bb)

Fe, Si, S, Mg, Ca, O, Ne,...

ORRENNWW|—

n
4
4
4
4
4
4
4

wavelength (A)
50 30 20 10 9 (,)

EPIC, resolving power > 10

2 5
photon energy (keV)

Bremsstrahlung (ff-emission)

kgT, =1 keV, 3keV, 9keV; Ny=0cm™

selection
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Hot atmospheres in X-rays e

e emit X-ray photons
- bremsstrahlung (ff)

- line emission (bb) Gorona

e other X-ray emitters
- central AGN (IC) Accretion Disk
- AGN jets (IC / synchrotron ?)
- LMXBs, CVs, CABs

Black Hole

Pictor A 3C273
low-mass X-ray binary 5/28



Early-type galaxies
00080

Hot atmospheres in X-rays el

XMM-Newton, ESA, 1999 Chandra, NASA, 1999 Suzaku, JAXA, 2005
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Hot atmospheres in X-rays e

XMM-Newton, ESA, 1999 Chandra, NASA, 1999
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Hot atmospheres in X-rays e

XMM-Newton, ESA, 1999 Chandra, NASA, 1999 Suzaku, JAXA, 2005

energy, (keV)
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Hot atmospheres in X-rays

NGC1404 .




Early-type galaxies
[S)elerel

Cooling atmospheres e

e atmospheres emit X-rays
- optically thin
= no +y are absorbed

= COO'. radiatively early-type galaxy

hot atmosphere
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Early-type galaxies
[S)elerel

Cooling atmospheres

e atmospheres emit X-rays
- optically thin
= no +y are absorbed
= cool radiatively
e cooling time
SnkT — 3nkT

Leool = Ix — mneNZ.T)

A [10%erg cme s-1]

Mo, Bosch & White 2010
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Cooling atmospheres

e atmospheres emit X-rays
- optically thin

= no ~y are absorbed Mo, Bosch & White 2010
100f

= cool radiatively

° cooling time i 10k ~ bremsstrdhlung
5 5 k] 2:24/10

t — inkT — 7nkT E 2=25/100

cool Lx nne N(Z,T) < :

2=0

10*
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Cooling atmospheres

e atmospheres emit X-rays

- optically thin

= no +y are absorbed Mo, Bosch &

= cool radiatively oo

° cooling time % 10k bremsstrdhlung
3 3 g
cool Ly nne N(Z,T) <
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Cooling atmospheres

e atmospheres emit X-rays
- optically thin
= no +y are absorbed

= cool radiatively
e cooling time

SnkT 2nkT
t l pum— =
coo Lx ni Ne /\(Z7 T)

hlung
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Cooling atmospheres e
e atmospheres emit X-rays T
- optically thin Leool X 3
= no +y are absorbed 1 Radus (arcsec) "
= cool radiatively N Ngc 4479 ‘ mm
e cooling time j”
2 kT 3nkT e .
fcool = = = £ 013
Ly N Ne /\(Z,T) 2 v
0.01 -
01 1 10
Radius (kpc)

Credit: PlSek et al. 2022
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Cooling atmospheres

e atmospheres emit X-rays
- optically thin
= no +y are absorbed

= cool radiatively

e cooling time

SnkT  3nkT

Leool = Ix — mneNZ.T)

NGC 1399

NGC 4472
Credit: Werner et al. 2012

Cooling time (Gyr)

0.14

0.014

kT
t, X —
cool P,

[RECIVENETTE)
1 10

NGC 4472 -

01 1
Radius (kpc)

Credit: Pl3ek et al. 2022
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Early-type galaxies
[S)elerel

Cooling atmospheres e

° atmospheres emlt X-rays NGC 5044 Perseus cluster
- optically thin
= no +y are absorbed

= cool radiatively

e cooling time

%nkT _ %nkT Credit: Werner 2014 Credit: NASA, ESA

feool = Ix — mneNZ.T)

NGC 5846 NGC 4636 NGC 5044

e multiphase gas
- hot X-ray gas

- Ha filaments

- molecular clouds (CO)

Credit: Temi et al. 2018
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Active galactic nuclei (AGN) *

e supermassive black hole e

- accretes ambient material

- rest mass — energy — EM/jets

o efficiency depends on spin
- non-rotating 6 %

Retrograde
Rotation

No Black Hole
h Rotation
y
’I

- maximally rotating 40 %
- geometry of accretion flow

Prograde
Rotation
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Active galactic nuclei (AGN)

e supermassive black hole
- accretes ambient material
- rest mass — energy — EM/jets

o efficiency depends on spin
- non-rotating 6 %
- maximally rotating 40 %
- geometry of accretion flow

thick disk / torus thin disk
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Active galactic nuclei (AGN)

e supermassive black hole
- accretes ambient material
- rest mass — energy — EM/jets

o efficiency depends on spin
- non-rotating 6 %

_ GMgy
. . o Bondi = —2
- maximally rotating 40 % s
. R 2
- geometry of accretion flow MBondi = TAPgongiCs
thick disk / torus thin disk spherical accretion

Jet

Accretion
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AGN unification scheme
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AGN unification scheme

Luminosity
Liner
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AGN unification scheme

Luminosity

Emission line width

A /;)/
o) z
9 A
&
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AGN unification scheme

Luminosity

Emission line width
Radio luminosity

A /;)/
o) z
9 A
&
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AGN unification scheme

Luminosity

Emission line width Radio morphology
Radio luminosity
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AGN unification scheme

Blazars Radio L(;ud Quasars
a
Narrow Line
@ h
= Region \,066

Broad '
Line Radi® Broad Line
Galaxies
Narrow
Line Radio ﬁ'

[CEIEVES Hole

Obscuring
Torus

L ]
° ®
/ . Viewing Angle
@ L ® ¢

e °
> e o
Seyfert Galaxies Type 2 /4 .
[

L ]
Py o\ LA
~
Seyfert Galaxies Type 1 s °

Radio Quiet Quasars
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Quasar vs Radio galaxy

&

Quasar

Radio galaxy

optically thick disk
radiatively efficient

EM radiation

radio quiet (loud)

Lpot = 10% — 10*8 erg/s
all galaxy types

optically thin torus
radiatively inefficient
relativistic jets

radio loud

Piet = 10" — 10%* erg/s

early-type galaxies
9/28
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Radio galaxies &

e relativistic particles (e, e™) in magnetic field (B)

= synchrotron emission = powerlaw spectrum

20 ~4x 109972 (£)Hz B~ 1074G

Ve = Zrmec
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Radio galaxies &

e relativistic particles (e, e™) in magnetic field (B)

= synchrotron emission = powerlaw spectrum

ve = 2285 ~ 4 x 10092 (£) Hz B~107*G

47mec

N(E)dE x E*dE  a=(s—-1)/2 F, xv™®

2
5
2
g
£
s
2
[=]
°

log(v) (arbitrary units)
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Radio galaxies &

e relativistic particles (e, e™) in magnetic field (B)

= synchrotron emission = powerlaw spectrum

ve = 72258 ~ 4 x 1099 (£) Hz B~107*G

N(E)dE & E-SdE o= (s—1)/2
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Radio galaxies - observations *

LOFAR (10 — 240 MHz) GMRT (50 MHz — 1.5 GHz) VLA (74 MHz — 50 GHz)

ALMA (31 — 1000 GHz)

\
‘i“
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Radio galaxies - observations *

Cygnus A
o

VLA 6 cm
“’f ] . 35000 Iy
L o -
VLBI & cm
3 30y
VLBI Z em
- "
VLBI 7 mm -
."-' 5 3ly
VLBI 3 mm
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Radio galaxies - observations *

1300 light years.
* VLBA 43 GHz
- 0.25 light years
EHT 230 GHz

0.0063 light years
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Radio galaxies - observations

14296 - . Ms4

+.™ A
e -
ot Radio Galaxy 3€272.1 = M84

5 3 s s ey VLA 6cm image
A R i e . Copyright (c) NRAO/AUI 2006

Fornax A e
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Radio galaxies - observations *

Fanaroff-Riley classification

FRI FRII

Plume . e Jet
‘i’."-\-~ e
4 hotspots
FRI = <7 ° FR1I
\ / Hotspot
one-sided jet

Plume ——

\ lobe/plume / 4

lobe
Lobe
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AGN feedback
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AGN feedback z

e radio-mechanical mode:
- jets interact with hot gas
- create radio lobes

- inflate X-ray cavities

. Cygnus A, Credit: NASA/NRAO

Hydra A, Credit: NASA/NRAO/DSS MS 0735, Credit: NRAO 12/28



Active Galactic Nuclei

Early-type galaxies
[S)elerele) 00000

X-ray cavities

AGN feedback
[o] le]e}

Homework

Studying AGN feedback
0000

NGC 5813

000000000
v
R
tage - C_S
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alactic Nuclei AGN feedback

ype galaxies

X-ray cavities
NGGlE3 - . T H= 2 1 pv
R Z .._ tage _ s
H 4pV
Pjet = @ = taﬁ;e
: z = 0.0065
R =1kpc
E=10erg

Piet = 10*2 erg/s
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AGN feedback
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X-ray cavities

Perseus cluster H= fTV +pV
fage = C_,z

z=0.018
R =10 kpc
E=10"°erg

Piet = 10% erg/s
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X-ray cavities

MS 0735 H=2% +pV
tage = &

tage tage
z=0.216
R = 100 kpc
E =108 erg

Piet = 10* erg/s
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X-ray cavities z

Cavlty (P)

SPT-CLJ0033-6326 2 caviy)

2
&
g
-1

Credit: Hlavacek-Larrondo et al. 2015 13/28
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Energy dissipation

e cavities deposit £ on kpc—Mpc scales
- turbulent flows
- sound and shock waves

e heats the atmosphere
- prevents star formation

- regulates accretion Lha Soune Woves

Perseus (sound waves), Credit: M.Weiss
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Energy dissipation

AGN feedback
00®0

e cavities deposit £ on kpc—Mpc scales

- turbulent flows

sound and shock waves

e heats the atmosphere

Stellar mass / halo mass (average)

prevents star formation
regulates accretion

o
@
&

1112 13 14
Log(halo mass) [Md

Credit: Harrison et al. 2017

KousIold UOISIOAUOD SIB)S 0} UoAleg

Sound Waves

O (7

5 Cavities 5
) ic— Black Hole

5 \ ’

— Y

N\

Perseus (sound waves), Credit: M.Weiss
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AGN feedback loop z

gas cools
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GN feedback

AGN feedback loop :’:

/’ falls to SMBH
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AGN feedback loop :’:

- CEEED —
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AGN feedback loop z

- CEEED — \
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AGN feedback loop z

- CEEED — \
=D -
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AGN feedback loop z

- CEEED — \
D - D
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AGN feedback loop z

- CEEED — \
K inactive jets <_</

—~ !
v
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AGN feedback loop

expelled E ~ obtained £

o luminosity (erg s

Credit: Panagoulia et al. 2014
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AGN feedback loop :’:

expelled E ~ obtained £

1041
T(n
>
k)
o}
=
Q %
aQ %
g 1043k 1
[v1] 2
4 + 4 Allen 2006
10%

10“ﬂ 1 0“‘2 10‘43 1 0“‘4
Jet power (ergs™")

o luminosity (erg s

Credit: Panagoulia et al. 2014
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AGN feedback loop z

expelled E ~ obtained £

10%L
T(n
<y
o
o}
2
[s]
Q
2 109} E
[v1]
——
<4 Allen 2006
4 Russell 2012
1042 1 1 1 1
104 104 10% 10%

o luminosity (erg s

Jet power (ergs™")
Credit: Panagoulia et al. 2014
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Studying AGN feedback
©00000000

Spectral analysis rd
e 20 galaxies
- Bondi radius IBondi = 2?‘_2M

- radio lobes (VLA)
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Spectral analysis Z

e 20 galaxies
- Bondi radius
- radio lobes (VLA)

e deprojected spectra
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Spectral analysis

Studying AGN feedback
©00000000

e 20 galaxies
- Bondi radius
- radio lobes (VLA)

e deprojected spectra

e spectral models (Xspec)
- apec - hot plasma
- kT, ne, Z
- powerlaw - AGN
-'=~1.9

- bremss - point sources
- kT ~ 7.3 keV

counts s™! kevt

NGC4649

1.8 arcsec
—— 5.3 arcsec
—— 10.7 arcsec

17.9 arcsec
~—— 26.9 arcsec

37.8 arcsec
—— 50.6 arcsec
—— 65.2 arcsec

—— 81.7 arcsec

—— 100.0 arcsec

140.0 arcsec

%1*: ﬁ st ‘Li%
ﬁ fiid ﬂm w ﬁ

18% i 3 E] 5 6
)



Studying AGN feedback

000000000
.
Spectral analysis - profiles
Radius (arcsec) Radius (arcsec)
s 0‘1 I‘ IP I?D B 0‘1 I‘ 10 190
NGC 6166 18 NGC 6166
4.0

o

+*I”

o

1

Temperature (keV)
©
Abundance (Zs
5 &

[

w! 0.5 w!
104 £ E
£ 0t £
E E
0. 0.
0.1 1 0.1 1
Radius (kpc) Radius (kpc)
Radius (arcsec) Radius (arcsec)
0.1 1 10 100 0.1 1 100
! NGC 6166 NGC 6166
0.5 {
§ \ E
= S
g 01 2 02 =
8 ®
: o s NE visga
g E ) =
H § j W +Jr
a 3 0.1 € rad, o)
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3 o ey ¥ T
= E Yo
0.01 B wower TT
0.05 5 E CADET,
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Studying AGN feedback

000000000
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Spectral analysis - profiles P
Radius (arcsec) Radius (arcsec)
s 0‘1 I‘ IP I?D B 0‘1 I‘ 10 190
NGC 6166 18 NGC 6166
e density profile 40 51 s
=
230 N 12 { +
N
ne(r)=08-r" g g
g20 — 208 +
S <
3 o 05 o
2\"2% i ol &
ne(r) =neo (1+ 5
C o 0.
0.1 1 0.1 1
1 Radius (kpc) Radius (kpc)
_bn (L) ﬁ Radius (arcsec) Radius (arcsec)
0.1 1 10 100 0.1 1 10 100
ne(r) = nege "\« e e
e e0 ! NGC 6166 NGC 6166
0.5 g
"E 0.1 E 0.2 el
g ®
§ g < 01 Erao ﬁ b
o ol W radio
4 E =
0.01 B  womer i
o0s] B ot il
0.1 1 10 0.1 1
Radius (kpc) Radius (kpc)
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Spectral analysis - profiles

Studying AGN feedback

O®0000000

e density profile

ne(ry=p0-r
B

NI

N —
ne(r) = neg (1 + :—3)
1

ne(r) = r’e,Oe_bn(é>

e Bondi accretion

Pgondi o Mf P kT—3/2

Radius (arcsec)
1 10

Radius (arcsec)
1 10

0.1 100 0.1 100
5 d ! | ‘ 2 d ! ‘
NGC 6166 18 NGC 6166
4.0
S
B -
230 N 12 I
] —1 8 I
2 £10
g 2
g20 — H
5 oo -
w! 0.5 w!
104 £ E
£ 0t £
E E
0. 0.
0.1 1 0.1 1
Radius (kpc) Radius (kpc)
Radius (arcsec) Radius (arcsec)
0.1 1 10 100 0.1 1 10 100
! NGC 6166 NGC 6166
0.5 {
§ \ E
z S
g 01 2 02 =
8 ®
c ; ] NE vsga
H 3 ¢ woan . K I
o Pt o
[} 3 01 € raco b
& o ™ ¥ T
— a-05 3 ~
0.01 g W cADET T
— B=0.15,r. = 0.074 kpc 5 T
n=19,rc= 21 kpe 0057 & <EOOET,
0.1 1 0.1 1
Radius (kpc) Radius (kpc)
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Jet power estimation \4

4pV t _ R
tage age — ¢

Pjet:

Radius (arcsec)
0.1 1 10 100

NGC 6166

0.5

A

0.2 g
NEvisgal * g
<> \

W visual

Pressure (keV cm™)

0.1

E radio
>

W radio
<

W CADET

0.054

| Bongiracius

E CADET
—

01 1 10
Radius (kpc)

MS0735, Credit: NRAO 18/28
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Jet power estimation \4

P.. = 4py t — R
et = Toge age = ¢
-
Radius (arcsec) » 2
0.1 1 10 100 . -
: ) A . . g
NGC 6166 ‘ $
0.5 I ' R
@
£ \\
© \,
% —
< 0.2 g A
£ NEviual * g /
@ < . ;
4 W visual ®
& 014 E radio
® W radio
= <>
EH W CADET .
=
0.05- Ei £ CADET .7
H © >
01 1 10
Radius (kpc)

MS0735, Credit: NRAO 18/28
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[S)elerele) 00000 0000 00@000000 0000

Jet power estimation [4

4pV
tage

R
tage -

Pjet:

e Radio lobes
- VLA contours (1.4 GHz)
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00000 00000 [e]e]e]e} [e]e] lelelelelele) [e]e]e]e}

Jet power estimation |4

4pV
tage

Pjet:

R
tage -

e Radio lobes
- VLA contours (1.4 GHz)

e Residual X-ray images
- B-modeling of Chandra data
- estimated manually
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Jet power estimation [L

4pV
tage

Pjet:

R
tage -

e Radio lobes
- VLA contours (1.4 GHz)

e Residual X-ray images
- B-modeling of Chandra data
- estimated manually

e Neural network (CADET)
- raw X-ray images
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Studying AGN feedback
000@00000

Apparent Bondi to jet power correlation \L

T T T
" Ha+[Nil] emission: p = 0.96*%9% Fitting method
107 all points: p = 0.66 515 E=5 BCES
E= LINMIX
. {0%L
‘UJ
=
o
T 10%L i
2 10
<)
o
5
5
o 4 043 L
He +[Nn] emission
= No
1042 *  Nuclear
¥ Extended
L L L L
104 1042 1043 104

Jet power (erg s™')
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Apparent Bondi to jet power correlation

Studying AGN feedback
000@00000

Jet power (erg s™")

g

Pgondi o0x M2 K—3/2

2. 42
ot X M. 08+0

10%L
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1041 L
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Feeding from thermally unstable atmospheres \L

Jet power (erg s™)

104}

10A3,

1042,

1041 L

Ha + [Nn] emission Fitting method

= No == BCES
* Nuclear = LINMIX
v Extended

Ha+[Ni] emission: p = 0.9470¢
all points: p = 0.48*%1%

0.04

108

. .
10° 100
Black hole mass (M)

Piet / Pgondi

100%F Ha +[Nin] emission |
) = No
* Nuclear
Vv Extended
10 %} 4
1%F 4
E
0.1%F k ]
s
| .
6 10 20
min teool / t
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Lack of ‘true AGN feedback’? L

0% | %
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