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Early-type galaxies

= ellipticals and lenticulars

• red & dead
– old stellar population

– low star formation (< 1M⊙/yr)

• in galaxy groups and clusters

• massive systems (> 1012 M⊙)

– hot atmospheres

– supermassive black holes

≈ 106 − 1010 M⊙

= Active Galactic Nucleus (AGN)
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Hot atmospheres

• hot diffuse plasma
– n ≈ 10−5 − 1 cm−3

– T ≈ 106 − 108 K

• most of the baryonic matter
– halo > 80 %

– stars ∼ 10 %
– cold gas & dust < 1 %

• origin of atmospheres
– accretion from filaments

– stellar wind & supernovae
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• emit X-ray photons
– bremsstrahlung (ff)

– line emission (bb)

• other X-ray emitters
– central AGN (IC)

– AGN jets (IC / synchrotron ?)

– LMXBs, CVs, CABs

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

• atmospheres emit X-rays
– optically thin

⇒ no γ are absorbed

⇒ cool radiatively

• cooling time

• multiphase gas
– hot X-ray gas

– Hα filaments

– molecular clouds (CO)
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Active galactic nuclei (AGN)

• supermassive black hole
– accretes ambient material

– rest mass→ energy→ EM/jets

• efficiency depends on spin
– non-rotating 6 %

– maximally rotating 40 %

– geometry of accretion flow
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Active galactic nuclei (AGN)

thick disk / torus thin disk spherical accretion

rBondi =
GMBH
c2s

ṁBondi = πλρr2Bondics

• supermassive black hole
– accretes ambient material
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• efficiency depends on spin
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Quasar vs Radio galaxy

Quasar

• optically thick disk

• radiatively efficient

• EM radiation

• radio quiet (loud)

• Lbol = 1045 − 1048 erg / s

• all galaxy types

Radio galaxy

• optically thin torus

• radiatively inefficient

• relativistic jets

• radio loud

• Pjet = 1041 − 1046 erg / s

• early-type galaxies
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Radio galaxies

• relativistic particles (e−, e+) in magnetic field (B)

⇒ synchrotron emission⇒ powerlaw spectrum

νc =
3γeB
4πmec ≈ 4× 10

6γ2
( B
1G

)
Hz B ≈ 10−4 G
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Radio galaxies - observations

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

ALMA (31− 1000 GHz) VLBA (0.3− 96 GHz) EHT (230− 450 GHz)
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Radio galaxies - observations

IC4296 M84 Fornax A

Cygnus A Centaurus A
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Radio galaxies - observations

Fanaroff–Riley classification

FR I FR II
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AGN feedback

• radio-mechanical mode:
– jets interact with hot gas

– create radio lobes

– inflate X-ray cavities

Cygnus A, Credit: NASA/NRAO

MS0735, Credit: NRAOHydra A, Credit: NASA/NRAO/DSS 12 / 28
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X-ray cavities

NGC5813 H = pV
γ−1 + pV

tage = R
cs

Pjet = H
tage =

4pV
tage
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X-ray cavities

H = pV
γ−1 + pV

tage = R
cs

Pjet = H
tage =

4pV
tage

Perseus cluster

z = 0.018

R = 10 kpc

E = 1059 erg

Pjet = 1045 erg / s
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X-ray cavities

H = pV
γ−1 + pV

tage = R
cs

Pjet = H
tage =

4pV
tage

MS0735
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E = 1062 erg
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X-ray cavities

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

• cavities deposit E on kpc−Mpc scales
– turbulent flows

– sound and shock waves

• heats the atmosphere
– prevents star formation

– regulates accretion

Perseus (sound waves), Credit: M.Weiss

14 / 28



Early-type galaxies Active Galactic Nuclei AGN feedback Studying AGN feedback Homework

Energy dissipation

• cavities deposit E on kpc−Mpc scales
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– sound and shock waves

• heats the atmosphere
– prevents star formation

– regulates accretion
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AGN feedback loop

gas cools
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AGN feedback loop

expelled E ≈ obtained E

Credit: Panagoulia et al. 2014
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AGN feedback loop
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Credit: Panagoulia et al. 2014
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Spectral analysis

rBondi = 2GM
c2s

• 20 galaxies
– Bondi radius
– radio lobes (VLA)

• deprojected spectra

• spectral models (Xspec)
– apec - hot plasma

– kT , ne, Z

– powerlaw - AGN
– Γ ≈ 1.9

– bremss - point sources
– kT ≈ 7.3 keV
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Spectral analysis
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Spectral analysis - profiles
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Jet power estimation

Pjet =
4pV
tage tage = R
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• Residual X-ray images
– β-modeling of Chandra data
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• Neural network (CADET)
– raw X-ray images
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Apparent Bondi to jet power correlation
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Apparent Bondi to jet power correlation

PBondi ∝ M2• K−3/2

Pjet ∝ M 2.08±0.42
• Pjet ̸= f (K−3/2)
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Feeding from thermally unstable atmospheres
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Lack of ‘true AGN feedback’?

1041 1042 1043 1044
Cooling luminosity (erg s-1)

1041

1042

1043

1044

Je
tp

ow
er

(e
rg

s-
1 )

4 p
V1p

V

16
pV

HU + [Nii] emission
No
Nuclear
Extended

HU + [Nii] emission
No
Nuclear
Extended

21 / 28



Early-type galaxies Active Galactic Nuclei AGN feedback Studying AGN feedback Homework

Discrepancy between radio lobes & cavities
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Discrepancy between radio lobes & cavities
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Discrepancy between radio lobes & cavities
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Discrepancy between radio lobes & cavities
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