
1

A multi-wavelength view of Active Galactic 
Nuclei with an emphasis on !-rays
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*partly based of PP et al., Astr. & Astroph. Review, 2017, 25 and PP, Astr. & Astroph. Review, 2016, 24, 13 
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• A broad look at AGN
• Blazars as (almost) the only !-ray emitting AGN 
• A multi-wavelength (and multi-messenger!) view of !-ray AGN
• Open issues and the near future



What are AGN?

P. Padovani − !-2022 2July 4, 2022

Less than 1 
galaxy out of 
100,000 is a 
blazar!
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blazarsë

Urry & Padovani 1995

Less than 1 
galaxy out of 
100,000 is a 
blazar!



Why multi-wavelength?
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© X-ray: NASA/CXC/SAO; optical: Rolf Olsen; 
infrared: NASA/JPL-Caltech; radio: 
NRAO/AUI/NSF/Univ.Hertfordshire/M.Hardcastle

Aharonian et al. (2009), 
E > 0.1 TeV [H.E.S.S.] 
(nucleus)  
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(a) LAT counts map of the 14◦ × 14◦ ROI.
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(b) Excess map after background subtraction.
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(c) Residual map for template T1.
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(d) Residual map for template T2.

Yang et al. (2012), 
E < 3 GeV [Fermi] 
(lobes) 

Centaurus A



AGN main characteristics include: 
1. High powers: most powerful “non-explosive” sources in 

the Universe (up to Lbol ∼ 1048 erg/s) à bright AGN   
(∼ 1047 erg/s) equivalent to ≃ 1,000 bright galaxies!
ü visible up to large distances: current record z = 7.642 

(Wang et al. 2021); Universe was only 670 Myr old
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AGN overview

July 4, 2022
Bischetti et al. 2021



AGN main characteristics include: 
1. High powers: most powerful “non-explosive” sources in 

the Universe (up to 1048 erg/s) à bright AGN (∼ 1047

erg/s) equivalent to ≃ 1,000 bright galaxies!
ü visible up to large distances: current record z = 7.642 

(Wang et al. 2021); Universe was only 670 Myr old
2. Small emitting regions: ≈ a few light days                 

(1 lt-day = 2.6 1015 cm ≈ 1 millipc); R ≤ c tvar/(1+z)
ü extremely large energy densities (= L/Volume)

3. Strong evolution: higher powers/numbers in the past, 
with peak at z ≈ 2
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AGN main characteristics include: 
1. High powers: most powerful “non-explosive” sources in 

the Universe (up to 1048 erg/s) à bright AGN (∼ 1047

erg/s) equivalent to ≃ 1,000 bright galaxies!
ü visible up to large distances: current record z = 7.642 

(Wang et al. 2021); Universe was only 670 Myr old
2. Small emitting regions: ≈ a few light days                 

(1 lt-day = 2.6 1015 cm ≈ 1 millipc); R ≤ c tvar/(1+z)
ü extremely large energy densities (= L/Volume)

3. Strong evolution: higher powers/numbers in the past, 
with peak at z ≈ 2

4. Broad-band emission: from the radio- to the γ-ray band 
(and more, into multi-messenger territory) 
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AGN overview
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AGN overview

PP  (2017) (image credit: C. Harrison) 
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The AGN zoo
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PP  et al. (2017)  
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Jetted vs. non-jetted AGN 



Jetted and non-jetted AGN 
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• Two main classes:
ü jetted AGN emit a large fraction of their energy 

non-thermally and in association with powerful 
relativistic jets 

ü the multi-wavelength emission of non-jetted AGN is 
dominated by thermal emission, directly or indirectly 
related to the accretion disk

• Strongest argument comes from hard X-rays–γ-rays 
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The jetted  – non-jetted AGN dichotomy
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Kamraj et al. (2018)

~ 1020 HzGeV

Cutoff HAS to be there not to
violate the X-ray background
(Comastri et al. 2005)!

F(E)∝E–Γ e–E/Ecut

Richards et al. 2006

Non-jetted AGN

The jetted  – non-jetted AGN dichotomy

> 4,000 AGN 
detected by 
Fermi: all jetted!

Gallimore et al. 1997
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Kamraj et al. (2018)

~ 1020 HzGeV

Cutoff HAS to be there not to
violate the X-ray background
(Comastri et al. 2005)!

F(E)∝E–Γ e–E/Ecut

Richards et al. 2006

Non-jetted AGN

The jetted  – non-jetted AGN dichotomy

> 4,000 AGN 
detected by 
Fermi: all jetted!

Gallimore et al. 1997

83 pc



• “Classic” fraction of jetted (radio-loud) AGN is ≈ 
10% (Kellermann et al. 1989) 
ü based on Palomar-Green sample (UV-selected 

quasars)
ü biased as jetted AGN more powerful than 

non-jetted ones in optical band  
• Real value more likely ≲ 1% (Padovani 2011; 

Padovani et al. 2015) 

Jetted AGN are the exception 
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Padovani 1993

adapted from Padovani et al. 2015

4%
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The importance of being a blazar
(especially for this meeting)

• Blazars make up > 55% (and likely ≼ 90%) of the 
Fermi (50 MeV – 1 TeV) sky 

• About 90% of extragalactic sources with E > 1 TeV
are blazars
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The two main flavours of blazars

Flat-Spectrum Radio Quasars           BL Lacertae objects 
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different L/LEdd (∝ L/M)

jetted

non jetted

Heckman & Best 2014

Radiatively efficient Radiatively inefficient

≳ 0.01                  ≲0.01  

Accretion efficiency

LEdd = 1.3 1046 (M/108 M�) erg/s
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The two main flavours of blazars

High-excitation galaxies Low-excitation galaxies

Flat-Spectrum Radio Quasars           BL Lacertae objects 
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Radiatively efficient AGN are the exception

Heckman & Best 2014

Radiatively inefficient jetted AGN

Radiatively efficient jetted AGN
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What about radio galaxies?

• Blazars are relativistically beamed (Doppler boosted)

ü Γ = (1 - β2)-1/2 (Lorentz factor), β = v/c

ü δ = 1/[Γ(1 - βcosθ)] (Doppler factor):                    
small θ, δ ∼ 2Γ

ü νobs = δνem + Iν/ν3 (Iν = specific intensity) relativistic 
invariant à Lobs = δ3Lem (Lobs = δp+αLem, p ~ 2 – 3)

• Γ = 10 à δ ～ 20, Lobs ～ 400 – 8,000 Lem;
• Γ = 30 à δ ～ 60, Lobs ～ 4,000 - 200,000 Lem
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• Γ = 30 à δ ～ 60, Lobs ～ 4,000 - 200,000 Lem

(Urry & Padovani 1995)



The AGN SED
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high synchrotron peak blazar 

low synchrotron 
peak blazar 

PP et al. 2017 (image credit: C. Harrison) 
July 4, 2022



The AGN SED: the radio band
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PP et al. 2017 (image credit: C. Harrison) 
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Radio-selected AGN 

Brightest extragalactic radio sources (> 2 Jy* @ 2.7 GHz: 
Wall & Peacock 1985)

July 4, 2022

*Jy = 10-23 erg/cm2/s/Hz

≈ 50% of these sources are blazars



• Flux densities ≿ 1 mJy:
üsources: jetted AGN [mostly blazars (both 
flavours) and radio-galaxies] 
üselection done by just observing the sky 
as AGN are (basically) the only sources (only 
band; stars are weak radio emitters)
üphysics: jet (synchrotron emission)

The radio band (@ ≈ 1 GHz)
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• Flux densities ≾ 1 mJy:
üsources: both non-jetted AGN [dominant type] 
and (a decreasing fraction of) jetted AGN 
üselection done by using multi-wavelength data to 
separate AGN (especially non-jetted ones) from 
star-forming galaxies (optical counterparts faint)
üphysics: jet (jetted AGN) and star formation 
[Supernova Remnants] plus possibly corona, mini-
jets and winds (non-jetted AGN) 

The radio band (@ ≈ 1 GHz)
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PP (2016) Below 0.1 mJy the radio sky is dominated by 
star-formation-related processes! 



The AGN SED: the infrared band
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high synchrotron peak blazar 

low synchrotron 
peak blazar 

PP et al. 2017 (image credit: C. Harrison) 
July 4, 2022
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UV IRIR

T ≈ 100 – 103 K 

λpeak ≈ 3 – 30μm 

AGN dust emission
Antonucci & Miller (1985)



July 4, 2022 33P. Padovani − !-2022

AGN and host galaxy IR emission

AGN/
dusty torus

starburst

stellar population

Hatziminaoglou et al. 2010
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Seyfert 1’s and 2’s
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Narrow lines:
full width at half 
maximum     
< 1,000 km/s

Seyfert 1
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Antonucci & 
Miller (1985)

Seyfert 1

Seyfert 2

Nagao et al. 2004



• Sources: mostly non-jetted & radiatively efficient AGN 
(FSRQs but not BL Lacs). Sensitive to both obscured and 
unobscured AGN (almost isotropic selection); also extremely 
obscured AGN (missed by optical and soft X-ray surveys) 

• Physics: obscuring dust 
• Biases: 

ülow reliability: selects also non-AGN: e.g., z > 1 massive 
galaxies)
ülow completeness (particularly for deep surveys; misses 
AGN above the flux limit, particularly low-power sources)  
üdoes not select AGN without dust: L ≾ 1042 erg/s -
L/LEdd ≾ 0.01; all jetted AGN of the radiatively inefficient 
type (hosted in E’s, low L/LEdd: e.g., low-excitation radio 
galaxies like M87; no obscuring torus) 

July 4, 2022

The (near-)infrared band
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The AGN SED: the optical/UV band
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high synchrotron peak blazar 

low synchrotron 
peak blazar 

PP et al. 2017 (image credit: C. Harrison) 
July 4, 2022
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AGN optical/UV emission

Richards et al. 2006



• Sources: unobscured (mostly) non-jetted AGN (emitting most 
of their energy in the UV band) à optical/UV selection picks 
broad-line sources (FSRQs but not BL Lacs)
• Physics: accretion disk, MBH; good to study spectral diversity  
• Biases: 

ümisses LOTS of obscured (narrow-line) AGN (although 
many are still selected through their emission lines) and 
even moderately obscured ones

ümisses many low-luminosity AGN; host galaxy light > AGN 
+  L ≾ 1042 erg/s - L/LEdd ≾ 0.01

ümisses broad-lined AGN close to stellar loci especially at 
z ∼ 2.6 and 3.5

• Makes up for this with numbers: huge optical catalogues
39P. Padovani − !-2022

The optical/UV band

Population 
Population 

July 4, 2022
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The optical/UV band

Population 
Population 

July 4, 2022



The AGN SED: the X-ray band
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high synchrotron peak blazar 

low synchrotron 
peak blazar 

PP et al. 2017 (image credit: C. Harrison) 
July 4, 2022
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Wiita 1991

UV photons + Inverse Compton from relativistic electrons 
(T ≈ 109 K) à X-ray photons (“corona”) 

X-ray band

July 4, 2022
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• Sources: essentially all (no “X-ray quiet” AGN; but see 
biases)
• Physics: corona, reflection, scattering, absorption by disk and 
torus, jet emission (in jetted AGN)
• Biases: 

üabsorption at low energies (typically ≲ 10 keV, NH
dependent)

ümisses low-luminosity AGN (Lx < 1042 erg/s: host galaxy 
contamination; but see Lambrides et al. 2020), including 
many low-power jetted AGN  (i.e. low-excitation radio 
galaxies)

The X-ray band

July 4, 2022



The AGN SED: the !-ray band
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high synchrotron peak blazar 

low synchrotron 
peak blazar 

PP et al. 2017 (image credit: C. Harrison) 
July 4, 2022



• AGN (blazars) make up ≈ 56% (< 91%) of the MeV –
GeV !-ray sky
• !-ray AGN sky ≈ radio-bright AGN sky (same non-
thermal sources)!  

The high-energy !-ray sky

Galactic sources (pulsars, supernova remnants, etc.) 539 8.1%

Blazars 2,226 33.4%

Blazar candidates of uncertain type 1,517 22.8%

Other extra-galactic sources (radio galaxies, 
starbursts, etc.)

85 1.3%

Unclassified 2,291 34.4%
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• 6658 sources detected all-sky in the 50 MeV – 1 TeV
range (1.2 1022 – 2.4 1026 Hz) (4th Fermi source 
catalogue – DR3, 2022)  
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• 6658 sources detected all-sky in the 50 MeV – 1 TeV
range (1.2 1022 – 2.4 1026 Hz) (4th Fermi source 
catalogue – DR3, 2022)  



P. Padovani − !-2022 46

• 250 sources detected above 1 TeV (> 2.4 1026 Hz) by 
Cherenkov telescopes [from the ground] (TeVCat)

• AGN (blazars) make up > 1/3 of the TeV sky and 89% of 
the extragalactic sky 

The very high-energy !-ray sky

July 4, 2022

http://tevcat.uchicago.edu/


• Sources: (basically) only jetted AGN, mostly blazars; non-
jetted AGN cores very unlikely !-ray emitters but AGN 
outflows are [at very low levels: e.g., Wang & Loeb 2016, 
Lamastra et al. 2017]: Ajello et al. (2021)
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The !-ray band

July 4, 2022



• Sources: (basically) only jetted AGN, mostly blazars; non-
jetted AGN cores very unlikely !-ray emitters but AGN 
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Lamastra et al. 2017]: Ajello et al. (2021)
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The !-ray band

July 4, 2022



• Sources: (basically) only jetted AGN, mostly blazars; non-
jetted AGN cores very unlikely !-ray emitters but AGN 
outflows are [at very low levels: e.g., Wang & Loeb 2016, 
Lamastra et al. 2017]: Ajello et al. (2021)
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The !-ray band

July 4, 2022

5.1σ stacking detection
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Leptonic vs. hadronic emission

July 4, 2022

Rodrigues et 
al. 2021

PKS 1502+106

electron 
inverse 
Compton 

proton 
synchrotron 



• Sources: (basically) only jetted AGN, mostly blazars; non-
jetted AGN cores very unlikely !-ray emitters but AGN 
outflows are [at very low levels: e.g., Wang & Loeb 2016, 
Lamastra et al. 2017]: Ajello et al. (2021)

• Physics: jet (extremely high-energy processes); but process 
still not clear (leptonic [inverse Compton] or hadronic [pion 
decay])

• Multi-messenger link: neutrinos (and maybe ultra high-
energy cosmic rays)
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The !-ray band

July 4, 2022
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The mystery of gamma-ray photons

July 4, 2022

e- + .low-energy à .high-energy

leptonic emission

ü Synchrotron self-Compton

ü External Compton (accretion 
disk, broad line region, molecular 
torus) [valid only for FSRQs!]



P. Padovani − !-2022 53

The mystery of gamma-ray photons

July 4, 2022

or γ

or γ

hadronic emission
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The first (extragalactic) neutrino source

July 4, 2022

TXS 0506+056, 
a blazar at z = 0.3365



Multi-wavelength overview
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PP et al. 2017 
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Open issues (a small/biased selection)

• Why only a minority of AGN have jets?

• What accelerates particles in AGN jets? 

• Why are (only) some blazars multi-
messenger emitters?

• Composition, geometry, and morphology of 
the obscuring dust



• Why do only a minority of AGN have jets?

• What accelerates particles in AGN jets? 

• Are (some) blazars neutrino emitters? 
Strong link to !-ray emission 

• Composition, geometry, and morphology of 
the obscuring dust. Link to external 
Compton emission in FSRQs
July 4, 2022 P. Padovani − !-2022 46

Open issues (a small/biased selection)
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The (near) future: radio

Square Kilometre Array 
(2023+)

Australian SKA Pathfinder 
(ASKAP; Australia) 

MeerKAT (South Africa) 

e-MERLIN (UK) 

APERTIF (The Netherlands)

Evolutionary Map of 
the Universe (EMU):
~ 30 million AGN

July 4, 2022
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The (near) future: IR

JWST (NASA/ESA) Euclid (ESA/NASA; 2022)

Nancy Grace Roman Space Telescope [previously know as 
Wide Field Infrared Survey Telescope]

(NGRST, NASA; late 2020s) 

Tokyo Atacama Observatory (Japan; 2022+)

~ 1 million AGN 
with NIR spectra

July 4, 2022
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The (near) future: optical (NIR)

TMT (USA; 2030)

Vera C. Rubin
Observatory [LSST] 
(2023) 

GMT (USA; 2029)

ELT (ESO; 2027) 

Zwicky Transient Facility (2017)
> 10 million AGN



The (near) future: X-ray

Athena (ESA; 2031?) 

eROSITA (MPE/Russia)

~ 3 million AGN

IXPE (NASA+)
SVOM (China/France; 
mid 2023)

eXTP (China+; 2027)
62July 4, 2022 P. Padovani − !-2022
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The (near) future: !-ray

Large High Altitude Air Shower Observatory
(LHAASO, China) 

Cherenkov Telescope Array (CTA; 2023)
July 4, 2022 ~ 10x more TeV blazars
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Main messages

July 4, 2022
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