Jetted AGN at TeV:
slopes, peaks and valleys
from MHz to PeV




Outline

e Jets in AGN
* [he power of synergies

e Blazars

* Misaligned AGN
* Radio galaxies at TeV
* New classes LLAGN & compact sources

e Conclusions & future
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Jets in AGN

Radio view:

Radio Galaxy 3C31

VLA 20cm image

blazar .
region broad line

’. ® clouds
)

High power

Copyright (c) NRAO/AUT 1999

7 disk molecular oW power
‘}HQ‘T’ torus
105 Msun) P17emHz~1025 Watt Hz-1 sr -

G.Migliori 3 92405ST Sexten 20/07/2026



Knot A

Jets in AGN
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Jets in AGN

A broadband radiative output

Synch.
Spectrum:
Slope, break, peak”?

g

A multi-wavelength approach Is needed to address the main open questions
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Jets in AGN: MW view

A broadband radiative output

High-e
spectrum: |
peak?
Radiative & acceleratiol

M ANY

Spectrum:
Slope, break, peak?
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Jets in AGN: MW view

A broadband radiative output

High-e

spectrum: How many
peaks”?
ronic models,

Spectrum:
Slope, break, peak”?

Radio-mm-IR-O/UV X-ray-MeV-GeV-TeV —....PeV?
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Jets in AGN: MW & MM view

A broadband radiative output

High-e
spectrum: How many
peak? - peaks?

N 0 . Y :
Radiative & acceleration | '”‘ adronic models,

P ICCLE / | | i UHECRS, V..

Spectrum:
Slope, break, peak?

Radio-mm-IR-O/UV X-ray-MeV-GeV-TeV — PeV?

A multi-wavelength & multi-messenger approach is needed to address the main open questions
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Jets in AGN

New physics..
or..
too many schnapps
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ets In AGN: GeV-TeV observations

Jetted AGN seen by Fermi-LAT:

. . Ll TR A Ly Prer 4FGL (DR3)
Aligned Blazars: T D gt S e Y o e e Byt o e [Fermi-LAT coll +2022]

1456 BL Lacs PR ol O AT R B AN R AR R
_ R -:- PR p .\. " K¢ " s @Y. o TN 4 Ot " dny” e 87

- 7 SSRQ/CSS

8 NLSy1 T

'@ blazar3752 o unid 2158
@ nrulsar 292 © other 475

(1493 BCUSs)
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Jets in AGN: GeV-TeV observations

Jetted AGN at TeV:

Aligned Jets - Blazars:
/3 BL Lacs
12 FSRQs

Misaligned Jets:

5 RGs

2 AGN (unknown type)
1 LLAGN

6 FRI LBL HBL AGN
(unknown type) FSRQ
Blazar IBL GRB LLAGN

https://www.tevcat.org/
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Jets in AGN: GeV-TeV observations

Photon Index (I')
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Jets in AGN: GeV-TeV observations

Misaligned jets:
more challenging

. 2.3l
but rising -
. —
and rewarding! -
[see the SKA WB chapter on ‘j‘z 20!
y-ray RG, Bruni+2026] 3 -
= Do ©° o o
al o 08
', O
O
1.5
1At FSRQ FRII O  CSS
BL Lac O FRO Y LLAGN
1.0l ERA CSO A lobe
107 107 10% 0%
Log Ls100mev lergs™ [Bronzini+2024b]

3.0¢

Aligned jets:
Detection favored by
re\ativiS':ich effects
well-represented in early/

core science programs
(talks: Vercellone, Carosi, Zech)
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Synergies - aligned jets

MW polarization:
107 10° 101t
- 1010
? ,
T
+ % % :_10—11 frm
| -
@]
>
L
-10712 u;
°. |
°
°
X-rays L
y rays
: : -13
1022 1024 102%

X-ray window opened up by IXPE
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Synergies - aligned jets

 Model predictions of different mw polarimetric behaviour:

Model X-Ray Polarization X-Ray Polarization
Degree Variability
Single-zone leptonic (EC) Unpolarized
Single-zone leptonic (SSC) 0.5 x 1lg Similar to optical
Energy-stratified /multizone <0.3 x Il Similar to millimeter
leptonic (SSC)
Single-zone hadronic ~I1g Less variable than
optical
Energy-stratified /multizone ~I1g Less variable than
hadronic (flare) optical
Energy-stratified /multizone ~1lnm Similar to millimeter

hadronic (nonflare)

o0F

40+

30+

(%)

20

10+

0

250

[Agudo+2025]

T T '
=== X-ray 99.7% upper limit

}

R I e - —=

4.85 GHz
10.45 GHz
13.85 GHz
14.25 GHz
25 GHz
43 GHz
86 GHz
129 GHz
225.5 GHz
B-band
V-band
R-band
I-band

optical (47.5%)
: VS
, X-ray (<7.4%)
polarization
degree

0 2525 255.0 257.5 260.0 262.5 265.0 267.5 270.0
MJD-60000 (days)

Support to leptonic (IC) models?

(out see e.g. Tavecchio+2025 and
Wednesday sessions for assumptions &

hadronic models)
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Synergies - misaligned jets

2 Probing the connection between the jet structure & dynamics and VHE emission

VLBI mapping of the jet of the TeV-detected radio galaxy 3C 264
Jet components’ kinematics De-projected distance z [Rs]
L _ | | | | | | | %104 4+10% 6104 Boccardi,MG+2019
—_— *g, ] I I : I
9, I 1 I = 7 410% —
o | — o B 5 oC
& 10 + S 08 d « 7040 =0.04 =
O — +’ — = g X[ TFR 1 3*10° £
o) 8 2 | \’ & & O
O = 0.6 N
Q. 6 _ O “i 'i
- ¢ * +’ 2 B fwwwﬂtﬂnl Al 7 2*103 2
= o T4 9 S 04 I e : =
5 4 B s il Rl z
S I ' ¢ S _ ~ 1*103 ©
< 2 ¢ % g - g 0| . 2
¢ ¢ et Jet:profile
0 N - 0 | ' |
I I I I I I
0 D 10 15 20
1 2 3 4 5 6 7

De-projected distance z [pc]

Nakamura+2018, Hada+2024

collimation & acceleration take place over the same scales
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Synergies - misaligned jets

Probing the connection between the jet structure & dynamics and VHE emission

-
(0  multi-epoch SED Boccardi,MG+2018 :
QO XXMM, 2001 Multi-zone model:
[0  Swift, 2018

e & VERITAS

o Steady/low state emission in a Poynting
flux dominated region of the core

& High/VHE emission at the end of the
acceleration region (particle dominated);

Need to move from sparse mw

observations to more systematic &
coordinated monitoring to test it

I( 15 25
See also Archer+2020

Log v [Hz]

G.Migliori
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Synergies - misaligned jets

Accretion modes & ejection connection:

Boccardi+2021
106 :—"""'I L L L L ‘*':
105 | { LERG (low excitation radio
(h|gh excitation radio @ » galaxies/inefficiently accreting):
galaxies/efficiently accreting): < _ | e jets launched by hot flows
® “thicker jets’ 3100} .,-,..J; ; (ADAF-like) anchored in the
) ° 0 . . .
® launched at larger disk radii? E o 5 INNermost regions;
e jot collimation over larger scales & - * Collimation completed at smaller
e role of disk winds? 103 - e : _ scales than HERG.
o o. BL Lacs
o ® LERG
HERG
L0 Y et %5
103 10% 10° 10° 10/

De-projected distance z[Rs]

W Indications of a relation between the proberties of
~ the jet acceleration & collimation region and of the accretion flow
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Synergies: young radio SOUrces

tkin~550 yrs

Relotive Decl. (milliorcsec)

|

[Giroletti+2003
| |

Radio duty cycle:

compact at arcsec-resolution resolved

1 | | @ ) |
#01J0119+3210 (z=0.06) O. @
LS~110 pc

]
I

-40

0 20
MIIIARC SEC
(C) Relotive R.A. (milliorcsec)

CSO/Young source

(N

Radio Power
e

loglo(Ll 4/W Hz™ 1)

(N
(N

® — —— s B =
// = S

_~Young sources,, , : ie |

V4
/4

Not detectable
by existing
surveys

5 6
[Baldi 2023]

Linear Size (LS)

S - Detection of HE emission in
» compact radio sources:

constraints on the jet physics
In the first stages of the
evolution of radio galaxies

G.Migliori
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Synergies: young radio SOUrces

Tingay, de Kool (2003), 22 GHz VLBI image

1 =2 1
O Tmas“2pc > O]
100 yearsold O, |

% = 1

-y - \

(mas

Relative Declination

CSOs/YRGs typically gamma-ray weak but not silent:
(Migliori+2016; Principe+2020,2021; Lister+2020; Bronzini+2024a; Swain+2025)

120 1995 ! l2007 ! Aug 2017 |
10 - S North jet
Q

8 L
2 6l ﬁ\’\
c
7]
© 21 _
< 7
s 0 J

-2 = ”

J
o
6 ‘D outh jet
O | 1 O ! L ° 1 A

3.25 —
[Principe+2021]
3.00 -
2.75 =
Cen ANGS,6328 3C216 _
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2.90 - *\ 3C309 )2(:380
0* o, Psto : =
— 9 95 TXS-0128 ° ® ¢
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1.50 - RDG
L L L L DL L DL L L DL LY L LLL B
1041 1042 1043 1044 1045 1046 1047 1048 1049

5 0 -5 -10 -15 -20 -25
MilliArc seconds

y-rays from the mini-jets (SSC)?

Log L, [erg s ']

Daring targets
for ASTRI & SST

but..
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Synergies: young radio SOUrces

TeV detection of a CSO candidate (z=0.023);
I H.E.S.S. detection of the CSO PMN J1603-4904 at very-

IMiller+2014]

I

I | I | I I I I | I

PMN J1603-4904

8.4 GHz .

/ﬁ_@:g\n high-energy gamma rays e 90 HESS detection in <5h

&%\\( ATel #17205; Stefan J. Wagner (U Heidelberg, Germany), for the H. E.S. S. e 3FHL source

\ N collaboration e Fermi-LAT hard spectrum y~1.2

~ 2009 February on 25 May 2025; 17:09 UT
A Credential Certification: Stefan J. Wagner (swagner@Isw.uni-heidelberg.de)

AN Continued monitoring of PMN J1603-4904 with MeerKAT

/? SR and H.E.S.S.

)"l\ ,:;\t:!?l*'!t\ . r ATel #17307; G. Bruni (INAF-IAPS), M. Brienza, G. Migliori, M. Giroletti, E. Liuzzo
\ §\§%§iééf§le()()g . Oﬂgomg MW follow-up led by (INAF-IRA), E. Bronzini (U. Bologna & INAF-OAS), M. Kadler (U. Wuerzburg), L.

Y EPREbE! G . Brunl ( N AF_ | A ) S) Hernandez-Garcia (U. Valparaiso), F. Panessa, J. Rodi (INAF-IAPS), E. Torresi, P. Da

Vela (INAF-OAS), M. Cerruti (U. Paris Cite), , C. Reynolds (CSIRO), and S. J. Wagner
(U. Heidelberg), for the H. E. S. S. collaboration

Continued monitoring of PMN J1603-4904: further | ~on 25 Jul 2925; 09::.36 ur. e
/cq{;§_§ MeerKAT, NuSTAR, and H.E.S.S. epochs Credential Certification: Gabriele Bruni (gabriele.bruni@inaf.it)
/— P \\\

(1~ W\

B\ \) \ ATel #17410; G. Bruni (INAF-IAPS), M. Brienza (INAF-IRA), J. Rodi (INAF-IAPS), G. SQu’[hern ’[arge’[ for CTA (pQSS|b|y SST?)
NITRYAY

" /% 2010 May Migliori, M. Giroletti, E. Liuzzo (INAF-IRA), E. Bronzini (U. Bologna & INAF-OAS), M.
Kadler (U. Wuerzburg), L. Hernandez-Garcia (U. Valparaiso), F. Panessa, E. Torresi, P. +

Da Vela (INAF-OAS), M. Cerruti (U. Paris Cite), , C. Reynolds (CSIRO), P. Goswami SyﬂergleS Wlth SKA and

(LSW, U. Heidelberg) and Stefan J. Wagner, for the H. E.S. S. collaboration

relative RA [mas] on 22 Sep 2025; 10:50 UT Meerkat band5b (8‘1 5G HZ)

10 0 -10 -20
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Synergies - LLAGN

New TeV classes: Low-luminosity AGN

NGC4278 (d~16.4 Mpc, LS~3pc, Lsgnz~1038 erg s-1)

[Bronzini+2024b]
lgGC 4278 5 (15:)-!2 August 23000 = -
| Cao+24b 20l
30 - 3.
Giroletti+05 o '
. § 102 ] [[=239+0.17
20 .
(¢)) u 9= o
Tt 2.5
- ! =
10 — - E ; : :;:
g w10 2 00
. [=2.71+0.69 ! :
:
10 % 10_14 . 1.5
=8~ Ackive period s FSRQ @ FRI ¢ CSS
b i —— Quasi-quiet period O 15; lL CD> EI;(()) i lLlLAGN
10 ) obe
- ‘Q 1 | 1 | 1 ja i Al -~ ' 10% 107 0™ 107 T
30 20 I TR 20 30 1 10 E[TeV] Log Ls10mev [ergs™]
i e F .
- ermi-LAT
CSO radio morphology LHAASO
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Synergies - LLAGN

NGC4278 SED:

lo—lﬂ
[1 archival
B LAT
B XRT
10~ 1 : B LHAASO j
- u
|
Hé 10712 o' T
lgjﬂ I o I
% 10-1| 7
E [
—14
10 E'i;'
O
1011 1014 1017 102U } 1023 1025
Frequency [Hz| 3

[Bronzini#+-2024b, Abe+2026sub.]

broad-band X-rays to h

the VHE active phase
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. ®  Fermi-LAT (Bronzini) I
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12; I I ...... Wi
L I Lt {
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10-10 i i P S R i L
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- . ”ef._
3 sy NuSTAR (quiescent) ¢ Archival
10_9-5 *™ 4+ NuSTAR (moderate) 4 Fermi-LAT (active)
N 5 i § 4+ Swift-XRT (moderate) ¢ LHAASO (active)
) .
“l'm 10-10 - .l.f,n ¢ Swift-XRT (active) ¥ LHAASO (quiet)
0 f 1\ va
€ 10-11. ]
€ 10711
m T
—
L 10712 y 1
a ; L
W o &
2
10~13 'y
| . , [Das+2026]
10_14 T - T T T T
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Synergies - LLAGN

NGC4278 SED: S

107 [Vercellone+2024]3

Energy (eV) — \ R f

10° 103 10 107 1012 101° A %N <oy :

: l l l l l g 10" —%)\\\ \6%'@ ., %O/ -

3 ', NuSTAR (quiescent) + Archival 5 = %, ~ §

1072+ ™ + NUSTAR (moderate) 4 Fermi-LAT (active) z % :

. f -'; '3 4+ Swift-XRT (moderate) ¢ LHAASO (active) f - \ . |

n 10_10; O Swift-XRT (active) # LHAASO (quiet) B 107 E

n P 5 - el i

? EA B . ; |

q ' : A : L i \‘-\ |

R I 0% -

9 r 1 T - N Ll Ll - 1...\.\.I~—-r’./§

_ | g F 0.01 0.10 1.00 10.00 100.00
210 123 - # %’ [ v ”0“ Energy [TeV]
- : :
5 | .' ) 1 ’ ' %
10713+ ;j Ty Potentially at reach of
10-14 I ‘Das+2026] ASTRI
1614 1617 1dZO 10'23 10'26 10'29 +
Frequency (Hz) angular resolution Is important
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Conclusions & Future perspectives

o Multi-wavelength synergies are needed to address the main open questions of jetted AGN

« MW polarization observations give indication on the radiative & particle acceleration
mechanisms

e High-resolution VLBI observations can map the ACZ and probe the site of the VHE emission

* Not only aligned jets:

e Radio galaxies offer the chance to investigate the accretion&ejection link and the multi-scale
jet;

* "New” gamma-ray classes hold potential for future VHE studies:

e CSO/young sources?

 [LAGN
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Conclusions & Future perspectives

The road is long
but mountains are in View.
Be ready for new encounters
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MV Polarization

Table 1
Summary of the Multiwavelength Polarization Expectations for Different
X-Ray Emission Scenarios Outlined in the Text

Degree Variability
Single-zone leptonic (EC) Unpolarized
Single-zone leptonic (SSC) 0.5 x Il Similar to optical
Energy-stratified /multizone <0.3 x Il Similar to millimeter
leptonic (SSC)
Single-zone hadronic ~I1g Less variable than
optical
Energy-stratified /multizone ~I1g Less variable than
hadronic (flare) optical
Energy-stratified /multizone ~Im Similar to millimeter

hadronic (nonflare)

Model X-Ray Polarization X-Ray Polarization

[Agudo+2025]

G.Migliori
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Synergies - aligned jets

MW polarization:

BL Lac mw campaign [Agudo+2025];

50F | | | | | | I =
7 === X-ray 99.7% upper limit .
107 10’ 10° 101! 4.85 GHz $
10-21 : : ‘ ‘ | 10.45 GHz
13.85 GHz A
- 1010 | 4 14.25GHz 4 + |
10-23 [ B . 25 GHz ‘.
+ 43 GHz .
—107% 7 , i i
N T 3op ¢ s0H ‘ 1 optical (47.5%)
I _ 4 B-band
—, 10 &7 % q L1011 N —_ # V-band
|m ' rTE g\i ¢ R-band N , VS
T 10 5 = | b rbem ’ R X-ray (<7.4%])
o 20+ o - '
@) e . -
o 10-1 g . . j polarization
9 1o W
- 10712 5 ' . Nﬁ degree
10 ®e . [ 10F . 0; - * + + + + |
> | R R R y ‘
_ }
107 X-rays + " ' 1* . ‘
y rays § X
10-37 T -13 OF ! ! ! ! ! ! ! ]
108 1022 1024 102% 250.0 252.5 255.0 257.5 260.0 262.5 265.0 267.5 270.0

MJD-60000 (days)

X-ray window opened up by IXPE
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Synergies - aligned jets

[MAGIC coll.+2024]

12.57 IXPE-1 l
Extended zone
gg 10.0 ‘ IXPE-2 d d (9]
+ — ® IXPE-3 Optical \‘
8o .
&3% >-0 Radio 6 X-rays
2.5 (86/226 GHz) Compact zone
[P ®
. Az
(@) 100 2
N ¢ =
¥ o S
g3 “ .
X 10-1 - J Shock front
—[0.09 O O
— |
w0 i . .
& 0.08 Q L300 15 Accretion disk
i
< St o007 P
> o O - 2.5 ¢ -10
“ o[ 0.06 O Black hole
1010 1012 104 1016 1018 1020

v [HZ]

e campaign on the TeV blazar Mkn 501: chromatic polarization degree and variability suggest an
energy stratified jet
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3C 264

19 36 55
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DECLINATION (J2000)
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/
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|

| [ | | I |

1145070
/

06.5 06.0 055 / 05.0 04.5 04.0 03.5

RIGHT ASCENSION (J2000)
!

MERLIN -

(Lara+’04)

® FRI/LERG radio galaxy (DL.=94 Mpc) in Abell 1367 cluster;

® Head-tall kpc structure with extended radio, optical, X-ray |et
(Lara+'97, Perlman+’10, Meyer+'15);

® Gamma-ray detected by Fermi (T'=1.94+0.10, F1-100gev=(2.85 +
0.40) x 10-10 phot s-1 cm—2);

® \/HE candidate (Angioni+’17)=> MAGIC proposal (Pl:Angioni)

Optical jet: app. superluminal motion
(Meyer+’15)

CCCCCC
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VLBl mapping of the ACZ

Relative DEC (mas)

Displacement map at scale 0.12 mas

1.5 F
6.0 -
4.5
3.0
1.5F

0.0

—-1.5

N

4.8 4.0 3.2 2.4 1.6 0.8 0.0 —-0.8-1.6
Relative RA (mas)

* Apparent bulk flow speed increases up to 11c¢:

Apparent speed By, [C]

14

—t )
co O N

SO N OB~ O

. 4
1 S + ¢
¢
4
I I I
2 3 4

Distance z [mas]

» constraints on the jet viewing angle (Bmax=10°) and bulk motions ([ buk~5-15)
Rs).

e Acceleration zone extends to 11 pc (~5x104

G.Migliori
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Synergies: young radio sources

Compact Symmetric Objects (CSOs):
NGC3894 (z=0.0108, tkin~60 yr):

[Principe+2020]
120 | 1995 | '2007 Aug 2017 ' = —
10 - North jet  —
8 a—
5 6 K
c
»
© 2 .
<
s 0 B
-2 - .
; @ —
P South jet
-6 0 —
| | | \

44}

S
(W)

S
o

l

Log vL, [erg s7']
I N
S —

Co
O
LT DEXE SN L PR L R TN B TR [ S

5 0 -5 -10 -15 -20 -25 38 L

MilliArc seconds

* gamma-rays — non-thermal HE output (SSC) of the mini-jets;
« X-rays from an inefficient accretion-flow (ADAF-like);
* Inferred jet power Ljgt~1041-42 erg s-1

[Bronzini, MG+2024a]

®  archival data o
HH  Chandra-NuSTAR
W Fermi-LAT —10
—11 g
O
TU')
—12 w0
L,
133
(o71)
o
B
—14
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Observations: gamma-rays
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Gamma-ray detected CSOs:

relatively low radio powers in comparison

with other GPS/CSOs
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