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O
Main framework \

So we do not know...

> Investigation of the disputed &/lazar sequence through the blazar TON 116 QO

O
» High Energy overluminosity if z = 1 => potential sequence outlier , but z 2 0.483 from optical spectroscopy

> Distance/nature puzzle solvable with MAGIC observations (VHE never explored for TON 116!)

» Study extended in a modern MWL context to infer the most likely emission mechanisms
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T

. The extragalactic source TON 116

oordinates: RA =12h 43'12.7", Dec = +36° 27' 44.0" (J2000)

Constellation: Canes Venatici (CVn) ”

116
Category/Class: AGN/BL-Lac-type Blazar ‘
Main Catalogues: TON (Iriarte & Chavira 1957), Roma-BZCAT (Massaro et al. 2015) L e aChauica (1957)
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The extragalactic source TON 116

oordinates: RA =12h 43'12.7", Dec = +36° 27' 44.0" (J2000)

Constellation: Canes Venatici (CVn) ”
116
Category/Class: AGN/BL-Lac-type Blazar ‘
Main Catalogues: TON (/riarte & Chavira 1957), Roma-BZCAT (Massaro et al. 2015) L e aChauica (1957)
WISE Satellite
Mld-’R source (D'ﬂ\é/"&(SL‘O et al. 2014) Main e.m. deteCtionS
Ferm/-LAT Satellite
HE <y emitter (Ajello et al. 2020) ) B AN SR S R \ e Sl
' = N e —~ Cambridge Telescope
gamma-rays | i il LI radio Radio object (Hales et al. 2723)
ROSAT Satellite ~ — i il Ml ol ol -
X-ray source (Voges et al 1999)
. \ Northern Cross Telescope
Discovery at OANTON telescope Radio object (colla et al. 1973)
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Active Galactic Nuclei

Extremely high flux at all wavelengths for ~ 1% of all known galaxies

Narrow Line

Region Accretion onto a Super Massive Black Hole (SMBH) of ~ 10-101" M

Broad Line

/ Accretion disk of infalling material (black-body emission) \

Accretion
Disk

Fast/slow-moving (BLR/NLR) excited or ionized clumps

Obscuring

forus Optically-thick dusty torus (Vis-UV absorber and IR emitter)

From Urry & Padovani (1995)

Qadio jet of ultra-high-speed particles reaching up to ~ 1 My
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The Unified Model

Many empirical AGN classes defined over time

BUT... ) "
All basically the same objects; | l
differences due to spatial orientation ;’, s &
(Urry & Padovani 19995) [ e o

- J

radio-quiet (RQ) AGN

* The most powerful, persistent sources (of UHECRSs also)

« Small l.o.s.-axis angle => inner parts more appreciable Beckmann & Shrader (2012)

 AGNSs with jets ~ towards Earth (6 < 20°) are called blazayr. )
S Wit e ( ) 2dzdrs Variable flux at all As

Andrea Lorini PhD Thesis Unisi DSFTA 6




Blazars

Around 10% of AGNSs are radio-loud (F;.,/ Fsy. > 10), and ~ 1% of them are blazars

IceCube / NASA

Jets towards us => extreme properties:

Very beamed, boosted radiation (also superluminal motion)
Bolometric luminosity up to 108 erg/s
High polarization and variability (down to min scale!)

Candidates for direct UHECRs and neutrinos

Andrea Lorini
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Blazar subclasses

EW>5A EW<5A
Broad emission lines on No/faint emission lines on
optical continuum optical continuum
Standard - Sef T ' fout :is;;'lra"f _ EE 80;_ ) ) ) OEE
classification & eof N\
(Stocke etal. 1991) : f";ﬁ :Z:
43008000 800D
Henstock et al. (1997) Plotkin et al. (2010)
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Y \
Blazar subclasses

EW>5A EW<5A
Broad emission lines on No/faint emission lines on OQ
optical continuum optical continuum O
Standard = _ B T S

Lo | z=0481 ]

classification
(Stocke etal. 1991)

o
o

but may be variability-deperdent
(also masguerading BL Lacs)...

[
o

N
o

Pl sy (107" g 57 )
»
o

. SD.SS J(')9l2915.4?+5()]3.36.l

4000 w SIOOOth ™ 8000
Henstock et al. (1997) Plotkin et al. (2010)
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T NG
Blazar subclasses

EW>5A EW<5A
Broad emission lines on No/faint emission lines on OQ
optical continuum optical continuum O
Standard = _ T e

== z=0.461

classification
(Stocke etal. 1991)

o
o

but may be variability-deperdent
(also masguerading BL Lacs)...

[
o

. SD.SS J(')9l2915.4:.”+5()]3.36.l
00000 oo G000 7000 mooo  saoo 10 4000 6000 8000

Pl Gensty (107" erg o 7 47
N b
o (o]

eeeeeeeeee [6Y] Wavelength (A)
Henstock et al. (1997) Plotkin et al. (2010)
Lgr/ Lepp > 5 10+ Lgr/Lepp < 5 104
Efficient accretion rate Inefficient accretion rate
Proposed
classification

(Ghiseliini et al. 2011)

M. Weiss, CfA DESY
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Blazar subclasses

EW>5A EW<5A
Broad emission lines on No/faint emission lines on | @O
optical continuum optical continuum O
Standard - el d ' fout :is;;'lra"f _ }: 305_ j ) ) <’z =o‘>
classification i ool N\
(stocke et al. 1991) ) “wa\w % :Z:
°°°°° i 0w Somo ae0 " s0e0
Henstock et al. (1997) Plotkin et al. (2010)
Lgir/ Lgpp > 5 - 10 Lgir/Lepp < 5 10+ O
Efficient accretion rate Inefficient accretion rate @)
Proposed
classification edd = 1.3 10% MS'MBH / MQ sfg/s
(Ghisellini et al. 2017) intrinsic properties considered...
L M. Weiss, CfA DESY
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Intrinsic differences

Flat Spectrum Radio Quasars (FSRQs) BL Lac Objects (BL Lacs)
Shakura-Sunyaev disk (SSD) + dense BLR Advection-Dominated Accretion Flow (ADAF) disk + poor BLR
Rich environment with diffuse radiation fields Scarce environment with dim radiation fields
Efficient accretion Inefficient accretion
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AGN classification

Radio-Quiet Radio-Loud
(~80%-90%) (~20%-10%)
Spirals QSOs Ellipticals Blazars
(Quasi-Stellar-Objects) (<5% of AGNs)
Seyfert 1 Seyfert 2 Fanaroff-Riley FSRQs BL-Lac
show broad and narrow show only narrow galaxies Flat Spectrum Featureless
lines of ionized lines Radio Quasars optical spectrum
metals / \ / \
FR1 FR2 LBIKBL HBL| |EHBL
low luminosity high luminosity
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AGN classification

Radio-Quiet
(~80%-90%)

AW

Radio-Loud

(~20%-10%)

\

Spirals QSOs Ellipticals Blazars
(Quasi-Stellar-Objects) (<5% of AGNs)
Seyfert 1 Seyfert 2 Fanaroff-Riley FSRQs
show broad and narrow show only narrow galaxies Flat Spectrum
lines of ionized lines Radio Quasars
metals / \
FR1 FR2
low luminosity high luminosity
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Spectral Energy Distribution

dN
VF, 1 E? =
Y dE
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Synchrotron radiation

synchrotron
> 8 photons
T s
P s N
== i,
( P
L | o
~— &
electron, &

(spiralling around
magnetic field lines)

https://imagine.gsfc.nasa.gov/

Spectral Energy Distribution

AN
3 2
B IE

—

Inverse-Compton radiation

~

Inverse Compton

Low-energy photon Higher-energy
photen
M~
~4

- 4 —
-—
- electron

-

~ a2
Eemlltad Y E\nc\denl

-
~

Kyle & Skyler 2011

 Low-energy (peak in IR-X bands) and high-energy (peak in y MeV-TeV band) broad bumps
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https://imagine.gsfc.nasa.gov/

Spectral Energy Distribution

dN
VF, 1 E? —
Y dE

\ Inverse Compton
> 4

N

Inverse-Compton radiation

Low-energy photon Higher-energy [
photen ~

o ol

- electron

Eemulted i Yz E\nc\denl
Kyle & Skyler 2011

 Low-energy (peak in IR-X bands) and high-energy (peak in y MeV-TeV band) broad bumps

« Simple SSC (+EC) leptonic model usually assumed, but lepto-hadronic ones possible (at HE)

Proton &’ S
synchrotron | m %

From universe-review.ca

Bethe-Heitler process

p+¢—pte+et

p+E—AT — {

p+m

n+m

0

+

' — y+y
nt—put+vy,

T — U +Vy

put—et+vu+ve. Photo-
L —s e +vu+Ve production
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B ————— —

Synchrotron Self-Compton model

A blob assumed spherical (radius R,) and filled with
Y, From Tavecchio et al. (2011) particles, relativistically moving (Lorentz factor I',))
nearly towards us through a tangled magnetic field (B)

Clygr 5;_}
14z

=
=
|
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- Synchrotron Self-Compton model

A blob assumed spherical (radius R,) and filled with
Y, From Tavecchio et al. (2011) particles, relativistically moving (Lorentz factor I',))
nearly towards us through a tangled magnetic field (B)

Minimum time of Doppler factor

flux variability (boosting)
Speed of light Fobs = 0p* Flem
In vacuum 1

‘. Vel SD:Fh(l—ﬁcosﬂ)

l'>,8:=v/c

e Redshift
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Synchrotron Self-Compton model

A blob assumed spherical (radius R,) and filled with
Y, From Tavecchio et al. (2011) particles, relativistically moving (Lorentz factor I',))
nearly towards us through a tangled magnetic field (B)

Minimum time of
flux variability
Speed of light Fobs = 0p* Flem
In vacuum ‘ §p — 1
. [y (1—Pcosh)

s

=v/c

Redshift

Electron energy distribution in finite interval [Vmin . Ymaxl:

power-law (PL), broken power-law (BPL), log-parabola (LP),

~ ky— P Y < Ybr —(ptalogy(v /7))
n(y) =ky " ny) =9 n(y) = k (l)
ky ™7 Y Z=Ybr Yo
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Synchrotron Self-Compton model

WA (o] g =7y BT (T KRS ETGEIRIEIGE) A blob assumed spherical (radius R,) and filled with

Y, From Tavecchio et al. (2011) particles, relativistically moving (Lorentz factor I',))
nearly towards us through a tangled magnetic field (B)

Minimum time of
flux variability
Speed of light Fobs = 0p* Flem
In vacuum ‘ §p — 1
. [, (1—PBcosB)

s

=v/c

Redshift

Electron energy distribution in finite interval [Vmin . Ymaxl:

power-law (PL), broken power-law (BPL), log-parabola (LP),

_ ky P Y < Ybr —(ptqlogy(y /m))
n(y) =ky " ny) =9 n(y) = k (l)
ky ™7 Y Z=Ybr Yo

Parameters: B! Rb! 6D ’ k’ p1! p2! Y min Vbr, Y max
Links and constraints on y,,, cooling, particles' escape
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Blazar sequence

Ghisellini et al. (2017)
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Fossati et al. (1998

+ Set of 126 well-sampled
blazars binned in radio
luminosity (Ls gnz)

* Vpol/ Vps=5-108

« SED peaks towards
smaller frequencies with
increasing bolometric L
(FRSQs more luminous)

J
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Ghisellini et al. (2017)

Blazar sequence

Set of 747 y-emitting blazars
binned in y luminosity, trend
confirmed

But increasing L,, ...

FSRQs more Compton-
dominated and with harder
X-ray slope

BL Lacs with redder-when-
brigther behaviour

Ghisellini et al. (2017)

=

"
- e
b " F
J
2 -
{ >
lllillllll

BB AR AR R AR AR AR A AN LA LA L AL E L)
= | i i i i i

s illllillllillllill-

NEW OLD

s Ll

"lllilllill

\/
Lil |‘T7E,||11111'

illll{llllilll]ill-l-

10 15 20 25 10 15 20 25

Log v [rest frame]

G

Fossati et al. (1998

blazars binned in radio
luminosity (Ls gnz)
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« SED peaks towards

+ Set of 126 well-sampled

smaller frequencies with
increasing bolometric L
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NN
Sequence...just a selection bias?

1 Padovani (2007)
d e || ® No v, -Lsgu, anti-correlation
:?.":f . (+ large power scatter at given v, )

é

n
8
L
< [
.x..
x
x
= [ ]
L ’XX

@ FSRQs detected with high v, (UV - X)

log L, (6 GHz) [W Hz!]
L ]
[ ]
[ ]
o"‘o
[ ]
e -. g
[ ]
3 [ ]
[ ]
. q(... L
[ J
D |

e Vo (FSRQs) 10-100 v, (BL Lacs)

(at most, to be better investigated)

2 ! . i I i I ‘
12 13 14 15 16 17
log v,y (Synchrotron)
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ot a selt N
Sequence...just a selection bias?

Padovani (2007) Giommi et al. (2012)

29 |- °  DXRBS FSRQ

° . * DXRBS BL Lacs

® No v, -Lsgu, anti-correlation
(+ large power scatter at given v, )

15
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1
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at}
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a

@ FSRQs detected with high v, (UV - X)

log L, (5 GHz) [W Hz™!)

o
o

e Vos(FSRQs) $10-100 v, (BL Lacs) | | |
(at most, to be better investigated) s

o)

2 | . r . 1 . 1 ; 1 .
12 13 14 15 16 17

log v,y (Synchrotron)

Q ~ all blazar classifications and
trends are selection-affected
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ot a selt N
Sequence...just a selection bias?

Padovani (2007) Giommi et al. (2012)

29 |- °  DXRBS FSRQ

° . * DXRBS BL Lacs

® No v, -Lsgu, anti-correlation
(+ large power scatter at given v, )
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@ FSRQs detected with high v, (UV - X)

log L, (5 GHz) [W Hz™!)

o
o

e Vos(FSRQs) $10-100 v, (BL Lacs) | | |
(at most, to be better investigated) s

o)

2 | . r . 1 . 1 ; 1 .
12 13 14 15 16 17

log v,y (Synchrotron)

Q ~ all blazar classifications and
trends are selection-affected

Huge MWL datasets
C o

Extensive MC simulations

Blazar sequence from
shallow radio-X surveys
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Sequence...just a selection bias?
3 Padovani (2007)

N .’ .x || ® No v, -Lsgu, anti-correlation
: :"%N 2 (+ large power scatter at given v, )
e [ e alitew @ FSRQs detected with high v, ¢ (UV - X)

5 e Vos(FSRQ@s) =10-100 v, (BL Lacs)

L e o (at most, to be better investigated)

108 ¥,y (Synchrotron)

Keenan et al. (2021)

T End of the blazar sequence T
(from ~ 2000 accurate SEDs of jetted AGNSs)

Yet jets' dichotomy:

1 -> Weakly-accreting LERGs (mostly HBLs)
2 -> Efficiently-accreting HERGs (FSRQs, LBLs)

48

‘ 0° (QJ StrungAerack '

@® 3C 264 i
¢ BLL

» FSRQ
50 @ ® FRI

40/ Radio Galaxy Zone ® ER: |
. ni

39 L L 1 L 1 L 1 1L
11 12 13 14 15 16 17 18 19 20
log upmk(Hz)

Giommi et al. (2012)

Log(vLv) - 5GHz

Log(ve,..)

Q ~ all blazar classifications and
trends are selection-affected

Huge MWL datasets
C o

Extensive MC simulations

Blazar sequence from
shallow radio-X surveys
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T

TON 116 vs blazar sequence

High HE state from Fermi-LAT (4LAC, Ajelio et al. 2020) assuming z = 1

Vps > 10 Hz and Lyeg> 10%erg/s == out of blazar sequence!

LogL_gamma
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T
TON 116 vs blazar sequence \

High HE state from Fermi-LAT (4LAC, Ajelio et al. 2020) assuming z = 1

Vps > 10 Hz and Lyeg> 10%erg/s == out of blazar sequence!

LogL_gamma

But from GTC observation in optical: z > 0.483 (Paiano et al. 2017)

.. BZB 1124343627

. * Previously: z > 0.485 (Piotkin et al. 2010), z = 0.50 (Meisner & Romani 2010)
[l
N ] * IS TON 116 overluminous due to proximity, or to intrinsic properties?

Andrea Lorini PhD Thesis Unisi DSFTA 15




Gamma band distance constraint

From HE (Fermi-LAT) and VHE (MAGIC) spectrum === upper limit on redshift (z*)

vF, VHE affected by EBL absorption (increasing with energy and distance):

y+ty—e+e'
Compton
bump
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Gamma band distance constraint

From HE (Fermi-LAT) and VHE (MAGIC) spectrum === upper limit on redshift (z*)

VHE affected by EBL absorption (increasing with energy and distance):

y+ty—e+e'
Compton
bump The EBL-corrected spectrum cannot be harder than HE trend!
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Gamma band distance constraint

From HE (Fermi-LAT) and VHE (MAGIC) spectrum === upper limit on redshift (z*)

vF, VHE affected by EBL absorption (increasing with energy and distance):
y+ty—e+e'
Compton
bump The EBL-corrected spectrum cannot be harder than HE trend!
Y
ini ( ): e
Prandini et al. (2070 = i 20 = A+ Blypye i
Change of intrinsic VHE spectrum withz | [ TR - e T Y
(sample of known TeV Fermi sources) = =
w'r B = e
) . o R .- Kneiske+Dole2010_- Franceschini+2008_- Stecker+2006
TON 116 distance can be constrained! e
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Exploited Instruments

Cosmic microwave background, -3 mm
\

1 EeV 1 PeV 1TeV 1 GeV 1 MeV 1 keV \,
10”ev  10'%ev 10"ev  10°ev  10°ev  10%ev  1ev \ 10 ev 10°ev 10°ev 10 "ev 107 eV
| N\
| i AL [ ]
uv || IR | :
gamma-rays X-rays radio
visible microwaves
-18 -15 -1 -9 -
M0 m 10 m 10 m 10 m 10'Em 10°m im 10m 106m
iam 1fm 1pm 1nm 1um 1mm 1 km 1 Mm
|

A 300 MHz
v~ 300 GHz 300 kHz

x e —

X

et o / .
" 4;’\ R g N
LA oy a | 50% of incident
'. rockets j . 1 SN / radiation absorbed
\.. L swm e balloons = 3, = / ~———
o .-}
AOK \ ‘ EAS | —_!/_J _________ ‘/ & radio telesco
optical | _ - P L
telescopes [ = ==\ )

20/ & Charenkey

“Tluorescence
detectors
particle detectors
From Lopez Coto (2017)
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Ferml LAT

HE y-rays
= 30 MeV - 300 GeV
e -e* pair production

MAGIC Coallab.

MAGIC

VHE y-rays
=~ 50 GeV - 50 TeV
EAS Cherenkov radiation

T

Exploited Instruments

Cosmic microwave background, -3 mm

1GeV 1 MeV 1
10°eV  10°eV  10eV  1eV \ 10 eV _3o~EY D “ev 107" eV
R| | :
gamma-rays ) radio
lb microwaves
10"%m 10" 10" 10°m  10°m  10°m 10'm 10
1am Hm 1pm 1nm 1um 1 mm 1 km 1 Mm
{ | 300 MHz
! = 300 GHz 300
L -‘\ . e — —
’ﬂ““\ satellites \ ¥ o
| == I &7 /
LJ A Y /
’1 / [
: T [
‘ ’f / ] /
W21} / A
\ Y [ ° /
f| A ol a |
" ) &) ,j & 50% of incident
\ Foo e(s. i ) “\T: J =1 e ) / radiation absorbed
. balloons | e q‘ //'\\
K | |
AO l EAS \ e // _________ i O"‘ \ radio |eleSCOOEF
N oplical | __ ’ @ v*: -~ / il
T & Cherenkov tel ) =3\ -
Qﬂ’kf“/ e \ telescopes e X | e
“Tuorescence ,3__ Earth surlace ‘
detectors 5
— particle detectors
From Lopez Coto (2017)

Swift-XRT

Soft X-rays
0.3-10 keV
Focused light collector

OSN

Optical R band
= 640.7 nm (J-C filter)
Photometry (+ polarimetry)
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Major Atmospheric Gamma Imaging Cherenkov

One of the currently active IACTs

Located on La Palma (29° N, 18° W, Canary Islands,
Spain), at ~ 2,200 m a.s.l.

Two dishes of 17 m diameter, 85 m aside, each with ~
250 mirrors of 1 m side (M1, M2 since 2004, 2009)

© Daniel Lopez (IAC)

Total area = 236 m? , FoV = 3.5°, angular resolution = 0.1°
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Major Atmospheric Gamma Imaging Cherenkov

One of the currently active IACTs

Located on La Palma (29° N, 18° W, Canary Islands,
Spain), at ~ 2,200 m a.s.l.

Two dishes of 17 m diameter, 85 m aside, each with ~
250 mirrors of 1 m side (M1, M2 since 2004, 2009)

© Daniel Lopez (IAC)

Total area = 236 m? , FoV = 3.5°, angular resolution = 0.1°

Aiming at indirectly detecting primary y-rays in the S
~ 30 GeV - SO TeV range through the Cherenkov technique "SopSB %

Elementary dipole

From De Naurois & Mazin (2015)
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VHE photons revelation

Primary VHE y-ray interacting with atmospheric nuclei (h ~ 10 km)
: Cascade of generated e -e* (pair production) and y (bremsstrahlung)

Cherenkov pool (~ ns pulse) focused by M1 and M2 reflectors

Andrea Lorini PhD Thesis Unisi DSFTA 19
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VHE photons revelation

Primary VHE y-ray interacting with atmospheric nuclei (h ~ 10 km)
: Cascade of generated e -e* (pair production) and y (bremsstrahlung)

Cherenkov pool (~ ns pulse) focused by M1 and M2 reflectors

MAGIC Analysis and Reconstruction Software (MARS)

merrp
Converls into ROOT format and
adds system reports

() dt A o gglltlgil:gg and signal extraction c‘aspar
Fund tal titi tructed: OFF data s
undamental quantities reconstructed: e
coach odie
Tiin RE (DISP and g/ separation) b,
. . . = anid LUT
Direction Energy Hadronness o, M
e, ) Application of the RF and the LUTs flute
- J _Sorcelfel' Speetra and lightcurves
Calibration and sigial extraction
N ON data '
\ . I OFF data star
[ MC . ) .h'n:lge cleaning and Hillas p:u'amerenmfmr!
i X\ 5 e
N ( y . Low-level (LL) Intermediate-level (IL)
turbologo
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MAGIC signal

2
- — — Reconstructed y events versus 6
Z 3000 PT-Qi”-T-]”?f’-“_y |‘-.|TZ:3&5:N<F='I38J_5:36.6
+ N,, = 2920.5 = 75.1 .
25001 N 6 = angle from ON/OFF region centre
@ ON counts F HST (NASA)
S ula
® OFF counts .
1000 | ~
500%
00- '0[1"“0.'2”'r0‘|3""0,4
8th MAGIC SW School (Dr. C. Nigro) 6% [ deg” ]
wobble at 0 deg wobble at 90 deg wobble at 180 deg wobble at 270 {_:ieg
> _osd Gy e 3 aace i . )
05 0.0 05 05 00 05 05 00 05 —05 0.0 05

X'/deg

gk Actual pointing O ON region O OFF region(s)
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e —— _- — MAGIC Signal

Reconstructed y events versus 6°

ﬁ 3000 [ Preliminary (i cosems
+ N, =29205=751 L]
25001 N 6 = angle from ON/OFF region centre
@ ON counts F
2000 [ |
| Crab Nep
® OFF counts SRR - .— :
1000f {+_ Source Hypothesis Test:
s00} H, (no y emission) or H, (y emission)?
O" s i o T ) AR R e G R I LA ] L e g
0 0.1 0.2 0.3 0.4 12
8th MAGIC SW School (Dr. C. Nigro) 0% [ deg’ | S; = V2 {NUH 111(1 :: “ NUHZYSI’N off)+NUff m[(l + ) NofvffNoJ }
wobble at 0 deg wobble at 90 deg wobble at 180 deg wobble at 270 deg Si [ si 'f' ([_ ‘& M 198’3)
T e z - ighal significance (Li a
B3 v Ty O ] By

osdi G O s -

I | 1 I I 1 1 I I 1 .I I
-0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5 -05 0.0 05
X'/deg

gk Actual pointing O ON region O OFF region(s)
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MAGIC signal

F. T oo : Reconstructed y events versus 6°
= 3000 reilminary NTZ:::d?rzEmaa_s:zs_s
s TN 6 = angle from ON/OFF region centre
@ ON counts F
2000 [ |
E Crab Neby|
® OFF counts SRR ' :
1000f {+_ Source Hypothesis Test:
soo i - H, (no y emission) or H, (y emission)?
OD- = IE:f|.1 . IEfi.l2l - I(ILI3I — -0'4 1/9
8th MAGIC SW School (Dr. C. Nigro) 6° [deg” ] S = V2 {Non m(l::a N, ]YSN ff)"‘Noff ln[(l +a) & N+OHN J} |
wobble at 0 deg wobble at 90 deg wobble at 180 deg wobble at 270 deg Signa[ sign ificance ([_ : & Ma 198’3)
0.5 o 3 : S i O . : i : .. |
E‘ 0'0-_. : I . O 1 : .‘ Oy ] @ O
=05-fs O_ ] TR ] T - | Standard observation mode: Wobble
—(I).S O.IO 0:5 —(I).S 0!0 0,|5 - —(l).5 030 0:5 —6.5 030 0.5
L Source & background events

g Actual pointing

O ON region

O

OFF region(s)

efficiently taken!

Andrea Lorini

PhD Thesis

Unisi DSFTA

20




T
TON 116 by MAGIC (2021, 2022) \

Zenith: 7°-36°; DTs: Dark Extragalactic; DCMax = 3000 nA; LIDAR@9km: > 0.7; Cloudiness: < 30; En. range: LE

2021 (~ 17.8/18.7 h) 2022 (~ 7.0/8.0 h) 2021+2022 (~ 24.8/26.7 h)
£2400 F £ 500 §
& 2200 :_ Time =17.26h H C o, Time =6.69h H r Time =2384 h
2 E Ny = 8750; N, = 3613.5 = 34.6 bl C N, =821;N_ = 782.3 + 16.2 Z o500[- . Ny = 4571; N_, = 43316 = 38.3
2000 4~ N, = 1365 704 + N, =387 %329 + N, = 179,42 77.7
1800 ; 1 Significance (Li&Ma) = 2.0¢ 400 I i Significance (Li&Ma) = 1.20 r { Significance (Li&Ma) = 2.3¢
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TON 116 by MAGIC (2021, 2022) \

Zenith: 7°-36°; DTs: Dark Extragalactic; DCMax = 3000 nA; LIDAR@9km: > 0.7; Cloudiness: < 30; En. range: LE

2021 (~ 17.8/18.7 h) 2022 (~ 7.0/8.0 h) 2021+2022 (~ 24.8/26.7 h)
£ 2400 2 500 g C
5 2200 :_ Time=1726h 5 : , Time =6.68 h 5 r Time =2384 h
= = MNew = 3750, N, = 3613.5 2348 = o N, =821; N =7823+16.2 = 2500 , N, = 4571; N__ = 43316 383
2000 4~ Ny, = 1365 = 70.4 + N,, = 38.7 + 32.0
1800 ; 1 Significance (Li&Ma) = 2.0¢ 400 I i Significance (Li&Ma) = 1.20 r :
1600 - - 20001
1400 F- 300 : o
1000 - - -
800 - e 1000
600 - 200 100 1.20 i
400 - 500 |
200 E C
| | 1 | 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
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VHE excess hint

202142022 (~ 25h, foam)

Excess events

10?

10

1071 L

10

10° 10° 10*

8300
=] c

@ C
111 250

200 Zofop

150 &

100 =

50 &

0;*4? : Jﬁ }

—50 [

—100F

—150F

E,. (GeV)

=]

£

—

Still excess in the
2021+2022 dataset?

7
(o)

A 4

Spurious
fluctuation
IS

\ suggested y

N\

\ 4

\_

(Compatible\

with
genuine
excess

J

Andrea Lorini

PhD Thesis

Unisi DSFTA 22




—

VHE excess hint

~

i}
2021 (~ 18h, flute) r\ 202142022 (~ 25h, foam)
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VHE excess hint

2021 (~ 18h, flute) r\ 202142022 (~ 25h, foam)

Excess events
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T
TON 116 by MAGIC (2023, total) N

DTs: Dark Extragalactic;, DCMax = 3000 nA; LIDAR@9km: > 0.7; Cloudiness: < 30; En. range: LE

Zenith: 7°-36°;

New proposal for 2023 (observational cycle 18)
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i
TON 116 by MAGIC (2023, total) N

New proposal for 2023 (observational cycle 18)
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MAGIC Flux of TON 116

)=1;z=0.5; LC E,;/binning = 100 GeV / night-wise; CL = 95%; EBL Model: Dominguez+11

100, | Spectral energy distribution | &z J 0%, | Spectral energy distribution | €% —10° . | Spectral energy distribution
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109 [ Spectral energy distrbution ] _ 8= | —10® [ Spectral energy distribuion |-~ iz 2R | —10° | Spectral energy distribution ... ZE Rz |
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- - . PP 5 v First unveiling of VHE side for the source ever!
; TTTTTTTTTTTT v No detection ==> upper limits (ULs)
E . = v’ Constraint on the blue-tail of the Compton bump
Tom 6 T v Ep .S 100 GeV and strong suppression before 1 TeV
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116 by Fermi-LAT

. . . . . .
« Mon |tor|ng since ~ satellite launch (H E emitter + TeV candldate)

[magic_agn] Fwd: Fermi-Lat Analysis Daily Report - 2024-06-04 18:00:00 .. 2024-06-05

18:00:00 ©

PSR_J2021+4026 . >

T « Enhanced HE (4LAC, Ajelio et al. 2020) => MAGIC proposals

B ON 116 , AJeIIo et al.

Flux (100MeV-500 GeV) = 1.54 +/- 0.31 e-06 ph cm"-2 5"-1

The analyses on'

mkn501 (TS = 20.3), PG1553+113 (TS = 21.7), 3¢273 (TS = 18.4), OP31, 608+656, 3C345, 1E51218+304, 1H_1515+660, RGB1417+257, RS_Ophi,

4C+25.01, B3_2247+381, S51044+71, TXS_2320+343, NGC_4278, R; 3PKS_1441+25, Q0957+561, TXS0059+581, TXS1801+253, 5C_12.291, PKS1510-

089, pks1222, M51221+2452, TXS_1515-273, Q302237+0305, A #C_N2, AFGL_J0955.1+3551, GB6_J0043+3426, 1ES_0229+200, GB_1310+457,

CRATES_J1558+5625, TXS0506+056, 3FGLJ0156.3+3913, PKJ 0, ON246, PKS2247-131, 1ES_1959+650, 1A_05635+262, PKS2345-16, B2_2234_28A

1ES1215+303, 3FGLJ0627.9-1517, ngc1275, OQ_530, 3c66gfE50 748, 1WHSPJ104516.2+275133, QSO_B1600+4344, 0J287, TCrb, 4C50+11, PKS_1127-14, H1426+428,

4C+01.28, TXS0637-128, 2FGL1604.6+5710, PKS1509+024 0109+22, GB6_J0540+5823, GRS_1915+105, 4FGLJ1544.3-0649, B2_1348+30B, PKS0346-27, [ ) 2 O 22

CygnusX3, mkn335, TXS_1700+685, GB6J0316+0904, AQU5#17, 1ES_2344+514, PKS_1424+240, IC310, SN2023ixi, PKS_0829+046, PG1246+586, RGB_J2056+496,

B2_2114+33, 4FGL_J1103.0+1157, $4_0054+65, MG1J@ff14+1051, GB6_J 104040617, B2_1811+31, CygX1, 3FGLI1804 50850, PKS_0735+17, 3c279,

SDSS_J1206+4332, 0420-014, PKS_2032+107, 1ESO6{+250, PKS2144+092, S41800+44, QSO_J1650+4251, 3C380, HS2209+1914, FermiJ1544-0649, 4C+38 41

TXS_0025+197, PKS1749+096, OT355, PKS_1622,98 Q033+595, 1ES2037+521, PG1115+080, 3FGLJ0115.8+2519, S4_0814+42, TXS_2241+406, OL_256,

PKS_0336-01, B3_1307+433, Fermi_J2101+5806f IMN_J1606-0353, PKS_1502+106, OC_457, TXS_0730+504, TXS1100+122, PKS_0837+012, 1ES1727+502,

GB6_J0114+1325, OV_591, 2FHL0600.2+1243, PK 135, GB6_J0154+0823, B2_0234+28, 0J014, GB6_J1058+2817, $30218+35, 0S300, TXS_0128+554,

B2_0748+33 show no significant detection

Moreover the LAT detected these HE photons

CrabNebula

1 front photon of 31 GeV at 0.05 deg

1 back phoon of 82 Gev at 0 11 deg Forwarded by Dr. Francesco Longo
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TON 116 by Fermi-LAT

» Monitoring since ~ satellite launch (HE emitter + TeV candidate)

[magic_agn] Fwd: Fermi-Lat Analysis Daily Report - 2024-06-04 18:00:00 .. 2024-06-05
18:00:00 ©

PSR_J2021+4026
Spectral index = -2.15 +/-0.13

TON 116  Enhanced HE (4LAC, Ajello et al. 2020) => MAGIC proposals

The analyses on'

mkn501 (TS = 20.3), PG1553+113 (TS = 21.7), 3273 (TS = 18.4), OP31 608+656, 3C345, 1ES1218+304, 1H_1515+660, RGB1417+257, RS_Ophi,

g #C_NJ2, AFGL_J0955 1+3551, GB6_J0043+3426, 1ES_0229+200, GB_1310+457,
CRATES._J1558+5625, TXS0506+056, 3FGLJ0156 3+3913, PK £ ON246, PKS2247-131, 1ES_1959+650, 1A_0535+262, PKS2345-16, B2_2234_28A
4C+01.28, TXS0637-128, 2FGL1604.6+5710, PKS1509+02f/Sp#0100+22, GB6_J0540+5823, GRS_1915+105, 4FGLJ1544.3-0649, B2_1348+308, PKS0346-27, ° 20 22 ‘ r ~ 1 75 F ~ 1 64 M eV Cm _2 S_1 E ~ 70 G eV
CygnusX3, mkn335, TXS_1700+685, GB6J0316+0904, agfl5f17, 1E5_2344+514, PKS_1424+240, IC310, SN2023ixf, PKS_0829+046, PG1246+586, RGB_J2056+496, O b 1 Gev 0 ] p,C

B2_2114+33 4FGL_J1103.0+1157, S4_0954+65, MG1J( '/ 14+1051, GB6_J1040+0617, B2_1811+31, CygX1, 3FGLJ1804.5-0850, PKS_0735+17, 3¢279,

SDSS_1206+4332, 0420-014, PKS_2032+107, 1ES06
TXS_0025+197, PKS1749+096, OT355, PKS_1622,98
PKS_0336-01, B3_1307+433, Fermi_J2101+5806

GB6_J0114+1325, OV_591, 2FHL0600.2+1243, PK:
B2_0748+33 show no significant detection

.
+250, PKS2144+092, S41800+44, QS0_J1650+4251, 3C380, HS2209+1914, FermiJ1544-0649, 4C+38 41 V e r a S t a lq a l S l S
Q033+595, 1ES2037+521, PG1115+080, 3FGLJ0115.8+2519, $4_0814+42, TXS_2241+406, OL_256,
IMN_J1606-0353, PKS_1502+106, OC_457, TXS_0730+504, TXS1100+122, PKS_0837+012, 1ES1727+502,

135, GB6_J0154+0823, B2_0234+28, 0J014, GB6_J1058+2817, $30218+35, OS300, TXS_0128+554

Moreover the LAT detected these HE photons
CrabNebula
1 front photon of 31 GeV at 0.05 deg

Forwarded by Dr. Francesco Longo LogParabola (LP) spectrum (4FGL, Abdollahi et al. 2022)
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TON 116 by Fermi-LAT

» Monitoring since ~ satellite launch (HE emitter + TeV candidate)

[magic_agn] Fwd: Fermi-Lat Analysis Daily Report - 2024-06-04 18:00:00 .. 2024-06-05
18:00:00 ©

PSR_J2021+4026
Spectral index = -2.15 +/-0.13

TON 116  Enhanced HE (4LAC, Ajello et al. 2020) => MAGIC proposals

The analyses on'

mkn501 (TS = 20.3), PG1553+113 (TS = 21.7), 3273 (TS = 18.4), OP31 608+656, 3C345, 1ES1218+304, 1H_1515+660, RGB1417+257, RS_Ophi,

g #C_NJ2, AFGL_J0955 1+3551, GB6_J0043+3426, 1ES_0229+200, GB_1310+457,
CRATES._J1558+5625, TXS0506+056, 3FGLJ0156 3+3913, PK £ ON246, PKS2247-131, 1ES_1959+650, 1A_0535+262, PKS2345-16, B2_2234_28A
4C+01.28, TXS0637-128, 2FGL1604.6+5710, PKS1509+02f/Sp#0100+22, GB6_J0540+5823, GRS_1915+105, 4FGLJ1544.3-0649, B2_1348+308, PKS0346-27, ° 20 22 ‘ r ~ 1 75 F ~ 1 64 M eV Cm _2 S_1 E ~ 70 G eV
CygnusX3, mkn335, TXS_1700+685, GB6J0316+0904, agfl5f17, 1E5_2344+514, PKS_1424+240, IC310, SN2023ixf, PKS_0829+046, PG1246+586, RGB_J2056+496, O b 1 Gev 0 ] p,C

B2_2114+33 4FGL_J1103.0+1157, S4_0954+65, MG1J( '/ 14+1051, GB6_J1040+0617, B2_1811+31, CygX1, 3FGLJ1804.5-0850, PKS_0735+17, 3¢279,

SDSS_1206+4332, 0420-014, PKS_2032+107, 1ES06
TXS_0025+197, PKS1749+096, OT355, PKS_1622,98
PKS_0336-01, B3_1307+433, Fermi_J2101+5806

GB6_J0114+1325, OV_591, 2FHL0600.2+1243, PK:
B2_0748+33 show no significant detection

.
+250, PKS2144+092, S41800+44, QS0_J1650+4251, 3C380, HS2209+1914, FermiJ1544-0649, 4C+38 41 V e r a S t a lq a l S l S
Q033+595, 1ES2037+521, PG1115+080, 3FGLJ0115.8+2519, $4_0814+42, TXS_2241+406, OL_256,
IMN_J1606-0353, PKS_1502+106, OC_457, TXS_0730+504, TXS1100+122, PKS_0837+012, 1ES1727+502,

135, GB6_J0154+0823, B2_0234+28, 0J014, GB6_J1058+2817, $30218+35, OS300, TXS_0128+554

Moreover the LAT detected these HE photons
CrabNebula
1 front photon of 31 GeV at 0.05 deg

Forwarded by Dr. Francesco Longo LogParabola (LP) spectrum (4FGL, Abdollahi et al. 2022)

: Taken advantage of long observation history of the source

2008-2023 (15-year) period | 2021-2023 (MAGIC) period
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T N
TON 116 by Fermi-LAT (2008-2023)

E range: 300 MeV - 500 GeV; N,,;,/decade: 10; Rol/bin width: 10°/0.1°; Zenith cuts: standard;
Event class/type: 128 (point-like) / 3 (front+back); Models: isotropic, gal. diffuse, 4FGL-DR3; Likelihood zone: 15°

Counts' map TS map
Residuals' map Fitted SED
n | LA 4 " %
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T N
TON 116 by Fermi-LAT (2008-2023)

E range: 300 MeV - 500 GeV; N,,;,/decade: 10; Rol/bin width: 10°/0.1°; Zenith cuts: standard;
Event class/type: 128 (point-like) / 3 (front+back); Models: isotropic, gal. diffuse, 4FGL-DR3; Likelihood zone: 15°

120

Counts' map TS map

Residuals' map Fitted SED

Best-fit model for spectral dataset:

\__/ \__/
. Powe)(aw (PL) Log-pa{bola (LP)
o VAN VAN
&m | H Power-law with exponential cut-off (PLEC)
| g === |} § | dN E_\
=1 L1 7% =0 (Tgreiey) - epl-(E~E)/p

. 4
+ ]
12hag™ I6™ 24™ 104 10* 10"
RA Energy [MeV]

Through TS, vature t€St
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T N
TON 116 by Fermi-LAT (2021-2023)

E range: 300 MeV - 500 GeV; N,,;,/decade: 10; Rol/bin width: 10°/0.1°; Zenith cuts: standard;
Event class/type: 128 (point-like) / 3 (front+back); Models: isotropic, gal. diffuse, 4FGL-DR3; Likelihood zone: 15°

Counts' map TS map

Residuals' map Fitted SED
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S N
TON 116 by Fermi-LAT (2021-2023)

E range: 300 MeV - 500 GeV; N,,;,/decade: 10; Rol/bin width: 10°/0.1°; Zenith cuts: standard;
Event class/type: 128 (point-like) / 3 (front+back); Models: isotropic, gal. diffuse, 4FGL-DR3; Likelihood zone: 15°

Counts' map TS map

Residuals' map Fitted SED

Again, spectral trend consistent with:

I l Power-law with exponential cut-off (PLEC

dN E -
=N (5o ) -exp[—(E—E
de ~ (103Me\/) expl=(E—Ep)/p]

4
10-7
12"a8™ 36™ 24m 10% 104 10*
RA Energy [MeV]
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4FGL J1243.2+3627 + 15 years
10754 4+ 2021-2023
';I_‘ J
(3]
7
£
(=]
=
Q
Z 1076+ T
[N} 4
2
TON 116 I MAGIC C16 N% _+‘
2021-2023 it
= [ MAGIC C18
(3-month binning) === Mean Flux
4 4FGL Fermi-LAT 10-7 ————— —— ——
103 104 103

@ Energy [MeV]

NLE) ——

= 1078 - —

59200 59400 59600 59800 60000 60200
MJD [days]
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D — \
TON 116 by Fermi-LAT (recap)

4FGL J)1243.2+3627 + 15 years

4 2021-2023

=
o
&

E2dN/dE [MeV cm—2 s~1]
=
o
&

+
'|ToNn 116 [0 MAGIC C16
2021-2023 e | +
(3-mofEEERINg) 7 iene.. . >
T e T e i O
g Energy [MeV] - -
g —— -
gl SR aemm = ¥
= 300 MeV - 500 GeV range, 2021-2023 period:
59200 59400 59600 o |:days;]59800 60000 60200 ° Overall non_variabil‘.ty (LC)

 Particularly low activity (SED)
also preventing VHE detection

(but still possible in case of flare...) 7
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TON 116 by Swift-XRT

* 10 "visits" on the source in the 2021-2023 period

9 in Mar 2021 + 1 in Mar 2022, ~ 1.6 ks duration (~ 27 min)
1 previously discarded due to scarce time (2021-04-02

* Photon Counting (PC) readout mode

Events within R ~ 6 pixels from the centre excluded to avoid
pile-up occurrence; signal up to ~ 30 pixels, compared with PSF

* Dedicated analysis software in the 0.2 - 10 keV range

Swift Master Catalog (swiftmastr)

Search radius used: 25.00"

Select| Related Links | Services
O an
@ () |BATUVOTXRT|O RN S D B

@ ) |BATUVOTXRTIO RN S D B

@ O |BATUVOTXRT|O RN S D B
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@ () |BATUVOTXRT|O RN S D B

@ ) |BATUVOTXRTIO RN S D B

@ O |BATUVOTXRT|O RN S D B

@ O [BATUVOTXRT|O RN S D B

QD BATUVOTXRTO RNSDB

@ ) |BATUVOTXRT|IO RN S D B

@ O |BATUVOTXRT|O RN S D B

@ ) |BATUVOTXRT|O RN S D B

QD BATUVOTXRTO RNSDB

@ ) |BATUVOTXRT|IO RN S D B

@ O |BATUVOTXRT|O RN S D B

@ () |BATUVOTXRT|O RN S D

QD BATUVOTXRTO RNSDB

@ ) |BATUVOTXRT|IO RN S D B

@ O |BATUVOTXRT|O RN S D B

@ () |BATUVOTXRT|O RN S D

QD BATUVOTXRTO RNSDB

@ ) |BATUVOTXRT|IO RN S D B

@ O |BATUVOTXRT|O RN S D B

@ ) |BATUVOTXRT|O RN S D B

QD BATUVOTXRTO RNSDB

Bulletin

name

R

[TXCVN

[TXCVN

[TXCVN

1RXS5J124312 5|
1RXSJ124312 5|
1RXSJ124312 5|
1RXSJ124312 5|
1RXSJ124312 5|
1RXSJ124312 5|
1RXS5J124312 5|
1RXSJ124312 5|
1RXSJ124312 5|
1RXSJ124312 5|
1RXS5J124312 5|
1RXSJ124312 5|
[TXCVN

1RXSJ124312 5|
1RXS5J124312 5|
1RXSJ124312 5|
[TXCVN

1RXSJ124312 5|
1RXS5J124312 5|
1RXSJ124312 5|
1RXSJ124312 5|
1RXSJ124312 5|

https://heasarc.gsfc.nasa.gov/db-perl/W3Browse/w3table pl

obsid
2

00090484001
00090484002
00090484004
00038445002
00038445001
00038445028
00038445004
00038445027
00038445016
00038445017
00038445021
00038445019
00038445018
00038445020
00038445023
00091453007
00038445025
00038445006
00038445024
00091453008
00038445010
00038445014
00038445008
00038445007
00038445003

ra
(i
12 44 36.19|
12 44 3379
12 44 39 89|
12 43 12.44]
12 43 16 40|
12 43 13.17|
12 43 15.82|
12 43 14.92
12 43 14 36|
12 43 06.79)
12 43 12 39|
12 43 19.30)
12 43 14.04|
12 43 21.42)
12 43 10.93|
12 44 3783
1243 10.13|
12 43 15.52)
12431001
12 44 40.75)
1243 14 83|
12 42 57 16|
12 43 23 25|
12 43 1668
1243 1862

dec

S0
+36 45 17 2|
+36 45 137
+36 43 47 2|
+36 30 087
+36 28 29 6|
+36 27 597
+36 29 08 3|
+36 26 22 4
+36 28 14 7|
+36 28 56 .0
+36 27 00 6|
+36 27 49 2
+36 29 33 4
+36 24 24 6|
+36 26 30 9|
+36 44 38 9)
+36 26 319
+36 27 56.1
+36 25 40 9|
+36 43 44 4
+36 26 45 9|
+36 27 47 3
+36 26 15.1
+36 27 26 3
+36 28 517

start time

2010-04-08 16:46:00
12010-04-21 06:28:00|
2010-05-18 04:21:00
12010-10-19 02:25:59|
2009-02-13 20:37:00
12024-01-06 04:15:55|
2017-12-27 00:24 57|
12022-03-09 01:17-36|
2021-02-18 10:35:36
12021-02-18 08:54:34|
2021-02-22 11:20:35
12021-02-20 09:58:35|
2021-02-19 11:40:35
12021-02-21 11:27:34
2021-03-12 08:05:35,
12013-03-10 05:58:59|
2021-03-19 08:52:35
12018-01-24 13:44:57|
2021-03-16 09:13:35
12013-03-25 16:10:59|
2018-03-21 15:03:57|
12018-05-02 15:54:56|
2018-02-21 14:17 57|
12018-02-07 18:56:57|
2017-12-13 17:12:57|

Search Offset

date|xrt exposure|uvot exp chive date|
Tt | O S s
20160711 |4488.16200 [4480.33100 |4551.00000 |2010-04-19
20160712 (342078900 (341620100 [3488.00000 |2010-05-02
20160713 |2861.86000 [2859.82200 [2912.00000 |2010-05-29
20160815 [2403.15100 [2397.25500  [2538.00000 |2010-10-30
20151227 (214372100 [207167300 [2196.00000 |2009-02-24
20240118 (214123400 211016600  [2172.00000 |2024-01-17
201801-08  [207593700 [2060.72800 [2090.00000 |2018-01-07
20220319 [1978.96300 [1904.96400 [2000.00000 |2022-03-20
20210228 [195568500 [1954.23900 |1873.00000 |2021-08-01
202102-28 (188040800 [1879.62300 [2038.00000 |2021-03-01
202103.04 (169941800 |1698.69400 |1706.00000 |2021-03-05
202103-02  [1689.38800 [1689.60300 |1687.00000 |2021-03-03
202103.01  [1671.83600 [167057200 |1678.00000 |2021-08-02
202103-03  [1633.85600 |163453800 |1642.00000 |2021-03-04
20210322 (142959900 [142828900 |1444.00000 |2021-08-23
2017-11-04  [1387.57100 138192800 |1413.00000 |2013-03-21
20210320 [1368.18100 [1367.67400 |1376.00000 |2021-08-30
201802-03  [1318.83500 [1311.03100 |1326.00000 |2018-02-04
20210326 [1303.16400 [1300.77000 |1309.00000 |2021-08-27
2017-11-08  [127822800 [1278.10900 |1285.00000 |2013-04-05
20180423 [1119.68200 [110487000 113300000 |2018-04-01
20180512 [1118.20300 [1109.55800 |1124.00000 |2018-05-13
201803.03 (102046900 [1012.14900 |1027.00000 |2018-03-04
201802417 [1007.93000 (99856700  1013.00000 |2018-02-18
20171223 [1002.91600 (99373500  |1008.00000 |2017-12-24

tn
|24 261 (TON 116)|
123.888 (TON 116)|
|23.742 (TON 116)|
12.413 (TON 116)
1.058 (TON 116)
0.275 (TON 116)
1536 (TON 116)
11.429 (TON 116)
0.607 (TON 116)
11.693 (TON 116)
0.727 (TON 116)
11.323 (TON 116)
1.842 (TON 116)
3.754 (TON 116)
1271 (TON 116)
124036 (TON 116)|
1311 (TON 116)
0.595 (TON 116)
2.124 (TON 116)
123.839 (TON 116)|
1.057 (TON 116)
3.132 (TON 116)
2 583 (TON 116)
|0.846 (TON 116)
1634 (TON 116)

xspec (HEASoft v.6.32.1) with ancillary files for detector response
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el

TON 116 by Swift-XRT

* 10 "visits" on the source in the 2021-2023 period

9 in Mar 2021 + 1 in Mar 2022, ~ 1.6 ks duration (~ 27 min)
1 previously discarded due to scarce time (2021-04-02

* Photon Counting (PC) readout mode

Events within R ~ 6 pixels from the centre excluded to avoid
pile-up occurrence; signal up to ~ 30 pixels, compared with PSF

* Dedicated analysis software in the 0.2 - 10 keV range

xspec (HEASoft v.6.32.1) with ancillary files for detector response

Swift Master Catalog (switmastn) - Bullelin https://heasarc.gsfc.nasa.gov/db-perl/W3Browse/w3table .pl
Select| Related Links Services name obsid ra dec start time date|xrt exposure|uvot exp: chive date| Search Offset
O anl 44 S0 40 44 Tt | O S s @

Q @] BATUVOTXRT|O R N 8 D B [TXCVN 00090484001|12 44 36.19(+36 45 17.2|2010-04-08 16:46:00(2016-07-11 4488 16200 |4480.38100 14551.00000 |2010-04-19 |24.261 (TON 116)|
Q [J |[BATUVOTXRT|O R N S D B [TXCVN 00090484002|12 44 33.79|+36 45 13.7/2010-04-21 06:28:00|2016-07-12 3420.78900 (3416.20100 3488.00000 |2010-05-02 |23.888 (TON 116)
Q [0 |BATUVOTXRT|O R N S D B [TXCVN 0009048400412 44 39.89/+36 43 47.2|2010-05-18 04:21:002016-07-13 2861.86000 (2859.82200 12912.00000 |2010-05-29 |23.742 (TON 116)|
(‘1 (J |BATUVOT XRT |0 R N S D B [1RXSJ124312 5/00038445002(12 43 12 44(+36 30 08 7|2010-10-19 02:25:592016-08-15 2403.15100 (2397.25500 12538.00000 |2010-10-30 2.413(TON 116)
Q @] BATUVOTXRT O R N S D B |1RXSJ124312.5/00038445001|12 43 16.40(+36 28 29 6/2009-02-13 20:37:00{2015-12-27 2143.72100 |2071.67300 |2196.00000 |2009-02-24 |1.058& (TON 116)
Q (J |[BATUVOT XRT [0 R N S D B [1RXSJ124312 5/00038445028(12 43 13.17(+36 27 59.7(2024-01-06 04:15:55(2024-01-16 214123400 (2110.16600 [2172.00000 |2024-01-17 |0.275(TON 116)
Q (0 |[BATUVOT XRT [0 R N S D B [1RXSJ124312 5/00038445004(12 43 15.82(+36 29 08.3[2017-12-27 00:24:57|2018-01-06 2075.93700 |2060.72800 |2090.00000 (2018-01-07 |1.536 (TON 116)
Q [J |BATUVOT XRT |0 R N S D B [1RXSJ124312 5(00038445027 12 43 14 92|+36 26 22 4|2022-03-09 01:17-36|2022-03-19 1978.96300 |1904.96400 12000.00000 |2022-03-20 |1.429(TON 116)
a (m] BATUVOTXRT O R N S D B |1RXSJ124312.5/00038445016|12 43 14.36(+36 28 14.7/2021-02-18 10:35:36{2021-02-28 195568500 |1954.23900 1873.00000 |2021-03-01 |0.607 (TON 116)
Q () [BATUVOTXRT [0 R N S D B [1RXSJ124312 5/00038445017|12 43 06.79(+36 28 56.0[{2021-02-18 08:54:34|2021-02-28 1880.40800 |1879.62300 12038.00000 (2021-03-01 [1.693(TON 116)
’*'1 [ |[BATUVOTXRT [0 R N S D B [1RXSJ124312 5/00038445021[12 43 12.39|+36 27 00.6(2021-02-22 11:20:35|2021-03-04 1699.41800 |1698.69400 1706.00000 |2021-03-05 |0.727 (TON 116)
Q (J |BATUVOT XRT |0 R N S D B [1RXSJ124312 5/00038445019(12 43 19.30[+36 27 49 2|2021-02-20 09:58:35|2021-03-02 1689.38800 |1689.60300 11697.00000 |2021-03-03 |1.323 (TON 116)
a (m] BATUVOT XRT (O R N S D B |1RXSJ124312.5/00038445018(12 43 14.04/+36 29 33.4/2021-02-19 11:40:35(2021-03-01 1671.83600 |1670.57200 1678.00000 |2021-03-02 |1.842 (TON 116)
Q (J |[BATUVOTXRT [0 R N S D B [1RXSJ124312 5/00038445020(12 43 21 42(+36 24 24 6(2021-02-21 11:27-:34|2021-03-03 1633.85600 |1634.53800 11642.00000 |2021-03-04 |3.754 (TON 116)
’*'1 [ |[BATUVOTXRT [0 R N S D B [1RXSJ124312 5/00038445023[12 43 10.93(+36 26 30.9[2021-03-12 08:05:35{2021-03-22 142959900 |1428.28900 1444.00000 |2021-03-23 |1.271 (TON 116)
Q [J|BATUVOTXRT|[O RN S D [TXCVN 00091453007 |12 44 37.83|+36 44 38.9/2013-03-10 05:58:592017-11-04 138757100 |1381.92800 11413.00000 |2013-03-21 |24.036 (TON 116)
a (m] BATUVOTXRT O R N S D B |1RXSJ124312.5/00038445025|12 43 10.13(+36 26 31.9/2021-03-19 08:52:35(2021-03-29 1368.18100 |1367.67400 1376.00000 |2021-03-30 |1.311(TON 116)
Q (] |[BATUVOTXRT [0 R N S D B [1RXSJ124312 5/00038445006(12 43 15.52(+36 27 56.1(2018-01-24 13:44:57|2018-02-03 1318.83500 |1311.03100 11326.00000 |2018-02-04 |0.595 (TON 116)
’*'1 [ |[BATUVOTXRT [0 R N S D B [1RXSJ124312 5/00038445024(12 43 10.01|+36 25 40.9[2021-03-16 09:13:35{2021-03-26 1303.16400 |1300.77000 1309.00000 |2021-03-27 |2.124 (TON 116)
Q [J|BATUVOTXRT|[O RN S D [TXCVN 00091453008 |12 44 40.75/+36 43 44 4/2013-03-25 16:10:59/2017-11-06 127822800 |1278.10900 11285.00000 |2013-04-05 |23.839 (TON 116)
a (m] BATUVOTXRT |O R N S D B |1RXSJ124312.5/00038445010(12 43 14.83(+36 26 45.9/2018-03-21 15:03:57(2018-04-23 1119.68200 |1104.87000 1133.00000 |2018-04-01 |1.057 (TON 116)
Q (] [BATUVOTXRT [0 R N S D B [1RXSJ124312 5/00038445014[12 42 57_16(+36 27 47 3[2018-05-02 15:54:56(2018-05-12 1118.20300 |1109.55800 11124.00000 |2018-05-13 |3.132 (TON 116)
’*'1 [ |[BATUVOT XRT [0 R N S D B [1RXSJ124312 5/00038445008(12 43 23 25(+36 26 15.1(2018-02-21 14:17:57|2018-03-03 1020.46900 |1012.14900 1027.00000 |2018-03-04 |2.583 (TON 116)
Q (J |BATUVOT XRT |0 R N S D B [1RXSJ124312 5/00038445007 12 43 16.68|+36 27 26 3|2018-02-07 18:56:57|2018-02-17 1007.93000 |998.56700 11013.00000 |2018-02-18 |0.846 (TON 116)
a (m] BATUVOTXRT |O R N S D B |1RXSJ124312.5/00038445003|12 43 18.62(+36 28 51.7|2017-12-13 17:12:57(2017-12-23 100291600 |993.73500 1008.00000 |2017-12-24 |1.634 (TON 116)

& 4%
L[] L]
spectra extraction with > 30 counts
_sp >
L\ (]
per channel bin
59
V. 4 . s 45
P 7 y 7/ ‘ /‘/K
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N
TON 116 SED by Swift-XRT

TON 116
L §
o TON 116
- i -
% I | ID — X2 el 1265710
e L Single Obs. IDs - L gor 10
o A ".“E B [ol8] 2.168e-12 + 6.544e-14
o - = LS o p1 -0.3173 + 0.04191
.
S, | , o
B0 e b
Ty B Tl =4 ‘ W i
g ST -
L [ ! T
Q0038445016 -
—— 0038445017
Q0038445018
—— 00038445019
Q0038445020
—12 [ | —&— 00038445021
10750 oocasassoes J Total 2021-2022
ODO38445024 IU"Z 1 1 1 1 1 | 1 1
| | —@— 00038445025 1
—— 00038445027 l Energy [keV]
T T 1 1 1 1 1 1 1
1
E [keV]
Obs. ID  Archive Date  Exposure | Px
[ks] (o2 crg(:m’2 )
38445016  2021-03-01 2.0 29402 2.1+0.2
38445017  2021-03-01 1.9 22+03 24402
38445018  2021-03-02 1.7 32403 2.0+0.2
38445019  2021-03-03 1.7 1.7+£0.2 2.6+0.2
38445020  2021-03-04 1.6 21102 2.0+0.2 [
38445021  2021-03-05 1.7 1.7+0.2 24402 I
38445023  2021-03-23 1.4 32403 22402 E
38445024  2021-03-27 13 24104 2.6+0.2 —
38445025  2021-03-30 1.4 21103 25+03 F (E) k—t
38445027  2022-03-20 20 1.1+0.2 23404 X
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TON 116 SED by Swift-XRT

TON 1186
) - TON 116
ol i — x2 7 ndf 12.65/10
L 1 Single Obs. IDs - L b
S T4 L o i po 2.168e-12 * 6.544e—14
o — /'/ = E
o = E p1 -0.3173 = 0.04191
KA e— o
S dpeecee .
- e el i
N* = it SO ;—4\ *I:L
W] | L™ S, = o
1 A ] tu
00038445016 |;‘ — L -
—8— 0DO3B445017 R R
00038445018 [
—— 00038445019
00038445020
—12 | | —&— 00038445021
10 || 00038445023 J Total 202 1 _2022
00038445024
M =Y L L L L | | L |
|| —— 00038445025 10 y
—— 00038445027 l Energy [keV]
T T 1 1 1 1 1 1 1
! E [keV]
Obs. ID  Archive Date E) ky . 1 1
S it ! g Normalization constant
38445016  2021-03-01 20 29+0.2 2.1+0.2
38445017  2021-03-01 1.9 22403 241402

T é Weighted slope

/USO8 2021-03-02 17 32403 20402 k 7
38445019  2021-03-03 1.7 1.7+0.2 2.6+0.2
3845020 20210304 16 21£02 20402
38MS021 2021-03-05 17 17402 24402 . g =2_1
38MS023 2021-03-23 14 32403 22402 PL Model E (|ntr|nS|C. Px = X)
3845024 2021-03:27 13 24404 26402 -t = IVIVUGE
3845025 20210330 14 21403 25403
38445027  2022-03-20 20 1.1£0.2 23404 Deabso rbed . data/absorbed
\ ? 1.5 keV

Galactic absorption (Ben Bekhti et al. 2016):
ny= 1.29 - 1022cm-
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—— N
TON 116 SED by Swift-XRT

TON 116
) = TON 116
K . _ [ &/ ndf 12.65/10
= L 7L Smgle Obs. IDs i Kx\l Prob 02438
S e o i p0 2.1686-12 = 6.544e14
o i = E§ pi ~0.3173 £ 0.04191
B, | e | o t
w - i fe | & ~ X
W] i IR el Fonmnn 5 Y
| A 7 e u
00038445016 |;‘ — L —_— — -
—— 00038445017 I L k
00038445018 1 X, X
—— 00038445019
00038445020
—12 | | —&— 00038445021
107 1 e onnanassce J Total 2021-2022
00038445024
i 1 L L L L ! ! L |
| | —@— 00038445025 10 y
—— 00038445027 l Energy [keV]
T T 1 1 1 1 1 1 1
! E [keV]
Obs. ID  Archive Date E) 8 % i i
il ekl sy B Normalization constant
38445016 2021-03-01 20 29+0.2 2.1+0.2

38445017 2021-03-01 1.9 22403 24402

38445018 2021-03-02 1.7 32403 20402 V 1 /_é .

38445019 2021-03-03 1.7 1.7+0.2 26+0.2 We |g hted S |O pe

38445020  2021-03-04 1.6 2.1£02 20402

38445021 2021-03-05 1.7 1.740.2 24402 H H " . — 2 L t
38445023 2021-03-23 1.4 32403 22402 PL Model E (lntr|n3|c- px = X)
38445024 2021-03-27 1.3 24+04 26402 — WIS SN E

38445025  2021-03-30 14 21403 25403

38445027  2022-03-20 2.0 1.1£0.2 23404 Deabso rbed . d ata/absorbed

3 1.5 keV
Galactic absorption (Ben Bekhti et al. 2016):

ny=1.29 - 10#2cm= k,=2.2-10"2 ergcm?s™, t,=-0.3 < p,x2.3
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Norm. Date
15

N

S D B om0
-] TON 116
.
]

Q><_ 5 k:_’_'_l _______________________ F_____‘___'l _____

04

-1 4

-2

MJD

T T T T T T T
59270 59275 59280 59285 59290 59295 59300 59305

Q

The soft-X slope is also found to be ~ constant over time

oD+ Tx.q
Px
Px.g

Norm. Date

-~

0 50 100 150 200 250 300 350 400
1 1 1 1 L 1 1 1 1

TON 116

Swift

q = 2.320 +/- 0.090
X?/dof = 0.1841/7.0
p-value = 1.000E+00

_ Fit: a = 1.258E-04 +/- 6.993E-04 I

—4

MJD

LA L LA B R L B R R L R R L R A R L S B B B
59250 59300 59350 59400 59450 59500 59550 59600 59650

Method o, Pxg ;[,2,‘, /dof  p-valy x_\.zp Jdof  p-val,: x f, i
[10-4dy "]

1-polyfit 1.26+:6.99 232+0.09 0.184/7 1.000  0.184/7 1.000 14.07

l-curve_fit 1.26£699 232+0.09 ().|84[? 1.000 ().|84f? 1.000 14.07

0-polyfit 0 2.33+£0.08 0.185/8 1.000 ().|85/8 1.000 15.51

(O-curve_fit 0 2.33+0.08 0.185/8 1.000 0. |85/8 1.000 15.51
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D — \

Norm. Date
(o] 5 10 15
. . i . . ‘
5] TON 116 L h & X l . I F d b .
The soft-X slope is also found to be ~ constant over time
o] g
*] }
e et PP At o b
= f‘ F
Q 2 t
) Method :xl Prg X /dof  pvaly  x2/dof  p-valy X2,
104 dy A~
04 - . S —
o, D | Pxg I-polyfit 126 16.99 £2.32+9.09 0.184/7 1.000 0.184/7 1.000 14.07
1] i Px I-curve_fit 126+699[ 23240409 0.184/7 1.000 0.184/7 1.000 14.07
-2 T T T T T T T
saame . seeTs . SeEO S”SSMJSE;‘“‘O saees sRen =eAes Px.q 0-polyfit 0 2334£008 0.185/8 1.000 0.185/8 1.000 15.51
O-curve_fit 0 233+0.08 0.185/8 1.000 0.185/8 1.000 15.51
\__/

®
Norm. Date
0 50 100 150 200 250 300 350 400
1 1 1 1 L 1 1 1 1

s Linear fit (generic slightly better than constant):

___ Fit: @ = 1.258E-04 +/- 6.993E-04 ||
q = 2.320 +/- 0.090

X?/dof = 0.1841/7.0
p-value = 1.000E+00

] TON 116

a, = 1.3 - 104 /day ® still negligible in our case (384 days)

; Pxg = 2.3 mp mean slope (basically invariant)
N N . _ 2 .
T 1’ Z(P-"-'*ﬁ Paiexp) mmmm) 1S for goodness-of-fit
59250 59300 59350 58400 SSR;GD595OO 59550 59600 59650 i I}.El—.i‘lﬂ (numpy and SCipy routines)
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TON 116 by OSN

Data-taking period: 23rd Feb 2022 — 12th Feb 2023
Telescope(s): T090, T150

Scientific outcomes: R mag values
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TON 116 by OSN N

Data-taking period: 23rd Feb 2022 — 12th Feb 2023

Telescope(s): T090, T150

: -1 . Few entries per night (mag range: 15-17)
Scientific ou mes: m val |::> -
s CUEEries R rieg) WEIUEE Empty periods of 5-15 days (source not observed) :
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P
TON 116 by OSN N

Data-taking period: 23rd Feb 2022 — 12th Feb 2023

Telescope(s): T090, T150

- o ] Few entries per night (mag range: 15-17)
Scientific outcomes: R mag values :> i Empty periods of 5-15 days (source not observed) :

@ i) Galactic extinction correction (true magnitude from )

(::{ Mg = - 0.026 mag (Landolt R bandpass, Schiafly & Finkbeiner 2011)

ii) True magnitudes (mp ;) === flux densities (f ;) conversion (Bessell et al. 1998)

MagToFluxDensity_bessell98 method (PyAstronomy.pyasl python package)

Andrea Lorini PhD Thesis Unisi DSFTA 32




Fr [erg cm™2 s71]

N

39 data points from a 1-per-day average:

1] ¢+ osn

1|:=--+ Ft: g = 9.566E-13 +/- 1.801E-14 TON 116
1.4 _ X2jdof = 5.027E-13 / 38.0

p-value = 1.000E+00
1.2-
4o l | bl
w] M : i
' |} } '”H
I

0.8 A ]

_ + h
0.6—-

5960I0 IIIIIII 5:‘)}:0:0 IIIIIII 5I9é0I0 IIIIIII 5I95;0I0 IIIIIII GIDEI}OIO

?_ i 1 L
fR — i=1 fR, AfR — (AfR,E)Z
n V=i
Flux value Flux error

Andrea Lorini

PhD Thesis

Unisi DSFTA

33




—

el

39 data points from a 1-per-day average:

o } OsN
----- Fit: q = 9.566E-13 +/- 1.801E-14 TON 116
14 ] X2/dof = 5.027E-13 / 38.0
p-value = 1.000E+00
lln 1.2—_ }
| |
i
S o] } }+ 2, MH+
L ’ |} +'”H
W ] ; b I'||.+|'
0.6—-
se600 se700 sego0 se900 60000
MJD

fR,i single rpeasurement
at given MJD
?:1 fR}Z _ 1 - 2 .
Jr= L Afe =1\ LARDT | 4 Afp; , single measurement
- ’ error
Flux value Flux error
n — n.of measurements
— at same MJD
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A

1.4 4

O5N
Fit: q = 9.566E-13 +/- 1.801E-14

X?/dof = 5.027E-13 / 38.0
p-value = 1.000E+00

1.2 4

1.0 4

Fr [erg cm™2 s71]

—

39 data points from a 1-per-day average:

No flaring state

supported

v i 1 L
fR — Lf}z’ Afg = — (AfR,;‘)z
n i
Flux value Flux error
Simple mean Upper = lower

—

fR/i —

single measurement

at given MJD

Afo; — single measurement

n —

error

n. of measurements
at same MJD

Daily flux showing a constant trend with < 22% fluctuations
Fr= (9.6 £ 0.1) - 10-"® erg cm2 s (confirmed by constant fit)
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E [eV]
1071 102 10° 108 101! 1014
1 1 1 1 1 1
_E_
10 TON 116
1010 4 T
A
Il.||"l
=12 |
T 10 A M
e i
U
D 107141
2,
v
LI._: 10—15—
= 1| & osn T
10-1¢ - Swift-XRT i
4 Fermi-LAT
1| @  This work
10—20 T T T T T T T T T T T T T T T T T T
1011 1014 101? 1020 1023 1025 1029
v [Hz]
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OSN + Swift-XRT

Probing the synchrotron
bump (Optical + X band)

E [eV]
1071 102 108 108 1011 1014
1 1 1 1 1 1
7 TON 116
£
(&)
9 10 14
L,
v
W 10716
= 1| &+ osN T
10-18 Swift-XRT 1
4 Fermi-LAT
1| @  This work
10‘2” T T T T T T T T T T T T T T T T T T T
1011 1014 101? 1020 1023 1025 1029

v [Hz]
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o o o E [e"’]ma o Lot
] T0|Iu 116 | | | | | _- =&
B N
OSN + Swift-XRT S o | Fermi-LAT + MAGIC
Probing the synchrotron 5 =P Probing the inverse-Compton
bump (Optical + X band) TN L e bump (HE + VHE y band)
00 10% 107 m:u[le]l 1027 10% 109
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E [eV]
1071 102 10° 108 101! 1014
1 Il 1 1 1 1

10°1 TON 116 - e
10 T

_ ;/- ey
A TE 107124 A > v —\ ; :

OSN + Swift-XRT - i ' Fermi-LAT + MAGIC
Probing the synchrotron E m_lﬁ. * = ! - Probing the inverse-Compton
bump (Optical + X band) o § ot ) [ bump (HE + VHE Yy band)

10 10 vplj.s lOU [HZ] 10 VP)ClO 10

*  No Compton dominance (as expected for BL Lacs, Ghisellini et al. 2017)

* Vs 2 10'%Hz — HBL nature (in agreement with 4LAC Fermi catalogue)
Vp S 1025Hz = Compton peak before 100 GeV (as seen by Fermi’)

*  Ewmission highly suppressed at the most extreme energies (< 1 TeV)
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Broadband SED interpretation

Can we reach the model providing the best explanation?
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<l
Broadband SED interpretation

Nigro et al. (2022)

Can we reach the model providing the best explanation?

Bégué et al. (2023)

AGNpy

0 Open-source, publicly-available python package for
modeling radiative processes in the jets of AGNs

o Multiple AGN components considered (— thermal/line
emission sources), EBL and y-y absorption included

0 No v < 10" Hz, no time evolution (but self-consistency)

0 No data handling/fitting (but external wrappers available)

agnpy

0 Publicly-available innovative platform for archival data
searching and fitting (huge list of known blazars)

l@ Fast fitting procedure on archival/uploaded data relying on
Convolutional Neural Networks (SOPRANO spectra training)

0 No v < 10" Hz, no ULs handling

Initial phase: SSC model only included (but self-consistency
for secondary processes e.g. cooling, pairs, EBL)

l MMDC I
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agnpy-sherpa fit results

SynchrotronSelfComptonModel method initializations:

E [eV]  PL/BPL (+ ULs) as e energy distribution
-1 2 5 8 11 14
e s S s A S S e z=0.5
104 ToN 116 - « sherpa wrapper for data handling
10—10_ -
r‘:n 10—12_ __.;v"‘f;::; \_:_\\\ - -
e -z \ T I
9] e - 3
21071 HI -
9 |
- 1l + osn | i
S 10-16- Swift-XRT | i
4 Fermi-LAT |
1| #  This work | I
10-18 | SSC (PL) model | B
—-— SSC (PL) model with ULs ]
11--- ssc (BPL) model ]
1020 — 1. T T T _ T T T T T _ T T 1 —— T
1011 1014 1017 1020 1023 1026 1029

v [Hz]
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agnpy-sherpa fit results

SynchrotronSelfComptonModel method initializations:

 PL/BPL (+ ULs) as e energy distribution

| | 10‘—1I | 192 | | 195 | | 198 I | 1(?11 | | 10.14 | | o Z — O 5
104 ToN 116 - * sherpa wrapper for data handling
10—10 -
o 1012 e - i Power-law case
£ - \ e _
> 10-1 lﬂf . Forv<10®Hz — = PL (+ ULs)
N N Forv >10%Hz — PL (+ ULs) improving the VHE fit
S 10-16- Swn‘t.XRT I n
| 4 fomiar | I - But EHBL behaviour suggested (v,, . > 107" Hz)...
10-18 |- SSC (PL) model ! -
||== SSC (PL) model with ULs : i
ol J i Broken Power-law case
1011 1014 1017 1020 1023 1026 1029
v iHzl Harder rise & decrease of synchrotron bump
Bumps' connection at higher E, harder rise of IC bump
Strong VHE Good fit also at VHE even if ULs not included!

suppression
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MMDC fit results \

Main ingredients:

* Leptonic SSC one-zone model

« Simple PL as electron energy distribution

« AIll TON 116 broadband datasets w/o ULs (HE, VHE),
no TON 116 archival data (mostly out of 2021-2023)

vF(v) [erg cm? s

« EBL absorption considered (Dominguez et al. 2011)

10—15

Vaps[HZ]
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T
MMDC fit results \

Main ingredients:

vF(v) [erg cm? s

10—15

* Leptonic SSC one-zone model

« Simple PL as electron energy distribution

« AIll TON 116 broadband datasets w/o ULs (HE, VHE),
no TON 116 archival data (mostly out of 2021-2023)

« EBL absorption considered (Dominguez et al. 2011)

Overall trend very similar to agnpy BPL model

0% 1070

(smallest slope p, close to the first of BPL)

Vaps[HZ]

VHE strong suppression confirmed
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MMDC

hpy

5 Elev]

ag

10 10 108 10t 101

107t

-8
10 TON 116

PL (no ULs) PL (ULs included) BPL (no ULs) 10 10 10 10 192"[H]1o 10 70 70 70
z2/dof 26.35/19 40.74/36 17.28/17
Q-val 0.121 0.270 0.435
Log(k[em™3]) 5.74+0.84 5.14+0.15 6.1+1.1
P 2.544£0.04 2.5440.03 2.16+£0.23
” 3.68+0.16 - —
Vmin 1.00 1.00 100 P  Op Ymin  Ymax B[G] Rylem] L.lergs™]
Log (Yar) - 4.59+40.31 i
e [109] 0 Se1 160 211 220 256 2.57-10° 0.0929 1.25-10' 2.61-109
8p 100£ 189 231115 194475
LUg(B[G]) 1.324+0.81 —0.683 £0.077 0.3294+0.556
tyar [Ks] 1.934+7.26 35.0 293

Normalization to the total electron luminosity
R, reported, but no goodness-of-fit information

Normalization to the total numerical density
No R, reported, but t,,, predicted -> 0.5-10 h

<l \
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Parameter comparison

aghpy

1071 10 10° 10 10t 101

-8
TON 116

PL (no ULs) PL (ULs included) BPL (no ULs)
x2/dof 26.35/19 40.74/36 17.28/17
Q-val 0.121 0.270 0.435
Log(klem™]) 5.74+0.84 5.14%0.15 6.1+1.1
P 2.54+0.04 2.54+0.03 2.16+0.23
P2 3.68+0.16
Y min 1.00 1.00 100
Log (Yar) - 4.59+0.31
Ymax [10°] 2.10 2.10 10.0
3p 100+ 189 231415 19.4+7.5
Log (B[G]) 1324081 —0.683+0.077 0.3294+0.556
tyar [KS] 1.93+7.26 35.0 29.3

Normalization to the total numerical density
No R, reported, but t,,, predicted -> 0.5-10 h

MMDC

10719
10719
1077

1078

P 6D Y min Ymax B [G] Ry [cm] L. [crg 5_]]
211 220 256 257-10° 0.0929 1.25-10' 2.61-109

Normalization to the total electron luminosity
R, reported, but no goodness-of-fit information

B Overall agreement (fluctuations within ~ 1 order of magnitude mostly) <:D
What about the literature...?
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“1or- PKS1424+240
2=086

Conatratned t inciuging ragio dsta

A

R
Literature check

PKS 1424+240 (Aleksié et al. 2014)

”

P2

op

B k Ry

[em ™ [cm)]

Le,kin

Tmin Tor “Imax
erg 5

(107 [107]  [G]

1-zone
(no radio)

1.7 3.7
1.9 3.9

131
70

2.1-10%
7.0 - 10%

5 . lo]ﬁ
6.5 - 101

0.006 50
0.018 200

16 2.6 3.9
260 3.2 89

EEEEE 1 P2 6D Ymin “or Ymaz B k Rb
-10% [-10%  [G] lem™3]  [-10" cm)
PL (no ULs) 254 — 100 1.0 - 2.1 0.0479 5.50-10° 3.86
PL (+ ULs) 254 — 231 10 — 21 0207 1.38-10° 16.2
BPL (no ULs) 2.16 3.68 194 100 3.89 10 0.469 7.94-10°7 11.4
P1 P2 Vmin Vor Ymazx B Rb L e
1G] [cm)] lerg s71]
211 — 220 256 — 257-10° 0.0929 1.25-10'° 2.61-10%

—

HBL detected by MAGIC
(after Fermi and VERITAS)

z 2 0.604 (Furniss et al. 2013)
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PKS14244240
5

Conatratned t inciuging ragio dsta

R
Literature check

PKS 1424+240 (Aleksié et al. 2014)

”

P2

op

B k Ry

[em ™ [cm)]

Le,kin

Tmin Tor “Imax
erg 5

(107 [107]  [G]

1-zone
(no radio)

1.7 3.7
1.9 3.9

131
70

2.1-10%
7.0 - 10%

5101
6.5 10"

0.006 50
0.018 200

16 2.6 3.9
260 3.2 89

EEEEE 1 P2 6D Ymin “or Ymaz B k Rb
-10% [-10%  [G] lem™3]  [-10" cm)
PL (no ULs) 254 — 100 1.0 - 2.1 0.0479  5.50-10° 3.86
PL (+ ULs) 254 — 231 1.0 — 2.1 0.207 1.38 - 10° 16.2
— BPL (no ULs) 2.16 3.68 194 100 3.89 10 0.469 7.94-10°7 11.4
P1 P2 Tmin  Tbr Ymazx B Rb L e
1G] [cm)] lerg s71]
211 — 220 256 — 257-10° 0.0929 1.25-10'° 2.61-10%

—

HBL detected by MAGIC
(after Fermi and VERITAS)

z 2 0.604 (Furniss et al. 2013)

©

o)

©

Plausible parameters
and
expected trends

J
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Conclusions

v Thesis work on investigation of possible outliers of the blazar sequence = TON 116 -
good candidate if z = 1 (Ajello et al. 2020), but z 2 0.483 (Paiano et al. 2017)

101 TON 116

v' 1st VHE observations ever with MAGIC (2021-2023), excess hint for 2021 +
2022, but no detection = no new z constraint (Prandini et al. 2010) possible ||+
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Conclusions

v Thesis work on investigation of possible outliers of the blazar sequence = TON 116 -
good candidate if z = 1 (Ajello et al. 2020), but z 2 0.483 (Paiano et al. 2017)

101 TON 116

v' 1st VHE observations ever with MAGIC (2021-2023), excess hint for 2021 +
2022, but no detection = no new z constraint (Prandini et al. 2010) possible ||+

v Ferm/~-LAT, Swift-XRT, OSN observations also combined — broadband SED (~ constant low state)

v 1st emission model ever for TON 116 SED via innovative agnpy-sherpa and MMDC tools

Leptonic 1-zone SSC model /

PL model, trend similar to BPL

: T BPL best-fit model . :
Broken/Simple power-law as e- distribution L2 Ellee, s m UL Strong VHE suppression confirmed
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Conclusions

v Thesis work on investigation of possible outliers of the blazar sequence = TON 116
good candidate if z = 1 (Ajello et al. 2020), but z 2 0.483 (Paiano et al. 2017)

101 TON 116

11111

v' 1st VHE observations ever with MAGIC (2021-2023), excess hint for 2021 + |i-| - -
2022, but no detection = no new z constraint (Prandini et al. 2010) possible

v Ferm/~-LAT, Swift-XRT, OSN observations also combined — broadband SED (~ constant low state)

v 1st emission model ever for TON 116 SED via innovative agnpy-sherpa and MMDC tools

Leptonic 1-zone SSC model / PL model, trend similar to BPL

: T BPL best-fit model . :
Broken/Simple power-law as e- distribution L2 Ellee, s m UL Strong VHE suppression confirmed

v’ Perspectives: VHE monitoring for new distance/nature clarification (especially with CTAO)
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T

What is an Active Galactic Nuclei?

Eventual radio jets made up by | ® Narrow e @) Nﬁ[LFO\IN Line ?2%53” (NLR, < 100 pc)
collimated ultra-high-speed particles = e \év(l)o lfrgg)errﬁore -

Sl dp o = | I I Sl sparse, and much less dense clumps
(relativistic effects e.g. boosting) Region P , Y

Broad Line Region (BLR, ~ 0.1-1 pc)
with fastly-moving (~ 10° - 10* km/s)
clumps excited/ionized by disk

Central U.A.-scale Super Massive Black
Hole (SMBH) of ~ 106 - 10" Mo

Obscuring
. . Torus
Opt|ca||y-th|ck du§ty torus (at ~ 1'-1 QO 0 Sub-pc-scale accretion disk of infalling
pc) absorbing optical and UV radiation, material emitting as a black-body
mostly re-emitting in the far-IR From Urry & Padovani (1995) ' (hotter inward)

In 1% of all known galaxies, non-thermal

accretion) radiation greatly overcomes

the thermal (stars + gas + dust) one!
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Fermi-LAT \

« Launched in Jun 2008 and operational since Nov 2008
« Sky monitorer in the HE y-ray domain (= 20 MeV — 300 GeV)

* Long duty cycle (= 90%), large FoV (= 3 sr)

/-anti—coincidence scintillator rejecting background signals )

- converter tracker of tungsten plates (Z = 74) and silicon detectors
hosting a produced e--e* pair from an incoming y-ray

- calorimeter measuring the e -e+ enerqgy losses

>

g

caveat:

|
Breakthrough for HE sources and TeV candidates

small collection area (~ 1 m?)
inefficient at VHE range...
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odular satellite launched in Nov 2004 to study GRBs
« Continuous MWL sky survey, = 88% covered daily

« Swiftly reacting with three coaligned instruments

[\

XRT UVOT
X-ray Telescope Ultraviolet-Optical
Telescope

E ~0.3-10 keV

\ A ~ 170-600 nm
\Y Y |

Triggered within ~ 90 s
Images + spectra + LCs
Transient localization improved

Transient position
estimation (Ax ~ 1)
and trigger

N

UV/Optical Telescope Sunshade

(UVOT)

X-Ray Telescope

Burst Alert Telescope (XRT)

(BAT)

Optical Bench

Spacecraft

XRT Radiator

https://www .swift.ac.uk/

Key role for further follow-up
(ground-based instruments also)

Transient's redshift possible (few cases)

PhD Thesis
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IAA-CSIC

Observatorio de Sierra Nevada (OSN)

el

Inaugurated in 1981 at Loma de Dilar (03°23'05" W, 37°03'51" N),
Sierra Nevada (Granada, Spain), 2896 m a.s.l.

Two optical telescopes with Ritchey-Chrétien mirror displacement and
Nasmyth focus configuration managed by IAA-CSIC

T150

Bessell 2005

T090

1.50 m diameter 0.90 m diameter

R-band (Johnson-Cousins filter, A= 640.7 nm, A\¢,},,,, = 1580 ,&)

- Photometric data

- Polarimetric data

iop4 pipeline (Escudero et al. 2024)
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Detection insights

Primary VHE y-ray interacting with atmospheric nuclei (h ~ 10 km)

: Cascade of generated e -e* (pair production) and y (bremsstrahlung)

Cherenkov pool (~ ns pulse) focused by M1 and M2 reflectors

MAGIC Analysis and Reconstruction Software (MARS)

l‘EE:EEZ:EE?HI" ROOT format ﬁllllL

« C++ - based scripts (ROOT environment): from DAQ raw files (space/ — -

time distribution of camera p.e.) to high-level results (e.g. SED, LC) _—  (prtar s

lfm‘y ﬂ . | m‘mlﬁi’awl /h separation) ggé!emmw evaluation

- Signal significance (s): statistical comparison of ON/OFF regions (Li & T

Ma 1983), Wobble being the standard observation mode o B e
ono LA E:z:.rlmninguml Hillas parameterization
« Reconstructed quantities (by RF per MC): direction, energy, hadronness | * \ i N J
Low-level (LL) Intermediate-level (IL)

A\ Background to be rejected! J
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TON 116 by MAGIC (2021, 2022)

DTs: Dark Extragalactic; DCMax = 3000 nA; LIDAR@9km: > 0.7; Cloudiness: < 30; En. range: LE

Zenith: 7°-36°;
2021 (~ 17.8/18.7 h) 2022 (~ 7.0/8.0 h) 2021+2022

22400 ¢ so0f” . S
2 e H H ime = 17.; 2 F H H Time =6.69 h H F H H ime = 23.
= 2200 5_ Prel imi ﬂary :0, =3?15?0;2:: =3613.5= 348 = C Prel |m|ﬂary N:i B21; N =7823+16.2 = 2500 L, Prel imi ﬂary :.l—o, =4523ﬂ?:: = 43916383
2000 4 N,, = 136.5=70.4 N, = 38.7 £ 32.9 g N, =179.4 =777
1800 B Significance (Li&Ma) = 2.0s 400 L Significance (Li&Ma) = 1.2c C ‘ Significance (Li&Ma) = 236
1600 &= E 2000 :—
Ahd rea 1400 300 - -
1200 € : 1500
AL 1000 E- i g
E 2 — L
600 E- C F
400 & 100 S00 & ~ 2 5 0]
200 E C
0 E 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 0 C 1 1 1 1 | 1 1 1 ‘ 1 1 1 | 1 1 1 1 0 C 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
0° [ deg’ ] 0* [deg’ ] 6% [deg’ ]
\ |
£ 2000 o - § 500 - . § 2500 _ ime =
Z g00E Preliminary — {3 -smosss Z  F Preliminary i -mss160 Z Preliminary\ e -wmsss
g N, =165.0+81.0 _+j N, =367 4326 i+ N, =1934£750
1600 E Significance (Li&8Ma) = 2.0¢ 400 : Significance (Li&Ma) = 1.1 2000 - 28 Significance (Li&Ma) = 260
1400 ;— E C
Dr Paolo 1200 £ 300 1500
: 1000 C -
Da Vela 800 &= 200 - 1000 -
600 ;— N -
400 ;— 100 — 500 :_
200 & C -
oE N ron Lo Jdl_n_a_r_n o P S IR ol vy
0 0.1 0.2 0.3 04 0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
o’ [ deg” ] o [ deg’ ] ¢’ [deg’ ]
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VHE excess hint iz

Still excess in the

2021 (flute) 2021+2022 (foam)

iF ~ 100 GeV =100 Gov
g A~ 1 I I, 00 GeV" 2021+2022 dataset?
& S : 150F - S 2.6 -

A | " BE | - S S — / \
= S o I S | X NO | | v YES |

10—1 il

10 10° 10° 10* £ (GoV) ° e " [ o)
- =100 GeV/ L =100 GeV Spurious Suggested
L 260 - S260 Fluctuation Signal
P v* B Y e R
" | A + I Dedicated odie execution
| f (standard/fitted ON & OFF distrib.):
107" | E I
10 102 10° 10* Eon (GEV)

E. (GeV)

200s5ss5260
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4FGL J1243.2+3627 4 15vyears
TON 116 1 5 years MAGIC obs 10-3 4 2021-2023
-== Mean Flux =
(6-month binning) 4 AFGL Fermi-LAT ;m
|
=
1078 _+_ ;
= - o
: 4.1 +++ 1 = 1070 R
S g s e TH ﬁ'" it ‘*f{; """""""
e T
t : +
10_? LB R B | T L B B BN R | T T 1 T T rrrJ
102 104 103
10-9 Energy [MeV] O P
55000 56000 57000 58000 59000 60000 -O-
[days — 4]
—

MJD [days] ‘
e 2021-2023 ey

MAGIC C18

(3-month binning)  --- wean rux 300 MeV - 500 GeV range, 2021-2023 period:

+ 4FGL Fermi-LAT

= +_+_ * Overall non-variability (LC)

®, [ph/cm?/s]

—+— * Particularly low activity (SED)
also preventing VHE detection

10 (but still possible in case of flare...) 7

59200 59400 59600 59800 60000 60200
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agnpy-sherpa fit results

\

100 102 10 E[E"]lpa U SynchrotronSelfComptonModel method initializations:
10-8 - : .. i
TON 116 |« PL(ULs /included), BPL (no ULs) as e distribution
10710+ -+ z=0.5
T g -+ sherpa wrapper for data handling (ecsv format)
A Wl N |+ Systematics added (OSN 5%, XRT & LAT 10%, MAGIC 30%)
;I_ﬁ 10—14 _’/ -
- 1[ + osN -
S q0-16| * SwiftxRT | . Power-law case
4 Fermi-LAT |
1| # This work I i
e . - Forv < 102Hz — % PL (+ ULs)
—_— PL) model with ULs ! | . . .
I P LI I O O I B Forv >102Hz — PL (+ ULs) improving the VHE fit
e T But EHBL behaviour suggested (v,, . > 107" Hz)...
PL (no ULs) PL (ULs included) BPL (no ULs)
i Han A 22849 X/ Broken Power-law case
Log(klem™]) 5.74+0.84 5.14+0.15 6.1+1.1
A e Strong VHE Harder rise & decrease of synchrotron bump
Lang suppression Bumps' connection at higher E, harder rise of IC bump
L?g?z’i?ﬁn 13on oeio0n 0w ioss Good fit also at VHE even if ULs not included!
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MMDC fit results

Main ingredients:

m?2s’]

vF(v) [erg

* Leptonic SSC one-zone model
« Simple PL as electron energy distribution

« AIll TON 116 broadband datasets w/o ULs (HE, VHE),
no TON 116 archival data (mostly out of 2021-2023)

« EBL absorption considered (Dominguez et al. 2011)

10“\2 10‘14 1616 1618 'ICI)ZU “622 1624 10‘26 10‘28
Vvons[HZ]

1630

Overall trend very similar to agnpy BPL model

r Op  Yomin Y max B [G] Ry, [cm] L. [C[‘g S l]

2.11 220 256 257-10° 0.0929 1.25-10'"% 2.61-10¥

(smallest slope p, close to the first of BPL)

VHE strong suppression confirmed
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Literature check

-- T T
PKS1424+240 ;]

Mrk 421 PKS 1510-089 ” i ., =056
Parameter Gammapy sherpa Gammapy sherpa " ff PKS 1424+240, A/ekSIC et al. (2014) A1 ‘\//’&
fa) Best-fit parameters . / ‘ -
log gl o) -7.89 -7.89 206 =208 ? : / f li Bz W 3
P i.r_bn _:r:\ .;_m .:_m E _— .:,- \ . g * 4
f B © 20 = v HBL seen by Fermi, VERITAS, MAGIC ‘. 0
log,,( B/G) -1.33 -133 -042  -042 104 ‘l] o W.L_Lh.,,u.. )
:l-‘?;.\_.._;_ 3','11]_;.::: _"::Ili_;-:u 230.5/36 230.5/36 o 5 . . . t ,“’; ‘-’?i"“““-‘: oo Fa r, Z 2 0-604 (FurnlSS et al. 201 3) uk = :m':‘“’“““'
b Fixed parameters ' [ 1w 10" [ > (1] ontrained i
L Mril-l‘lll ;mﬁ::m?h-. S Lower P (BPL) and B, |arger Rb! Ymaxs SD Al L ‘ 3
}‘:m" S00 1 . 10 12 14 16 g :81;4”20 2 24 28
w s s Mrk 421, Nigro et al. (2022)
, 2.90° 2.22
rfem e 6 107 Muodel i i Yeois m om B K K a Lo Lsoier L
Laue/terg ") "'TI*i\”H ) l};n‘l lI}u'l I‘In'l I 1G] lem™] 110" em] 110% ergs~' | [10° ergs~] [10° L-:-gc-]
;- P Ine-zone 2 89%10° 1.9 3.9 0018 2x 10° 70 5 : 3
i:i““wu - 5 j.-|: 107 We I I known, Tev_em Itte r H B L :_l,::l:‘ :;1?”1 0260 32 B89x10° 1.9 39 0018 2x10 6.5 0 5 7.0 3
e/ R 108 . One-zone 0016 26 39x%10° 1.7 3.7 0006 50 5 131 64 21 0.8
£ 1::_.‘, _ Close, Z~ 0_031 (Ulrlch et al_ 1975) ()n:.mne 0004 53 32x10° 20 40 0017 1.7 x 107 19 40 71 1 8.8
o~ 6.5 x 10" {Constrained)
Tor/K 10 2 sonies (i ; 7 2 3 3 8 3 07 o g
oo o Lower p and B, larger R, and y,in Py, B0 22 ) Dalimaisr 2 ¥ W = A
@
PL (no ULs) PL (ULs included) BPL (no ULs) CD
x2/dof 26.35/19 40.74/36 17.28/17
Q-val 0.121 0.270 0.435 I
Log(k[em™3]) 5.74£0.84 5.1440.15 6.1£1.1 -
P 2.54+0.04 2.544+0.03 2.164+0.23 o . ~ 1
r 682016 Plausible parameters P_ % Vo Yoo B0l Relem] Rlores ]| A
Yomin 1.00 1.00 100 211 220 256 257-10° 0.0929 125-10'° 261-10% ||
Log (Ysr) : 4.59+40.31 an d -
Ymax [10°] 2.10 2.10 10.0 —— | .
[ 100+ 189 23.1+15 19.4+7.5
Log(.g[(i]) 1324081  —0683+£0.077 —0.3294+0.556 expected tV‘eV\dS
tvar [K$] 1.93+£7.26 35.0 29.3 y
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Literature check \

HBL detected by MAGIC

+ 2 (after Fermi and VERITAS) with
PKS 1424+240 (Aleksié et al. 2014) M (e e P

T T
“1or- PKS1424+240 7
H

*
s

Conatratned t inciuging ragio dsta

”m P2 (')‘D “Ymin TVor P:”?na_:!: B k . Ry Le,kin .
(104 [107  [G] [em™]  [em]  [ergs7! * P1s P2> Ymin: Yor» Op COMpatible

l-zone 1.7 3.7 131 16 26 39 0006 50  5-10° 2.1-10%
(no radio) 1.9 3.9 70 260 3.2 89 0.018 200 6.5-10" 7.0-10%

°* P ~mean Log value

 Lower B, larger Ry, Yinax

e [ P1 P2 6D Ymin “or Ymaz B k Rb
’ -10% [-10%  [G] lem™3]  [-10" cm)
PL (no ULs) 254 — 100 1.0 - 2.1 0.0479  5.50-10° 3.86 G
PL (+ ULs) 254 — 231 1.0 - 2.1 0207 1.38-10° 16.2 - v
BPL (no ULs) 2.16 3.68 194 100 3.89 10 0469 7.94-10°7 11.4 \D

@

Plausible parameters
71 P2 6D Ymin  Tbr Ymaz B Rb L e an d

G : erg 571
_ o] lere s ],. expected trends
211 — 220 256 — 257-10° 0.0929 1.25-10* 2.61-10%

J
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