Astrophysical neutrinos and very high-energy
astrophysics (with ASTRI and CTA)

Paolo Padovani, European Southern Observatory,

Garching bei Minchen, Germany

* Neutrino astrophysics
* Astronomical counterparts of IceCube neutrinos

« Strong synergy with very high-energy astrophysics
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0 Energy notations

1 eV = 2.42 104 Hz = 12,400 A

1 GeV (10%) = 2.42 1023 Hz (y-rays) = 1.24 105 A

1 TeV (10'2) = 2.42 1026 Hz (VHE Y-rays) = 1.24 10-8 A
1 PeV (10'5) = 2.42 10%° Hz

°® 1GeV =1.602 1073 erg
®* 1TeV =1.602 erg
® 1PeV =1.602 103 erg
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Neutrinos in a nutshell

® TItalian for “little neutral one”
® Tiny mass: < 0.8 eV/c? (KATRIN Collaboration 2022),
< 1/640,000 m, (= 9 10-28 g)
® Electrically neutral, weakly intferacting elementary
subatomic particle
® Three types: electron (V,), muon (v,), and tau (v;)
® Everywhere:
v/ '~ 340 cosmic neutrinos/cm? in the Universe
[E ~ 0.0002 eV]
v ~ 10 solar neutrinos/cm2/s on Earth =
~ 10'* 5! through our bodies [E < 1 MeV]
® Probably the second most common particle in the
Universe (dark matter?)
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Neutrino astrophysics

The Sun

E <1 MeV (nuclear fusion)

~ SN 1987A

E ~ 10 MeV (Supernova explosion)
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> 150 astrophysical neutrinos
above 60 TeV and up to 10,000 TeV
(=30x higher than CTA)
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*%% The first (extragalactic) neutrino source
+
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0 High-energy neutrino physics

or photons P
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0 High-energy neutrino physics

or photons P
P~ P &)

E, 2 xE,and F, = 2 X F, )
e

$”| All neutrino sources HAVE
to be (intrinsically) y-ray

sources!
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+ES+ The status of lceCube detections
Al after TXS 0506+056. 1. IceCube results

€ 2.90 detection from NGC 1068 (Aartsen et al.
2020)

4 3.30 combined excess in the northern sky due to
NGC 1068 and three blazars: TXS 0506+056,
PKS 1424+240, and GB6 J1542+6129 (Aartsen
et al. 2020)

¢ 3.00 cumulative time- dependent excess in the
northern sky due to NGC 1068, M87; and two
blazars: TXS 0506+056, and GB6 J1542+6129
(Abbasi et al. 2021)
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N The status of IceCube detections
'l after TXS 0506+056. 2. other results

€ 3.20 correlation excess for 47 y-ray blazars

[intermediate- and high-peaked sources (IBLs and
HBLS): Vpeak synch > 10 Hz] (Giommi et al. 2020)

€ 2.90 correlation excess for strong very-long-baseline
interferometry (VLBI)-selected AGN; four brightest
associations are all blazars [low-peaked sources (LBLs:
Voeaksynch < 10'% Hz)] (Plavin et al. 2020)

# 3.00 correlation excess for strong VLBI-selected AGN,
different lceCube sample (Plavin et al. 2021)

€ 2.60 association between 5 neutrinos detected by
ANTARES and an IceCube event for the blazar MG3
J225517+2409 [HBL] (Albert et al. 2021)
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N The status of IceCube detections
'l after TXS 0506+056. 2. other results

€ 3.20 correlation excess for 47 y-ray blazars
[intermediate- and high-peaked sources (IBLs and

HBLS): Vpeaicsynen > 10 Hz] (Giommi et al. 2020)
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+]E+S+ The status of IceCube detections
QJ (after TXS 0506+056). 3. take home messages

1. Additional = 30 associations (still missing the
“magical” 5a!)

2. Blazars keep popping up

3. Strong hints that only somewhat rare blazar
sub-classes are involved (our group)

4. Consistent with overall result that blazars can
explain only < 17 — 27% of the lceCube
signal (lceCube collaboration 2017, 2019 +
our group)



Why TXS 0506+0567

Monthly Notices

MNRAS 00, L1 (2019) doi:10.1093/mnrasl/slz011

TXS 05064056, the first cosmic neutrino source, is not a BL Lac

4, 7

P. Padovani “,!* F. Oikonomou,! M. Petropoulou,3 P. Giommi*>® and E. Resconi

! European Southern Observatory, Karl-Schwarzschild-Str 2, D-85748 Garching bei Miinchen, Germany

2Associated to INAF - Osservatorio Astronomico di Roma, via Frascati 33, I-00040 Monteporzio Catone, Italy

3Department of Astrophysical Sciences, Princeton University, Princeton, NJ 08544, USA

4Agenzia Spaziale Italiana, ASI, via del Politecnico s.n.c., I-00133 Roma, Italy

5 Institute for Advanced Studies, Technische Universitdt Miinchen, Lichtenbergstr 2a, D-85748 Garching bei Miinchen, Germany
8]CRANet, Piazzale della Repubblica 10, I-65122 Pescara, Italy

7Physik-Department, Technische Universitdt Miinchen, James-Frank-Str 1, D-85748 Garching bei Miinchen, Germany

Accepted 2019 January 19. Received 2019 January 15; in original form 2018 September 21

ABSTRACT

We present evidence that TXS 05064-056, the first plausible non-stellar neutrino source, despite
appearances, is not a blazar of the BL Lac type but is instead a masquerading BL Lac, i.e.
intrinsically a flat-spectrum radio quasar with hidden broad lines and a standard accretion
disc. This reclassification is based on: (1) its radio and O Il luminosities; (2) its emission
line ratios; (3) its Eddington ratio. We also point out that the synchrotron peak frequency of
TXS 05064-056 is more than two orders of magnitude larger than expected by the so-called
‘blazar sequence’, a scenario which has been assumed by some theoretical models predicting
neutrino (and cosmic ray) emission from blazars. Finally, we comment on the theoretical
implications this reclassification has on the location of the y-ray emitting region and our
understanding of neutrino emission in blazars.

Key words: neutrinos —radiation mechanisms: non-thermal — galaxies: active — BL Lacertae
objects: general — gamma-rays: galaxies.
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Why TXS 0506+0567

BL Lacs Flat-Spectrum Radio Quasars

WGAJO449.4— 4349 N | WGAJ1306.6 2428

fline/fcontinuum

f, (arbitrary units)
f, (arbitrary units)

4000 5000 6000 700

* Real BL Lacs: lines are intrinsically weak (EW low because lines are weak) =
low-excitation galaxies (radiatively inefficient accretion)

* Masquerading BL Lacs*: lines are intrinsically strong but swamped by the jet
(EW low because continuum is high) - intrinsically FSRQs, hence high-
excitation galaxies (radiatively efficient accretion)

* TXS 0506+056 IS a masquerading BL Lac!

* Giommi, PP, et al. (2012)
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Why TXS 0506+0567

Heckman & Best 2014
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Masquerading BL Lacs
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More masquerading BL Lacs

Monthly Notices

MNRAS 511, 46974701 (2022) hups://doi.org/10.1093/mnras/stac37€
Advance Access publication 2022 February 11

PKS 1424+4240: Yet another masquerading BL Lac object as a possible
He-ReutT1N0 source

P. Padovani “,'2* B. Boccardi,’ R. Falomo* and P. Giommi >4

! European Southern Observatory, Karl-Schwarzschild-Str 2, D-85748 Garching bei Miinchen, Germany
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Accepted 2022 February 8. Received 2022 February 8; in original form 2022 January 19

ABSTRACT

‘We show that the blazar PKS 14244-240, which has been recently associated by IceCube with j-weerrime s at the 3.3 0
level together with three other sources, is similar to the first plausible non-stellar neutrino so
a masquerading BL Lac object, i.e. intrinsically a flat-spectrum radio quasar with hidden broad Tves g
disc. We point out that these two sources share other properties, including spectral energy distribution, high powers, parsec scale
properties, and possibly radio morphology. We speculate that the relatively rare combination of proton-loaded jets, possibly
typical of high-excitation sources, and efficient particle acceleratio s remgg to their relatively high synchrotron peak
frequencies, might favour neutrino production in these two source§ GB6 J1542+46129) which has also recently appeared twice
in a list of IceCube associations, seems also to belong to this rare blaZme =S, which includes at most 220 Fermi-4LAC
blazars.

P TSSC

Key words: neutrinos —radiation mechanisms: non-thermal —galaxies: active—BL Lacertae objects: general — gamma-rays:
galaxies —radio continuum: galaxies.
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And more...

MNRAS 000, 1-12 (2022) Preprint 12 April 2022 Compiled using MNRAS IATX style file v3.0

A multi-messenger study of th¢ blazar PKS 0735+178:)a new major

neutrino source candidate
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Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT

PKS 0735+178 is a bright radio and y-ray blazar that is possibly associated with multiple neutrino events observed by the IceCube,
Baikal, Baksan, and KM3NeT neutrino telescopes. The source was found to undergo a major flaring activity in y-ray, X-ray,
ultraviolet (UV) and optical bands. We present a long-term detailed study of this peculiar blazar to investigate the temporal and
spectral changes in the multi-wavelength emission when the neutrino events were observed. The analysis of Swift-XRT snapshots
reveal a flux variability of more than a factor 2 in about 5 x 103 seconds during the observation on December 17, 2021. In the y-ray
band, the source was in its historical highest flux level at the time of the arrival of the neutrinos. The observational comparison
between PKS 0735+178 and other neutrino source candidates, such as TXS 0506+056, PKS 14244240, and GB6 J1542+6129,

shows that all these sources share similar spectral energy digtgs 1 nd y-ray powers, and parsec scale jet
properties. Moreover, PKS 0735+178, like all the others,  a masquerading BL Lac. perform comprehensive modelling
of the multiwavelength emission from PKS 0735+178 witl gne-zone lepto-hadropjg#fnodels considering both internal and
external photon fields and estimate the expected accompanying ne "™Inhe most optimistic scenario invokes a jet with
luminosity close to the Eddington value and the interactions of ~ PeV protons with an external UV photon field. This scenario
predicts ~ 0.067 muon and antimuon neutrinos over the observed 3-week flare. Our results are consistent with the detection of
one very-high-energy neutrino like IceCube-211208A.

Key words: neutrinos — gamma-rays: galaxies — X-rays: galaxies — radiation mechanisms: non-thermal

2204.05060v1 [astro-ph.HE] 11 Apr 2022

1 INTRODUCTION between VHE neutrinos and blazars (see Giommi & Padovani 2021,
for a recent review).

rXiv

The discovery of a flux of very high-energy (VHE; > 100 GeV) neuf
P. Padovani - O?SZSS it gt dsttophydicsl originby heled@ube South Pole observatory! Blazars, a rare (§pé of POVEHIRACHE FalFicmgsl PACNT o BN EZ S= E3 55 B

(Aartsen et al. 2013, 2020) and the first reliable association of Ice- Padovam et 211 2017) with a relathSth Jet pomtmg at the Earth



So what?

With neutrinos we are now exploring
an energy range which is, and will
always be, inaccessible with photons
at any redshift

- New window on very high-energy
astrophysics
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Photon Horizon

radio/microwave infrared/optical gamma-rays neutrinos cosmic-rays
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Figure 1. Distance horizon at which the universe becomes non-transparent to electro-
magnetic radiation as a function of photon energy.
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0 The mystery of cosmic rays
;
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Open issues

4 No “smoking gun”!

® Blazars appear (have, | think!) to be involved but
other classes have to be as well

¢ Still not clear which process is producing the y-ray
photons in blazars

¢ Still no hard evidence of high-energy protons
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R The synergy with VHE astrophysics:
0 the issue of y-ray photons

MKN 421
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R The synergy with VHE astrophysics:
0 the issue of y-ray photons

Magnetic

Inverse Compton emission

e + Ylow—energy 2 Yhigh-energy

N

Spiraling .
) electrons Leptonic models
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R The synergy with VHE astrophysics:
0 the issue of y-ray photons

P
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Hadronic models
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Leptonic vs. hadronic emission

SED breakdown - leptohadronic model

SED breakdown - proton synchrotron model
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—— Electron synchrotron
—— Electron inverse Compton
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—— Bethe-Heitler pair production
—— Photon-photon pair production

~——— Photo-pion production

E[eV]

—— Total photon emission

—— Proton synchrotron
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CTA: leptonic or hadronic?

hadronic scenario leptonic scenario
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CTA and blazars

THE ASTROPHYSICAL JOURNAL LETTERS, 815:L23 (8pp), 2015 December 20 doi:10.1088/2041-8205/815/2/1.23

© 2015. The American Astronomical Society. All rights reserved.

VERY HIGH ENERGY ~7-RAYS FROM THE UNIVERSE’S MIDDLE AGE:
DETECTION OF THE z = 0.940 BLAZAR PKS 1441+25 WITH MAGIC
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U. BARRES m- ALMEDA"" J A. BArrIO®, W. BEDNAREK®, E. BPRVARI’)INI””I B. BIA§l77[ A. BiLanD', O. BLANCH'
S. B(NNFmY G. BoNanl F. BORR-\((I T. BkrT?"7< E. CARVIONA A CAROSI, A CH-\TTFRJFF R. CL A\Fm“ “',
.Com\mo'""’ J. L. CONTRERAS®, J. CORTNA ,S. Covwn P. DA VeLa®, E. DA77I A. DE AT\GFI 1s'7,
. DE ONA WiLuELMI'®, C. DELGADO MI‘NDF7 ,F. I)l PIERRO’, D. Dmn\us PRESTER’, D. DORNER'*, M. Doro”" '9,
S. EINECKE D. EISENACHER GLAWION >, D. ELsAESSER'®, A. FERNANDEZ-BARRAL'?, D. FIDAI(K) M. V. F()VSHA L. l‘o\-r ’ —_—
K. FRANT7F‘I C Fruck’, D. GALINDO™?, R. J. GARCIA L(‘)PF.Z" 5 M. GAR(7AR(7YK , D. GARRIDO ThuuTs .M. GA\(.- s p Control Tools Legend
P. GIAMMARIA®, N. Gonmnvn(‘ A. Govuw Mu Mﬂ ,D. GUBFRMA\ VA HAHN Y. HAVABATA M H-\YASHIDA —
. HFRRFRA”"’ 1. HOSF D. HRLPFC G. HucHEs', W Ipec’, K. Kopanr™, Y. Konno™, H. Kueo®, J. KusHia”™
A. LA BArBERA®, D. LELAS®, E. Ln\nmas . S. LOMBARDI", M. LOPT7 R. Lopez- COTO" A. L()FF7 OR,\MAS" 76 E. LORFN7 » alo PWN/TeV Halo
P. MAJLVIDAR M. MAK,\RIH , K. M,\Hm"” G. MAVP\/A , M. MAN(,ANAR()’ 16 K. MannHEM L MARAﬁ(Hl ’
B. MARCOTE®?, M. MaRIOTTI', M. MARTIP\F7 D MaziN"*, U. MFN7F1 LI M. MmAM)A R. MIR70YAY~ A. MORALI EIO ~.
E. MORreTT1, D. NAKAIIMA®, V. NEUSTROEV?, A. Nenzwmcxl M. Nievas RosiLLo®, K Nisson>*"7, K. Nisumva®
K. Nopa’, l} OriTo™, A. O\ERKEMZ’II\G 2 S PAIANO I P-\LACI(} 12 M. PALATIELLO?, D. PA\IEQLE R. PAOLETTI RB’ FSRQ’ LBL’
J. M. PAREDES ™, X. PARFDFS FORTLNY" M. Persic™’, J. POUTANFV , P. G. PRADA MoRONI*®, E. PRANDI\II ° L PLLJAK s
W. Ruopg>" M RiB6>?, J. RI(O ,J R(mm(,un GAR(IA T. Sarro”’, K. SATALECKA®, C S(HLIT7 ,T. SCH\M-I type)’ FRI’ Blazar
S. N. SHORE® % SIUAM’AA 4. 3. SITAREK’, 1. SNIDARIC®, D SOB(‘7YP~SKA A. STAMERRA®, T. STEII\BRH\G
L. TAK-\LO 2 , H. TAxAvu ,E TA\'ECCH[O P. T]:\N[Kov ,T. Ttkzm D. T):sc,\koIq 16 M. TesHMA”~ JA THAELE
D. F. Torres”’, T. TOYAMA”, A. TREVES®, V. VERGUILOV' L Vovk’, J. E. WarD'%, M. WILL““‘, M. H. Wu'®, R. ZaNin® ve Star Cluster, BIN,
(MAGIC COLLABORATION), M. AJLLLO , L. BALDING®!, G. BARBIELLINGZ®, D. Bastier! >, Var., BL Lac (class
1. BLCLRRA GonzALEz'>'%*%7¢ R, BELLAZZINT E BISSALDI"® R D. BLAM)IORD LR Bomhowm 1. BRLGLO\J ’
P. BrueL*? S Buson'? (, A. CALIANDRO™ ' R. A. CAMERON"’, M. CARAGIULO™®, P. A. (,ARAVEO ,E. (,-\V»\ZZLTI
I me«; (, CHiAro™, S. Crerint 647 F, D'AMMANDO““”, F. pE PALMA®®*", R. DEsianTe®*!, L. DI VENERE™?,
8

20

23

ster, Star Forming

A. DominGuEz® P Fusco®™2 L F. (J-\RG~\N0 , D. GaspARRINI 4047 N, (:IGLLETTO"'_ F. GiorbANG*>, M. GRoLETTI*® Molecular CIOUd’
L A. GRENIER®, S. GUIRIECS™, E. Havs®, 1. W. Hewrrr™, T. JooLer™!, M. Kuss”, S. Larsson">, J. Li'®, L. L™ loud, Composite
F. LoNG0* >, F. Lomnco“’ 2, M. N. LOVLLLLTTL P LLBRA\JO'M 8 S MALDLR,\ , M. Maver'®, M N. MALL[OTTA ". bb'e SNR
35,36 35,80 6() 41 ’
J. E. MCENERY" . N. MlkAB-\L T Mizuno™’. M E MONZANT! , A. MORSELLI , I. V. MOSK»\LENKO , E. Nuss -
R. Om-\"”’”" T. Ousuar N. OmopEr ), E. ORLA\IDO J S PERKINS” 5 , M. PESCE- ROLLH\S“ 7 E P[RO\I , G. PivaTo™’, D] Other
T. A. PORTI:R LS. RANO 832 R. Ranpo'>*, M. RAZZAVO’ LA antk"”" o. RENLR’”“ C. SGro™’, E J. SISKIND ’
F. Spapa®’, G. SpANDRE™, P. SPNELLSS2 , H. Tanva®, H. TAKAHASHI , J. B. THAYER™, D. J. THOMPSON"", E. TROJ,\‘”. Gamma BIN
57 68 ~ 69 J
K. S. WOOD (FLRMI LAT (,OLLABORATION) M. PALOKOVIC A BLRDYUGN A. CARRAMINANA™, L. (,A"RRASCO .
V. CHAVUSHYAN®?, A FALLAH Ramazant® M FeiGe'®, S. HA,\RTO L P H-\ELS}\LR ° T. Hovatta®"", J. Kania™, J. KLAMT’“,
A. LXHTEENMAKI' 72, J. LEON- T-\VARES ,C. LOR]:Y , L. PACCIA\II s Al Poms‘” E ReciLLas®, R. REINTHAL®®,
M. TORMKOSKI , D. WoLFERT " » AND N. ZOTTMA\N
l H 7umh ("H K003 7unrh
BSTRACT
The flat-spectrum radio quasar PKS 1441425 at a redshift of z = 0.940 is detected between 40 and 250 GeV with a

+57 (z = 0.944), PKS 44l+25 is the most distant very high energy (VHE) blazar detected to date. The
observations were triggered by an outburst in 2015 April seen at GeV energies with the Large Area Telescope on

board Fermi. Multi-wavelength observations suggest a subdivision of the high state into two distinct flux states. In
the band covered by MAGIC, the variability timescale is estimated to be 6.4 + 1.9 days. Modeling the broadband

originating in the jet outside the broad-line region (BLR) during the period of high activity, while being partially
within the BLR during the period of low (typical) activity. The observed VHE spectrum during the highest activity
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B> CTA and blazars
0

B Our knowledge of blazar very high energy y-ray
emission is very biased and patchy

» CTA will provide a systematic approach and will detect ~
10 times more sources reaching higher energies
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Summary

ES+
+

B We are witnessing the birth of extragalactic Neutrino
Astronomy

B Various = 30 lceCube associations largely with
blazars

B Neutrinos are providing a new window on very high-
energy astrophysics (blazar jet physics) at energies
forever inaccessible with photons

B CTA will be invaluable to prove (or disprove) the
existence of hadronic processes in blazars and to
provide an unbiased view of their = TeV properties
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