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The puzzle of high-energy neutrinos
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IceCube Collaboration (2022), Science 378, 16619, pp.538-543
Yet to be unveiled:

Which astrophysical sources produce them

Which processes originate them
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Active Galactic Nuclei (AGN): the unified model

radio-loud (RL) AGN

radio-quiet (RQ) AGN

jet

dusty absorber
accretion disc
electron plasma
black hole
broad line region
narrow line region

Beckmann & Shrader (2012), Active Galactic Nuclei, Wiley-VCH Verlag GmbH

Urry & Padovani (1995), Publications of the Astronomical Society of the Pacific, v.107, p.803

Accretion onto a supermassive black hole
M ~ 10° - 10° M

Very powerful objects
L, ~10*—-10%erg - s

Emission up to ~ Mpc scales

Rapid variability ~ min - yr

The observed boosted emission from the jet spans
the whole electromagnetic spectrum:

e Infrared (IR) - obscuring material, dust

e Optical/Ultraviolet (UV)- accretion disc

e X-rays (XRs) - corona

e Radio, y-rays - non-thermal jet related radiation




The classification of radio-loud blazars

Flat spectrum radio quasars (FSRQs) BL Lacertae objects (BL Lacs)
- Prominent emission lines 1n the optical spectrum - Weak or absent emission lines 1n the optical spectrum
- Highly beamed jets closely aligned with line of sight - Less beamed jets more closely aligned with line of sight
- High radio luminosities - Low radio luminosities
- High redshifts - Low redshifts
- High accretion efficiency (“cold-mode”) - Low accretion efficiency (“hot-mode”)
- Less massive black holes - More massive black holes

Best & Heckman (2014), Annual Review of Astronomy and Astrophysics, Vol. 52:589-660
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Blazars properties: the spectral energy distribution (SED)
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Blazars properties: the spectral energy distribution (SED)
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Double-humped shape

Leptonic scenario

N

First peak
e Low-energy (IR - X-rays)

e Synchrotron radiation

Second peak
e High-energy (X-rays/y-rays)

 Inverse Compton radiation




Blazars properties: the spectral energy distribution (SED)
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Double-humped shape

Leptonic scenario

N

First peak
e Low-energy (IR - X-rays)

e Synchrotron radiation

Second peak
e High-energy (X-rays/y-rays)

e Inverse Compton radiation

Lepto-hadronic / hadronic scenario

Hadrons contribution to the

multi-wavelength SED
_|_

neutrinos




The connection between neutrinos and blazars: further clues

The “PeVatron blazars” sample Based on positional cross-correlation statistical
analysis between 5SBZCat and IceCube data

52 5BZCat
blazars

Buson et al. (2022), Astrophysical Journal Letters, Vol. 933, 12, 143
Buson et al. (2022), Astrophysical Journal Letters, Vol. 934, 12, .38

Massaro et al. (2015), Astrophysics and Space Science, Vol. 357,11, 75 Buson et al. (2023), submitted, eprint arXiv:2305.11263




The connection between neutrinos and blazars: further clues

The “PeVatron blazars” sample Based on positional cross-correlation statistical
analysis between 5SBZCat and IceCube data
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The connection between neutrinos and blazars: further clues

The “PeVatron blazars” sample

42 Northern
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Massaro et al. (2015), Astrophysics and Space Science, Vol. 357, I1, 75

Based on positional cross-correlation statistical
analysis between 5SBZCat and IceCube data
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Optical spectroscopy: probing the accretion properties

Redshift and distance:

ESO Very Large Telescope (VLT)
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Optical spectroscopy: probing the accretion properties

%1016 Spectrum of a flat spectrum radio quasar

ESO Very Large Telescope (VLT)
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Emission lines from the BLR:
Ha, HS, C 1V, Mg 11
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Radio and y-rays: probing the power of the jet

, o . Fermi Fourth Catalog of Active Galactic Nucle1
Each 5BZCat object has a detection 1n radio detected by the LAT (4LAC-DR3)

12 yrs of data, E > 50 MeV

FIRST WENSS
N
\,

S

/

SUMSS NVSS Ajello et al. (2022), ApJSS 263, 12, 24, 9 pp.
High Resolution Radio Survey Coverage

SkyView High Resolution Radio Coverage map
https://skyview.gsfc.nasa.gov/v3.4.5/cgi/survey.pl 26 detected sources: 26 undetected sources:

e F, mrange [50 MeV, 1000 GeV] o LAT sensitivity for F,
e Measured L, e Upperlimiton L,

Radio power at 1.4 GHz



https://skyview.gsfc.nasa.gov/v3.4.5/cgi/survey.pl

Adopted approach for the data analysis of our work

Collection of data and
information from
public archives




Adopted approach for the data analysis of our work

Collection of data and
information from
public archives

Accepted proposals!

1. Reduction of spectra
2. Inspection and Gaussian
fitting of emission line
profiles (flux, EW, FWHM)
3. Upper limits on the flux
for featureless spectra




Adopted approach for the data analysis of our work

Collection of data and
information from
public archives

Estimation of accretion rate

Accepted proposals! Lprr/Lgag> Ly /Lgag
Tentative classification

1. Reduction of spectra
2. Inspection and Gaussian
fitting of emission line
profiles (flux, EW, FWHM)
3. Upper limits on the flux for
featureless spectra




Adopted approach for the data analysis of our work

Collection of data and
information from
public archives

Accepted proposals!

1. Reduction of spectra
2. Inspection and Gaussian
fitting of emission line
profiles (flux, EW, FWHM)
3. Upper limits on the flux for
featureless spectra

Estimation of accretion rate
Lg; r/Lggqg, Ly /Lggq

Tentative classification

Interpretation in the context of
multi-wavelength behavior
and neutrino production




Summary

 High-energy astrophysical neutrinos: important messengers, still unclear origin.

e Active Galactic Nuclei: good candidates.

 Work in progress: study of selected sample of blazars candidately associated with IceCube neutrinos.

 Multi-wavelength approach: proprietary and archival data.

e Optical spectroscopy: key tool to study the intrinsic physical properties.
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Summary

 High-energy astrophysical neutrinos: important messengers, still unclear origin.

e Active Galactic Nuclei: good candidates.

 Work in progress: study of selected sample of blazars candidately associated with IceCube neutrinos.

 Multi-wavelength approach: proprietary and archival data.

e Optical spectroscopy: key tool to study the intrinsic physical properties.

Thank you for the attention!
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IceCube-170922A and TXS 0506+056

On 22 September 2017, the IceCube Neutrino Observatory
detected a ~ 290 TeV neutrino.
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The blazars sequence
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Ghisellini et al. (2017), Monthly Notices of the Royal Astronomical Society, Vol. 469, 11, p.255-266
Fossati et al. (1998), MNRAS Vol. 299, 12, pp. 433448




The production of neutrinos in blazars

p-y interaction p-p 1mteraction

n+anat ptp+a
p+y >{ L0 ptp—>p+nt+r
P p+p+at+n+...
= y+y
= ut
+ + 4 7
= et 40, )

Blazars’ relativistic jets are able to

accelerate electrons and hadrons
(Mannheim (1993), Bottcher et al. (2013), Dermer et al. (2014))




The selection of PeVatron blazars

® 89— Lmin=3.50
Lwin=4.00
Positional cross-matching strategy -1+ &= tmin=0.50
e Discrepancy from background
« L, = |3.5,4.0,4.5] « X\
» 44, 19, 9 neutrino spots ) ¢ A e
=T =31 |
. . . . . . L > _»
e Optimal association radius = median angular resolution g4 & .
for energy proxy 1 TeV % P, N
e [0.4°,0.7°| with step 0.05° =
—5 -
minimum pre-trial p-value < strongest potential correlation analysis
_6 -
Sky region 5BZCat Hotspots Matches pre-trial p-value post-trial p-value
Southern sky (L >4) 1177 19 10 3% 1077 2 x 1076 0.40 045 050 055 060 065 070

Fassoc [ded]
Buson et al. (2022), Astrophysical Journal Letters, Vol. 933, 12, 143




Derivation of physical properties from optical spectral line protiles

. = d = Lline=4'ﬂ°d2'Fline

(77 for Ha,
< LBLR > 22 forH
LBLR — Lline ) ~ 10 % Ldisk Where Lrel.frac. = IB, .
Lrel. frac. 34 for Mgll,
63 forCIV,

((0.379,0.43,2.1) for Ha,
My 1L FWHM (0.672,0.61,2.0) for HS,

1 =a+b-l +c-1 i .b,c) = 5

08 : Og<1o44 erg-s—1> - Og(km-s—1> with (,b,¢) (0.740,0.62,2.0) for MglI.

(0.660,0.53,2.0) for CIV,

L, 172 . 1/2
Farn = 1017 - disk cm ror = 2% 1018 . disk cm
BLR < . DT 10% erg - 51

Francis et al. (1991), ApJ 373, p.465; Celotti et al. (1997), MNRAS 286, 12, pp. 415-424; Sbarrato et al. (2012), MNRAS 421, 12, pp. 1764-1778; Ghisellini et al. (2014), Nature 515, 17527, pp. 376-378; Shen et al. (2011), ApJSS 194, 12, 45, 21 pp.
McLure & Dunlop (2004), MNRAS 352, 14, pp. 1390-1404; Vestergaard & Osmer (2009), ApJ 699, 11, pp. 800-816; Ghisellini & Tavecchio (2008), MNRAS 387, 14, pp. 1669-1680; Ghisellini et al. (2017), MNRAS 469, 11, p.255-266




Estimation of the upper limits on the flux of not-detected lines
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