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Messengers: a synoptic view
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Messengers from cosmic accelerators

Internal radiation




Processes in a nutshell
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Hadronic processes

proton-proton (pp) proton-photon (py)
p+tp—-orn+X ptry—-on+X
Relevant L sources Relevant L sources

with large gas denstity with large photon density




Hadronic processes

proton-proton (pp) proton-photon (py)
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Hadronic processes
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Efficient photomeson reactions [
require high photon density

Large opacity to gamma rays

v

The direct link between
high-energy gamma-ray
emission and neutrinos is
(at least partially) lost

Opacity

Murase et al. 2016




Particle acceleration at shocks

Shock

upstream downstream
Turbulence
=

ULF waves
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Diffusive acceleration
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Diffusive shock acceleration
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Magnetic reconnection

change i the topology of the lines
(“wmagwnetic ﬁeLd annhilation”)

Relativistic particles with
Power Law energy
distribution
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Gamma ray emitters: potential MM sources
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TeV Halo PWN/TeV Halo
PWN

Binary XBRB PSR Gamma
BIN

-

- HBL IBL GRB FRI FSRQ
: Blazar LBL AGN

(unknown type)
R @ T T w2, -

- e /Molec. Clou
o " Composite SNR
S Superbubble
-
Starburst
DARK UNID Other

uQuasar Star Forming
Region Globular Cluster
Cat. Var. Massive Star
Cluster BIN BL Lac
(class unclear) WR




Gamma ray emitters: potential MM sources

Supernova remnants
Galactie Pulsar wind nebulae
Star forming regions

Starburst Galaxies

Extra-Galactic AGNs
Relativistic jets




Galactic sources:
SNRs and PWN




Supernova remnants

Left-over of SN explosions
Shell-like remnants

Emission dominated by a shock propagating into the ISM



Supernova remnants
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Expected to provide the bulk of galactic protons up to 1015 eV



Gamma rays and neutrinos
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Gamma rays and neutrinos
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SNR and cosmic rays

Energies and rates of the cosmic-ray particles
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A case study

RX J1F13.7-3946
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A case study

RX J1F13.7-3946
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A case study

The remnant RX J1713.7-3946 has been considered the most
promising candidate to prove the existence of accelerated
hadrons

FermiLAT data seem to favor a probable leptonic origin

BUT... Need a IR background 30 > Gal. average
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A case study

The CTA View
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Gamma rays

RX J1F13 73946
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Neutrinos: the hadronic smoking gun
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Reliable prediction of neutrino spectra
requires good gamma-ray data above 10 TeV Ambrogi et al. 2018



Pulsar Wind Nebulae

Pulsar-driven (plerion) SNR
The majority of LAT and CT galactic sources

crab Nebula
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Pulsar Wind Nebulae
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SHOCKED ISM
CONTACT DISCONTINUITY

— REVERSE SHOCK

PULSAR WIND

TERMINATION SHOCK
(Acceleration site)

UNSHOCKED COLD

Fundamental open issues:

- Origin of Crab-like flares (reconnection?)

- Particle acceleration in PWN (shock! reconnection?) -
Problem of particle acceleration at relativistic shocks: B Is
very largel

- Transformation of B energy into kinetic energy of the wind

- Connection with positrons in cosmic rays!




Neutrinos from PWN?

Idea: part of the gamma-rays are of hadronic (pp) origin
(this would solve problems with the powerful IC)

Present data cannot esclude that the
entire gamma-ray emission is hadronic

Bednarek 2003
Amato et al. 2003
Di Palma et al. 2017
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Positron fraction

Positron excess from PWN?
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The diffusion of particles
in the IGM is quite slower
than usually assumed.
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Positron excess from PWN?
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Cholis et al. 2018
Amato 2018
Di Mauro et al.2019
Fang et al. 2019

Sum of the galactic pulsar
population still consistent



Extragalactic sources:
AGNs & blazars



From galaxies to central black holes

Starbursts
AGN winds

| Superwinds
Large-scale jets

_Jets/blazars

BH Magwetosphere

Accretion flow




Starburst/Superwinds/AGN winds

CR accelerated bg SNR

Romero & Torres 2003 DLH"‘SLV"Q CR accelerated tn shocks
Loeb & Waxman 2006 -+
Tamborra et al. 2014 dense @as/dvcst

Anchordoqui et al. 1999
Romero et al. 2018

CR accelerated bg
AGN-driven shock

Wang & Loeb 2016
Lamastra et al. 2016,2017

Liu et al.2018
CR accelerated bg

galactic scale shock
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Starbursts: MM sources?

LAT coll.2010 SGamma
Palladino et al. 2019 '
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Starbursts: MM sources?

@

IceCub

without cutoff

Tamborra et al. 2014

Ep>1016 eV?

Peculiar Supernovae (e.g. Murase et al. 201 3)? Probably too rare
Diffusion and confinement?! See e.g. Peretti et al. 2018

But see Lunardini et al. 2019: <10% to the total flux



Active galactic nuclel

Most powerful sources in the Universe (up to 108 erg/s).

Energy is generated by conversion of gravitational energy of the
infalling material onto SMBH (Mg=10%-10° M) into radiation and
outflows.

Non-jetted AGN:

e Bulk of the AGN population

* Wider angle winds with velocities from a few thousands
km/s up to mildly relativistic values.

* Electromagnetic emission dominated by thermal emission
in the UV-optical band produced by the accretion disk
around SMBH

Jetted AGN:

e ~10% of the AGN population

* Highly collimated relativistic outflows

* Electromagnetic emission dominated by jet non-thermal
emission in the radio and gamma-ray band

Jet of high-speed
particles

Magnetic field
lines

Accretion
disk

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.



Active galactic nuclel
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Active galactic nuclel
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widespread evidence for

outflows at different scales

AGN-driven shocks

(v <80 km/s)

v ~ 150-500 km/s PP

width ~ 10 cm

v ~ 9000 km/s
R ~ 3x10' cm

v ~ 36000 km/s

4
black hole
AGN wind

ambient interstellar
gas forward shock

adiabatic  two-body cooling
(reverse)  shocked wind gas

shock width ~ 10*° cm

King & Pounds 2015

Lamastra et al. 2016, 2017



Sturbursts and AGNs
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NGC 1068

NUSTAR
distance D=14.4 Mpc .

Luminous infrared galaxy Lig=2.8x10 Lg

High luminosity (Lysn=10 -10 "~ erg/s) high
obscured (N, >10"" cm “) AGN

VLA
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- Molecular AGN-driven wind CO velocity map
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100 pc-scale radio jet

mass outflow rate: dM,,/dt=10° Mg/yr
kinetic luminosity: Ly,=1.5x10%2 erg/s
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Models for NGC 1068
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Neutrinos from NGC 10687

10 year All-Sky Scan Results

m/,, ‘-I nluu nary
= ",/ DRADE T AR S T * Scan the entire sky and evaluate the
15 / B e Y likelihood of signal over background.
Ul oo . T U@ 1 e The position with the smallest p-value in
X SO - a5, / each hemisphere is taken as the hottest spot.
"‘.’S\‘;"Q\ 2N ' : Col . .
00 R S * The post-trial pvalue is calculated by
comparing this p-value with many
g l 5 3 y . & background hotspots.
L‘” 104 Pocad ® . .
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*  Evidesce for a flaring Blazar from .

s0 105 123 208
PKS 14244240 ----—-

GB6 JI54246120 23575 6150 929 2072 302

MGRO J1908+05 ----—-
PKSITT41TT 25981 1775 982

PKS 2233148 ----—-
B2 1215430 848 12 267 1860

M3 ----—-
4C 48517 14942 5538 161 1188

Most signifcant excess in the Northern Source List.
-+ 2.90 post-trial
* 0.35° from the hottest point in the sky.

a flare in 2014. (M. G. Aartsen et
al. 2018)




Constraints from gamma rays
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Gamma rays and neutrinos
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Constraints from gamma rays
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Constraints from gamma rays

[ Total

E AGN wind model

MAGIC Coll. 2019



Emission from the nucleus?
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Emission from the nucleus?

Absorbed b Y

UV radiation Inoue et al. 2019
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Active galactic nuclel

Most powerful sources in the Universe (up to 108 erg/s).

Energy is generated by conversion of gravitational energy of the
infalling material onto SMBH (Mg=10%-10° M) into radiation and
outflows.

Non-jetted AGN:

e Bulk of the AGN population

* Wider angle winds with velocities from a few thousands
km/s up to mildly relativistic values.

* Electromagnetic emission dominated by thermal emission
in the UV-optical band produced by the accretion disk
around SMBH

P

Jetted AGN:
e ~10% of the AGN population
* Highly collimated relativistic outflows
* Electromagnetic emission dominated by jet non-thermal
emission in the radio and gamma-ray band

Jet of high-speed
particles

— Magnetic field
lines

Accretion
disk

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.



Relativistic jets




Relativistic jets

radio lobe




Relativistic jets

M87 -- From 200,000 Light-Years to 0.2 Light-Year

VLA -20cm

VLA-7 mm

VLBl -1.3cm

ol

/VLBl -18 em

Credit: Frazer Owen (NRAQ), John Birelia (STScl) and colleaguss.
The Naiional Radio Asiionomy Obsarvatory isa facilily ol ihs
Naiional Science Foundalion, opaailed under coopaalive
agreemeni by Associaled U niversilies, Inc.




Relativistic jets

™

FR I

Quasar 3C175
YLA &cm image (c) NRAD 1996




Blazars: relativistic jets pointing at us

Powerful radiogalaxy:

Cygnus A Ov~few deg

Blazar
Beaming

Radiogalaxy

??%g}
/o

#



(Special) relativity at work

Doppler bea ming

v=0.99c

Anplification [, — [/§3 @ 0 _@

Blueshitt Uy = V'O

Shortening Y,
of timescales lobs = 1 /o




Blazars in a nutshell

-

: 'Aécreting BH

IR—soft X-rays MeV—GeV

SED dominated by kthe relakivistically boosked
non-thermal continuum emission cyfl the jet.




Jet physics

Particle acceleration

Plasma and B-field physics
Reconnection vs shock
Hadronic vs leptonic emission
| ocation of emission region

% ) WU
o A N e

: ,_’\‘":—o o
o~ ;*/i-//'/“*\‘ _— "~

.‘.—&:///

Propagation effects

~xtragalactic background light
ntergalactic magnetic field
—adronic beams

|V and ALPs-induced effects and

other anomalies

g , ! '
'+ Background light ’




The spectral energy distribution

Extended over the whole EM spectrum
Extremely variable

Important observational effort

10°
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Abdo et al. 201 |
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Variability

Energy and time domain
Ag{tm@m@my




Blazars: basic phenomenology

poerey

Blazars occur in two flavors:

FSRQ: high power, thermal
optical components (broad lines)

BL Lacs: low power; almost

purely non-thermal components
X J

The “blazar

g N ] seguence”
48 .
FORQ E = E 9
TE I . ‘E s . - Fossati et al. 1998
T oa6 t s §I "\," _f Donato et al. 2002
a0 » <\ Y] Ghisellini et al. 2009
T VA R PN A
S ME/ = i P e
By 4 BL Lacs \¥
=P H But see several papers
41 B D e e T by Giommi & Padovani
10 15 20 25

Log v [Hz]



Blazars in a nutshell

FSRQ: “dressed” jets

1/2
RBLR = 1017 Ld,/45 cm.

Rr =2.5x 10" L)% cm




Blazars in a nutshell

FSRQ: “dressed” jets

Narayan & Piran 2011 d Marscher et al. 2008, 2010

Turbulence
QO Marscher 2014
Maghetic
reconnection 3}\

(“minijets”) N’i‘

Giannios 2011, 2013

/ : 1017 172
Sikora et al. 2008\ i\ Rgir = 107" L 45 cm.

Rr =2.5x 10" L}

Schoclkes

0"
oc’d QJ’\,OCJ\
& o
NI\



The full problem

Log vF(v) [erg cm=2 s~

Coasting region

PBSPkin

Acceleration/collimiation
region

Ps > Py




The full problem

McKinney, Tchekhovskoy, and Blandford 2012




A more modest model

“One zone”




A more modest model

_B e 1\1‘\ /,/JJJ e\ ‘/e"'
s B~ ‘\\
42 e' e"'
Q y
electron Inverse Compton photon-photon electron-positron
synchrotron scattering pair production annihilation

Haodvrown not important for the emission (but not for energetics!)



A more modest model - 1




A more modest model - 1

Log L\l(v)
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LOQAN(Y)

A more modest model - 1

Log v

Log Usyn(V)
A [ — vsL(vg)

syn — 4 R2c64

Log v

lnverse Comp’cow

low-energy
hoton

l
- —

clectron




LOQAN(Y)

N,

b

A more modest model - 1

Log vL(Vv)

Log Usyn(\’)
A
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syn

vsL(vg)
41 R?cé4




A more modest model - 1
Log L')"syn(\’)

Log vy @ . Log v

"Klein-Nishina regime”

hvly, > mec?

Log vL(Vv)

Ve  ve= fla)ywmc®d f(a) ~0.1—0.2

(0.
2 /\O(KN — 2042 — o

>

Log v




In principle, in this simple version of the
Synchrotron-Self Compton (SSC) model, all
parameters can be constrained by quantities

available from observations:

A
.

/ free parameters
R B NO Yb nl nz O

/ observational quantities

Vs I-s Ve I-c 'l'var &y X2

N /

. -

Y

Tavecchio, Maraschi & Ghisellini 1998



Blazars in a nutshell

FSRQ: “dressed” jets

1/2
RBLR = 1017 Ld,/45 cm.

Rr =2.5x 10" L)% cm




Log vF(v) [erg em™2 s-!]
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FSRQs: the “canonical” scenario

Dermer et al. 2009
Ghisellini, FT 2009
Sikora et al. 2009




within the BLR

Log vF, [erg s7!' ecm~2]
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Jet powers

—
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Ghisellini et al. 2010



Leptons or hadrons?

Hadrons could be accelerated to very-high and ultra-high
energy

_ets offer ideal conditions (B, radius,power)




Maximum proton energy

15-‘ I 1 I | 1 I
10 7
Z ‘ Z =1
| Obs. frame
5_ -
O PR | PR T T PR S S T T T | PR 1 PR ST T S ST S T

=2 —lpo: =0 =00 G0 B T 10
Log E,.., [10" eV]

E =7 X 102°ev(£) ( - )
Hillas eriterium S 26 ) \0.35G




hadronic

DZAN
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pair production
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v |
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Efficient photomeson reactions
requires high photon density

v

Large opacity to gamma rays

v

The direct link between
high-energy gamma-ray
emission and neutrinos is
(at least partially) lost

Opacity

7'77(52) ~

_

3
L~ gﬁn’l‘p

py & soft

Ty Oy foy(€p) |
~ 10

Moy Opry fm(gp) ( 0.01 )

g . oMt Ev

v MpEA ep ~ GeV (25 TeV)

Murase et al. 20lj




Cascades

Soft photons
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Lepto-

—— e synchrotron ~ «eeeee SSC
—— psynchrotron p-synchrotron cascade
M synchrotron p-synchrotron cascade
— . TTcascade
°cascade

hadronic models

Mkn 421

Bethe-Heitler cascade
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Cerruti et al. 2015



Lepto-hadronic models

—— e synchrotron ~ «eeeee SSC
—— psynchrotron p-synchrotron cascade
U synchrotron y-synchrotron cascade
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Lepto-hadronic models

PKS 2155-204

Zech et al.2017

-9.5

-10

-10.5

log (v F, [erg cm?s7])
o

hadronic scenario

leptonic scenario

Hard tatl

25
log /v [Hz] )

28

Prospects for CTA



TXS 0506+056 & IC-170922A

2017 september 22

Fermi-LAT detection of incre>- 0e
TXS 0506+056, locat=""

ATel #10791- 7




v Fv (ergcm?s™)

A burst of (one-zone) models
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But the required jet power is very Large!



3
Ly ~ g];},Lp

pr & Nsoft

Low target olewsitg

—

Large proton luminosity
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Structured jets in BL Lacs

SF?EM&

T

[=15-20

Ghisellini, FT and Chiaberge 2005
Tavecchio & Ghisellini 2008



Structured jets in BL Lacs

Simulations predict spine-layer structure .
ol RO

Kovalev et al. 2007

Entrainment/instability e.g. Rossi et al. 2008
Acceleration process e.g. McKinney 2006

Laing 1996
Giroletti et al. 2004
Piner & Edwards 2014
32 Pushkarev et al. 2005

Clausen-Brown 201 |
Murphy et al. 2013

Mkn 501, Mkn 421, M87,
NGC 1275

T 30
Unification requires .
velocity structures & <8
Chiaberge et al. 2000 r 26
Meyer et al. g
Sbarrato et al. 2014 o

) 30 32 34
og Lr [erg s-1 HZ‘IJ ’ ’ ’
_ sSwmtlar suggestions for GRBs...



Structured jets in BL Lacs

I\rel — 1—WSFI(l — 58&1)

U' ~ UT? ’

rel

T e e - - -

* The splne “sees” an ewhanced U, coming from the Layer

Rates of processes involving soft photons are enhanced
w.r.t. to the one-zone model



-10

-11

-12

Log vF(v) [erg em~2 s-1]

I 1 I 1 I l 1 1 1 1 I I 1 I 1 I 1 1

7 \ TN

Lz )

|l||||l-'::|||.|/||||\|

[
o |

15 20 29
Log v [Hz]

Apptioatiow: BL Lacs

Mkwn 421

Tavecchio and Ghisellini 2016



A structured jet In TXS!
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Structured jets in BL Lacs

3
Ly ~ gfl;pr

pr & Msoft

Increased target density

> Redwced proton Lumlwosi’c5

FT et al.2014,2015
Righi FT, Guetta 2017



Jet-sheath model

TXS 0506+056 Cownstraint to cascade Tyy ™1 + KN 3 _ 1016 oV

(C on sheath photows p,max

Frequency [Hz]
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L ] 1 1 1 1 6

10_9 1 1 I [ 1 I

Rate = d.17 events in 0.5 years-
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----------
.........
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L D)

Rate = 0.06 events in 0.5 years |
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0
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10-17
10+ 1072 10° 107 104 10° 108 10 10%< 10* 10*° 10
Energy [eV]

P~ 4x 10 — 10" ergs™

MAGIC Coll.2018



Jet-sheath model

MAGIC Coll. 2018

Effect of maximum proton energy

Constrained by cascade flux in X-rays

=
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Larger Ep —> Lower neutrino rate at 200 TeV

—> uUpper LLmatLt to Ep,max



Jet-sheath model

MAGIC Coll. 2018

log(t[s])

— accel. n=1
I =.=. accel. n=100
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==:= D SYNC.
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Hadron beams?

CMB, EBL VHE

Essey & Kusenko 2010
Murase et al. 2012
Tavecchio 2014,2019

Scenario for “extreme BL Lacs”
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Extreme BL Lacs

after Costamante et al. 2001

Hard de-absorbed Hard X-ray
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Bonnoli et al. 2015



Log E2¢(E) [erg cm~2 s-!]

Hadron beams?

Tavecchio et al. 2019
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Log E2¢(E) [erg cm~2 s-!]

Hadron beams?

Tavecchio et al. 2019
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Hadron beams?

Tavecchio et al. 2019
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E? dN/dE, eV cm’ s

Neutrinos from hadron beams?

D —
D1
1 2.6 sevensans
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Difficult to detect single sources

Murase et al. 2012



A role for the accretion flow?

°
2 $

Powering low luminosity AGN

Kimura et al. 2015; Khiali et al. 2016

(R/R;)cosb

Magnetic energy in ¢ =0 plane

Particle accelerated through Fermi [ processes
scattering off magwnetic turbulence

0.4 4

0.2 1

0.0 1

101

102

- 103

0.0

, , 03 04 05 06 0.7
0.2 04 0.6 RsinB/R.
(R/R.)sinB

Protons up to few PeV expected

(no UHECR) Kimura et al.2018

Emission either through pp or py



A role for the magnetosphere?

High energy particles can
be accelerated by direct
electric fields tn gaps or centrifugally

e.g. Rieger 201 |

Black Hole




Gamma-ray bursts

Block hole
onaine

Promp!
emission

Alteralow




Flux (erg cm=2 s71)

Flux (erg cm=2 s™)

Gamma-ray bursts

110-180 s

109
10—10 I
103 106 109 1012
Energy (eV)

MAGIC Coll. 2019



Gamma-ray bursts

CR accelerated in. Shocks + radiation (py)

Waxman & Bahcall 1997 PVObabLa WOo...

And many others...

Aartsen et al. 2017

TTIT T | Ilg
et e~ . I \ ........... i
: - S
: = 5 N
. e
......... /:\\\_a
] N
E \]
C? _i8 [ — - Internal Shock Fireball Prediction |1
S A — = Photospheric Fireball Prediction
: ICMART Prediction
1(—14,{ ol TTT| SSESAIYTYT SSEEYTT S———T — iy
10° 10* 10” 10° 10 10° 10°

v Energy (GeV)



Cumulative MM fluxes

Multlmessenger sky background
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Cumulative MM fluxes

I | I I | 1 | I I | I
& ® Diffuse ~ (Fermi LAT) lceCube (ApJ 2015)
107 E ¢ Cosmic rays (Auger)
@ Cosmic rays (TA)
105 — T~ Cosmicrays
10 1’ big. N
10_ Neutrinos
10-10 |
: Gaisser 2018

p—
4

10° 108 102 10° 10* 10° 10° 107 10® 10° 100 10M!
E |GeV]



Y-V connection

Gamma-rays can be directly connected to neutrinos for transparent sources.
In case of important opacity situation is more complex (cascades eftc...).

From TXS we know that hadronic gamma-rays are subdominant with respect to leptonic emission.
This is probably valid in general for blazars.

Since blazars contribute to ~80% to ExGal BKG, the “hadronic background” is max 20% of the total.
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CR-v connection

Neutrinos UHECR

O
X

BL Lac: small photopion and photo disintegration efficiency x

FSRQ: large photopion and photo disintegration efficiency 0

Rodrigues et al. 2018
Tavecchio et al. 2019



Radiation energy density

A key parameter for several MM processes:

Inverse Compton, absorption Y-rays
photomeson reactions V

destruction of heavy nuclei UHECR



TwoO scenarios
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Maximum radiation energy density
Urad: 10 X QSSC
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BL Lac population
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Photodisintegration of nuclel
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Photodisintegration of nuclel
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UHECR: BL Lac population
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UHECR: BL Lac population
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Gamma-ray opacity: small up to 10-20 TeV @

photomeson reactions: low efficiency ®

destruction of heavy nuclei: not very effective @



Final thoughts

Strong synergy between theory/models and observations
The astrophysical conditions of sources must be considered!

Important to compile smart lists/catalogues of candidates (trials)



