
Gamma-ray emitters and multimessenger 
signatures of particle acceleration

F. Tavecchio 
INAF-OABrera

(A few selected cases)



Outlook

Introduction 

Galactic sources: SNR and PWN 

Extragalactic sources: (starbursts), AGN, blazars 
The case of TXS 0506+056 

Final considerations



Introduction



Gamma rays
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hadrons (U)HECR
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Messengers: a synoptic view

Leptonic CR

Most of our  
knowledge
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Processes in a nutshell

pp

Relevant in  
compact sources

Requires high B
Requires high  

photon densities

Requires high  
gas densities



Hadronic processes

proton-proton (pp) proton-photon (pγ)

p + γ → π + Xp + p → π + X

Relevant in sources  
with large gas density

Relevant in sources  
with large photon density



proton-proton (pp) proton-photon (pγ)
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Opacity could be relevant!
γγsoft → e±

Hadronic processes



proton-photon (pγ) p + γ → π + X

Eν~Ep/20
Eγ~Ep/10
   Lγ~Lν

Eth =
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Eν = 100 TeV → Ep = 2 × 1015 eV

→ ϵ ≃ 30 eV

Hadronic processes



Opacity

Eγ = 10 GeV

→ ϵmin = 25 eV



Opacity

Efficient photomeson reactions  
require high photon density

Large opacity to gamma rays

The direct link between  
high-energy gamma-ray  

emission and neutrinos is  
(at least partially) lost

Lν ≈ fpγLp

fpγ ∝ nsoft

Murase et al. 2016



Particle acceleration at shocks

h�E

E
i = 4

3

v1 � v2
c

First order Fermi process



Diffusive shock acceleration

PIC simulation by L. Sironi



Magnetic reconnection
Change in the topology of the lines 

(“magnetic field annhilation”)

Direct conversion of magnetic  
into kinetic/heat energy

Relativistic particles with  
Power law energy 

distribution 

Zenitani & Hoshino 2001

Sironi & Spitkovsky 2014



Turbulence

Zhdankin et al. 2019
Comisso & Sironi 2019



Gamma ray emitters: potential MM sources



Galactic

Extra-Galactic

Supernova remnants 
Pulsar wind nebulae 
Star forming regions 
…

Starburst Galaxies 
AGNs 
Relativistic jets 
…

Gamma ray emitters: potential MM sources



Galactic sources: 
SNRs and PWN



Supernova remnants

Left-over of SN explosions 

Shell-like remnants 

Emission dominated by a shock propagating into the ISM



FREE EXPANSION VELOCITY:  

STRONG (COLLISIONLESS) SHOCK WAVE

Supernova remnants

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



Gamma rays and neutrinos

Eγ~Ep/10

Eν~Ep/20
“pp” sources 
Transparent sources 
Direct link between gamma and ν 



Gamma rays and neutrinos
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PeVatrons? 
Age <1000 y or even 100 y

Old SNR

Giuliani et al. 2011

Extragalactic

SNR and cosmic rays

“Pi0 bump”



A case study

RX J1713.7-3946

HESS Coll. 2007,2018



A case study

RX J1713.7-3946

HESS Coll. 2007,2018



A case study



We need 
sensitivity up to 100 TeV 

and 
good angular resolution

CTA

The CTA view

Leptonic Hadronic

A case study

CTA Coll., 2017



RX J1713.7-3946

Gamma rays

CTA Coll., 2017



Ambrogi et al. 2018

Neutrinos: the hadronic smoking gun

Reliable prediction of neutrino spectra  
requires good gamma-ray data above 10 TeV



Pulsar Wind Nebulae

The majority of LAT and CT galactic sources

MW and variable (Crab!) sources 

Crab Nebula

Pulsar-driven (plerion) SNR



Pulsar Wind Nebulae



BLAST WAVE

CONTACT DISCONTINUITY

SHOCKED ISM

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 large!

- Transformation of B energy into kinetic energy of the wind

- Connection with positrons in cosmic rays?

Vela PWN by LAT



Neutrinos from PWN?

Bednarek 2003

Amato et al. 2003

Di Palma et al. 2017

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



Positron excess from PWN?

Evidence of dark matter?



HAWC Coll. 2017

Positron excess from PWN?

Difficult …

The diffusion of particles 

in the IGM is quite slower


than usually assumed.

Cholis et al. 2018
Amato 2018

Di Mauro et al. 2019
Fang et al. 2019

…

But see:

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

Accretion flow 

BH Magnetosphere



Romero & Torres 2003
Loeb & Waxman 2006
Tamborra et al. 2014

Diffusing CR accelerated in shocks 
+ 

dense gas/dust

Starburst/Superwinds/AGN winds

SNR

Shock

SNe

Anchordoqui et al. 1999
Romero et al. 2018

Wang & Loeb 2016
Lamastra et al. 2016, 2017

Liu et al. 2018

CR accelerated by SNR

CR accelerated by  
galactic scale shock

CR accelerated by  
AGN-driven shock



p=2
p=2.2

Gamma-ray emission

Ohm & Hinton 2012



e.g. Waxman & Loeb 2006
    Tamborra et al. 2014

and many others

Starbursts: MM sources?

Auger coll. 2018

UHECR

Neutrinos

Palladino et al. 2019

Magnetic deflection not included!

Possible overproduction of the gamma-ray bkg?

GammaLAT coll. 2010



Starbursts: MM sources?

Difficult to obtain a direct association (low fluxes!)

 Ep>1016 eV?

Peculiar Supernovae (e.g. Murase et al. 2013)? Probably too rare
Diffusion and confinement? See e.g. Peretti et al. 2018

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

Tamborra et al. 2014

ν



Active galactic nuclei

Most powerful sources in the Universe (up to 1048 erg/s). 
Energy is generated by conversion of gravitational energy of the 
infalling material onto SMBH (MBH=106-109 M⊙) into radiation and
outflows.

Jetted AGN: 
• ~10% of the AGN population
• Highly collimated relativistic outflows
• Electromagnetic emission dominated by jet non-thermal

emission in the radio and gamma-ray band

Non-jetted AGN: 
• 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 



Active galactic nuclei



Active galactic nuclei

winds



AGN-driven shocks

King & Pounds 2015

Widespread evidence for  
outflows at different scales

Lamastra et al. 2016, 2017



Akermann et al. 2012

Sturbursts and AGNs



NGC 1068



Models for NGC 1068



Neutrinos from NGC 1068?



• The MAGIC telescopes observed NGC 1068 from 
January 2016 to January 2019 for a total of 125 hours 

• Constraints on the hadron-nuclear emission of the 
models (both AGN-wind and SB)  (no contraints on 
leptonic jet model)

Constraints from gamma rays

MAGIC Coll. 2019



Gamma rays and neutrinos
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Constraints from gamma rays



Constraints from gamma rays



Constraints from gamma rays

MAGIC Coll. 2019



Emission from the nucleus?





+ hot protons

UV radiation



Emission from the nucleus?

Inoue et al. 2019
Absorbed by  
UV radiation



Active galactic nuclei

Most powerful sources in the Universe (up to 1048 erg/s). 
Energy is generated by conversion of gravitational energy of the 
infalling material onto SMBH (MBH=106-109 M⊙) into radiation and
outflows.

Jetted AGN: 
• ~10% of the AGN population
• Highly collimated relativistic outflows
• Electromagnetic emission dominated by jet non-thermal

emission in the radio and gamma-ray band

Non-jetted AGN: 
• 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 



Relativistic jets



Relativistic jets



Relativistic jets



Relativistic jets

FR I

FR II



Powerful radiogalaxy: 
Cygnus A Jet

Blazar
Beaming

Radiogalaxy

Blazars: relativistic jets pointing at us

θv~few deg



(Special) relativity at work

Doppler beaming

� =

1

�(1� � cos ✓v)

L
obs

= L0�4
� ⇡ 10� 20

νobs = ν′�δ
Amplification

Blueshift

tobs = t′�/δShortening 
of timescales



Blazars in a nutshell

SED dominated by the relativistically boosted 
non-thermal continuum emission of the jet.  

T


νF
ν

E

IR—soft X-rays MeV—GeV

Accreting BH

Jet

Radiogalaxy
Blazar

© Urry & Padovani 1995

Γ~10-30



Jet physics  

Particle acceleration
Plasma and B-field physics
Reconnection vs shock 
Hadronic vs leptonic emission
Location of emission region
...

Propagation effects 
  
Extragalactic background light
Intergalactic magnetic field
Hadronic beams
LIV and ALPs-induced effects and 
other anomalies

CMB

EBL

CR

photo B 



Abdo et al. 2011

The spectral energy distribution
Extended over the whole EM spectrum

Extremely variable 

Important observational effort



Variability



Variability



Blazars: basic phenomenology

Blazars occur in two flavors:

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

BL Lacs: low power, almost
purely non-thermal components

The “blazar  
sequence” 

FSRQ

BL Lacs

Fossati et al. 1998
Donato et al. 2002
Ghisellini et al. 2009

But see several papers 
by Giommi & Padovani



Blazars in a nutshell



Marscher 2014 
Narayan & Piran 2011

Sikora et al. 2008Schocks 

Magnetic  
reconnection 
(“minijets”)

Giannios 2011, 2013

Marscher et al. 2008, 2010?

?

?

Turbulence 

Blazars in a nutshell



Acceleration/collimation 
 region
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Coasting region

shock?

reconnection?

The full problem



McKinney, Tchekhovskoy, and Blandford 2012

The full problem



A more modest model
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“One zone”



A more modest model

Γ

θ

RB
e

Hadron not important for the emission (but not for energetics!)
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A more modest model - 1
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Synchrotron emission

A more modest model - 1
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Inverse Compton

A more modest model - 1
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A more modest model - 1
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A more modest model - 1



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

available from observations:

     R   B   No   γb   n1    n2    δ   

  νs   Ls    νC  LC   tvar   α1   α2

7  free parameters

7  observational quantities

Tavecchio, Maraschi & Ghisellini 1998



Blazars in a nutshell



Tavecchio and Ghisellini 2016

Application: BL Lacs

Mkn 421



Tavecchio et al. 2010



e γ

e
e γ
γ

B

FSRQs: the “canonical” scenario
Dermer et al. 2009

Ghisellini, FT 2009

Sikora et al. 2009


Accretion disk

X-ray corona

BLR

D
U

ST
Y 

TO
RU
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Bonnnoli et al. 2011

Within the BLR

4C454.3

Absorption (20 GeV)



Cold

Jet powers

Ghisellini et al. 2010



Leptons or hadrons?

UHECR
Neutrinos

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

Jets offer ideal conditions (B, radius,power)



Z=1 
Obs. frame

Maximum proton energy

Hillas criterium



pp

unlikely







Opacity

Efficient photomeson reactions  
requires high photon density

Large opacity to gamma rays

The direct link between  
high-energy gamma-ray  

emission and neutrinos is  
(at least partially) lost

Lν ≈
3
8

fpγLp

fpγ ∝ nsoft

Murase et al. 2016



Cascades

VHE-UHE

Softer photons

τγγ ≈ 1
Log Energy

L
og

 F
lu

x

Soft photons

Absorbed

Observed



Lepto-hadronic models

Cerruti et al. 2015

Mkn 421



Lepto-hadronic models

Cerruti et al. 2015

Mkn 421

Important here!



Prospects for CTA

SS
T

PKS 2155-304

Hard tail

Zech et al. 2017

Lepto-hadronic models



TXS 0506+056 & IC-170922A
2017 september 22



A burst of (one-zone) models …

Cerruti et al. 2018
Gao et al. 2018

Keivani et al. 2018

But the  required jet power is very large!



Lν ≈
3
8

fpγLp

fpγ ∝ nsoft

Low target density  
  
Large proton luminosity



Cold

Ghisellini et al. 2010



Spine

Layer/sheath

Γ=15-20

Γ=3-5

Ghisellini, FT and Chiaberge 2005
Tavecchio & Ghisellini 2008

Structured jets in BL Lacs



Simulations predict spine-layer structure

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

Structured jets in BL Lacs

Laing 1996
Giroletti et al. 2004

Piner & Edwards 2014

Chiaberge et al. 2000
Meyer et al. 

Sbarrato et al. 2014

Unification requires 
velocity structures

Limb brightening
Mkn 501, Mkn 421, M87, 

NGC 1275 
Pushkarev et al. 2005
Clausen-Brown 2011
Murphy et al. 2013

Kovalev et al. 2007

Similar suggestions for GRBs…



★  The spine “sees” an enhanced Urad coming from the layer 

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

�rel = �s�l(1� �s�l)

U 0 ' U�2
rel

Structured jets in BL Lacs



Tavecchio and Ghisellini 2016

Application: BL Lacs

Mkn 421



Ros et al. 2019

A structured jet in TXS!



Lν ≈
3
8

fpγLp

fpγ ∝ nsoft

Increased target density  
  
Reduced proton luminosity

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

Structured jets in BL Lacs



MAGIC Coll. 2018

Higher VHE

Lower VHE

τγγ~1 + KNConstraint to cascade

29
0 

Te
VSheath
Synch.

SSC

EC

BH cascade

pγ cascade

Ep,max = 1016 eV

Rate = 0.17 events in 0.5 years

Rate = 0.06 events in 0.5 years

IC on sheath photons
TXS 0506+056

Jet-sheath model 

Pj ≈ 4 × 1045 − 1046 erg s−1



Jet-sheath model 
MAGIC Coll. 2018

Effect of maximum proton energy
Constrained by cascade flux in X-rays

Larger Ep —> Lower neutrino rate at 300 TeV

 —> Upper limit to Ep,max



Jet-sheath model 
MAGIC Coll. 2018

Timescales 
(com. frame)

pγ ext

BH ext

Dyn

tacc
= 10 η Ep/e

Bc (η=1,Bohm)

(η=100)



CMB, EBL

UHE p + possible cascades
VHE 

Essey & Kusenko 2010 
Murase et al. 2012

Tavecchio 2014, 2019

⇡0

Hadron beams?

Scenario for “extreme Bl Lacs”



Observed  
spectrum

Hard de-absorbed 
spectrum

Extreme BL Lacs
Hard X-ray 
spectrum

after Costamante et al. 2001

Small radio flux Bonnoli et al. 2015



Tavecchio et al. 2019

Protons

Photons 
(+EBL 

absorption)

Hadron beams?



Tavecchio et al. 2019

Protons

Photons 
(+EBL 

absorption)

SS
T

Hadron beams?



Tavecchio et al. 2019

Hadron beams?



Extreme BL Lacs

Tavecchio 2014



Neutrinos from hadron beams?

Essey et al. 2011

Difficult to detect single sources
Murase et al. 2012



A role for the accretion flow?

Kimura et al. 2018

Particle accelerated through Fermi II processes 
scattering off magnetic turbulence

Protons up to few PeV expected 
(no UHECR) 

Emission either through pp or pγ

Powering low luminosity AGN

Kimura et al. 2015; Khiali et al. 2016



A role for the magnetosphere?

High energy particles can  
be accelerated by direct  

electric fields in gaps or centrifugally

e.g. Rieger 2011



Gamma-ray bursts



Gamma-ray bursts

MAGIC Coll. 2019

SSC



Gamma-ray bursts

Aartsen et al. 2017

Probably no…

CR accelerated in  Shocks  + radiation (pγ)

Waxman & Bahcall 1997
And many others…



Cumulative MM fluxes

Gamma rays
Neutrinos

Cosmic rays

“Multimessenger sky background”

Gaisser 2018

The same source(s)?



Gamma rays
Neutrinos

Cosmic rays

Gaisser 2018

Cumulative MM fluxes



Cerruti et al. 2018

MAGIC Coll. 2018

γ-ν connection

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

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.



Gamma rays
Neutrinos

Cosmic rays

Gaisser 2018

Cumulative MM fluxes



CR-ν connection

Rodrigues et al. 2018
Tavecchio et al. 2019

BL Lac: small photopion and photo disintegration efficiency 

FSRQ: large photopion and photo disintegration efficiency

Neutrinos UHECR 



Radiation energy density

A key parameter for several MM processes: 
 

Inverse Compton, absorption 

photomeson reactions 

destruction of heavy nuclei

γ-rays

ν

UHECR



Two scenarios

Spine

Layer/sheath



Maximum radiation energy density

β=0.5 

1.0 

1.5

Tavecchio, Oikonomou, Righi 2019

γ  opacity pγ  efficiency

Urad = 10 × USSC

Obs. frame

fπ(E′�p) = t′�dyn/t′�pγ(E′�p)

d=R

d=2.5xR



BL Lac population

SSC
Sample in Tavecchio et al. 2010



BL Lac population

γ  opacity

pγ  efficiency

d=2.5xR

Urad = 10 × USSC



Photodisintegration of nuclei

Obs. frame

Mkn 421

Urad = 10 × USSC



Photodisintegration of nuclei



Z=1 
Obs. frame

UHECR: BL Lac population



UHECR: BL Lac population

d=R



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)


