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 The ensemble of astrophysical objects, environments
 and mechanisms  that generate and store 
 very high energy particles 
 in the  Milky Way and in the  entire universe.

“High Energy Universe”

This feld is one of the most signifcant and
fascinating  “Frontiers” in Science  today.

1.  Understanding the  “COSMOS"  where we live

2.  The sources of the High Energy radiation 
     can be the “laboratories”   where  we test  
     (in  conditions  that are not achievable
      in “Earth based laboratories”)  
     our  Fundamental Laws of Physics.  



  

Victor Hess
[1912]

Walter Kolhörster
 [1913]

The frst step



  

Discovery of COSMIC RAYS

and the “High Energy Universe”
 
Study of the rate of ionization in air 
with  discharge electroscopes:
existence of Extraterrestrial source of Radiation
 
Victor Hess 
[1912]

Walter Kolhörster 
 [1913]



  

Understanding the nature of Cosmic Rays: 

[Relativistic charged particles 
 (mostly protons and ionized nuclei)]

For nearly 20 years the commonly 
accepted theory was that cosmic rays  
where  gamma  rays:   Robert Millikan 
“The birth cries of infant atoms”



  

Compton- Millikan  “Controversy”



  

The Latitude Efect 

Arthur Compton
Phys. Rev. 15th march 1933

Cosmic Rays are
electrically charged particles.

Alvarez, Compton (april 1933)
East-West Efect  
(most) Cosmic rays have
positive charge



  

Understanding the propagation of Cosmic Rays
in the atmosphere  [Birth of Particle Physics]

Same issue of Physical Review  [15th march 1933]
of Compton “Geographic Study of Cosmic Rays”

article of Carl Anderson 
“The positive electron” “Wilson chamber” in 

  a magnetic feld.



Theory of  Electromagnetic Shower

Chapter 1:

Bethe – Heitler
(pair production)

Bremsstrahlung



+  charged conjugate modes

nuclear emulsions

stopping 

The Penetrating Component
[Muons    and charged pions]

Chapter 2:



Nuclear interactions
[Prediction for neutral pion]
[Discovery of strange particles ….]

Chapter 3:

[Problem that  remains open  
(or not calculable from frst  principles) ] 
  



Measuring the energy spectrum
[and mass composition of the cosmic rays]

● Power Law  spectrum

● that  extends to very high energy



Study of “Extensive Air Showers”
[coincidences of detectors at increasing large distances]

Pierre Auger (et al.) Physical Review (1939)

Shower at the ground extending for  < 300 meters

Estimated energies   



MIT Volcano Ranch detector
(New Mexico)

Phys. Rev. Lett. 6 
485,  (1961).

1.8 km



● Where are these very high energy particles 
  coming from ? 

● How do they obtain their energy ?

Only now we are starting to get
answers  to these questions.

[No imaging of the sources because of 
 Galactic and extragalactic  magnetic felds]



A “prophetic”  [?]  speculation   (1934)



Comic Strip 
Los Angeles Times  [jan. 1934] Baade-Zwicky ideas:

Cosmic Rays are
extragalactic  
fll the universe uniformly

Are a mixture of
electrons and positrons.

Super-Novae  are 
created by core-collapse 
of stars to neutron stars

All binding  energy of
a neutron star is emitted
as cosmic rays.

[Mechanism of production
is not discussed.]Supernovae are generated

 by gravitational collapse
to a neutron star 



Enrico Fermi  (1949)  theory on the 
acceleration of Cosmic Rays:

Cosmic Ray are Galactic
(fll a “bubble" around the Galaxy)



Enrico Fermi 
original idea:

Encounter with a  cloud
of velocity



GLAST  renamed FERMI gamma-ray
Space Telescope

Launch 
June 11th   2008

crucial instrument
to study the 
“High  energy Universe”
name in honor of 
Enrico Fermi   and his
seminal idea



Very important modifcation / development 
of Fermi original idea:

Acceleration due to interaction with a moving
magnetized  plasma.

But the moving plasma is inside a source
freshly accelerated, and forming shocks.

Fermi Difusive Shock Acceleration
idea  is present in  works of
a few authors [Parker (1958), Hoyle (1960), ….]

Idea (mature and “in the air”) 
expressed in the “modern form” 
by several authors more less at the same time
Krymsky(1977), Axford(1977),
 Bell (1978), Blandford+Ostriker (1978)



Blast Wave
of a SuperNova 
explosion



 After the passage
 of the shock wave
 the gas is compressed
 and accelerated

 Gas at rest Shocked Gas 



Acceleration “cycle”



Motivation for the construction  of 
theories for the  acceleration  of relativistic particle
came also from  new  Astronomical Observations

 new  wavelengths:

 Radio

X-ray 

that revealed the existence of new classes of sources



Karl  Jansky [1905-1950]
frst radio telescope  (1931-1932) “Jansky merry go-round”



Astrophysical  Observations  
in new Wavelengths:

Source in Sagittarius  [Galactic Center]



Radio Antenna
(1937)
Grote Reber



First radio Sky Map:
Astrophysical Journal, 100, p.279   (1944)



Sky Map:
Astrophysical Journal, 
100, p.279   (1944)

Sagittarius
(Galactic Center)

 Cygnus  
 AGN :  (Cygnus A) 

Cassiopea 
SNR : (Cas A)

Synchrotron emission
from relativistic 



Cassiopea A





CYGNUS A
Optical + Radio + X-ray



CYGNUS A
Optical 



CYGNUS A
Radio



CYGNUS A
 X-ray





z = 0.158 

 Discovery of “QUASARS" 



Time magazine
March 11th 1966



Hubble telescope image of 3C 273

Maarten Schmidt [1963]
… a thirteenth magnitude star, and a faint wisp or jet...
 ...



VLBI (Very Long Baseline Interferometry) Observations

Maps of the radio structure of  3C273 
show directly that it expanded with an 
apparent velocity of 10 times the speed
of light from mid-1977  to at least mid-1980  

Pearson et al.
Nature 290, 365, (1981).



     4 Messengers   

  for the study of the 
“High Energy Universe”

 Cosmic Rays, 
 Photons, Neutrinos
Gravitational Waves

 Multi-messenger Astrophysics



Three messengers are “inextricably”  tied together

[Cosmic Rays, Gamma Rays, High Energy Neutrinos
can really  be considered as three probes  that study the 
same underlying  physical  phenomena]  

 Relativistic 
 charged particles



SN 1006 Crab Nebula

CEN A
GRB 970228

Examples  of (classes)  
of High energy sources



Astrophysical  object/transient
accelerating particles to
relativistic energies

Contains populations of
relativistic  protons, nuclei
electrons/positrons 

Cosmic Ray  Accelerator

Emission of

COSMIC RAYS

PHOTONS

NEUTRINOS

e±

p

 particles
 escaping the source



Fundamental  Mechanism:
Acceleration of Charged Particles
to  Very High Energy   (“non thermal processes”)
in astrophysical objects (or better “events”).

Creation of Gamma Rays  and Neutrinos
via  the interactions of these relativistic charged particles.

“Hadronic ” “Leptonic ”



Sources are transients
[with a variety  of time scales
from a  small  fraction of a second to thousands of years]

Associated to Compact Objects
Neutron stars, 
Black  Holes (stellar and Supermassive)
 
FORMATION of Compact Objects  
(very large acceleration of very large masses)

Natural connection to Gravitational  Waves



GW 170817

GRB 170817A
neutron-star neutron-star  merging



Gamma  Rays

More in  general
photons  in a  very broad range
of energy (wavelength)
[21 orders of magnitudes]
from Radio  to   100 TeV 
(and  above in the future) 



Egret
Agile
Fermi

Hess
Magic
Veritas

CTA 

Milagro
ARGO
HAWC
LHAASO 

 Gamma  
 Astronomy
“Golden Age”



FERMI  Telescope   (E > 30 MeV)

Gamma Ray Burst Monitor  [GBM]   (E = 10 KeV – 10 MeV)

[acceptance allows  observations up 



HESS  (Namibia)

Mirror
110 m2

Camera 
5o  Field of view

Cherenkov Telescope  (E  = 50 GeV -  100 TeV) 



CHERENKOV 
IMAGING
TECHNIQUE



MAGIC   2  x  236 m2



HESS Telescope 
(Namibia)

4  12 m diameter telescopes
1   28 m    “             “            



LHAASO  detector
in China





Gamma Ray Sky



3rd  FERMI  Catalog

E > 100 MeV

3034  sources



170  → 200 Sources TeV  Sky



The sky in gamma rays:

1.  A difuse fux  generated by  the radiation of
     cosmic rays that fll the Galaxy  interacting
     with gas and radiation felds.

2.  An ensemble of Galactic  (quasi)-point sources

3.  An ensemble of extragalactic point sources 



Spectra of  sources associated with Supernovae



Fits to the  FERMI sources associated 
with Supernova Remnants



Sum of 
Galactic 
Sources

TeVCat
sources

Galactic
difuse

Galactic
Difuse
extrapolations



Fits to the 30  brightest extragalactic
 sources in FERMI catalog



Super Massive  Black Holes
(at the center  of Galaxies)

Active Galactic  Nuclei
(powered by mass accretion)



Centaurus A  (d=4.6 Mpc)

Composite image (visible + radio)





M87   (d=17 Mpc)





Schwarzschild radius

Photon capture radius



M87  JET

Heber Curtis  (1918)
[Lick Observatory]

“Descriptions of 762 
 Nebulae and Clusters ….”

“...curious straight ray ... 
 apparently connected  
 with the nucleus by a
 thin line of matter.”



M 87

First astrophysical “jet”   [1913 Heber Curtis]



Superluminal  Motion

Source  moving 
on the celestial sphere

M87 :



Observations

of M87
2005
2008
2010

HESS
MAGIC
VERITAS



VLBA  radio images
of M87  at 43 GHz 



Superluminal Motions in microQuasars
in our Galaxy GRS1915+105

Observations in radio

“Two  pairs of bright
  radio condensations”





GAMMA  RAY  BURSTS  (GRB's) 





Two Classes of Gamma Ray Bursts:  “Short” and “Long”





Association Long GRB's   with SN  explosions

GRB  980425SN 1998bw







G  > 100

GRB : associated with a subset 
of  SN Stellar Gravitational Collapse



Dark Matter

“Dark Matter”
Cornelia Parker
Tate Gallery London

Understanding  the nature
and properties of Dark Matter
is of central  importance for
fundamental physics.

Observations of the
“High Energy Universe”
[gamma, neutrino, pbar ,e+]
can put limits or detect 
the signatures of Dark Matter.

The presence of DM can be 
important for the structure of
astrophysical sources 
[for example galactic nuclei]
 



Weakly Interacting 
Massive Particle
Thermal Relic

site that contains a 
DM mass density

Rate of energy release
per unit volume, unit time:





No evidence for Dark Matter  signal

1.  Galactic Center

2. Dwarf Galaxies 

3. Spectral lines





Possible solutions to the Dark Matter Problem
(from Bertone et al. 2019)

We should look for dark matter not only where theoretical prejudice
 dictates that we “must”, but wherever we can.

Casting a wider theoretical net ofers the possibility to explore
 new classes of dark matter candidates and develop  new experimental 
methods to search for them.



Neutrinos

Extragalactic Gamma rays   
absorbed for E > 1TeV



125 m string separation
17 m between PMT's

IceCube



Deployment   of
the  strings





HESE

Muons

“GZK” cosmogenic
 neutrinos

Protons (AMS)

Cosmic Rays 
   (EAS)

(angle integrated Spectra)



CR





22 /sept/ 2017

Icecube  event                            E
vis

 =  23.7 +- 2.8 TeV

(Muon  entering the detector: 



IceCube     GCN 21916     17/09/23



….  Great source of excitement …...
Texas  Survey  of Radio Sources [365 Mhz, (1974-1983)]
66841 sources  [TXS …..] 





TXS 0506+056





Study of neutrino  properties
with very high energy astrophysical neutrinos

A.  Neutrino Cross section

B.  Neutrino Flavor  evolution 

C.  New Neutrino Interactions



Standard Model calculation of the (DIS) neutrino cross section



Measure Cross section







   Studies of  PARTICLE PHYSICS
      with very high energy Neutrinos

Very High Energy

Very Long Path-length
(extragalactic) 

Very large  (astrophysical) uncertainties  about
source spectra  



LoI Snowmass 2021



New Physics
efects

Lorentz invariance violations

Study very favorable with  Astrophysical Neutrinos



Decoherence 

Astrophysical extragalactic neutrinos  arrive at the detector
as mass eigenstates 

 





Potential to study 
non-standard  neutrino propagation properties



 Arbitrary
 initial  condition

Allowed region
for observable
Flavor composition



  General  
  superposition of 



Interactions  between  astrophysical neutrinos  (PeV energy)
with   relic  neutrinos   (meV energy)



Neutrino-DM  interactions

(Absorption  feature   in the direction of the
Galactic Center)



COSMIC RAYS

Measurement at 
single point, and  (efectively) single time.
                                         [slow time  variations,
                                          geological record carries some information]  

Space and time integrated  average  of particles
generated by  many sources  in the Galaxy
and in the universe,  also shaped by propagation efects.



MILKY WAY

Solar 
system

High 
energy
sources



 “Bubble” of  cosmic rays
  generated in the Milky Way
  and contained by  the  
  Galaxy magnetic feld

  Space extension and 
  properties of this “CR bubble”
  remain very uncertain

Extragalactic
contribution



Milky Way

ExtraGalactic Space



Milky Way

ExtraGalactic Space



Milky Way

ExtraGalactic Space



 CREAM p data 

 angle averaged difuse Galactic gamma ray  fux  (Fermi) 

Cosmic Ray Spectra 
AMS02 





“Conventional  mechanism”
for the production of positrons and antiprotons:

Creation  of  secondaries in  the inelastic  hadronic  interactions
 of cosmic rays  in the interstellar medium

 “Standard mechanism”
  for the generation of  
  positrons  and 
  anti-protons
 
 Dominant  mechanism 
 for  the generation of 
 high energy
 gamma rays

intimately  connected



Hadronic Interactions

“The Dark Side”  
                            of the Standard Model



Fundamental  QCD  Lagrangian density
(in terms of quarks and gluon felds)

Multi-particle production



Study of Ultra High Energy Cosmic Rays
(interpretation of the observations
 of Cosmic Ray showers in the atmosphere)

requires an extrapolation of LHC data

 
 laboratory energy 
 (proton primary)

 c.m.  energy
 (nucleon-nucleon collisions)

Precise  description of interactions at lower energy 
is also  essential  to correctly describe  
very high  energy showers 









Auger Observation of the  Maximum 
of the shower  development 





The “Muon problem”  in Ultra High Energy Cosmic Rays



Gravitational   Waves
Nobel prize 2017



Efect of a gravitational wave 
on a ring of particles
  
Extraordinarily small amplitude



 Laser
 Interferometer 



LIGO



VIRGO 
(Italy)



GW150914



GW150914

Wave form  allows to  reconstruct  the  parameters of
the  Binary Black Hole  system (and test  General  Relativity)  



1st Catalog of  Gravitational-Wave  transients







Black Hole mass distribution in the Universe



Credit NASA, ESA

COSMOLOGICAL   HISTORY



Constraints on  MOND  theories 
(or deviations from General  Relativity)

Possible existence of Primordial  Black Holes
(formed in the Early Universe)
that could be a component (or  the entire Dark Matter)

Probe the environment  of Binary  Black Holes
(the presence of a Dark Matter over-density
can modify the dynamics of the merger)



 GW 170817



Binary Pulsars 
(PSR 1913+16)
(discovery Hulse & Taylor (1978)
(Nobel prize 1993)
[Pulsar 17 rotation/second] 

Orbit :  1.1 – 4.8 solar radii

Rotation period 7.75 hours
Period  shorter 
76.5  microsecond/year

Orbit smaller 
3.5 m/year

300 Myr
two neutron star coalesce



GW 170817

GRB 170817A







NGC 4993



Numerical Simulation  [35 msec] of merging of 2 neutron stars 

L. Rezzolla et al.  ApJ (2011)



7.5 msec



7.5 
msec

13.8 
msec

15.26 
msec

26.5 
msec



The simulation 
shows that the magnetic  feld
is organized   is a structure
that is consistent with the emission
of a jet and  then a 
Gamma Ray Burst

The merger of binary neutron-stars systems combines
 in a single process:

 Extreme gravity,
 Black Hole formation
 Copious emission of gravitational waves, 
 Complex microphysics, 
 Electromagnetic processes that can lead to Gamma-Ray-Burst
 Ejected material, and its nucleosynthesis. 



Hadronic  Physics in
 “extreme conditions”

Quark–hadron phase transition





SuperNova Neutrinos



The future

This line of research  
 
[the study of the “High Energy Universe”  with
  multi-messengers  (CR, gamma, neutrinos, GW) observations]

has  great interest, great potential
and should be pursued energetically by  the INFN
(and more in general by the community of  particle physicists).



This is a feld that has been  
“dominated by the observers”

Cosmic Rays

Pulsars

Quasars

Jets of Active Galactic Nuclei

Gamma Ray Bursts

Large mass Black Hole mergers

[….] 

just to list
the “big surprises”

(and there are
many “small" ones)
….

there is no reason
to think the 
“surprises” 
are fnished

Theorists and “modelers”  have always had  several steps
behind  trying to “catch up” with the new results



It is obviously essential to construct a plan of
future  observations,  and this is not easy  because
of the “complexity” (multi-component based)  of the feld.

Gamma  Observations   [MeV, GeV, TeV, PeV, ...]  

Neutrino Observations  [Solar, SN,  TeV, PeV, EeV]

Cosmic Rays   [GeV,  TeV,  PeV,  EeV]

Gravitational Waves  

4 messengers, and also a  very broad energy range
                                                   that can only be covered 
                                                              using diferent techniques
                                                              and diferent detectors 

Choosing priorities is   obviously necessary   but not easy
(and several considerations play a role).



Here I have avoided  discussing  the question of
selecting “priorities”   for  future projects.

One comment is that [in my opinion] 
the are important scientifc goals and  valid motivations
for  future observations  for all  four messengers
 
Because of the nature of these studies, 
(and the potential for surprises)

It is  desirable to  construct a  “broad”  program that
covers  all four  messengers, and diferent experiments  



Motivations  for this line of research

1.  Understanding the  nature, the structure
     and the properties of the astrophysical accelerators

2.  Use these astrophysical  objects/transients
     as “laboratories” to test fundamental laws

3.  Study the propagation of the messengers 
      across astrophysical distances  [Galactic,extragalactic]  

      to perform fundamental physics  tests.

4.  Dark Matter  studies

5.  Cosmology studies  



1.  Understanding the  nature, the structure
     and the properties of the astrophysical accelerators

2.  Use these astrophysical  objects/transients
     as “laboratories” to test fundamental laws

3.  Study the propagation of the messengers 
      across astrophysical distances  [Galactic,extragalactic]  

      to perform fundamental physics  tests.

4.  Dark Matter  studies

5.  Cosmology studies  

Is this “just astrophysics ? I
I think it is an important task for 
“fundamental physics

 Very important to 
 construct an harmonious
 program that combine
 future accelerators and 
 multi-messenger astrophysics 
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