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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”

 Cosmic Rays, 
 Photons, Neutrinos
Gravitational Waves

     4 Messengers 



Cosmic Ray  Source 

e±

p

 particles escaping
 the source (cosmic rays)

 Hadronic  emission 

 Leptonic  emission 

 charged particles
 accelerated in the source

Interactions with gas and
radiation felds  (photons, neutrinos)



Gamma  Rays
Space Cherenkov

Ground Array



Gamma Ray Sky

Difuse fux +  Ensemble of (quasi)-point like sources



 Integral
 over  line of sight  

 [(CR density) * 
 (gas density)] 

 Study distribution
 of Cosmic Rays
 in the Galaxy



FERMI  4th Catalog    (5064 sources) Equal Area
Sky projection



3034  3rd catalog sources   

sin [Galactic Latitude]

 isotropic 
 extragalactic component 

Galactic sources
in a thin disk 



Classes of Sources

Active Galactic Nuclei (AGN)         3208       88% 
(AGN of  “Blazar” class                   3137       86%)

Galaxies (Normal)                                4

Galaxies  (Star Forming)                      7

Pulsars                                              239        6.5%
SuperNova Remnants (SNR)             40         1.1%        

SNR + Pulsar Wind Nebulae            108        3.0%

Globular Clusters (many ms Pulsars [?])    30

Accreting Binary Stars                       11

Novae                                                   1

[Fermi sources
 associated with
 known objects ]

 extragalactic

 Galactic

72% of 
sources 



170  → 200 Sources TeV  Sky



Super Massive  Black Holes
(at the center  of Galaxies)

Active Galactic  Nuclei
(powered by mass accretion)



 For the discovery that black hole formation is
 a robust prediction of the general theory of relativity 

 For the discovery of a supermassive compact object
 at the centre of our Galaxy

Penrose

Genzel
Ghez



Closest to SgrA*  
in 2002 and 2018 
(maximum velocity)

Supermassive object
at the Milky Way center 



M87   (d=17 Mpc)





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.”



Schwarzschild radius

Photon capture radius



 AGN SMBH masses B.Peterson [2014]  



Sloan Digital Survey of Quasars  (283,033 objects)

Largest mass
SDSS J140821.67+025733.2 
(at z = 2.055)

Largest Luminosity
 SDSS J155152.46+191104.0  
(at z = 2.850)



Active Galactic Nuclei   (AGN)

Complicated  (and also controversial) classifcation
in diferent types.  A real “Zoo” of   diferent objects

Seyferth Galaxies
Radio Galaxies
…..
Quasars
BL-Lac Objects

Emission Associated to accretion to a 
SuperMassive Black Hole
at the galaxy center



 Accretion  Power

Energy Released by mass

        Approaching massive 
object of mass 

to a minimum distance 

“efciency”
(fraction  of rest-mass
 energy that can be released)

Schwarzschild radius





Infalling gas
from the disruption of a  star.



M 87

First astrophysical “jet”   [1913 Heber Curtis]



Superluminal  Motion



Moving Source 







BL Lacertae

Whole Earth Blazar Telescope
 (WEBT)  Very rapid variation

“Variable  star”  
(classifed and names  in 1929)

1968 associated 
with  radio source.
AGN  at z = 0.07

“BLAZARS” :      
Quasars, BL-Lac Objects
 Brightests, most variable AGN
(jets pointing to observer)
 





Observations

of M87
2005
2008
2010

HESS
MAGIC
VERITAS



VLBA  radio images
of M87  at 43 GHz 



Gamma  Ray Bursts  (GRB)
1st GRB   2nd July 1967 VELA satellite



Examples of GRB  time profles (from BATSE   1991-2000)  





Fermi Telescope   

12 NaI scintillators  (10 KeV – 1 MeV)
 2 BGO scintillators  (150 KeV  - 30 MeV) 

Gamma Burst Monitor (GBM)

 Direction of  burst
 from comparison
 of rates of diferent 
 detectors



FERMI satellite   Gamma Ray Burst Monitor  (GBM)

10 years catalog  1998-2008   [50-300 KeV]

 Isotropic  distribution



 2357 GBM GRBs   (gray asterisks)
(160 + 16)   long (short) LAT-detected GRB

2nd  FERMI-LAT  GRB catalog       (2008/ July/14 – 2018/July/31) 

[0.1 – 100 GeV]









 Fermi paper
 lower limit on  
 Lorentz Factor
 of outfow

Science  

3rd January 2014 



Time profle [SWIFT (Bat)]  [15-350 keV]   

GRB 130427A 



Afterglow of GRB 130427A



Hubble
Space Telescope

Detection
of SN 2013 cq
and its host galaxy

[at z = 0.3399]

GRB 0.83'' 
from center if Galaxy
(4 kpc)



Why do we think that GRB  are “jet like”
with a very large relativistic velocity ? 

GRB event
 (assume no beaming) 

energy 
fuence

size of source

At the “explosion” time
enormous  photons density in source

Opacity

Parameters of GRB139427A 

The source is not transparent 

Duration

enormous opacity
system “thermalized" 
with  Black body emission



How can one reduce the opacity   ?

Relativistic
beaming

[all energies in source frame
lower (fewer photons above threshold)





FERMI Observations of GRB 130427A

> 100 MeV



 95 GeV photon
 (at observation.
 128 GeV at the source) 



Fermi Observations during Afterglow



Quantum Gravity efects
[space-time  granularity]





GBM  time-duration  distribution T[90% of fuence]

LogNormal
distribution
fts



Short versus Long GRB's 



Association Long GRB's   with SN  explosions

GRB  980425SN 1998bw





Gravitational   Waves



VIRGO



LIGO



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



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



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. 



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





Classes of Sources

Active Galactic Nuclei (AGN)         3208       88% 
(AGN of  “Blazar” class                   3137       86%)

Galaxies (Normal)                                4

Galaxies  (Star Forming)                      7

Pulsars                                              239        6.5%
SuperNova Remnants (SNR)             40         1.1%        

SNR + Pulsar Wind Nebulae            108        3.0%

Globular Clusters (many ms Pulsars [?])    30

Accreting Binary Stars                       11

Novae                                                   1

[Fermi sources
 associated with
 known objects ]

 extragalactic

 Galactic

72% of 
sources 



“Artist view”  of
Accreting 
Binary  System



Superluminal Motions in microQuasars
in our Galaxy

GRS1915+105

Observations in radio

“Two  pairs of bright
  radio condensations”



Angular velocities



PULSARS 

CRAB  Nebula

Proposed as  possible
Accelerators of e+ e-

> 100  well identifed  Pulsars
(3 Pulsar-Wind-Nebulae)
        
Very large variation in the fraction  of  
Spin Down Energy going into gamma Rays 



The CRAB  Nebula

6
 a

rc
m

in
u

te
s

1 minute = 0.58 pc
 =  1.8 * 1018  cm 



Compact object  at the center of the Remnant

 diameter  = 3 pc
 distance = 3.4 kpc
 SN : 16 august 1680  [Astronomer Royal John Flamsteed]



Fits to the  FERMI sources 
associated 
with Supernova Remnants

 Are SNR the 
 main sources of 
 Galactic Cosmic Rays ?



Dark Matter

“Dark Matter”
Cornelia Parker
Tate Gallery London

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



This is obviously a problem  of GREAT importance
[for many is THE CENTRAL problem]

It is intimately related to
the study of the High Energy Universe

[but very little discussion in this seminar.....]

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
in gamma ray studies

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



 Hadronic  emission 

 Leptonic  emission 

Gamma Ray  emission

Neutrino emission

Approximately same size
(and spectral shape)

for hadronic mechanism

Neutrino not-absorbed

Gamma rays
sufer absorption
inside the source
in propagation



The High energy region 
of highest interest because 
of photon absorption



New detector
concept  (km3 scale)t

“Beaded string”



125 m string separation
17 m between PMT's

IceCube







Artist view of
KM3NET



Earth

Possible absorption in the source
(and in propagation from the source)

Flavor oscillations
(good theoretical control)

 ENERGY
 EXTRAPOLATION 

Astrophysical 
source



Search for Neutrino Point Sources

At present only limits
but this is not unexpected 
given the sensitivity
of the existing instruments

Two most
signifcant excesses

2 AGN

NGC 1068
(2.9 sigma)

TXS 0506+056
(3.3 sigma)

IceCube 10 years search



IceCube 10 years data
[from Catalog of potential sources]



 Starting 
 events







 Upgoing  (neutrino induced)  Muons



Ignacio Taboada:   Neutrino 2018







IceCube
Astrophysical 
signal

HESE

Muons
 charm
 decay

Protons (AMS)

Cosmic Rays 
   (EAS)

(Angle integrated Spectra)

Signal from the ensemble of extragalactic sources



Evidence
of neutrino
emission from a

BLAZAR

TXS 0506+056



TXS 0506+056



22 /sept/ 2017

Icecube  event                            E
vis

 =  23.7 +- 2.8 TeV

(Muon  entering the detector: 



IceCube     GCN 21916     17/09/23













   Studies of  PARTICLE PHYSICS
      with very high energy Neutrinos

Very High Energy

Very Long Path-length
(extragalactic) 

Very large  (astrophysical) uncertainties  about
source spectra



Expected favor composition

[Standard mechanism of production]

Oscillations of Astrophysical Neutrinos

Oscillation lengths:

short for  astrophysical
distances



Space  averaged 
favor transition probability

Neutrinos  created in  volume
 of  sufciently large linear   size

Oscillating terms  average to zero





Measure Cross section







LoI Snowmass 2021

New Physics
efects

Study very favorable with  Astrophysical Neutrinos



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



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 


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84
	Slide 85
	Slide 86
	Slide 87
	Slide 88
	Slide 89
	Slide 90
	Slide 91
	Slide 92
	Slide 93
	Slide 94
	Slide 95
	Slide 96
	Slide 97
	Slide 98
	Slide 99
	Slide 100
	Slide 101
	Slide 102
	Slide 103
	Slide 104
	Slide 105
	Slide 106
	Slide 107
	Slide 108
	Slide 109
	Slide 110
	Slide 111
	Slide 112
	Slide 113
	Slide 114
	Slide 115
	Slide 116
	Slide 117
	Slide 118
	Slide 119
	Slide 120
	Slide 121
	Slide 122
	Slide 123
	Slide 124
	Slide 125
	Slide 126
	Slide 127
	Slide 128
	Slide 129
	Slide 130
	Slide 131
	Slide 132
	Slide 133
	Slide 134
	Slide 135
	Slide 136
	Slide 137
	Slide 138
	Slide 139
	Slide 140
	Slide 141
	Slide 142
	Slide 143
	Slide 144
	Slide 145
	Slide 146
	Slide 147
	Slide 148
	Slide 149
	Slide 150
	Slide 151

