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“High Energy Universe”

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.

4 Messengers

Cosmic Rays,
Photons, Neutrinos

Gravitational Waves




Cosmic Ray Source

particles escaping
+ the source (cosmic rays)

charged particles
accelerated in the source \/

Interactions with gas and
radiation fields (photons, neutrinos)
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Gamma Rays

Space E, ~0.1+100 TeV Cherenkov E, ~0.1+100 TeV
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E., > 100 MeV Gamma Ray Sky

Fermi two-year all-sky map

2FGL J1305.0+1152

Credit: NASA/DOE/Fermi/LAT Collaboration

Diffuse flux + Ensemble of (quasi)-point like sources



Diffuse Emission
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Equal Area
Sky projection

FERMI 4™ Catalog (5064 sources)

= No association Possible association with SNR or PWN = AGN
* Pulsar A Globular cluster + Starburst Galaxy ¢ PWN
® Binary + Galaxy o SNR # Nova
* Star-forming region B Unclassified source




3034 3" catalog sources

NSOU]'CGS

50

40

30

20

10

J

Galactic sources
in a thin disk

isotropic

extragalactic component -

IR LA L etk o
\“"'lﬂ\ .

v | gl I

L

ol
-10

-0.5 0.0 0.5

sin [Galactic Latitude]



[Fermi sources

Classes of Sources associated with ~ 72% of

known objects | sources

extragalactic

Active Galactic Nuclei (AGN) 3208 38%
(AGN of “Blazar” class 3137 806%)
Galaxies (Normal) 4

Galaxies (Star Forming) 7

Galactic

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




TeV Sky

blue-to-red colors —> 0.1 GeV — Fermi gamma-ray sky




Super Massive Black Holes
(at the center of Galaxies)

Active Galactic Nuclel

(powered by mass accretion)
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Supermassive object
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First M87 Event Horizon Telescope Results. 1.
The Shadow of the Supermassive Black Hole

The Event Horizon Telescope Collaboration
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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.”

Hubble
Heritage




MS8T7* April 11, 2017

diameter = 42 £+ 3 pas

Schwarzschild radius

Brightness Temperature (107 K)
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Sloan Digital Survey of Quasars (283,033 objects)

1 !

Largest mass

SDSS J140821.67+025733.2
(at z = 2.055H)
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9

(Mg, /M) from CIV

Qp

Largest Luminosity

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

L~47x10" Lg

"?L'_) -'.J | J| I | | | I | | | 1 | | | | 1 | |

b 8 8.5 9 9.5 10
log(M,,,/M,) from Mgll

BH/



Active Galactic Nuclei (AGN)

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

Seyferth Galaxies
Radio Galaxies

Quasars
BL-Lac Objects

Emission Associated to accretion to a
SuperMassive Black Hole

at the galaxy center



Accretion Power

G M A m Energy Released by mass Am
A E ~ Approaching massive M
T object of mass
Imin
to a minimum distance 'min
AE 1 " hd 124
n = ~ efficiency

o Am (32 ) (Tmin/RS) (fraction of rest-mass

energy that can be released)

n =~ 0.06 = 0.42

Schwarzschild radius

2GM

2

M=1 M yr_'1

Rs

L~ 10% erg/s ~ 3 x 10'* L




doi: 10. 1038/ naturel0652

A gas cloud on its way towards the supermassive
black hole at the Galactic Centre

S. Gillessen', R. Genzel'?, T. K. Fritz', E. Quataert?, C. Alig*, A. Burkert®!, J. Cuadra®, F. Eisenhauer', O. Pfuhl', K. Dodds-Eden’,
C. F. Gammie® & T. Ott'
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Infalling gas
from the disruption of a star.

Declination (arcsec)

el o

Helium core Black hole
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Hydrogen envelope

The helium-rich core of a red-giant star that had previously lost its hydrogen envelope moves on an almost parabolic orbit (red) towards a supermassive black hole. The
sequence of blobs illustrates the progressive distortion of the star's core due to the tidal pull of the black hole. After the point of closest approach to the black hole, the core is
completely disrupted, with part of the resulting debris being expelled from the system and part being launched into highly eccentric orbits, eventually falling onto the black hole.
Accretion of this debris gives rise to the intense ultraviolet—optical flare that has been observed by Gezari and colleagues?.
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M 87

o

-

Chandra X-Ray

VLA Radio

HST Optical

First astrophysical “jet”

[1913 Heber Curtis]




Superluminal Motion

Superluminal Motion in the M87 Jet
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Strange beast

The Event Horizon Telescope (EHT) team took 2 years to produce an image of
the black hole at the center of nearby galaxy Messier 87 (M87), which feeds on
a swirling disk of bright matter. Its gravity is so strong that photons orbit it,
creating a bright ring. Gravitational lensing magnifies the black hole’s event
horizon into a larger dark shadow, which may be partially filled by material in
front of the hole.

Receding jet

Accretion disk

Disk rotation
Supermassive
black hole

Jet rotation

Size of the heliopause, the Approaching
edge of the solar system jet

== | Material rotating toward Earth is
Doppler boosted and brighter.




BL Lacertae (July 16 — August 12, 2000)
BL Lacertae V. o .
Ly . i
C o M ]
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Quasars, BL-Lac Objects
“BLAZARS” : Brightests, most variable AGN
(jets pointing to observer)



radio-loud (RL) AGN

radio-quiet (RQ) AGN

low power

FR-1

NLRG

Seyfert 2

_ reflected

Blazar

BL Lac

FSRQ

high power

Seyfert 1

dusty absorber
accretion disc
electron plasma
black hole

broad line region
narrow line region



Observations 31

ofM87
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Figure 2. VHE light curve of M 87 of the flaring episodes in 2005 (top), 2008 (middle), and 2010 (bottom). Integral fluxes are given above an energy of 350 GeV. The
lengths of the gray bars correspond to the length of the gray shaded areas in Figure 1. A time of 0 days corresponds to MJD 53460, MID 54500, and MJD 55270 for
2005, 2008, and 2010, respectively. Flux error bars denote the 1 s.d. statistical error. Horizontal error bars denote the time span the flux has been averaged over. Note
that in the case of time spans longer than one night the coverage is not continuous.
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Ray Emission Region in the Central Engine of
a Radio Galaxy
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Gamma Ray Bursts (GRB)

1s* GRB 2" July 1967 VELA satellite

1300

1 1
0 2




Examples of GRB time profiles (from BATSE 1991-2000)
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Fermi Telescope = Gamma Burst Monitor (GBM)

Direction of burst
from comparison
of rates of different
detectors

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



FERMI satellite Gamma Ray Burst Monitor (GBM)

10 years catalog 1998-2008 [50-300 KeV]
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2™ FERMI-LAT GRB catalog (2008/ July/14 - 2018/July/31)
[0.1 - 100 GeV]
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Age of the Universe (billions of years)
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Extraordinary Large (beamed) Energy Output
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GRB 130427A

b
cCc Science

3™ January 2014

GRB 130427A: A Nearby

Record-Setting Ordlnary Monster

Gamma-Ray Burst

Fermi paper
lower limit on
Lorentz Factor
of outflow
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GRB 130427A
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Afterglow of GRB 130427A
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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” A s
with a very large relativistic velocity ? tobs
Duration coordy
A fl
GRB event \ f ;l(enfe)
* 4 erg/(cm=s

(assume no beaming)

size of source

R~ Atgps C ’ )
\J A 2
At the “explosion” time o dmde F 1
enormous photons density in source YT < 8) R3

The source is not transparent

. N 1 d* F
Opacity 7% K1 O~ T (At 7

enormous opacity

Parameters of GRB139427A T =~ 1012 system “thermalized"
with Black body emission



How can one reduce the opacity ? r<1

Am d? F
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beaming ~
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6 [all energies in source frame
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FERMI Observations of GRB 130427A

Counts/Bin Counts/Bin Counts/Bin

Counts/Bin

Energy [MeV] Counts/Bin

3e4
2ed

1le4d

3e5

2e5

le5

8e4
6e4
4ed
2e4

75
50
25

10
10
10
10

‘Nal (10 keV - 50 keV)

|

14e5
13e5
12e5
11e5

14e6
13e6
12e6
11e6

[LLE (>10 MeV)

1

L
T
]

112e5
48e5
14e5

'LAT (>10

|

0 MeV)

LAT (>100 MeV)

®
€

%o ® O O
o ® Oy 0
|

(]

..
@

™~

11200
1800
1400

10

Time since GBM T, (s)

15

RATE [Hz] RATE [Hz]  RATE [Hz]

RATE [Hz]

> 100 MeV



N
D

Counts/Bin

oW
U

Energy [MeV]

95 GeV photon

(at observation.
128 GeV at the source)

)
S

'Nal (10 keV - 50 keV) ;
4t : 13e5
4} ' 12e5
: : 11e5
Y S s, s S . . S —————— ; ; :
'LAT (>100 MeV) " 2
A B e 5 s BRSPS RS BB BB SR R 5B B PSR BB P B PR AR R R @ g i
® @ o® ° ’o . s .

B V. . S - = o : . _

: @ ® = o B 00 _e O @ 8@

s %. el o Co® %5 L. .0 8 o 0% :J.: .00 ._'

0 5 10 15 20 25 30

Time since GBM T, (s)

RATE [HZz]



Fermi Observations during Afterglow
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(c)

Quantum Gravity effects
[space-time granularity]
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GBM time-duration distribution
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Short versus Long GRB's
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Association Long GRB's with SN explosions

Images: A 1998 supernova (SN 1998bw, left) and the corresponding gamma-ray
burst on April 25, 1998 (GRB 980425, right). Courtesy of Dr. Kulkarni.

SN 1998bw GRB 9380425
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Gravitational Waves
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LIGO
Hanford

Livingston

Observatory

LIGO
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Wave form allows to reconstruct the parameters of
the Binary Black Hole system (and test General Relativity)
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1°* Catalog of Gravitational-Wave transients

GRAVITATIONAL-WAVE TRANSIENT CATALOG-1 BLIGO ((2)VRGD M Gegrota |
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Masses in the Stellar Graveyard
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Black Hole mass distribution in the Universe
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O 9 RGG118 J0100+2802
GW150914

101 102 102 104 105 106 107 108 10° 1010 1011
log (Me/Mo)
L. Barack et al.,

“Black holes, gravitational waves and

fundamental physics: a roadmap,”
arXiv:1806.05195 [gr-qc].



Binary Pulsars Orbit: 1.1 - 4.8 solar radii
(PSR 1913+10)

(discovery Hulse & Taylor (1978) Rotation period 7.75 hours

(Nobel prize 1993) '
[Pulsar 17 rotation/second] ggréoiii?:srgggnd/year

300 Myr

two neutron star coalesce  Orbit smaller

3.5 m/year

Gravitational waves




GW 170817
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Figure 8. Spectral fits of the count rate spectrum for the (left) main pulse (Comptonized) and (right) softer emission (blackbody). The blue bins are the forward-folded
mode] fit to the count rate spectrum, the data points are colored based on the detector, and 2 upper limits estimated from the model variance are shown as downward-
pointing arrows. The residuals are shown in the lower subpanels.
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NGC 499

Aug 22, 2017

Aug 26, 2017

Aug 28, 2017




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

Magnetic fields

Neutron stars

Masses: 1.5 suns

Diameters: 17 miles (27 km)
Separation: 11 miles (18 km)

L. Rezzolla et al. ApJ (2011)

THE MISSING LINK: MERGING NEUTRON STARS NATURALLY PRODUCE JET-LIKE STRUCTURES AND
CAN POWER SHORT GAMMA-RAY BURSTS



7.5 msec




Figure 1. Snapshots at representative times of the evolution of the binary and of the formation of a large-scale ordered magnetic field. Shown with a color-code map is
the density, over which the magnetic-field lines are superposed. The panels in the upper row refer to the binary during the merger (t = 7.4 ms) and before the collapse
to BH (r = 13.8 ms), while those in the lower row to the evolution after the formation of the BH (r = 15.26 ms, # = 26.5 ms). Green lines sample the magnetic field
in the torus and on the equatorial plane, while white lines show the magnetic field outside the torus and near the BH spin axis. The inner/outer part of the torus has a
size of ~90/170 km, while the horizon has a diameter of ~9 km.




The simulation

shows that the magnetic field

is organized 1is 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”

160 —
140l GRB 170817A
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| Gamma-Ray Bursts (GRBs):The Long and Short of It

Long gamma-ray burst
(>2 seconds’ duration)
l A red-giant

star collapses
= ._{__ onto its core....

|

..becoming so
dense that it
/ expels its outer

//EI}"EFS ina
supernova
: /‘E@plosion.
:r_._..-f_'),.,

T

I
Qﬁ)

%4

Gamma rays

Short gamma-ray burst
(<2 seconds’ duration)

Stars* in
a compact
binary system .

begin to spiral
inward....
.

eventually

colliding. :\\ /

L

The resulting torus
has at its center

a powerful

black hole.

*Possibly neutron stars.




[Fermi sources 79% of

Classes of Sources associated with

, known objects ] SOUICES
extragalactic
Active Galactic Nuclei (AGN) 3208 38%
(AGN of “Blazar” class 3137 36%)
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




“Artist view” of
Accreting
Binary System




Superluminal Motions in microQuasars

in our Galaxy

MARCH 18, 1994

MARCH 27, 1994

APRIL 3, 1994

APRIL 9, 1994

APRIL 16, 1994

10,000 AU

GRS51915+105

Observations in radio

A= 3.5 cm

“Two pairs of bright
radio condensations”
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Proposed as possible
PULSARS Accelerators of e+ e-
Radio beam

t < Rotation
45 Axis ;
r=c/wo |
I Light
| cylinder

Open
Magnetosphere
A3 } Closed
g‘%' Magneto-
B phere

Neutron Star
Mass = 1.4 M,
Radius = 10 km _—
Magnetic field=10 -10 T

I
|
|
|
|
|
|
I
I
I
I
|
|
|
|
|

CRAB Nebula
Porap, = 0.0334 s

> 100 well identified Pulsars
(3 Pulsar-Wind-Nebulae)

(AP Crab)year =132x10"°%s Very large variation in the fraction of
Spin Down Energy going into gamma Rays



The CRAB Nebula
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1 minute = 0.58 pc

= 1.8 * 10" cm



Compact object at the center of the Remnant

.

t ~ 340 yr

(v) ~ 4300 km/s

diameter = 3 pC NEUTRON STAR ILLUSTRATION
distance = 3.4 kpc —
SN : 16 august 1680 [Astronomer Royal John Flamsteed] )




Fits to the FERMI sources Are SNR the
associated main sources of
with Supernova Remnants Galactic Cosmic Rays ?
1077 F SNR sources _
NE 1078
=
O
— 107
=
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<
NLTJ 10—10
10—1 1
0.1 1 10 100 1000



Dark Ma_tr

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

“Dark Matter”

Cornelia Parker
Tate Gallery London




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 The presence of DM can be
“High Energy Universe” important for the structure of

[gamma, neutrino, pbar ,e”] astrophysical sources
can put limits or detect [for example galactic nuclei]

the signatures of Dark Matter.




Weakly Interacting
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Thermal Relic
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No evidence for Dark Matter signal
in gamma ray studies

1. Galactic Center
2. Dwarf Galaxies

3. Spectral lines

M. Ackermann et al. [Fermi-LAT Collaboration],

“The Fermi Galactic Center GeV Excess and Implications for Dark Matter,”
Astrophys. J. 840, no. 1, 43 (2017)

[arXiv:1704.03910 [astro-ph.HE]].

M. Ackermann et al. [Fermi-LAT Collaboration],

“Searching for Dark Matter Annihilation from Milky Way

Dwarf Spheroidal Galaxies with Six Years of Fermi Large Area Telescope Data,”
Phys. Rev. Lett. 115, no. 23, 231301 (2015)

[arXiv:1503.02641 [astro-ph.HE]].

M. Ackermann et al. [Fermi-LAT Collaboration],

“Searching for Dark Matter Annihilation from Milky Way
Dwarf Spheroidal Galaxies with Six Years
of Fermi Large Area Telescope Data,”

Phys. Rev. Lett. 115, no. 23, 231301 (2015)
larXiv:1503.02641 [astro-ph.HE]].



Galaxy Clusters

e.g. Coma
D . Dwarf Spheroidal Galaxies

e.g. Segue 1
[]

Isotropic Diffuse
(dominated by Galactic subhalos)

e AT LR ﬁm

Galaxies -

“e.g. M31 + Spectral Lines
+ Unidentified LAT Sources (?7?)

L
- B -

Con el e A
'S

Gé[acﬁc_ Ce_li_ter

Credit; NASA/DOE/Fermi/LAT Collaboration

sources




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

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

Little

Dark matter Weak scale Higgs

Simplified Sl
models

Macroscopic Macros pgrtirg;s w

MaCHOs Superfluid

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



Neutrinos

Extragalactic Gamma rays
absorbed for E > 1TeV




Hadronic emission

p+X —sat 7w ..

™=

T = ut vy,

L> e Ve Uy

Leptonic emission

+ +
€ “Ysoft — € Y

e Z— et 4 Z

et B — eT Wi

Gamma Ray emission

Neutrino emission

Approximately same size
(and spectral shape)

for hadronic mechanism

Neutrino not-absorbed

Gamma rays
suffer absorption
inside the source
in propagation



The High energy region
of highest interest because

E =2 10 TeV

of photon absorption

Distance [Mpc]

radio/microwave

infrared/optical gamma-rays neutrinos cosmic-rays

" nearest blazar

cosmological max of star formation opaque to photons;

transparent to neutrinos

nearest galaxy

galactic center
| |

1 1 1 1 1 | 1 l
10¢ 10¢ 10 10™ 10" 10" 10"® 10%

Energy [eV]

| | 1 1
10°  10* 107 10° 102 104




New detector
concept (kmdscale)

“Beaded string”



lceCube Lab

50m

1450 m

2450 m
2820 m

lceTo
81 Stations, each with
2 IceTop Cherenkov detector tanks

2 optical sensors per tank
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors
December, 2010: Project completed, 86 strings

125 m string separation
17 m between PMT's

DeepCore

/"3 strings-spacing optimized for lower energies
480 optical sensors

1 | Eiffel Tower
2 |324m

-

IceCube






Francois Montanek

=




Artist view of
KM3NET




¢leptonic ( E) 4 ¢3adr0nic ( E)

~

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

Flavor oscillations
(good theoretical control)

ENERGY
EXTRAPOLATION




Search for Neutrino Point Sources

At present only limits

but this is not unexpected

given the sensitivity

of the existing instruments
75 Two most

significant excesses

2 AGN

IceCube 10 years search

NGC 1008
(2.9 sigma)

TXS 050040506
(3.3 sigma)

—_ k)gj(](plo(:uf)



ANTARES E~2 Sensit. === 90% Sensit. E=3
— == ANTARES E73 Sensit. 50 Disc. Pot. E—3

=== 90% Sensit. E~2

~— 5 Disc. Pot. E~2
90% Upper Limits E2
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IceCube 10 years data

[from Catalog of potential sources] El, z 1 TeV



Starting
events
e total calorimetry

« complete sky coverage

 flavor determined

* some will be muon | J
2|

neutrinos with good
angular resolution

loss In statistics Is compensated by event definition




Types of events and interactions

Charged-current v, Neutral-current / ve Charged-current v,

(data) (data) (simulation)

L] % ®
La ]
avle SO 08
s s s aas s B ]
Llls s e al ']
K b
B - Fode s
L'.m @
L *
oo B
L] ] m'l [T S

Up-going (throughgoing) track Isolated energy deposition “Double-bang”

(cascade) with no track
(none observed yet: T

15% deposited energy resolution decay length is 50 m/
10-15° angular resolution (above 100 TeV) PEU)
Working on improving that.

Factor of ~2 energy resolution
~ 0.5° angular resolution

|D: above™ 100 TeV
0.3° above 100 TeV (two methods)




High-Energy Startmg Events (HESE) 7.5 yr

TgT BT e " Showers e
- F; Tracks —X—

%“X'. IceCube Preliminary
._{ —

S
AE T -

=
o

sin(Declination)
o

flz}_% ®
-0.5 p | To K i
*&% New events ﬂ

-l N M .h g 1 u><. PR }I—.J;—i }i_{.

10°
Deposited EM-Equivalent Energy in Detector (TeV)
Prior result 6 years ICRC 2017 arXiv:1710.01191
Updates to calibration and ice optical properties
103 events, with 60 events >60 TeV IceCube. Nature volume 551 (2017) 596
—» Cha nges to RA' DE‘C, energy Poster #175. Wandkowsky et al. (IceCube)

|. Taboada | Georgia Inst. of Tech. 8



UngiIlg' (neutrino induced) Muons

B — [C2012-2014 |
S f
L 3
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10—10

.02 10 10t 10> 10 107 108
Muon Energy Proxy / GeV

Astrophys. J. 833 (2016) 3



High- Energy Startmg Events (HESE) 7.5 yr
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v 1078
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Astrophys:cal Flux _
work in progress (on top of atmospheric) |

Differential
Best-fit (E~287*03) -
v, Best Fit (E~219%0.1) |

E S T
Neutrino Energy [GeV]

Ignacio Taboada:

Neutrino 2018



electron and tau neutrinos (showers only)

T

dN

E X F——

dE

Atmospheric Fluxes

Astrophysical Flux

— Prompt Upper Limit(v, + ) [1.06x ERS]
"I' Conventional (v, + 9,) (znith-averaged) [1.00x Honda2006] Measurements _
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Neutrino Engrgy [GeV]

muon neutrinos (tracks through Earth)



electron and tau neutrinos
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Atmospheric Fluxes
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Signal from the ensemble of extragalactic sources

| Protons (AMS)
e 0.01 1) Cosmic Rays
e H (EAS)
> 10~
O,
@ 100 \\
2% \ \\\\Muons
< charm Ny
- 10_8 3 decay \\ \ HESE +
N\
1 O -10 R R | \ . W R,
0.1 100 10° 108 110
E (GeV) IceCube

Astrophysical
(Angle integrated Spectra) signal



Chasing the anmmo s Timee invested 1 (iters for mic Two spimdles are belier
6 O niy e | rats, and hum. 1§ pp B8 58 ‘ tham one pg 126 5 190

Science:

NEUTRINOS
FROM ABLAZAR

of an astrophysical neutr

Evidence
of neutrino
emission from a

BLAZAR

TXS 0506+056



| TXS 0506+056

=10

® e
| Canonical Name:  TXS 0506+056
TeVCat Name: TeV J0509+4056
EHE 170922A
Other Names: 3FGL J0509.440541
3FHL J0509.440542
Source Type: Blazar
R.A.: 05 09 25.96370 (hh mm ss)
z = 0.3365 = 0.0010 - preptivarthlabiiey

-19.64 (deg)
Distance: z=0.3365

d . 706 M Flux: (Crab Units)
—_— p C Energy Threshold: 100 GeV

Spectral Index:

Extended: No

Discovery Date: 2017-10

Discovered By: MAGIC

Q — 332 -+ 82 [1as /year ;‘:uvrggatus;::gat Newly Announced

The blazar TXS 0506+056 lies within the error circle of

IceCube-170922A, the lceCube high-energy neutrion candidate event
whose detection was reported in GCN circular #21916.

Q d Follow-up observations were performed by a number of GeV-TeV

instruments with both Fermi-LAT and MAGIC reporting evidence for
6 a e 3 . 7 1 0 . 9 gamma-ray emission from positions consistent with the lceCube neutrino
pp error circle which they thus associate with the blazar TXS 0506+056.
C Upper limits on the gamma-ray emission from the region were
reported by H.E.S.S, HAWC and VERITAS.
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IceCube GCN 21916 17/09/23

TITLE: GCN CIRCULAR

NUMBER: 21916

SUBJECT: IceCube-170922A - IceCube observation of a high-energy neutrino candidate event
DATE: 17/09/23 01:09:26 GMT

FROM: Erik Blaufuss at U. Maryland/IceCube <blaufuss@icecube.umd.edu>

Claudio Kopper (University of Alberta) and Erik Blaufuss (University of Maryland) report on behalf of the IceCube
Collaboration (http://icecube.wisc.edu/).

On 22 Sep, 2017 IceCube detected a track-like, very-high-energy event with a high probability of being of astrophysical
origin. The event was identified by the Extremely High Energy (EHE) track event selection. The IceCube detector was in a
normal operating state. EHE events typically have a neutrino interaction vertex that is outside the detector, produce a muon
that traverses the detector volume, and have a high light level (a proxy for energy).

After the initial automated alert (https://gcn.gsfc.nasa.gov/notices_amon/50579430_130033.amon), more
sophisticated reconstruction algorithms have been applied offline, with the direction refined to:

Date: 22 Sep, 2017

Time: 20:54:30.43 UTC

RA: 77.43 deg (-0.80 deg/+1.30 deg 90% PSF containment) J2000
Dec: 5.72 deg (-0.40 deg/+0.70 deg 90% PSF containment) J2000

We encourage follow-up by ground and space-based instruments to help identify a possible astrophysical source for the
candidate neutrino.

The IceCube Neutrino Observatory is a cubic-kilometer neutrino detector operating at the geographic South Pole, Antarctica.
The IceCube realtime alert point of contact can be reached at roclicecube.wisc.edu
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Multi-messenger observations of a flaring blazar

coincident with high-energy neutrino
IceCube-170922A

The IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams *

Individual astrophysical sources previously detected in neutrinos are limited
to the Sun and the supernova 1987A, whereas the origins of the diffuse flux of
high-energy cosmic neutrinos remain unidentified. On 22 September 2017 we
detected a high-energy neutrino, IceCube-170922A, with an energy of ~290 terra—
electronvolts. Its arrival direction was consistent with the location of a known
~v-ray blazar TXS 0506+056, observed to be in a flaring state. An extensive
multi-wavelength campaign followed, ranging from radio frequencies to -
rays. These observations characterize the variability and energetics of the
blazar and include the first detection of TXS 0506+056 in very-high-energy ~-
rays. This observation of a neutrino in spatial coincidence with a -ray emit-
ting blazar during an active phase suggests that blazars may be a source of
high-energy neutrinos.
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Figure 2: Fermi-LAT and MAGIC observations of IceCube-170922A’s location. Sky position of IceCube-170922A in
J2000 equatorial coordinates overlaying the v-ray counts from Fermi-LAT above 1 GeV (A) and the signal significance as
observed by MAGIC (B) in this region. The tan square indicates the position reported in the initial alert and the green square
indicates the final best-fitting position from follow-up reconstructions (/8). Gray and red curves show the 50% and 90%
neutrino containment regions, respectively, including statistical and systematic errors. Fermi-LAT data are shown as a photon
counts map in 9.5 years of data in units of counts per pixel, using detected photons with energy of 1 to 300 GeV in a 2° by
2° region around TXS0506+056. The map has a pixel size of 0.02° and was smoothed with a 0.02 degree-wide Gaussian
kernel. MAGIC data are shown as signal significance for y-rays above 90 GeV. Also shown are the locations of a y-ray source
observed by Fermi-LAT as given in the Fermi-LAT Third Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-
LAT Sources (3FHL) (24) source catalogs, including the identified positionally coincident 3FGL object TXS 0506+056. For
Fermi-LAT catalog objects, marker sizes indicate the 95% C.L. positional uncertainty of the source.



Neutrino emission from the direction of the blazar
TXS 0506+056 prior to the IceCube-170922A alert

A high-energy neutrino event detected by IceCube on 22 September 2017 was
coincident in direction and time with a gamma-ray flare from the blazar TXS
0506+056. Prompted by this association, we investigated 9.5 years of IceCube
neutrino observations to search for excess emission at the position of the blazar.
We found an excess of high-energy neutrino events with respect to atmospheric
backgrounds at that position between September 2014 and March 2015. Al-
lowing for time-variable flux, this constitutes 3.50 evidence for neutrino emis-
sion from the direction of TXS 0506+056, independent of and prior to the 2017
flaring episode. This suggests that blazars are the first identifiable sources of
the high-energy astrophysical neutrino flux.
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Inconsistent with background-only hypothesis at the 3.50 level

Independent of the 2017 alert when looking in this specific direction!

Declination



Studies of PARTICLE PHYSICS
with very high energy Neutrinos

Very High Energy Y Pe -\/

10° GeV

Very Long Path-length

(extragalactic) MY G’ p C

10%7 cm

Very large (astrophysical) uncertainties about
source spectra




Oscillations of Astrophysical Neutrinos

Expected flavor composition

|Standard mechanism of production]
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Space averaged Neutrinos created in volume
flavor transition probability of sufficiently large linear size

Xsource = E/IAm?k|

Oscillating terms average to zero
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Center-of-mass energy /s [GeV]
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COSMIC RAYS

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

Measurement at

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




MILKY WAY High

energy
sources




Extragalactic

contribution
MILKY WAY
- // “Bubble” of cosmic rays
\' : generated in the Milky Way
LARGE MAGELLANIC CLOUD and contained by the

Galaxy magnetic field

Space extension and
properties of this “CR bubble”

&
"- remain very uncertain
SMALL MAGELLANIC CLOUD
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“Conventional mechanism”
for the production of positrons and antiprotons:

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

pp —p+ ... “Standard mechanism”
for the generation of

4 positrons and
pp—=> T A anti-protons

|—>LL+—|—Vﬂ

|—>e++ue+?u

Dominant mechanism
for the generation of
high energy

gamma rays

|_> o + y intimately connected




Hadronic Interactions

“The Dark Side”

of the Standard Model




Fundamental QCD Lagrangian density
(in terms of quarks and gluon fields)
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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 c.m. energy

(proton primary) (nucleon-nucleon collisions)
E > 10Y eV Vs 2 13.7 TeV

E =10% eV Vs ~ 433 TeV

Precise description of interactions at lower energy
is also essential to correctly describe
very high energy showers
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The energy spectrum
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Auger Observation of the Maximum
of the shower development
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The “Muon problem” in Ultra High Energy Cosmic Rays
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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 field that has been
“dominated by the observers”

Cosmic Rays just to list
the “big surprises”

Pulsar
ulsars (and there are

many “small" ones)
Quasars

Jets of Active Galactic Nuclei

Gamma Ray Bursts

Large mass Black Hole mergers there is no reason
to think the
“surprises”

[ coes ] are finished

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 field.

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 different techniques
and different 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 scientific 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 different 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 1/ 7y
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

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

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

. Study the propagation of the messengers L/ 7Y
across astrophysical distances [Galactic,extragalactic]

to perform fundame

. Dark Matter studies

. Cosmology studies

ntal physics tests.

Very important to
construct an harmonious
program that combine
future accelerators and

multi-messenger astrophysics |
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