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MULTI-MESSENGER ASTRONOMY

Observation of different signals emitted by the same Event.

Types of signals:
- Electromagnetic Radiation
- Gravitational Waves

. . Same Source
- Neutrinos

- Cosmic RayS (mainly high-energy protons and atomic nuclei)
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THE PIERRE AUGER OBSERVATORY

A Cosmic Ray and Neutrino observatory located in Argentina.

The size of the Auger Observatory Position of the Auger typical detector in the
over a satellite image of Lisbon. Observatory and it's detectors. Auger Observatory.
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PARTICLE DETECTION AT
THE PIERRE AUGER OBSERVATORY

The detection of particles depends on the angle of arrival.

Z 0 < 60°:
X (1", 6, (P) Showers produced by Cosmic Rays
- 60° < 6 < 75°;
r Showers produced by Cosmic Rays
_Q Downward-going low angle Neutrinos
y  75°<8<90%
0 - ; downward-going high angle Neutrinos
90° < B < 95°:

X Earth-skimming neutrinos
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THE OBJECTIVE

Creating software that allows the plotting of the sky at Auger and
specific events.
Utility:
- Usage at the IST Control Room

- Studying Astronomical Events
- Know if an event was visible to the Auger Observatory

What to represent:
- Auger’s field-of-view at a specific time
- The main sources visible in Auger’s sky at that specific time
- Astronomical Events

DEVELOPMENT OF A FRAMEWORK FOR MULTI-MESSENGER OBSERVATIONS WITH THE AUGER OBSERVATORY 4/ 20



COORDINATE SYSTEMS

NCP
North Galactic
Pole

Systems of coordinates used to represent the Celestial Sphere.
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AUGER'S FIELD-OF-VIEW AND POSSIBLE SOURCES

http://www.lip.pt/~ev18117/equatorial.html

75° Auger Sky Viewer

Auger sky at
75 2018-09-02 22:52:09
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15°
3 0
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[ Angle <6060 < Angle < 80| 80 < Angle < 95|
15¢ [o[cena INGC4388 [NGC4151 |
[1[ic4329A |MCG-05-23-016|MCG+04-48-002 |
[2[NGCa945 INGC7172 [NGC7314 |
Theta= 60 [3[CircinusGalaxy |Mrk509 [2MASS107594181-3843560)
Theta= 80 [4[NGcsso6 [NGC3281 |Fairall9 |
Theta= 95 [s[NGcaso7 INGC3081 [Mrk1498 |
Zenith e e 2 [6[NGC3783 INGC7582 [MCG-01-24-012 |
o RA e [[AXI17374-2907|NGC5548 | Mrk417 |
[8[NGCs252 INGC4992 [Mrk915 |
[9[ES0103-035  |Mrks01 [NGC4138 |
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AUGER'S FIELD-OF-VIEW AND POSSIBLE SOURCES

http://www.lip.pt/~ev18117/galatica.html

Auger sky at 7s» Auger Sky Viewer
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9 [7[AX71737.4-2907][NGC5548 [Mrk417 |
[8[NGCs252 INGC4992 [Mrk915 |
[9[ES0103-035  |Mrks01 [NGC4138 |
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THE HUNT FOR HIGH-ENERGY PARTICLES

Neutral

Photons

Neutrinos

Neutrons

Charged

Protons

lron nuclel
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FACING THE PROBLEMS

- Time delay

- Deviation angles

ct-particles
4 43
;HE

Lead Shield / <
- G/ZK effect = i  traye
Radioactive Zample T

Electric Field

[-particles

1]
a8
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BUT FIRST...GYRATION RADIUS

E [GeV] e =
2B | =000 @™

- A very big energy or a very small m W
magnetic field is needed in order to

far away particles reach us.

- Particles with small gyration radius M
get trapped in magnetic fields.

“Cosmic Rays and Particle Physics”, Gaisser, Engel and Resconi,
2"d Edition, Cambridge University Press

rlm] = 3.33795
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BUT FIRST...MAGNETIC FIELDS

- Two ordered magnetic fields

- Extragalactic

- Magnitude B;;p~10711G

- Important at distances > 10-100 Mpc
- Galactic

-Magnitude Byq;~107°G

- Important at distances < 100 kpc

- One random magnetic field

- Magnitude B,~107°G

- Important at distances > 10 Mpc

DEVELOPMENT OF A FRAMEWORK FOR MULTI-MESSENGER OBSERVATIONS WITH THE AUGER OBSERVATORY



KINEMATIC DELAY OF NEUTRAL PARTICLES

- The easy one

d 2

s = £(2) = 514294 x 107l (2

- At energies E > 10%8eV is negligible
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TIME DELAY OF CHARGED PARTICLES

Ax

~ 3.262 x 10°R [Mpc] (o — 2sin(a/2))

tgallyr] = :

D [Mpc]\® [ 102° \° / Bram [G]
tranm lyrl ~ 1200 72 [ —/—2—= -
1M [y} 00 (100 ﬂ»fpc) (E leV] 10-11 G

. D[Mpd\? [ 102 /B, (G]\? leon [Mpc]
t, [yr] ~ 3.1 x 10°Z? -
7] . (100 ﬂ«“fpc) (E leV] 102G 1 Mpc
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TIME DELAY OF CHARGED PARTICLES

Conclusions o

- Dependence with Z?2

Logo(T) [yr]

- In general, big time

delays are obtained G Blazar

/

i3 2 1 0 1 2 3 4

Loguo(D) [Mpd]
Time delay of charged particle (yr) in function of distance (Mpc) for E = 10%eV
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DEVIATION ANGLES

- Ordered MAP

d[kpc] 10%° A
7

AB,. ~ 15.87990739° Z B,

30 kpc E [eV]

10%° D [Mpc| Braa [G]

Abram ~ 0532 51 01100 Mpe 101G

- Random

20 * 1(/2 ‘
A0, ~ 3.5°Z B, [G] 10 leonn D [Mpc] ‘
109G E[eV] \ 1 Mpc 100 Mpc
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DEVIATION ANGLES
Conclusions
500+ - gga.l.

- Major influence 0,
from galactic wol | — Oen
magnetic field — O 00

- In general, for
large distances (> 1 =
Gpc) we obtain
unphysical deviation 20
angles

Logio(D) [Mpc]
Deflection angles (°) as function of the distance to the source (in Mpc), forE = 10*%eV
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GZK EFFEC

10R&

- For energies above the GZK
threshold (E > 101%°el), the
protons interact with the CMB
photons

Energy (eV)

p+vy > AN osp+n® (y)
n+nxt (v)

- The mean free path is =10 Mpc,
and protons lost approximately '
20% of their energy 1019

2 i 0ovaa gl L el : ioa vl A AR i ari
100 101 10% 103 104
Propagation Distance (Mpc)

Taken from http://apcauger.in2p3.fr/Public/Presentation/Images/GZK_proton.jpg
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BLAZAR TXS 0506+056

Particle | Horizon (pc) | Energy (eV) ra (pe) Al (°) af (°) AT
9.121 % 103 1018 - - - 0.05 (s)
Distance ~1.1 GpC n 0.121 % 106 1021 - ; - 5x 1078 (s)
1024 - - -

1o 1.08 x 108 1691.62 1160.80 3.91 x 10 (yr)
D 102! 1.08 x 10° | 5.25 118217 | 3.91 x 10° (yr)

. 10% 1.08 x 1012 5.16 803.29 0.391 (yr)
Observed in 2017 by IceCube, 10 116 x 107 | 43982.17 | 30180.87 | 2.64 x 10 (y1)
Wlth a 290 Tev neutﬂno Fe 102 4.16 x 107 136.44 | 799143.59 | 2.64 x 10® (yr1)

10%4 4.16 x 1019 134.27 543024.03 264.365 (yr)

TXS 0506+056
75 Proton with 10*21eV

Latitude
=]

% Photons/Meutrinos *
% lron Core

-75°

Longitude
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GW170817

Particle | Horizon (pc) | Energy (eV) ra (pec) Al () af (°) AT
0.121 * 103 1018 - - - 1.81 x 103 (s)
_ n 102 - - -
Distance =39.85 Mpc 1021 - - .
1018 1.08 x 10° 1588.13 220.86 4.93 x 10% (yr)
Observed in 2017 by D 1021 1.08 x 10° 0.164 0.096 193.05 (yr)
1034 1.08 x 1012 | 1.64 x 107% | 9.58 x 1078 | 4.93 x 10™* (y1)
LIGO and VIRGO T 116 x 105 | 4120117 | 574238 | 3.33 x 10 (yr)
Fe 1021 4.16 x 107 4.26 64.75 3.33 x 10° (yr)
1024 416 x 1010 | 426 x 1073 | 647 x 1075 0.333 (yr)
GW170817 GW170817
75 Proton with 10°21eV s> Fe core with 10™21eV

Latitude
=]
Latitude

=

v Photons/Neutrinos®

* Photons/Meutrinos *
+ Iron Core

+ Proton

-75° Longitude -75¢ Longitude
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SUPERNOVA 1987a

Particle | Horizon (pc) | Energy (eV) ra (pc) A6 (7) o (9) AT
0.121 % 10° 10%% - - - 2.33x10°°
n 102t - - -
' ~ 1024 . ; ]
DlStance 51 4 kpC 1018 1.08 x 10° 1587.99 5.12 819 (yr)
. D 1021 1.08 x 10° 1.59 5.12 x 1073 0.117 (vr)
Observed in 1987 by 1024 1.08 x 1012 | 1.50 x 1073 | 5.12 x 1075 | 1.17 x 10~ 7(yr)
| 1018 4.16 x 10* 41287.76 133.12 553650 (yr)
Kamiokande Il, IMB and Fe 02 60 | om0 | 706
' : 24 IRT: 10 . : -1 | = =5 (1p
Baksan N neutnnos 10 4.16 x 10 0.0413 1.33 x 10 7.91 x 1075 (yr)
SN 1987A SN 1987A

75*  Proton with 10~21eV

Latitude
=

* Photons/Neutrinos +°
Iren Core

-75% Longitude

Latitude
=

+“ Photens/Meutrinos

+ Iron Core

75 Fe core with 10™~21eV

-75°

Longitude
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