CHASING THE COSMIC ACCELERATORS
WITH HIGH ENERGY ASTROPARTICLES

CLAIRE GUEPIN

Neil Gehrels fellow, University of Maryland, College Park
& NASA Goddard Space Flight Center, Greenbelt

Rencontres des Jeunes Physicien-ne-s 2021



-

THE ADVENT OF TRANSIENT MULTI-MESSENGER ASTRONO‘MY ' T L2

RJP 2021 ' Adapted from GRAND collaboration (2018)



THE ADVENT OF TRANSIENT MULTI-MESSENGER ASTRONOMY

NGNS « oo I NG RS
Gamma rays RN R |
: Cosmlcrays protons nuclel TG

. : -
o' = : ‘8 :
o TR s "% o' ; o
. . . o . . - . - . \
: ' 3 ) - v 'y = “ = o . p A
Grawtatlona WaVQS . _ ~ A e T : : |
' M 2 oty °A B " ety X . ' »
", p 3. 'a e et . - Lo L. " . »
L] . o a . 3 . " Y pe o . - a - $ - 1 .v.
- @ s 4 X . H LA 5% o : . : 2 ' > » - . Ly i
" ' . .I . o ',.: '. 7 : : Sy o * o 2 . _. o . - g% o W -d
‘ . . - - - . $. % > . . < 3 . . r - 1
S o . ‘ : - . . " " C . E ‘ , ’ . » .
, s N s L & > : - - - - b = . . ., %S ;
. . rr . ’ " Lo 4 At ..
- ’ - . - »
> ® " -
- ey, . D, * L " q
, " < . ‘. ‘G
»> > . PR A
S K - e
- » -
» v Gt 4
R AR Y Y -
. - . 4
.
A . » e
o » - S . " - » ., .
- v » - - ~ '. ’
v L -
" - - . » B * 9 -
N - . T e - 2w -
Sy ANy ) \. .- f -t R et = g ¥
[ X Sle ¢ o . a .
e L NAY 1) . > A
o g - 7 . e
R eks s S PRI g MR et b .
o et R -, : RS
. K o : VAT -
35 A S e
e s by .br‘) .
1) - L » . ™ .
e My o
Wt - 4 IS 1 %, .
..A~ .ot A -4 G
- - 2 ¥ .S
e - Lol P . ‘5
- .M. -l el A .
- ¥ . o . e i
4 - - -
» te . .
- i
'
" .
. -
. .
A ‘ - ®
> - -
¢ o
..
‘-
5 -
- ’
.
» -
&+

RJP 2021 | Adapted from GRAND collaboration (2018)



THE ADVENT OF TRANSIENT MULTI-MESSENGER ASTRONOMY

o
+ A compact souree”

Neutrinos . S S SN R o
Gammarays o e
E Cosmlcrays protons niclei : : '
o 'Grawtatlonal waves '
'Photoplon productlen
Gy Palrproductlon A, ~ sy

RJP 2021 | Adapted from GRAND collaboration (2018)



THE ADVENT OF TRANSIENT MULTI-MESSENGER ASTRONOMY 5

Number of observed sources, resolutions Photons, cosmic rays (nucleons and charged
ex. observatories LSST, TAP, WFIRST, SKA, CTA nuclei), neutrinos et gravitational waves

LSST : ~ 10° sources / night in 2023 ex. H.E.S.S. - -

Multi-messenger observations of transient sources
ex. GW170817, ex. IC170922A & TXS 0506+056

RJP 2021
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Number of observed sources, resolutions Photons, cosmic rays (nucleons and charged
ex. observatories LSST, TAP, WFIRST, SKA, CTA nuclei), neutrinos et gravitational waves

w LSST : ~ 10° sources / night in 2023 ' ex.HES.S.  ex.Auger ex.lceCube ex. Virgo F

Unprecedented information about the high-energy universe

Sources of high-energy cosmic rays and neutrinos?

For instance: high to ultra-high energy cosmic-ray spectrum

TTTTT II TT III
4 A V&V OAO Ilee
10" A r *"a, " E
A  Grigorov
= v JACEE
7 v MGU
10 = . -
n 107 E ¢ Tien-Shan 3
”;E O Tibet07
© O Akeno
“> O CASA-MIA
%)
— % Fly’s Eye
—~
E O Kascade
\g‘n O Kascade Grande
(\Eﬂ ¢ IceTop-73
10 = O HiRes1 E
E ¢ HiRes 2
% Telescope Array
© Auger
1 1 IIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII
10" 10 10° 10" 10" 10" 10" 10%°

RJP 2021 E [eV]



THE ADVENT OF TRANSIENT MULTI-MESSENGER ASTRONOMY 7

Number of observed sources, resolutions , cosmic rays (nucleons and charged
ex. observatories LSST, TAP, WFIRST, SKA, CTA nuclei), neutrinos et gravitational waves
LSST : ~ 10° sources / night in 2023 ex. HES.S. ex.Auger ex. lceCube ex.Virgo |

Unprecedented information about the high-energy universe

Sources of high-energy cosmic rays and neutrinos?

Supernovae? Tidal disruptions by massive black holes? ...

RJP 2021



TIME DEPENDENT MULTI-MESSENGER EMISSIONS FROM COMPACT SOURCES

Observable characteristics = general macroscopic model & description of micro-physic processes

Source:

- distance di
- variability timescale f,,,
- luminosity (photons) Ly,

- bulk Lorentz factor I'

RJP 2021
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Observable characteristics = general macroscopic model & description of micro-physic processes

Source:

distance d;.

variability timescale .

luminosity (photons) Ly
bulk Lorentz factor I

NERRIN© "
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PHOGN

Transient sources Micro-physic processes Future UHE observatories
High-energy emissions? Populations?  Particle acceleration? Interactions? Coincident observations?
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Observable characteristics = general macroscopic model & description of micro-physic processes

Source:

distance d;.

variability timescale .

luminosity (photons) Ly
bulk Lorentz factor I
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Transient sources Micro-physic processes Future UHE observatories
High-energy emissions? Populations?  Particle acceleration? Interactions? Coincident observations?

pr—> Nr 7" > u* +1/ﬂ T = p +Dﬂ put e’ ++ p-— e ++
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Observable characteristics = general macroscopic model & description of micro-physic processes

Source:

distance d;.

variability timescale .

luminosity (photons) Ly
bulk Lorentz factor I

-
Transient sources Micro-physic processes Future UHE observatories
High-energy emissions? Populations?  Particle acceleration? Interactions? Coincident observations?

A

pr—> Nr "> u* +1/M T = p +17ﬂ put e’ ++ - — e ++

RJP 2021



TIME DEPENDENT MULTI-MESSENGER EMISSIONS FROM COMPACT SOURCES 12

Observable characteristics = general macroscopic model & description of micro-physic processes

Source:

distance d;.

variability timescale .

luminosity (photons) Ly
bulk Lorentz factor I

Transient sources Micro-physic processes Future UHE observatories
High-energy emissions? Populations?  Particle acceleration? Interactions? Coincident observations?

pr—> Nr 7" > u* +1/ﬂ T = p +Dﬂ put e’ ++ p-— e ++
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General macroscopic models: explore the parameter space of transient sources

Source:

- distance di
- variability timescale f,,,
- luminosity (photons) Ly,

- bulk Lorentz factor I'

High-energy neutrinos coincident with photon flares: E (eV), Guépin & Kotera (2017)

v,max

13

e Relativistic sources (I' = 10)

py = Nr
dashed: pion +/- decay
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General macroscopic models: explore the parameter space of transient sources
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- distance di
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General macroscopic models: explore the parameter space of transient sources

Source:

- distance di
- variability timescale f,,,
- luminosity (photons) Ly,

- bulk Lorentz factor I'
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General macroscopic models: explore the parameter space of transient sources

- identify important physical processes for emissions of transient sources

- energy losses of secondary particles 7%, u™* Guépin & Kotera (2017)

High-energy neutrinos coincident with photon flares: E (eV), Guépin & Kotera (2017)
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Relativistic sources (I' = 10)
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18

General macroscopic models: explore the parameter space of transient sources

- identify important physical processes for emissions of transient sources
- energy losses of secondary particles at ,ui Guépin & Kotera (2017)

- acceleration of secondary particles 7%, u™* Guépin (2020)

Impact of secondary particle acceleration on E,, .. (eV), Guépin (2020)
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General macroscopic models: explore the parameter space of transient sources

- identify important physical processes for emissions of transient sources

: £
- energy losses of secondary particles 7, u

Guépin & Kotera (2017)

- acceleration of secondary particles 7%, u™* Guépin (2020)

- identify promising sources for the production of detectable multi-messenger emissions

Impact of secondary particle acceleration on E (eV), Guépin (2020)
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Observable characteristics = general macroscopic model & description of micro-physic processes
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Transient sources Micro-physic processes Future UHE observatories
High-energy emissions? Populations?  Particle acceleration? Interactions? Coincident observations?

MONTE-CARLO CODE: INTERACTIONS OF ULTRA-HIGH ENERGY COSMIC RAYS
PIC (PARTICLE IN CELL) SIMULATIONS: ACCELERATION OF COSMIC RAYS

RJP 2021



MONTE-CARLO CODE: INTERACTIONS OF ULTRA-HIGH ENERGY COSMIC RAYS

21
Armengaud et al. (2007), Kotera et al. (2009), Alves Batista et al. (2016)
Implement new modaules, specific for study of transient sources
e vt of ot b 3 Guin. K s, . s 19

+ acceleration of protons, nuclei, charged pions and muons—» Guépin (2020)

RJP 2021
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22

Armengaud et al. (2007), Kotera et al. (2009), Alves Batista et al. (2016)

Implement new modaules, specific for study of transient sources
+ temporal variations of photon/hadron backgrounds ——»

+ energy losses of charged pions and muons

+ acceleration of protons, nuclei, charged pions and muons—» Guépin (2020)

. Guépin, Kotera, Barausse, Fang, Murase (2018)

Tidal disruption of a star by a massive black hole

Merger of two neutron stars

RJP 2021



MONTE-CARLO CODE: INTERACTIONS OF ULTRA-HIGH ENERGY COSMIC RAYS

23

Armengaud et al. (2007), Kotera et al. (2009), Alves Batista et al. (2016)

Implement new modaules, specific for study of transient sources

+ temporal variations of photon/hadron backgrounds ——»
+ energy losses of charged pions and muons

—»

+ acceleration of protons, nuclei, charged pions and muons—» Guépin (2020)

Predict diffuse spectra of high-energy neutrinos

Guépin, Kotera, Barausse, Fang, Murase (2018)

Tidal disruption of a star by a massive black hole
— 1 Gueépin, Kotera, Barausse, Fang, Murase (2018)
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Code: Zeltron, 2D, axi-symmetric, Ceruttiet al. (2013)

First study of proton acceleration in pulsar magnetospheres
Guépin, Cerutti, Kotera (2020)

rotation axis = initial magnetic dipole axis Simulated spectra: electrons, positrons and protons
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Code: Zeltron, 2D, axi-symmetric, Ceruttiet al. (2013)

First study of proton acceleration in pulsar magnetospheres
Guépin, Cerutti, Kotera (2020)

rotation axis = initial magnetic dipole axis Simulated spectra: electrons, positrons and protons
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Code: Zeltron, 2D, axi-symmetric, Ceruttiet al. (2013)

First study of proton acceleration in pulsar magnetospheres

Guépin, Cerutti, Kotera (2020)

rotation axis = initial magnetic dipole axis

Neutron star l

3
»

Electron density Proton density

Simulated spectra: electrons, positrons and protons
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Code: Zeltron, 2D, axi-symmetric, Ceruttiet al. (2013)

First study of proton acceleration in pulsar magnetospheres
Guépin, Cerutti, Kotera (2020)

rotation axis = initial magnetic dipole axis
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Code: Zeltron, 2D, axi-symmetric, Ceruttiet al. (2013)

First study of proton acceleration in pulsar magnetospheres

Guépin, Cerutti, Kotera (2020)

28

rotation axis = initial magnetic dipole axis Simulated spectra: electrons, positrons and protons
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+ Emission of HE photons in Galactic center region, population of millisecond pulsars (analytique)
Guépin, Rinchiuso, Kotera, Moulin, Pierog, Silk (2018)
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Code: Zeltron, 2D, axi-symmetric, Ceruttiet al. (2013)

First study of proton acceleration in pulsar magnetospheres
Guépin, Cerutti, Kotera (2020)

rotation axis = initial magnetic dipole axis Ongoing work

Neutron star l Injection: return current and pair cascades
Large-scale and local PIC simulations

g Collaboration : Kalapotharakos, Harding (NASA Goddard)

0.20
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Propagation in wind and termination shock:

. instabilities and gamma-ray halos (ex. Geminga)
Proton density Collaboration : Marcowith (LUPM), projet ANR GAMALO

Electron density

+ Emission of HE photons in Galactic center region, population of millisecond pulsars (analytique)
Guépin, Rinchiuso, Kotera, Moulin, Pierog, Silk (2018)
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Observable characteristics = general macroscopic model & description of micro-physic processes
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Transient sources Micro-physic processes Future UHE observatories
High-energy emissions? Populations?  Particle acceleration? Interactions? Coincident observations?
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31

Collaboration GRAND incl. Guépin (2019) Collaboration POEMMA incl. Guépin (2020)
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Collaboration GRAND incl. Guépin (2019) Collaboration POEMMA incl. Guépin (2020)

el Giant Radio Array for Neutrino Detection

Cosmic ray

Extensive air shower
7#’,:"'
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Collaboration GRAND incl. Guépin (2019)

Simulations ZHAireS

» Reconstruction nature cosmic ray (proton, iron)

Least mean square algorithm
Zilles, Tueros

e Machine learning for reconstruction
Machine learning group, graph convolutional networks

de Errico, Torres de Mello Neto, Koirala, Tueros, Martineau...

/ /

%)\éal 7 N7 ,/
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Collaboration POEMMA incl. Guépin (2020)

» Sky coverage, observation strategy

Guépin, Sarazin, Krizmanic, Loerincs, Olinto, Piccone (2019)

» Observation of transient sources
Venters, Reno, Krizmanic, Anchordoqui, Guépin, Olinto (2020)

e Dark matter detection

Guépin, Aloisio, Anchordoqui, et al. in prep.

POEMMA, sky coverage, Observation of transient sources
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CG, Sarazin, Krizmanic, Loerincs, Olinto, Piccone (2019)
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Unprecedented information about the high-energy universe

Sources of high-energy cosmic rays and neutrinos?

Theory / Numeric¢ \ Experimental

Transient sources Micro-physic processes Future UHE observatories
High-energy emissions? Populations?  Particle acceleration? Interactions? Coincident observations?
models for transient sources and model propagation, acceleration, = ground observation (radio)
compact sources interaction of cosmic rays reconstruction cosmic-ray properties
radiation backgrounds, magnetic analytic, Monte-Carlo code and space observation (optical)

fields, temporal variability, populations  Particle-In-Cell simulations : :
sky coverage, observation strategies,

e.g. for transient sources

RJP 2021
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Unprecedented information about the high-energy universe

Sources of high-energy cosmic rays and neutrinos?

Theory / Numeric¢ \ Experimental

Transient sources Micro-physic processes Future UHE observatories
High-energy emissions? Populations?  Particle acceleration? Interactions? Coincident observations?
models for transient sources and model propagation, acceleration, = ground observation (radio)
compact sources interaction of cosmic rays reconstruction cosmic-ray properties
radiation backgrounds, magnetic analytic, Monte-Carlo code and space observation (optical)

fields, temporal variability, populations  Particle-In-Cell simulations : :
sky coverage, observation strategies,

e.g. for transient sources

Perspectives
Self-consistent and time-dependent Marry micro-physic scales and New observations: treatment and
| models for radiation backgrounds | macroscopic source models L observation strategies
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