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What are Ultra High Energy Cosmic Rays (UHECR) ?

UHECR are nuclei ‘ shower size Ne
which are |
accelerated up to

1021 eV.
(>10'8 eV) .

Nuclei reach the

00<

eart h Development of cosmic-ray air showcrs
Prim. icle
E. T (e.g. ;lgnp:lrltcleus)
<
H a d ro n IC S h O\Ne r 14N first interaction
Three main observables: VAN
. . 9 » ° 1o L A jon d
> Arrival directions £ Y VS PSR
- W |oaSsitsis ion-nucleus P AR 1 a
- Ehel’gy % g vertical shower ?ntel‘ﬂCﬁOﬂ ’ “11
» X Depth of maximum = ;
shower (characteristic gl i second interaction
length of the shower, °§ % { mabud '
linked to the mass) S TR BR—




The Pierre Auger Observatory

Two detectors:

> Telescopes measures X Waiting for particles

energy, arrival directions

> Surface detectors measures

the energy and the arrival
directions

The collision
between the
particles produces
a faint blue light,
captured by the

fluorescence
telescopes

3000 km?, 30 times Paris

1 When they reach the Earth, cosmic
. rays collide with nitrogen in the upper
atmosphere to produce a particle shower

The Pierre Auger Observatory combines two independent ways of detecting cosmic rays

The particles are also
recorded whef they
reac‘t,wifﬁ the water
_inthe tanks of the

" surface detectors

A central computer gathers the
data from the telescopes and
surface detectors to identify the
possible origin of the cosmic rays

SOURCE: PIERRE AU
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Evidence of
extragalactic
origins

At E > 8 EeV, a dipole s
observed at more than the / R 3
5.20 level of significance. e e 2

]
The cosmic ray dipole ‘ : . & . mw
points 55° away from the 180 e et s i . -
. 3 ; e
’1

2MRS dipole

Definition rigidity:
R=E/Z

with
E, the energy
Z,the charge

Arrival directions: An extragalactic origin ? (2017)

Measured flux for events above 8 EeV, galactic coordinates

MRS dipole gm 46

...........................

Measured dipole 0.38

Galactic magnetic field effect for
R=2EV&R=5EV
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https://arxiv.org/abs/1709.07321

Arrival directions: An indication of the
hosts galaxies ? (2018)

Comparing flux patterns

Idea: Compare the measured flux with the sky-map of
extragalactic gamma-ray sources!.

Here: sky-map of starburst galaxies (SBG) compare to
observed

Starburst galaxies = High Star Formation rate
4.00 level of significance.

Model:

(pmodel =a q)isotropy + (1'(1) q)SBG
Two free parameters:

a, the isotropy fraction

Beam size

Observed Excess Map - E > 39 EeV

# events per beam

# events per beam

" Beam size
20 " — o = N,y = 40

Beam size
=40

NG 253


https://arxiv.org/abs/1801.06160
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Fluxes of Cosmic Rays

(1 particle per m'-second)

Knee
"\. (1 particle per m-year)
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Ankle
(1 particle per km’yia

102 10'
Energy (eV)

Energy Spectrum

The energy spectrum
IS given In the unit of
[#km2yrsr eV ]
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https://arxiv.org/abs/2008.06486

Xmax: Study the composition
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Reason:

The energy and the composition
gives an information about the
distance of the sources.

T e IS the attenuation length
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https://arxiv.org/abs/astro-ph/0605327
https://arxiv.org/abs/1912.05444
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Towards an
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model
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Towards an astrophysical model: Combined Fit

- The combined fit is an astrophysical model trying to describe the composition and the
energy spectrum of Ultra High Energy Cosmic Ray (UHECR).

Comparison
Inject nuclei SrepEEen with Best-fit

at sources spectrum & scenario
composition

-> 5Srepresentatives masses injected at sources: H, He, N, =/, Fe
- 7 parameters of injection (5 for masses, 2 for the shape of the spectrum)

Hypothesis:
- Transient scenario: UHECR come from transient sources




Combined Fit: How it works

Comparison
Inject nuclei SrosEEEtien with Bestfﬁ
at sources spectrum & scenario
composition

75° Equatorial coordinates

Looking at
arrival
directions

0.010 0.015 0.020 0.025 0.030
Flux [km=2yr-tsr1]




Combined Fit: How it works

Comparison
with Best-fit

spectrum & scenario
composition

Propagation

75° Equatorial coordinates

Looking at
arrival
directions

0.010 0.015 0.020 0.025 0.030
Flux [km=2yr-tsr1]




Generation term
. | e Start from a generation term:J A (Eg; Z)
Inject nuclei o Number of particles created
at sources m Per unit of energy
Per second

: Per covolume [QA(E ’Z)] — ev—l S—l l\IpC_‘}

For a given specie A, at given energy, at a redshift z.

dN
qA(Egv'Z) — A(Eg) X

d—Eg 5(z)
T

Gives the number of || Gives the number of
generated nuclei source at a redshift z
per source
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Generation term: injected spectrum
dN 4 Gives the number of
F ) = —(13.01 32 57
Inject nuclei qa(Eg, ) dE, (Eg) (2) > source at a redshift z
at sources
Gives the number of 104!
generated nuclei
er source 10%
P -y
(5,) i
dNy4 Eq f(Eqg <
E E,) =FE,|X ~
S dE, (F) Al™ =B, f(B,) dE, g 107
= |
1 E < Z X |Rgy S g
.f(Eg) - (EE )—’Y X 1_& B : 10
of e ZRm E > Z X Ryt N
10 Z X Rcut
18.0 18.5 19.0 19.5 20.0 20.5

|0910(Eg)
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Generation term: evolution of sources

Inject nuclei
at sources

dN
A (Ega t) = d_E:(Eg)

&z

S(t) describes the evolution of sources in time (or

redshift).

Gives the number of
generated nuclei
per burst

Hypothesis: S(t) follows the Star Formation rate

density

S(t) =k x

SFRA(t)

R

Extracted from
Biteau(2021) Astrophys.J.Suppl. 256

X S(t)>

r—
~

|
j

>

FR density [Mo Mpc™3

S5

Gives the number of
burst atatimet

Lookback time [Gyr]

0.01 0.1 1 10

0.14 . . : :
---Local Northern SFR, 6>0"°

0.12 Local Southern SFR, 6<0°

0.1.04|** Local Zone of Avoidance

' —— Cosmic SFR, Fermi-LAT 2018

0.0+ Local Sheet

0.06 A Virgo cluster

0.04 - ‘/": \ ni

0.02{" TR

0.00 L . ‘ . .

100 10! 102 103 104

Luminosity distance, d. [Mpc]
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What are the free parameters ?

- Y - Power of the power law of the injected spectrum at

Inject nuclei the sources

at sources

> R_, - Cutininjection

> E_xk - Injected energy per injected stellar mass

-> xk - Injected energy per injected stellar mass

> E_xk - Injected energy per injected stellar mass The total energy

density
> E_xk - Injected energy per injected stellar mass
p«(z = 0)

= Eak x
> E_xk - Injected energy per injected stellar mass ¢ zA: 4 (1-R)

[E4] = ergper source [k] = Number of sources per Mg




Combined Fit: How it works

Comparison
with Best-fit

spectrum & scenario
composition

Inject nuclei
at sources

75° Equatorial coordinates

Looking at
arrival
directions

0.010 0.015 0.020 0.025 0.030
Flux [km=2yr-tsr1]




Propagation: Tensor formalism

Propagation

2K 20 2 7

Y

Injected mass

Injected energy

e EBL: Gilmore et al. 2012

SimProp simulations of 2 500 000 nuclei fiducial

per injected A

Nuclei propagate through CMB & EBL.

Store in five 4D tensor.

e Photodisintegration cross
sections: PSB (Puget et al.)
e Photoproduction of pion:

Tensor gives the average number of EBL+CMB
detected nuclei per detected energy

Ta(Eg, 2, Bdet, (£, A)det)
e

Detected mass

Detected energy

Injected redshift

Number of particles

5

Energy injected , logl0(E/eV) = 18.95

— (1, 1)

He injected Yy

Total number of nucleon

1000

2000 3000 4000 5000 6000
Luminosity distance of injection [Mpc]

/ I8



Combined Fit: How it works

Comparison
Inject nuclei SropegEion with Besbfﬁ
at sources spectrum & scenario
composition

75° Equatorial coordinates

Looking at
arrival
directions

0.010 0.015 0.020 0.025 0.030
Flux [km=2yr-tsr1]




Combined Fit: How it works

Best-fit
scenario

Inject nuclei

at sources Propagation

75° Equatorial coordinates

Looking at
arrival
directions

0.010 0.015 0.020 0.025 0.030
Flux [km=2yr-tsr1]
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Combined Fit: Minimization

Comparison
with
spectrum &
composition

- Compare to <In A>ando?In A
using Gaussian likelihood

—--- Total 1{

qu”]i;’/ﬁ[’/ b b

19.0 19.5
Energy, logioE [eV]

o ln A

2

s

19.0 19.5
Energy, logioE [eV]

- Tensor is contracted to compute the flux
of each detected nuclei

1 0,2111 data_ 2111 model
( QIHA)data

- The goodness of fit is
given by the deviance:

Dy =—2In EA/Esat

21
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E3J(E) [eVZkm=2yr~tsr=1]

1038

1037

1036

Combined Fit: Minimization

Comparison
with
spectrum &
composition

Gaussian likelihood

> > > > >
1 N | I |
U N = DR
o 0 b

Auger Collaboration
PRD (2019)

18.0 185 19.0 195

Energy, logioE [eV]

L =] ——— B e
J H J;jata /277' Y 2 ( O.qlata

-

-> Tensor is contracted to compute the flux

- Compare to Auger spectrum using

__ 7model
‘]j

J J

Goodness of fit given by the
deviance

Djy=—2In L/

Dtot = Dy + Dy

22
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Combined Fit: How it works

Comparison
Inject nuclei SropegEion with Besbfﬁ
at sources spectrum & scenario
composition

75° Equatorial coordinates

Looking at
arrival
directions

0.010 0.015 0.020 0.025 0.030
Flux [km=2yr-tsr1]




Combined Fit: How it works

Comparison
Inject nuclei Propagation with

at sources spectrum &
composition

75° Equatorial coordinates

Looking at
arrival
directions

0.010 0.015 0.020 0.025 0.030
Flux [km=2yr-tsr1]
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E3J(E) [eVZkm~2yr1sr 1]
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Combined Fit: Best-fit scenario
Comparison R, y E, xk E, *xk E,xk E, x k E. *xk
with [A.U] [A.U] [A.U] [A.U] [A.U]
spectrum &
composition 18.2 1.2 1.3 11.1 10 6.3 0.5
D, (num. of points) | D, (num. of points)
1038
— 18.9 (15) 20 (20)
--- Total b 2
} A 3 b sibyll2.3c . —_//,/—"' <
A cCHl L — B s 0 P )
\ v 2 ib/,@ . Nb O % % % “*; % % +
. 1™ 790 195 19.0 195

17.5 18.0 1ghr>ergy, |01991.00E v 19.5 20.0 205 Energy, log1oE [eV] Energy, logioE [eV]
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Combined Fit: How it works

Comparison
Inject nuclei SropegEion with Besbfﬁ
at sources spectrum & scenario
composition

75° Equatorial coordinates

Looking at
arrival
directions

0.010 0.015 0.020 0.025 0.030
Flux [km=2yr-tsr1]




Combined Fit: How it works

Comparison
Inject nuclei SrepEeETen with Best-fit

at sources spectrum & scenario
composition

75° Equatorial coordinates

0.010 0.015 0.020 0.025 0.030
Flux [km=2yr-tsr1]




Consequences on arrival directions

Looking at
arrival
directions

—0.14

|
—

> 0.12

0.04 1
0.02 1

FR density [M, Mpc™3

S
&
o
(<)

Lookback time [Gyr]
0.01 0.1 1 10

0.10 1
0.08 1
0.06 1

-=-= Local Northern SFR, 6§ >0"
—-— Local Southern SFR, 6 =0~
------ Local Zone of Avoidance
—— Cosmic SFR, Fermi-LAT 2018

Local Sheet
Virgo cluster

10° 10! 102 103 104

Luminosity distance, d, [Mpc]

- Splitthe code in 2
-> Uses the full Catalogue of Biteau(2021) Astrophys.J.Suppl. 256

29

-> Compute the flux for each galaxy from
the catalogue (~400 000)

Ja(E)|ca = e d2 ZZ S(zGal)

XTA(E@z Euaet, (Z, A)aet) AE

JA(E) |z:0.08—>2.50

L 4, E.
2=2.50 dN
Az\ \s e xTa(FEyg, 2, Edet, (Z, A)aet) AE,
EZZ A 1S5 : )AL,
Ja(E)|,=
J3(E) = Ja(E)]a AP imo0onss ;o)

+
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Result - Consequences on arrival directions
Looking at - Compute the flux in each pixel
arrival - Do a top-hat smoothing with 45° radius
directions
Model Data from Auger
90
75 Galactic coordinates (D(E > 1018.7ev) " 0.46
ol A SRR 042 g
Q<H
... '1.‘-
0.400 0.405 0.410 0.415 0.420 0.425 0.430 0.38

Flux [km~2yr-tsr1] -90


https://arxiv.org/abs/1709.07321
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Result - Consequences on arrival directions

Looking at
arrival
directions

0.010

Model

75° Equatorial coordinates

d(E > 107%V)

0.015 0.020
Flux [km=2yr-1sr-1]

0.025

> Compute the flux in each pixel
- Do atop-hat smoothing with 10° radius Shapley cluster, Virgo

20

- Dominated by Laniakea,

Cluster.

Data

31

2 . . o
D(E agartTA > 40/53.2 EeV) [km™ sr'yr"] - Equatorial coordinates - R = 20

x10™
25
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Result - Consequences on arrival directions
Looking at > Compute the flux in each pixel - Dominated by Laniakea,
arrival - Do atop-hat smoothing with 10° radius  Shapley cluster, Virgo
directions Cluster.
Model O(E > 105eV) Data

75° Equatorial coordinates

2 . . o
D(E agartTA > 40/53.2 EeV) [km™ sr'yr"] - Equatorial coordinates - R = 20

x10™
—25

0.010 0.015 0.020 0.025 0.030
Flux [km=2yr-1sr-1]
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Result - Consequences on arrival directions
Looking at > Compute the flux in each pixel - Dominated by Laniakea,
arrival - Do atop-hat smoothing with 10° radius  Shapley cluster, Virgo
directions Cluster.

Model O(E > 107%V)

75° Equatorial coordinates

Conclusion:

- Model that can describe the
expected flux above any energy !

Question:

> Does UHECR escape from
all clusters ?

0.010 0.015  0.020
Flux [km=2yr-1sr-1]
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Compute magnetic field of clusters
10} g

\'
Bo| = 4.7 £ 0.7 uG

Idea:

-> Compute cluster’'s magnetic
field from baryonic matter
overdensity based on MHD
simulation (Donnert+ 2018)

Central magnetic field, |Bo| [uG]

I

= I -

- Check if UHECR can escape 1072 O 9

0 . + v

Zrlaggetrhe magnetic field of the 1Bo] =1nG 2: S
103 i <

roH o] o

-

i SiH 5 x30

102 103 104 N\ 105

Baryonic matter overdensity, pn/{op)



https://arxiv.org/abs/2108.10775
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Time of spreading vs light travel time

Hypothesis:

- If the time spend in the cluster
due to magnetic field spread
is lower than the light travel
time > UHECR escape.

- Ifthe time is equal or bigger -
UHECR get stuck

Time [Myr]
=
9

~~ —— Light travel time
q P Coma B-spread for R = Resc / 3
/
!/ —— Coma B-spread for R = Reqc
/ ——— Coma B-spread for R = Resc X 3
10! 100 101

Distance to Coma cluster core [Mpc]




Magnetic confinement

Consequences:

The magnetic field will confine
UHECR:

If UHECR are injected up to a
maximum rigidity R__ , the
clusters with an escape rigidity
above R__ do not contribute.

Conclusion: Some clusters
cannot be seen

Baryonic matter overdensity, pop/{0b)

36

Definition rigidity:

R=E/Z
~ 101 E .‘.:I <,\ * A =
O ] \ . e
= 100\ e N R INF0? @
o W M N N \l 1n1 o0
2 107N N\ L r 107
Y= b \ o N RN ! 3
“é 102 Maximum rigidity, Rmax E: E) - 100 :gw
© ﬁi 2 ()
L -3 | - Ol 3 5
C 1077 oH =] o v
= o o) - -
o 1 o = o
SR Ty - = 5| = 1672

102 1407 10% 10°
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Result - Consequences on arrival directions
Looking at > Compute the flux in each pixel - Dominated by Laniakea,
arrival - Do atop-hat smoothing with 10° radius  Shapley cluster, Virgo
directions Cluster.
Model O(E > 105eV) Data

75° Equatorial coordinates

2 . . o
D(E agartTA > 40/53.2 EeV) [km™ sr'yr"] - Equatorial coordinates - R = 20

x10™
—25

0.010 0.015 0.020 0.025 0.030
Flux [km=2yr-1sr-1]




Conclusion

38

-> An astrophysical model that shows consequences on arrival

directions

What s next?

We are implementing full X
distribution into the code

max

-> Magnetic confinement &
screening is being implemented

-> Give a composition map

Composition map full-sky

<InA> (E > 10%%V)

52 Galactic coordinates

3.42 3.44 3.46 3.48 3.50
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e contrile les ﬁ@ﬂ@@@@[ﬂ@@ Je contrdle les télescopes du plus grand observatoire a rayons cosmiques au
dn plus prand ohservAtolre [

992 vues - il y a 5 mois

d FANODS GOSMINUES [ S ico,

Je suis doctorant en astrophysique des hautes énergies. Dans cette vidéo, je vous embarque avec moi en Argentine dans
N la.

Vous voulez savoir comment se passe un shift a l'observatoire
Auger ! Allez voir ma vidéo ! :D

Thank you for your attention



https://www.youtube.com/watch?v=Cg7MfTiIc8o

