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Motivation

What are the sources
of ultra-high-energy cosmic rays?

many open questions:
sources, acceleration,
propagation, magnetic fields,
mass compaosition...

find model to best
describe measurements!
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Detection of UHECRS

primary cosmic ray
enters atmosphere

extensive

Three reconstructed properties WA air shower

of the primary cosmic ray:
1. arrival direction
2. energy

3. depth of the shower
maximum X __ (- charge)

detection of secondary
air shower particles

N N

— use these to identify sources t if‘
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The Pierre Auger Observatory

........... A
.........
..........
......................
........................... —
.......................
................................
fr s esss e ssgtannsfroaslrsnsyosssncsnsenns
................................. 4
................................
s s s s s s s v nnsafreeeseleses  Nessesseseee
.............................
............................. —
...............................
.........
ofs 113 TTEETeT o o O O I R
oooooooooooooooooo =
............
.......
..........
......... =
...........
................
..........
-------------- i
......
.....
......
-------- =
.......
.........
........ Los =
...... .
...........
...... S Morados |
............ e
...........
............ J

-----------------
--------------

--------------
--------------

Los Leones

10

located near Malargtie, Argentina

largest UHECR detector world-wide:
area of 3000 km?

hybrid detection:

* grid of 1600 + 60 water Cherenkov stations (SD)
— 1500m / 750m grid, 100% duty cycle

* 4 sites of fluorescence telescopes (FD)
- 24 + 3 telescopes, ~15% duty cycle

update ongoing: AugerPrime
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P. Abreu et al. (the Pierre Auger

A rrival d i reCtiO n S Collaboration) 2022 ApJ 935 170

D(Epuger = 40 EeV) - W =25°
7+ Galactic
60 S—

* measured arrival directions (ADs): no (significant) small-scale anisotropies

* but, when comparing to expected fluxes from catalogs
of source candidates: correlation observed!

Ui

150° 120 90° GC 330° | 300° 270° 240° 210%

latitude

* comparison of measured ADs ; with model flux maps pdf,p_ gy, ol

¥
. . o _ - -
signal fraction magnetic field blurring e

/ + (1 - fAD—only) . B//' i - ’ Flw5<[10'3 kml“gsr‘lyr‘l}5

pdeD—only - fAD—Olﬂy ) S(SADfonly

jetted active starburst S b

galactic nuclei galaxies likelihood function:

V-AGNs SBGs ,
»CADfonly(fADfonlyv 5ADfonly) = def@(vz))

i Galactic 5+ Galactic
60° MeecdoT— — — 8 -

test statistic:
'CADfonly(fADfonly’ 5AD70nly)
'CADfonly(fADfonly — O)

TSADfonly =2 lOg

latitude

-75° longitude
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Arrival directions

Nevents(z E“‘I)

Test

TS =17.9 (3.90)

for 6:140, f:96%, Attenuation model: ™
E, =39 EeV oF, EPOS-LHC fstminimum Rl

(4]

o
\IIIlI\II[bII\

best-fit for SBGs: — 2000 1000 500 200 100
TS = 25.0 (4.20) 25— o deted RGN ()
=15° f=90 - «--e-= AllAGN (hard X-rays) ]

for 6=15 ! f 9%, @ 20 — — Galaxies > 1 Mpc ()I/R) ]
E, =38 EeV s ]
3 155 =

. /g/ ]
best-fit for y-AGNs: 10[=a s =

M BT T L1 PR
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Threshold energy, E, [EeV]

Are SBGs truly favored above the other catalogs?
- No, strongest sources into similar directions
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P. Abreu et al. (the Pierre Auger
Collaboration) 2022 ApJ 935 170

®(Epuger = 40 EeV) - W = 25°

75° Galactic
6o e

=

75°  longitude

0 5 10 15

Flux [1073 km~2sr~1yr~1]

likelihood function:
*CADfonly(fAD—onlyv 5AD—only) - H pdf@(ﬁz))

test statistic:

TSADfonly =2 log

'CADfonly (fADfonlyy 5AD70nly)

'CADfonly(fADfonly - O)
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Arrival directions

NEVE I'“CS(2 E“‘I)

20}00 1 OPO 5(?0 290 1 (?0
TS = 25.0 (4.20) 25~ o doted AN (e
=15° f=90 - «--e-= AllAGN (hard X-rays) ]
for 6=15 ! f 9%, @ 20 — — Galaxies > 1 Mpc (IR) ]
E,=38 EeV P .
8 15— 3 —
best-fit for y-AGNs: — 7% 1of=as*" =
TS = 17.9 (3.90) S A .
5— .
for 6:140, f:96%, - Attenuation model: '\J;;‘ . ]
E =39 EeV 0’.I‘EI.D?‘S-‘L.HP\-I‘STl:nl.n\In?L!n?‘|....|....|....\...‘..H - I
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Are SBGs truly favored above the other catalogs?
- No, strongest sources into similar directions
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P. Abreu et al. (the Pierre Auger
Collaboration) 2022 ApJ 935 170

use combined fit of
arrival directions

+ energy spectrum
+ Xmax

* better source catalog
differentiation

* also constrain
parameters of source
emission

for that: build more
physical model

* include propagation,
energy-dependent
catalog contribution,
rigidity-dependent
magnetic field blurring...
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Model: reference case

—— injected spectrum
i i7=1

* injection at the sources: - 7=

— Z=T
— Z=U
B YO (B o
inj Ein' Ain' > ) cu ( 1 :
Jinj (Eing J)(1018 eV fou Z@ >0
k ? f / Em-*

— 7=26
free model parameters

e
18.5 19.0 19.5 20.0 20.5 21.0
I()gl(]<E11|]/('\v)

* source distribution:
* only homogeneously distributed sources (in reference case)
* isotropic arrival directions — not included as observable

* can study propagation in 1d instead of 3d
* expectation: flat distribution of flux per comoving distance shell

S

-« istance d
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Model: reference case

* injection at the sources: - 72

P N (B o
inj Ein' Ain' - ) cu ( 1 :
Sl o) (0o (') Tz 5 “

Mt ﬂ\

free model parameters
18.5 19.0 19.5 20.0 20.5 21.0

* source distribution: gy Ex/ V)
* only homogeneously distributed sources (in reference case)
* isotropic arrival directions — not included as observable

* can study propagation in 1d instead of 3d
* expectation: flat distribution of flux per comoving distance shell

S

-« istance d

- redshift z=z(d)
* source evolution:

'm
H * simple description via: ¥(z) x (1 + z)

* for SBGs: m~3.4 (starformation rate / SFR)

e s oe

* for AGNs: m~5.0
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Model: reference case

* injection at the sources:

Ein' Ei j
Jinj (Einj ) Ainj) ( 1018 J€v> @ cut (Z@

free model parameters

18.5 19.0 19.5 20.0 20.5 21.0
logyo(Enj/eV)
R arrival probability for , . .
distance “background” sources universe expansion  source evolution
shelisd ; (homogeneous): ‘ \

e —— Poack (Biers Alit) =D (14 2(d)) ™+ (1+ 2(d))™ - P(Efes Aler d
- distance d -

- . h i h i €
Z Z IL‘]I]_] Elll,] Alllj) \ (EII]J AIIIJ (let d-Et

. ———— @ Sy

injection - set up database of 1d

H simulations with
CR/Propa
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Propagation database

B * 1d CRPropa3 simulations in the following binning:
ST

distance d Parameter bin edges number of bins
injected distance d 1 - 5670 Mpc z~2 118 logarithmic
blﬂﬂlng at injection injected mass Ay 1,4, 14, 28, 56 5
h : k l
P(Einja Aiznj: Ecelet: Adet: d ) injected energy F,; 10 eV - 107! eV 150 logarithmic
. . . 9 KO0 09 -« 20 =
blnnlng at detection detected mass Aget 1, 2-4, 5-22, 23-38, > 39 5
detected energy Egee 10180 eV - 10210 eV 150 logarithmic
XI“I\‘ 6 - - - - - -
56 * in total 104 particles for each of the 118*5*150 = 88500 injection bins
5
28 /] - - - - -
4 * interactions: consider nuclear decay, electron pair production,
<14 ) photopion production, photodisintegration, adiabatic losses
. 5 * TALYS model for photodisintegration
i * Gilmore model for extragalactic background light
1
boo2d 022 2388 > 38 * reweight according to injection & source evolution

Adot
e k
_, calculate modeled observables on Earth from Pback(Eet Adet)
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Simulated observables

* energy spectrum: sum over detected particles  p(Eg.) Z Poack (ESo, A% )

(include forward folding with detector p(ESe,)
resolution when fitting on real data)

J(‘Eget) =

(gvert + gincl) AEget

* shower depth distributions:
* parameterize with Gumbel distributions
* hadronic interaction model: EPOS-LHC
(fold with detector resolution & acceptance)

. otr ; . 0.03
o~ ENergy spectrum > 1090 eV: X__ distributions > 10" eV:

160 {10g,(5/eV)=18.8 - 18.9] logyo(B/eV)=18.9 - 19.0] logyo(E/eV)=10.0 - 10.1

130 ¥ N=320, D/ndf=20.4/13
L b }
= 2. <
(5] Y N
- 4’ *’\@ FON fj‘ 0.02 1

g0 AN =
:E P q‘am : Vil \\\(b,q}‘emd}m '_ﬁ
L 02 1(5/ V) 13 22193 logyo(E/eV)=193 - 19.4 = gc‘nomluod Gumbel for £ = 10 EeV
5 - D/ndi=17.3/13 { N=125, D/nd=25.9/11 ®
s 107 - i +/ ! 3 including detector effects
£ = 5 =
2 T 20,011
e = A= F/SANY
3 A=24 101 & % b,
S — A=522 30 log (B /eV))=19.4 - 19.5 og log1o(E/eV)=19.6 - 204
5 o N=77, D/ulf=35.7/10 |} N=35, D/nd(=6.6/6
3 — ;\:2&38 % %
. — A>38
W 0.00
10 1000
1855 19.0 195 20.0 700 800 900 700 SO0 900 700 S00 900
l()gl()(E(l(‘[ / P\/) Xmax / g (711172

bins of width 10%! eV
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Simulated observables & Likelihood

det
* (include forward folding with detector (B = p(ES,)
resolution when fitting on real data) T (Evert + Einat) AES,

* energy spectrum: sum over detected particles  p(ES.) = Y Prot(Egers Ader)
k

0.03
- shower depth distributions: = gi
* parameterize with Gumbel distributions £ e
* hadronic interaction model: EPOS-LHC 5 AL, it dotecor etocs
* (fold with detector resolution & acceptance) -
_energy spectrum > 10*°° eV: X distributions > 10°° eV: 000 700 800 ‘ 900 1000
" R T e Ko

100
70
40 i

10 b

AN compare to data ¢ via likelihood function:

=101 - 192 logyo(E/eV)=19.2 - 19.3|logo(E/eV)=193 - 19.4 1 ! — 1 ! 1 ! '
7.9/13 { N=157, D/ndf=17.3/13 {N=125, D/ndf=25.9/11 O = 10 E O Xmax

sl eV?)

log )
701 N=257¢/nc

D

S : 9
o -

5 2501 /% i

- ICRC 2019 2 ) M’ .
= B S 30 gt i
~ A=1 7k N 7y
= A=24 101 % Pog, N T ) H : 2 3
E‘i — A=5-22 30 og 19.4 210(E/eV)=19.5 - 19.6|log;o(E/cV)=19.6 - 20.4 POIsson Ian M u Itl nom Ial

kol o D/ndf=11.9/8  |N=35, D/nd{=6.6/6 2

< —_— =23~ / /
< 2 ;3 38 20 (one-sided
ol — A>3
SETE \ 10 ﬂ 10187 eV — 100 eV)

18.5 19.0 19.5 20.0 7007 8[;0 ®908 TUUQW 800 &4)90() 700 éUU 900 as |n The Pierre Auger Collaboration, A. Aab et al. “Combined fit of spectrum and
’ - o - _9 composition data as measured by the Pierre Auger Observatory”. Journal of
logo(Eaet / €V) KXpax / g om™?

Cosmology and Astroparticle Physics 2017.04 (2017), 038-038. pot:

10.1088/1475-7516/2017/04/038.
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Inference methods

* defined astrophysical model posterior likelihood prior g
- infer best-fit parameters according to likelihood \ £ oM 5
i P @
* 2 inference methods: p(0ld, M) = (M) £
. . P
- gradient-based minimizer ‘ A » §
for the best-fit / maximum-likelihood estimate parameters médel evidence L
* Markov-Chain-Monte-Carlo sampler
for posterior distributions
- Sequentlal MC from pYMc . fit parameter prior borders
spectral index ~ uniform —4 to 3
.. ) rigidity cutoff log,o( Rewt/V) | uniform 19.0 V to 205 V
parameters for the souce injection < _ i) o reference
T (B, ) = Jo - - <1oimév)_y fc““(zfli;iu) element fractions unit simplex | 0 to 1 model
L flux normalization .J, uninformative
; . signal fraction uniform 0tol
for including catalog sources & Vo
magnetic field blurring &y uniform 0 to 15 (0° - 86°)
for including experimental syst. energy scale vg uniform -4 to 4
systematic uncertainties syst. energy Xpax Vxoo uniform 4 to 4

X, uniform 0 to 30

for extra-galactic magnetic field { £ — et
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Results of reference model (SFR evolution)

injected spectrum

— Z=1

Z=2
7
Z=14
Z=26

N
Il

Lray.
e///’"ber
0%

185

19.0
1

19.5 20.5 21.0

gy Eini/eV)

20.0

Auger 2020

Dp=342, Dy, _=131.3 (MLE)

19.0 19.5
log,o( Bt / €V)

20.0

y R int. H int. He int. N int. Si int. Fe -
:i : _ ;lf,]-;
&, !
best-fit & o
- 4..)\”1’ g 4
e o 3L
posterior distribution™ % i i 10
. L =
very hard injection spectrum a o
* composition dominated by N A
o 4 . 103
R00 : e 5” s 0.:) g :
Auger 2019 Y ﬁ(,f,
iﬂ.\_\xr F050
— fit result "3"'.;;
—1p

19.0 19.5 20.0
log (Bt /eV)

025 0.50 0.75
i

— keep in mind for later
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Catalog sources & arrival directions

* goal: fit energy spectrum, shower depth distributions & arrival directions simultaneously
* add catalog sources to model - investigate expected arrival directions

* in CR/Propa: 3d [ 4d simulations?
.. . . . . D. Wittkowski for the Pierre Auger Collaboration PoS{ICRC2017
* preliminary fit with EGMF & 4d simulations: por: 10.92323/1 301 . 0563 ( )

 for structured EGMF models: direction matters
* for fit with arrival directions: would need different propagation database in every direction
* small observer size to prevent distortions very slowlé o '

Fitting a model for the UHECR origin - Teresa Bister %



Catalog sources & arrival directions

goal: fit energy spectrum, shower depth distributions & arrival directions simultaneously
add catalog sources to model - investigate expected arrival directions

in CR/Propa: 3d / 4d simulations?
* preliminary fit with EGMF & 4d SIMUIAtions:  piy. 1o ossoa/1 501 oaay. o homtion FoSUICRC01T)

* for structured EGMF models: direction matters

S
* for fit with arrival directions: would need different propagation database in every direction

* small observer size to prevent distortions very slow! é

other possibilities:

° Z_Step approach S‘Nw% B. Eichmann, J.P. Rachen, L. Merten, A. van Vliet and J. Becker Tjus, Ultra-high-energy

>"NN cosmic rays from radio galaxies, Journal of Cosmology and Astroparticle Physics 2018 (2018)
036.

NM% A. van Vliet, A. Palladino, W. Winter, A. Taylor and A. Franckowiak, Ezxtragalactic magnetic

* fit only E & Xmax / take published parameters, . v v v
. . . . }w\ fields Vand qzr'ectwnal ch’relatmns of ‘1Llira-hzgh-energyv cosmic rays with local galaries aznu,‘:
then evaluate predlcted arrlval dlrectlons neutrinos, in Proceedings of 37th International Cosmic Ray Conference PoS(ICRC2021),

vol. 395, p. 470, July, 2021, DOL
Mo

° Can Include StrUCtu red E(G M F) mOdEIS S { D. Allard, J. Aublin, B. Baret and E. Parizot, What can be learnt from UHECR anisotropies

zﬂﬁ'\ observations - I. Large-scale anisotropies and composition features, Astronomy & Astrophysics
664 (2022) A120.
* simplify propagation i)
- . - N’\/\/L . - i
0 C. Ding, N. Globus and G.R. Farrar, The I t of Large-scale Structure the
° 1d propagatlon + 3d rewelghtlng to Source Setup }:Mg ing obus an arrar e Imprint of Large-scale Structure on the

Ultrahigh-energy Cosmic-Ray Sky, The Astrophysical Journal Letters 913 (2021) L13.

(here: simplified propagation models) P i s TGAE o )t T o
* can include structured GMF models
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Including catalog sources in the model

expected contribution on Earth of a source depends on:

* total flux We|ght NGC4945 at d = 3.5 Mpe, flux weight 12.8 percent
° 5o 0.200 —— total arriving

al
* injected spectrum e iy
- | A=2-4
* distance SO — A-po
) ) _g —— A=2338
* direction (exposure) Zo10f T Az
s

0.057

injection —
+ propagation database -
’ 18.5 19.0 19.5 20.0
logp( Eaet/eV) (binwise)
l s l s =10 J /
pmg(Edet: Adeta Zp Edeta Adeta d ) ) winterpolate(d ) d ) . wﬂux(c ) ]
l source at larger distance:

e k s
: wexposure(Edetv Adet7 C )

NGC1068 at d = 10.6 Mpec. flux weight 9.4 percent
0.121

— total amriving
A=1

0.10

= 0.084-

0.06+

0.04+

flux contribution

0.02+

i ) 8 /_1*“1 ) _ ) og 185 19.0 19.5 20.0
— depends on blurring / arrival direction modeling logyy( Eaet/€V) (binwise)

- see later
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Signal fraction

from source catalog:
summed over source candidates + normalized from homogeneous background

\ A k
}'j (Ee Ak ) _@Zpg%rm(Egetﬂ det) + (1 @ Pﬁgﬁf{n( det? Adet)
tot d d - A~
e A Se T (Eder Adet) N 2k pﬁgg(n(Edetv det)J
/ S-;i(g Sback

signal fraction defined at bin 10°° eV to 10%°¢ eV

Fs(fo, Ble) = 5 —8

L Ssig =+ Sback

; 1.0
10! |
S N 08
£ 10-2 ’ g
= = 0.6
g 107 g &
S \ 8 0.4
v 1078 ¥
- =
104 , 0.2
catalog background
1% . ‘ Ao s 10~ ‘ . rem— 0.0 -
18.5 19.0 195  20.0 18.5 19.0 19.5 20.0 18,5 19.0 19.5 20.0
logio(Eqet/eV) (binwise) logg(Eget/eV) (binwise) log19(E4et / €V) (binwise)

- catalog contribution rises with energy: catalog sources closer
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< Simulated arrival directions: catalog sources

. g ~40 correlation without coherent deflections
* neglect coherent Galactic magnetic field e e .

* overdensities situated around candidates

* in halo turbulent field might be > coherent field : -
(see e.g. arXiv:2202.06780) _ G

.0 ; 04 06 08 L0
0 5 10 15 Model flux, ®(Eayger = 40 E€V) [arb. unit]

R=E/Z
* rigidity-dependent blurring

only GMF: GMF + EGMF: _free
* can include also (E)GMF / distance dependency @—% model
50 or: 5t0t _ 50 + 56 /MpC

; ; ; ; ; = arameters
* model with Fisher distributions ——\‘ R/10 EV R/10 EV P
e . ~ e k s . e k $ .
S(Edetz plxp) - Z (pSig(Edetz Adet: C ) ' F(p1XP|Edetz Adet: C ) 8(plxp)>
k’S . .‘/ . "
rigidity A
light
weight of each Fisher width of each Fisher heay
distribution scales with ... i distribution scales with Y

arrival probability of each _.

; = rigidity / source distance
mass in each energy bin -~

source location

Fitting a model for the UHECR origin - Teresa Bister %



Simulated arrival directions: signal fraction

, , _ weight with signal
5B P) = 2. (ﬁ sig(Bies Alerr C7) + F (P | Ef, Al C* - € (pix”)) B(pix") = £(pix")/ Y_E(®IX") | fraction function:
p

1.0

k,s

pdf(EgeTJ plXp) — fS(fO; Eget) S(Eget) plXp) + (]' T fS(fO? Eget)) ) B(plxp) N 51019-5eV

18.5 19.0 19.5 20.0

1()&,1(,(E(|‘,( / eV) (binwise)

Sma” E..Uo + 09 0°

+0.6"

blurring decreases
~ R/10 EV

catalog contribution
rises with energy

influence of further 2 %

away sources decreases N N | %
Fitting a model for the UHECR origin - Teresa Bister



Total likelihood function

log L = log Lg + 1og Lxmax + 10g LD

/ / arrival directions

energy spectrum X_.. distributions
10“ 0 £ [eV)=18.8 - 18.9] log,o(E/eV)=18.9 - 19.0] log,o( £ /eV)=19.0 - 19.1
- :(;:' m‘”“‘{ i N=520, D/ndf=20.4/13 EAD — H H pdfe7p (Ue,p)
= # ] e p /‘
¢:‘:f(l()vzr ’ J Y“\u“\‘i’{»‘.’l“i\‘x:A[MJ:;w}‘tyll N S .
g [+ Iff«‘ 2019 / * « measured arrival directions
< Am24 A "I (in pixels p & energy bins e)
= — A=522 3 6{logy(E/eV)=19.6
E — ;\\:23—38 . =55 bi-o¢ Vi /
34::11.% i \ ) \ + | v o
10 Y 4 ——
L \\ \ ﬁ’+¢ﬂa o jnw Nu& I
18.5 19.0 19.5 20.0 700 800 900 700 800 900 700 800 900
logo(Euet / €V) Xy / g em™
advantages:
* whole energy dependency in model
comparison. * signal contribution depends on propagation

likelihood function for only AD analysis

* rigidity-dependent blurring
‘CADfonly(fADfonly: 5ADfonly) - H pdfp(ﬁp))

« still only 2 fit parameters (F, 6,)

* no need to scan energy threshold

one value for whole data set! _ _
* more physically correct model: should fit better...
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Benchmark simulation

demonstrate fit abilities on benchmark simulation

“simulated truth”: spectral parameters based on combined fit results e b e N
Ilt'lruth IIt\IrUth Iéxjuth Iic?ruth f(&ruth 6(t)luth ’—H—‘

(reference model, SFR evolution)  parameter | y"™" logio(R™/V)  Ii™"

il il
= see before

LLHI 1 H I/

P(O)d)

sim. truth | —3.22 18.09 0%

add contribution by starburst galaxies -
« adapt signal fraction f, & blurring &, until simulated

2000 1000 500

arrival directions resemble measured ones
* apply AD-correlation analysis to 200
random representations of simulation

3% 40 45 50 55 60 65 70 75 80
Threshold energy, E,, [EeV]

« best f=15%, § =20°
— simulations follow data for both SBGs & y-AGNSs!

i 0.2 .4 1,
Model flux, ®(Eauger = 40 EeV) [arb. unit]

« but, very large fluctuations of TS AD-only

— spikes on data probably also of statistical origin

5% 7% 54% 2.6% | 0.15  20.0°

1 7-AGNs = Auger 2021

SBG
Tsi%G_ g (BRE) = 28.6 £ 0.6

median of simulations
—— 0.16 / 0.84 quantile

AGNs
TSio oy Eii™) = 161 £ 04 NN SBGs

I - AGNs

40 50 60 70 80

Fitting a model for the UHECR origin - Teresa Bister %



Benchmark simulation

10%

107

getJdct(Edct) / (knfz yrlsr ! eV?)

10%°

Auger 2020
benchmark sim.
A=1

A=24

A=5-22
A=23-38

A>38

/ —— model

from catalog

18.5

19.0 19.5 20.0

logy(Eaet / eV)

NS Fer”

benchmark sim.
Auger 2019 £oga¢
j:a-syst

—— model

19.0
logo(Eaet /

oarrival directions for Ey,;,=38 EeV

v
*  size ox det. source flux
o background

from catalog

0°

Oarrival directions for E,,;,=58 EeV

2

*  size oc det. source flux v

background ey ..

from catalog

0°

example energy spectrum,

shower depth distributions
& arrival directions

- all resemble Auger
measurements

20 2% 12 6 12 20 2%
de an(‘t
50 1
SBGs —— median of simulations
TS3E iy (BReY) = 28.6 £ 0.6 .
—— 0.16 / 0.84 quantile
40 ~+-AGNs —== Auger 2021
TSR E a2 \ 1611 2 04 B SBCs
I - AGNs

Eth / EeV
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Fit of benchmark simulation: SBG model

1038

10%

Jdct<E(|('t) / (kn1_2 yr_l SI'_1 er)

det

3

benchmark sim.
A=1

A=2-4

A=5-22
A=23-38

A>38

xxxxx

10364 ----- from catalog
—— MLE , / / I V%
18.5 19.0 19.5 20.0
logl[](Edet /CV>
800 il N_ o8 B
5 780
[eT0]
~760
;;740 4 benchmark sim.
\/720 . — fit result

19.0
logyo(Eer / €V)

Ry dn o int. H int. He int. N int. Si int. Fe {22
) | | st AN
\Q_: : = = MLE ‘
Zer
e . |_ ‘ i
LAl
I 1072
* simulated true parameters - %‘L 4 |
identified correctly | - * =
< - )
* energy spectrum & shower depth - 5
distributions well described |
“.‘._.-..' 1073
1.0 250
—*—  fspa(fo=0.150) b
e fo( f88=0.147) ‘
0.8 v, 6B( = 20.0°) ’:-z()o
' ~4- av. 85BG(60t = 20.5°) |
R [[""£ < correctly modeled
& ~— —L10-
y .f energy dependency of
4] r 25 . .
catalog contribution &
- L magnetic field blurring
0.0 o 0
19.0

18.5 195 200
logip(Eqe / €V) (binwise)
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1038

Fit of benchmark simulation:

here: also SFR evolution for better comparability

benchmark sim.
A=1

A=24

A=5-22
A=23-38

A>38

from catalog

— MLE

/

Dp=17.1, Dx,. =88.9 (MLE)

\

18.5

19.0 19.5
logo(Eget / €V)

4 benchmark sim.
—— it result

19.0
logy(Eget / €V)

AGN model 6

~ ,Rcut fo 0 int. H int. He int. N int. Si int. Fe
= [ = L
EM - = MLE |
. I:ﬁr‘,h - E F
s b bl ¥
simulated true parameters | p
not identified correctly
energy spectrum & shower depth
distributions not as well described
1.0 500 2
——  fspc( fo=0.150)
e fo(f5=0.004) "
o 4 av. 65855, = 20.0°) |
4 av. SACN(E = 4.0%)
0.61 300 20
=~ * cannot correctly model
- L0<  energy dependency of
catalog contribution &
0.2 100 magnetic field blurring
with incorrect AGN catalog
0.0

55 150 195 200
logip(Eqe / €V) (binwise)

— best-fit f approx. 0
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L]rict(Erlvt) / (k111_2 yI‘_l SI'—1 e'\/2)

Fit of benchmark simulation:

1038

1037

benchmark sim.

Dp=17.1, Dx,. =88.9 (MLE)

A=1
A=2-4
A=5-22
A=23-38
i A>38
10%f ----- from catalog
—— MLE
/ \
18.5 19.0 19.5 20.0
logyo(Eaet / €V)
~ 760
><:740 4 benchmark sim.
v720 —— it result

19.0 19.5

logy(Eget / €V)

Test statistic:
2*likelihood ratio compared
to reference model with fO:O:

y-AGNs SBGs

TS 0.4 35.6
TS, 2.8 9.8

TS,... 06 0.6
TS,,. 26 26.4

:> on this example simulation:
correct model
easily identified

statistically significant?

comparison

10% Dp=4.5, Dx,,=90.1 (MLE)

1037
benchmark sim.
A=1

A=24

A=5-22
A=23-38

A>38

from catalog
—— MLE \

ﬁ[\tJd(,t(E[h.t) / (km=2 yr~t sr7! eV?)

1036

’
7
’

19.0 195
logo( Eaet / eV)

18.5

> -+- benchmark sim.
\/720 . — fit result

19.0 19.5
logo( Eget / €V)
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Sensitivity

calculate test statistic of all 200 random representations of benchmark simulation:

“ AD-only, energy scan: 2 combined fit with all 3 observables:

ﬁMSI;\G, Kol median of simulations median of simulations

TSAbeonly(EthLb ) =28.6=£0.6 - . TStot =353 £ 0.8
—— 0.16 / 0.84 quantile 254+ —— 0.16 / 0.84 quantile TS, =43 £ 04 I .

40 Jo-a0ns == Auger 2021 B SBCs TSy —-0.9+ 0.0 results:

TS piony (ESt) = 16.1 % 0.4 I SBGs 20  MEEEN ~-AGNs Hane=HLA+ 4 SBG model:
B - AGNs

TS, =353%0.8

v-AGN model:
TSy—AGNs =19%0.2
~y-As 2
TStes. = 1.9 + 0.2
TSy =-012 £ 0.1
TSA;:: =23+£02
18.87 19.0 19.2 19.4 19.6 19.8 20.0 20.2
logio(Ebin / EeV)
sweet spot between :> much greater
increasing catalog contribution sensitivity than
& decreasing statistics . i
9 most important: only arrival
energy-dependent directions
arrival directions analysis!
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2 EGMF

* EGMF can be described by (rms) field stregth B
and coherence length [,

S. Mollerach and E. Roulet. “Extragalactic cosmic rays diffusing from two populations

o fOI IOW MOI IeraCh & Roulet of sources”. Physical Review D 101.10 (2020), 103024. pOI:

10.1103/PhysRevD.101.103024.

* critical energy:

B 1,
ri(E.)=1l. — FE.=ZeBl.~09Z7 EMpCEeV
ds ds Mpc

* scale parameter: = 77— = G5 npe\ L
relates coherence length ;. to typical source distance d (here SBGs: n, =105 Mpc—?)
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2 EGMF

* EGMF can be described by (rms) field stregth B
and coherence length [,

S. Mollerach and E. Roulet. “Extragalactic cosmic rays diffusing from two populations

o fOI IOW MOI IeraCh & Roulet of sources”. Physical Review D 101.10 (2020), 103024. pOI:

10.1103/PhysRevD.101.103024.

* critical energy:

B 1,
ri(E.)=1l. — FE.=ZeBl.~09Z7 EMche\/
ds ds Mpc

* scale parameter: = 77— = G5 npe\ L
relates coherence length ;. to typical source distance d (here SBGs: n, =105 Mpc—?)

* EGMF influence on the cosmic ray energy spectrum: o 34 "
: : . J(E :

* suppression of further away sources due to diffusion G(E) = ﬁ oo
s—0 S
 parameterized suppression factor G as a function of X_& E_ o 3
__________ s
* multiply with modeled spectrum T
_____ -

* EGMF influence on arrival direction: 021 o wo_ = )

E/E,

« calculate from X, E_ & rigidity for non-resonant scattering approximation

T T et L d Ee&V B
. d :E Z leB :2 O‘Z' C ’ . g =
use in Fisher distributions Beaur(d. R = E/Z,1,, B) = 25 \/Mpc \/Mpc E  nG
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2 Fit with EGMF: SBG model ©

10% Dg=45, Dx,,=89.9 (MLE) 8 By f 0 50 XS — EC 107t
— D — (- T <0>
c% i % —— MC truth
1 b:/ MLE
qu —-386 -=3.33 =279
> v —2.79
('T: 1037 §
i benchmark sim. ©-3.33 = . ;.5;
=3 _ i
s e - |
ES - 1804 1808 1812 1072
= A=522 logy(R. \1,/)43 18.12
= A=23-38 < &
::; A>38 o 18.08 3 ! i f
10904 ----- from catalog & 1804 %\
= bk /i “\‘ . 006 017 027 §
18.5 19.0 195 20.0 * with EGMF: TS = 35.8 foooom A,
log (Bt / €V) instead of 35.6 without EGMF <2017 _ﬁ.—i’ i *_7 <
200 H N Sl FC % ) . - e :-_5 '!: & L
T * similar best-fit parameters 006 10-3
L * correctly determines EGMF to be small
— “=519.60 -
g ‘ o .. . . — < "-|t_
o g e i ST minimizer correctly finds X ~0 N ‘it
720 —— fit result . . 055 275 494
+ hard to determine the posteriors of X_and E_ X, w
for the sampler: 275 th._
very small suppression at very low energies: . B
oo 35 om 10
E. [ BeV

18.5 19.0 19.5 20.0

logy(Eget / €V) with EGMF without EGMF
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XS EC B lc ] 66 14 T 6r0 1071
* can calculate EGMF parameter < @
posteriors from E_and X_ posteriors % ‘ MLE
055 275 494 | *
X, 494 - | I
« e.9. EGMF blurring B.: expected ors
anticorrelation with local blurring visible . =~"---
070 350 6.3l 1072
E. [Eev 0631
- calculate posteriors for B and /_ S i j n
.. - 3 L i~
— could set limits " = - =
. . " logio(B/nG) 6‘84.-.“. o T B;/
* overestimates EGMF field strength B :
* would work better for stronger field £
strengths with larger suppressions - 170 GfL 107
up to higher energies £
* or: decrease energy threshold s
and model also lower energies 1§ em
where suppression has larger impact e
1.67 ] 1074

3.92  19.60 35.27

:> demonstration that principle works, but not optimal application o
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Conclusion

demonstrated simultaneous combined fit of energy
spectrum, shower depth distributions,
and arrival directions

astrophysical model is assembled from
1d CRPropa3 simulations:
- fast, easily adaptable to include e.g. (E)GMF

benchmark simulation with SBGs as sources
can reproduce all 3 observables

significantly larger sensitivity to distinguish catalogs
y R ) Jo

“ut

—

=
5

=
-386 -320 -272

Dp=45, Dx,.=90.1 (MLE)

19.0 19.5 20.0

log;y(Eaet / €V)

30
median of simulations 7
. TSior = 36.3 £ 0.8
254 0.16 / 0.84 quantile TSr = 13 1 0.
SBGs TSx,.. =-0.9+0.0
20 1 I +-AGNs TSaps =518 + 0.8
151
-
g5 10
[
54
01 —n
-AGNs
—51 TSier =119 £ 0.2
TSg =-02 £ 0.1
TSx,.. =-0.1+0.0
—101 TSaps = 23 £ 02

18.8 19.0 19.2 194 19.6 19.8 20.0 20.2
1Ogl()(-Ebin / EGV)
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listening!
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Sensitivity to best-fit parameters

° for incorrect model:

often reconstructs signal fraction f =0
because observables cannot be
described with wrong catalog

|
140 {7 : B SBGs
: E -AGNs
120 1 === sim. truth (SBGs)
|
100 " :
_ . signal fraction £
= 807 l
- |
o |
60 1 !
|
40 I
|
o _L-_ _p_l‘lInJ_Lu—L"‘—,
0 | I . =

0 5 10 15 20 25 30 35
fo / percent

count

301

20 1

101

0
0

for correct model:
reliable reconstruction of simulated truth

il

e SBGs
B -AGNs
—== sim. truth (SBGs)

magnetic field
blurring §,

Ol ofln o

10

20 30 40 50 60 70 80
dy / ©
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Conversion of TS to significance

T. Bister for the Pierre Auger Collaboration, A combined fit of energy spectrum, shower depth

* apply analysis on isotropic simulations

distribution and arrival directions to constrain
Proceedings of 37th International Cosmic Ray
2021, DOL

* isotropy tail follows X2 distribution with ndf=2 (SBG model has 2 more fit parameters: f,, 8

astrophysical medels of UHECR sources, in
Conference — PoS(ICRC2021), vol. 395, p. 368,

5 [pSBG ~9 . 10‘8] pagn =5 -107°| - analysis can identify true simulated SBG model

* more sensitive than AD-only analysis on same simulation: | p

* no need for energy threshold scan - no penalization

104
104
10—1_

10~

1077

SBG model

Xe(ndf=2)

N

0

5 10 15 20 25 30
2 log (Lspa / Lret)total

103 )

102.

10"

100

|

0 10 20 30
2 log (Lspi / Lret)E

103 .

102-

10"

100

AD-only, pre-trial _ ) s
o ~6.1-10

AD-only, pre-trial _ ) -3
PaGa ~ 1.7-10

energy-dependent arrival
directions most important

r
10°;
102.
101_

, | | | 0

0 10 20 30 W

2 lOg (ﬁSBG / EI‘(—_‘f)Xlll‘dX

AL

ﬂﬂ

0 10 20 30
2 log (LsBa / Lret)AD
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