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Introduction

- [see J. Biteau, this conference]
* UHECR flux ~ correlation with catalogs of S5l W SBGs
- - - - . ,”‘ (! )
starburst galaxies (SBGs) / active galactic nuclei (AGNSs) = A AGNs
— —_— - 20 'I"!l = “\
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only arrival directions  signal fraction  Fisher smearing Buin | eV

but: only with arrival directions no clear distinction possible (similar source directions)

- combined fit of energy, shower depth contribution Fisher smearing

Xmax & arrival directions A A prop. to R1=2/E
background

sources

* include energy spectrum & Xmax

as observables closer

""x“catalog sources
* describe energy dependency of catalog "

contribution & Fisher smearing

if <Z> increases less than E
> ' >
E E
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Universe model setup

* homogeneous background
* with source evolution ~(1+z)™
* isotropic arrival directions

* catalog sources: SBGs | AGNs
* flux weight & distance considered

* arrival directions
~ rigidity-dependent Fisher

* injection: power law + exp. cutoff

* SpeCtraI |ndeX y y | - ?%l;(A-S|»‘~x<u\\,..
rigidity cutoff R_ , =
element fractions
a[H, He, N, Si, Fe] ' \

add above 1037 eV:
f,* catalog+ (1-f) * background

1d CRPropa3
simulations
+

reweighting
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Baet) / (km™2 yr=t sr=! eV?)
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From injection to energy-dependent arrival directions

— total

* calculate source contribution — =" close sour
for each energy bin e

6:I(_)OOIQ.O eV _ 19191 eV

rther away
depending on: flux weight,
exposure, distance
Injection + propagation

(1d CRPropa3 simulations) oo

gontribgtion

20.0

“energy bins 1019¢ eV — 10°° eV

{

* build pdfs for arrival distributions in energy bins e:

pdf, ={fs (fo, E¢)| S| Eseulos (Eg )|+ (1 = fs(fo, ESe)) - [B]

0.00
19.0 19 5 20.0

logo(Eact/eV) (1 ise)

signal contribution: Fisher smearing for each source
depends on propagation, & each arriving element with:
source distribution 65 = 8 Zaot lOEifV

* one fully energy-dependent universe model:
* E, Xmax, ADs: information about source distribution

« E-dependency of smearing & signal fraction: 2 fit parameters 6, f

II|||I|I|_l|I|II|III||||||I||I|I|||I|||I|I||lHII
12 14 26

— increased sensitivity to distinguish source models
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Fit method overview

Universe model setup: Simulated observables: compare to data

via Likelihood:
energy spectrum

|njected spectrum: ™ \\
y , cut’ i x =l 1; )

10 §
1057 t o Auger 2019

4 benchmark sim.

spectrum: Poissonian

eyk®
Lp= H (ﬁc—()' exp (—p°)

[&

A=1
=10 _o. . 1 1
% A | Xmax: Multinomial
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_ s oV arrival directions:
3d setup: . compare to modeled
. . 25 A R
signal fraction f ! T :
) - 0 ) 1;[; lf’ii?/;‘ﬁ);{f;—/ ég.o logyo(E/eV)=19.5 - 19.6 lsgmus/e\)—197fff(i.i/‘\j;: _ arriv al p df
magnetic field blurring &, w0 dire ;
o Lap =[] ][ pdf.(%)
25 e 1€e
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from:

Auger Combined Fit
Auger ADs comparison to astrophysical catalogs

/

adjust parameters

/y’ cut! a:’ f 8
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https://iopscience.iop.org/article/10.1088/1475-7516/2017/04/038
https://iopscience.iop.org/article/10.3847/2041-8213/aaa66d

Benchmark simulation: starburst galaxies + background

* from fit of E + Xmax on Auger data (backup)
with source evolution = star formation rate (m=3.4)

Emin / EeV
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reminder: contains

enchmark sim. ¢ .
bSBG catalog @S input, M

Fit different models to simulation: <

Fit with reference models

- SBG model, m=3.4 (= simulated truth)

- reference model (with f =0),
m=0.0 / m=3.4/ m=5.0

fit goal: identify
best model = sim. truth

\
\tS us\“g\s_ 90% confidence regions maximum a
F-\ﬂes“ mode . (from MCMC sampler)  / posteriori (MAP)
‘%‘e“ce g 1.0 0.40 0.0
Te§0 ¢ 0.35 0.5
‘ 0.8
o 8 0.30 ~1.0
. /
061/ —i 0.25 ~ o —L5
Bt - / >
< 00 g £ 0.20 \ T\ £ 20
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05 o/ 04 & 015) [~ \ ¥ 250k
A 0.10{ /| - W —3.0] &\
—10) ' 0.2 \_ | St
0.05] oy Sogy -3.5
—-15 ) ) - ~ - _
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logm(R(m/ eV) aH an AFe

source evolution-
dependent correlation

light fractions below cutoff,

not reconstructable

Dg Dx,... Dol

m=0 6.0 82.1 88.1

— 1 = 3.4 5.8 81.5 87.3
w— 1 = 5.0 129 84.0 96.9

heavier fractions
can be determined

Xmax scale shift

correlated with composition

- reference model with true m=3.4: lowest deviance
- spectrum & Xmax well described
even with only background sources
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Fit with catalog models

reminder:
penchmar
SBG cafalo

K sim. contains 2
g as input, M=

H
nt
@
)
S
S
o
o

SBG model (m=3.4) 10 0.175 ~05)
= simulated truth 0 0.150 —1.07)
5 | 0.125 o —15]
0.0 S R —
* parameters can be - =010 £ Z‘Oh
- 0.075 —2.
reconstructed well —0.5 | °N
: - n0o0 5 -0 full posterior
* correlations visible - | 0.025 35 ~ Ul posteriors
¥ D e = R — | see backup
(y“’Rcut)’ (f 0 50) 5.0 18.2 18.4 18.6 000010 20 30 40 50 60 oo 001 0.02 003 004 005
logl[](R(:ut/Cv) 5[]/0 AFe
as in: Auger Combined Fit, Auger ADs comparison to astrophysical catalogs
AGN model (m=3.4) s | 0,200 | 00
o . 0.175 ' ‘
® Iarger uncertainties 0.150
* true simulated values still 0125 vk
L .. = 0.100 29
within uncertainties even o d
for false AGN model 0,050 a
* best-fit (MAP) further | 0025 R - ~35)
away from truth LS 1 18.6 0000050 90 30 40 50 o0 oo 001 002 003 004 0.05
lOglU(Rcu‘t/Cv) 5()/0 AFe
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reminder:
penchmar
SBG catalo

k sim. con
g as inpy

tains
t, m:34

Fit with catalog models

spectrum and composition
can be described by both models

energy-dependent arrival directions not

described by false AGN model (directions, distances %)

Dr  Dx,, Duoa |2log zols 2log oy
max LA]), B Lsunjl o
SBG model (m = 3.4) — sim. truth 5.5 802 85.7 30.6 324
AGN model (m = 3.4) 6.0 818 87.8 11.2 10.8
SBG model AGN model (m = 5.0) 5.6 84.1 89.9 1.4 -1.0
v
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Teresa Bister - ICRC 2021 - Combined Fit of energy spectrum, Xmax distributions and arrival directions

model (AGNs) signal contribution” 0gw(Ea / eV)
energy dependency different from simulated input (SBGS)

° /1



Estimation of the significance

* apply analysis on isotropic simulations (m=3.4, benchmark simulation parameters)

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

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

* more sensitive than AD-only analysis on same simulation: piDo"Petial g 1. 1076 | ool o 7. 1073

* no need for energy threshold scan - no penalization _
energy-dependent arrival

directions most important
SBG model -

104 A4 N
X(ndf=2) 10°4 10°; 107

101_
N 10?4 102 102

1074
103 10 LLL‘ 10 10 |

; | I ool 1 T I ol ﬂ n.
0 5 10 15 20 25 30 0 10 20 30 0 10 20 30 0 10 20 30
2 log (Lspe / Lre)total 2 log (Lspi / Leet)E 2log (Lspi / Lref)xmax 2 1log (Lspa / Liet)AD
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Conclusions

e presented combined fit including energy spectrum, Xmax distributions &
energy-dependent arrival directions

on benchmark simulation (resembles Auger data):

source parameters can be reconstructed including uncertainties

additionally determine energy-dependent signal contribution and magnetic field smearing

enhanced sensitivity compared
to arrival directions-only analysis

simulated input catalog &
source evolution can be identified

[PSBG ~9. 10_8] pacN =5 -1073

Y '
0.025 @
8

18.2 18.4 18.6 0 10 20 30 40 50
log1o( Reut/€V) do/°

max LKB"FH W
ref. model (fo =0, m =0) 6.0 821 88.1 0 -0.8
= ref. model (fo =0, m =3.4) 5.8 815 87.3 0 0
w 1ef. model (fo =0, m = 5.0) 129  84.0 96.9 0 -9.6
m—= SBG model (m =3.4) — sim. truth | 5.5 80.2 85.7 30.6 32.4
AGN model (m =3.4) 6.0 818 87.8 11.2 10.8
AGN model (m =5.0) 5.6 84.1 89.9 1.4 -1.0
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Backup
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Signal contribution & smearing as a function of energy

/ E{E:i?ct \

pdf, =
Fisher smearing for each source

. S(E€

det

)

+ (1 - fs(fo. Eg) - B

pdfs are constructed via - s (fo, Ege))

signal contribution:

’ Ot_her distances of AGNs: depends on propagation, & each arriving element with:
different energy dependency of source distribution S = 8 Zgoq LOEY
smearing & signal contribution 0 Eaa 4
* strong increase of signal contribution for SBGs not describable with AGN catalog Light
* need only 2 fit parameters: o
smearing of a R=10 EV particle & total signal fraction of complete data set E > 10187 eV s !
- even though total signal fraction f =1.2% is very small, at highest energies kfg%m
C
signal contribution f_(f,) is large due to closeness of SBGs
different energy dependency
; fit result using true SBG model: . » false AGN model: m=3.4 y — source distances m=5.0
1. 7 0 . . T T T 2
‘ i —e— fspa(f0=0.0120) ‘ ——  fspa(fo=0.0120) ‘ ’ | Y—O— fsBa(fo=0.0120)
,,,,,,,, fpa(f§t=0.0217) 17 e AN (f§=0.0081) 175 e fagn(fft=0.1101) 1
0.8 —4— mean 6PS(8y = 14.3°) o 0.8 —4— mean d50C (g = 14.3°) 150 0.8 —4— mean 0558 (dp = 14.3°) 150
oo mean GRE (8 = 15.4°) coope mean GASN(SE = 4.8°) e mean HEN (O = 43.1°)
0.6 125 5 0.6 125;@ 0.6 125
100% < 100% < 100%
041 Simulate - 0.4 . < 0.4 . <
(rms smearing \ ]
,»1 over all sources b 02 +M " 0.2 ”
& elements) | 25 L S 4 * 2 2%
0.0 et 0.0 N . ,1 ) 0.0 - - 0
18.0 18.5 19.0 19.5 20.0 20.5 18.0 18.5 19.0 19.5 20.0 20.5 18.0 18.5 19.0 19.5 20.0 20.5

logi10(Edet / €V) (binwise) logio(Eqet / €V) (binwise) logo(Eaet / €V) (binwise)
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Energy thresholds used in the fit

benchmark simulation: 50 e RV /=153 58] g BV =189 100] g (E/eV)=190 191
10% 125 N=562, D/ndf=19.7/10
100
75
& 50 "\
© 2% )
| - s &
7 150 g (E/eV)=10.1 - 19:2| logyo(E/eV)=19.2 - 19.3] logyg( E/eV)=103 - 10.4
n 1251N=112, D/ndf=288/9 |N=318, D/udf=8.6/7 |N=255, D/ndf=6.6/6
- += 100
'A\‘E 10 Auger 2019 5 7
&= ¢ benchmark sim. yam ) © 50 7/\
~ A=1 25 22 %
= A=24 150 - - e 2
S Loy logyo(E/eV)=19.4 - 19.5|logo(E/eV)=19.5 - 19.6| log,o( E/eV)=19.6 - 20.4
= =02z 1251N=155, D/ndf=4.9/6 {N=123, D/ndf=12.0/7 {N=T5, D/nd{=5.6/5
< A=23-38 100
P A>38 75
IR model / 50
""""" from catalog 25
18.0 18.5 19.0 19.5 20.0 20.5 700 800 900 700 800 900 700 800 900

log(Eaet / €V)

* detected energy spectrum bins: [101%°, 101°1, 101%2,,, 10203, 102°4] eV

KXo / g cm™

1096 eV

—

]
0.0000245 0.0000490 0000000 0.000026 0.000052

e :\I_Olg-g eV o0

pd
e 10%2eV

[ = N \
i ‘ ' )
! /
SGe1068 oy
~60°

L
0.000032 0.000064 0.000000 0.000055 0.000110

— O(20,000 events)

* Xmax distribution bins: [101%°, 10191, 101%2,., 1019¢, 102°4] eV - 0(2000) events

* similar to Auger Paper, but threshold moved from 1087 eV to 10%°° eV because no below-ankle
CRs wanted which may come from different source class

- See E. Guido for the Pierre Auger Collaboration (this conference)

* between 107 eV and 10%°° eV bins included in energy likelihood only if model overshoots data

 arrival directions: [10%%3, 104, 10%%2... 10%°4] eV

* dipole not modeled in arrival directions, so higher energy threshold necessary

- see R. Menezes for the Pierre Auger Collaboration (this conference)
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Fit of the Auger ICRC 2019 data set > 10 Eev

- Ruy « — with homogeneous reference model, m=3.4, Xmax & energy scale shift
o ®
0.04
=0.03 . y  logio(Rew/V) au ane an  as; e Vo /T VE[OT
s MAP:
R 0.02 - —0.65 18.29 23% 2% 70% 4.0% 0.15% -2.0 0.0
10~ ,
0.01 1038
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0.00 % % e " . D—379
5 ~ D=10.2 .-
. [
<
. 107 2
fit results: N T
(1) =075 503, e-101 qf' =
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(logy(Rewt/V) ) = 1832 8, 2 10BE 019
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H He N si o o5 A>38
010 L 10301 e from catalog
§0.U5 fit result
0.00 107°1072107" - =
S
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=102 t -
o 10
10721072107 e T
a(fe) 15 \ - < — 03 <4 data Loy
= , ‘ = <VXmax, scalef = _2-1703 790
=102 = ~ - — fit result
107 1.0 el
1071072107 F .
aN)_ g1 10 &
- =
o2 §
1073 A,
10791072107" 0.5
a(Si) 1
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mgmﬂ‘/
10-°
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107910210 _ — 0.0
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2 - log(L/Lyet)(Faet)

10 1

Energy dependency of the likelihood ratio

arrival directions of

SBGs fit much better
than isotropic referen?A

at highest energies

o

energy

X max

— ADs

SBGs
AGNSs

L un
~~

compare SBG model & AGN model

18.75  19.00 19.25 1950 19.75 20.00 20.25 20.50 with reference model (all m=3.4)
lo
glO(Edet / e\/) D DXmax D | 2 log % ) log %

AD SUm
ref. model (fo =0, m = 0) 6.0 821 88.1 0 0.8

= ref. model (fy =0, m = 3.4) 58 815 873 0 0
= ref. model (fo =0, m = 5.0) 129 84.0 969 0 -9.6
= SBG model (m = 3.4) - sim. truth | 5.5 80.2 85.7 30.6 32.4
AGN model (m =3.4) 6.0 81.8 87.8 11.2 10.8
AGN model (m =5.0) 5.6 84.1 89.9 1.4 -1.0
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Arrival directions likelihood ratio of best-fit models

skymaps: show arrival direction pixels of benchmark simulation, colored as likelihood ratio
between catalog (SBG / AGN) model and reference model (exposure).
Sum of likelihood ratio over all pixels given as TS (per energy bin), can be compared to slide 16

logio(E/ V) =193, TS = -0.5

SBG model
60°

.
83

NGC1945

+  Mkn501

00
- NeCiars
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2 10g (‘C / log ‘Cref)
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N
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0.0
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Influence of the Galactic magnetic field on the benchmark simulation

* Same source parameters etc.

* test influence of deflections by JF12 magnetic field

only turbulent smearing turbulent smearing with JF12 full (regular +
with §,=14.3° at R=1EV 6,=14.3° + JF12 regular turbulent + striated)
arrival directions for F,;,=38 EeV arrival directions for F,;,=38 EeV arrival directions for F,;,=38 EeV
G0° e A0° e 0P e
*  size oc det. source flux /7 |, '-"7_‘.;_ 7"-“\: : #*  size oc det. source flux h\' N * T *  size o det. source flux ',F\‘\.“jf; =<
background .4 L . TRNEN background t; ':‘ ‘ £ X e background T, Y k‘-‘ .‘ T

AN Y s S T
from catalog Pt ST ELESAANE S o from catalog DA P ACPARN TN < vy v from catalog
| o\ . Y. v A %
v

1w g . Y \ (R 7 7 $e \ )
9p° | I3 e 8w \ . *Logge o 0 Al e JRTIAR, [* [ e
N | R | f | | { | - | ¥ ) K | \ \ \
- ¥ - A PO S v A MR § T

12 6 12 20 26 12 6 12 20 26 12 6 12 20 26
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Fit results on benchmark simulation
posteriors and fitted observables

Dg  Dx,, Diota |2log L:Eﬁ,[l_;_.., 2log Ltgaf:zm
ref. model (fo =0,m =0) 6.0 821 88.1 0 -0.8
= ref. model (fy =0, m =3.4) 58 815 873 0 0
= ref. model (fo =0, m =5.0) 129 B840 969 0 -9.6
m= SBG model (m =3.4) — sim. truth | 5.5 80.2 85.7 30.6 324
AGN model (m = 3.4) 6.0 81.8 878 11.2 10.8
AGN model (m = 5.0) 5.6 84.1 89.9 1.4 -1.0
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Fit results: reference model (m=0.0)

0.06 vy Ry 10 Fitted Source Parameters
Vo — v = 0.76, logo(Rewt/V) = 18.46, fo = 0.000, do = 0.00, vxpmax = —2.820
— Mo 108 a(H) = 0.01, a(He) = 0.61, a(N) =0.30, a(Si) = 0.08, a(Fe) =0.01
L0u at MAP:
=
A <D
0.02 L2 =
T
. 7
000 0.85 S N y
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Fit results: reference model (m=3.4)
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Fit results: reference model (m=5.0)
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Fit results: SBG model (m=3.4)
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Fit results: AGN model (m=3.4)
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Fit results: AGN model (m=5.0)
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