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Introduction
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> correlation with Cen A region: 4.1c0
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Li & Ma significance [o]

‘ Idea: - investigate possibility of SBGs / y-AGNs / Cen A as sources of overdensities
* build one coherent model for injection — propagation - detection

» describe arrival directions + spectrum + composition data at the same time
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Astrophysical model and combined fit
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Astrophysical model and combined fit

|nject|on 3d setup:

i @) it) T )| omogeneeus becorouna |
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Astrophysical model and combined fit

|nject|on 3d setup:
By * homogeneous background #
i (Bings Aing Feus ﬁ :
" (1018 ) ( H;é)l — SFR or flat evolution
* + catalog sources '
(SBGs / y-AGNs / Cen A)

distance, flux weight, direction
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Astrophysical model and combined fit

|nject|on 3d setup:
By * homogeneous background #
i (Bings Aing Feus ﬁ :
" (1018 ) ( H;é)l — SFR or flat evolution
* + catalog sources '
(SBGs / y-AGNs / Cen A)

 weight with signal fractlon.
(defined at 40 EeV)
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Astrophysical model and combined fit

injection:
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3d setup:
 homogeneous background
— SFR or flat evolution

e + catalog sources
(SBGs / y-AGNs / Cen A)

- weight with signal fractio

propagation:

e
» database CR/Propa r_/ff BN

1d + reweighting
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magnetic field qurrlng
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Astrophysical model and combined fit

injection:
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3d setup:
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modeled observables:
(include detector effects)

shower depth distr

S

e + catalog sources
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propagation:
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Astrophysical model and combined fit

injection:

E. .
inj
an_] EID] ’1111] (1018 eV) fcut(ﬂ@

Likelihood function:
- determine free parameters

log £ =log Lp +10g Lx,,. +10g Laps|

modeled observables:
(include detector effects)

shower depth distnbutl ns
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3d setup:

 homogeneous background
— SFR or flat evolution

e + catalog sources
(SBGs / y-AGNs / Cen A)

- weight with signal fractio

propagation:

o
- database CR/Propa r_/ff o

1d + reweighting

. r|g|d|ty-<jependent _ § = |

magnetic field blurring
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Best-fit arrival directions

60
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Fitted energy spectra
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hard injected spectrum «<E*, dominant N contribution, small maximum energy ~2 EeV

e contribution of Cen A region fitted consistently: f, ~ 3%
> independent of systematics & evolution
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Significance
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~How much better does the model with catalog sources fit than one with just homogeneous background?*
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Significance
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The V'AG N mOdEI with strong evolution o«c(1+z)°

 arrival directions test statistic negative

|- T
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The V'AG N mOdeI with strong evolution o«c(1+z)°

 arrival directions test statistic negative

* flux dominated by faraway blazar
Markarian 421 (~130 Mpc)

> catalog based on y-ray flux (favors blazars)

> not compatible with Auger data

| —
0.95 1.00 1.05
pdf/B
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The V'AG N mOdeI with strong evolution o«c(1+z)°

 arrival directions test statistic negative

* flux dominated by faraway blazar
Markarian 421 (~130 Mpc)

> catalog based on y-ray flux (favors blazars)

> not compatible with Auger data

* influence of EGMF?
> pest-fit extremely strong
> arrival directions still not well enough described

> mainly Cen A present

0.95 1.00 1.05
pdf/B

- discard y-AGN model with flux «< y-ray emission
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Conclusion

first-time combination of all 3 observables in 1 model

« SBG model: 4.50 (including exp. syst. uncertainties)
2 main contribution to TS (~20 of 26) from Cen A region

 Y¥-AGN catalog can be discarded for the first time o 1*

2 CR flux proportional to y-ray flux disfavored
. T: 10%7 Auger +0.4 oy
* results under assumption of turbulent » coherent g A
- - - . . . A=24
Galactic magnetic field (at least in source directions) 3 — Ao
3 —— A=23-33
% —— A>38
. . ) . 21036 ----— catalog /U
* publication submitted to JCAP, available at: W s 2 4/ WN
arXiv: 2305.16693 W N S
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Backup
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Flt melthOd Y Rew  fo 0y int. H int. He int. N int. Si int. ..Fe

E- H
ST A T | P i | A i B . A
« for each model: = I | i . )
. . J__“_ 4 j » i i ] ' ] r [
2 MCMC sampler for uncertainties I |
08 1| Feut/ V) 18.24 1 . ] i & [k
2 gradient-based minimizer for best-fit (MLE) SR i Rt v Al r
01 03 ] T T T T
fo 0.34 J I L1
- estimate influence of systematic uncertainties: RN S| S
2 let fit determine best shift of E & Xmax scales W r' b\ .
0.5
) In
* compare model with catalog sources to a ,reference model® __
with same source evolution & (no) systematics I .,
> calculate test statistic: ;
N 0.5
TStot = > 2(log £77F — L)

Is; 0.5

OI)SZE,XH]&X .A.DS

SBG model posteriors

05
I.
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Modeling 3 observables

energy spectrum
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* energy spectrum
= sum over detected particles

e fold with detector resolution
e Poissonian likelihood:

log Lp —Zk log(p©) — log(k!) —

shower depth distributions
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» parameterize with Gumbel
distributions (EPOS-LHC)

e fold with detector resolution
& acceptance

* Multinomial likelihood function:

é a:)k'.am

LxXmax = H ka H (ka

%H 700 800 900

arrival directions

e 10W26V
RN

* likelihood function similar to
previous AD analyses

* but: pdf energy dependent
* in healpy pixels p:

Lap = H H pdfe? (vP)
e p
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Signal fraction & arrival directions

- define signal fraction:

weight catalog and background

> catalog contribution shaped
by propagation

> define signal fraction f;
> free model parameter

catalog
contribution

fo

— calculate arrival directions:

* arrival direction blurring _ %o
anti-prop. to rigidity: R/10 EV

* for each source in each E-bin:

add Fisher distribution

weight with contribution ‘
example:
Fe+ Si+N

e P energy
g
5
N
IoWE © .y P N
‘fca‘g ¥  + packground =~ pdf
;0\ ' A // ,;u\\\\ /,/ r;u\\ . //
highE. .. P
catalog®  +/( background = -
%\n\\\ _. ed // ’ —;\J\\\\ //// -30°
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Reference, m = 0 (flat) | Reference, m = 3.4 (SFR) | Reference, m = 5.0 (AGN-like)
Refe re n c e m o d e I s [} posterior MLE posterior MLE posterior MLE
= ¥ —2.181031 —2.25 —3.23+0% —3.00 —-3.021001 —4.0
logo(Rent/V) 18.187008 18.17 18.007002 18.10 18.0470-51 18.04
It Iy 6.5720 % 1072 T.0x 1072 | 9.0722 x 1073 < 10710 1859310 < 10710
res u S Ie 20703 x 107 20 x 107! [ 13702 < 107! 14 x 1078 | 45718 %1072 < 10710
In 6.0704 %1071 6.0x 107! | 72102 x 1071 71k 1070 | 81102 x 1071 88 x 107!
Is; 12702 x 1070 1.2 1071 | 1.2703 %1071 1.3 x 1071 | 1.0703 = 1071 8.2 x 1072
Ire 21708 %1072 1.9x 1072 | 26757 %1072 23x 1072 | 3871l x 1072 3.6x 1072
log b —270.6 + 0.2 —277.7+0.3 —207.0+ 1.3
Dpg (Ny = 14) 22.2 28.1 63.2
Dy, (Nxpoo = 74) 126.8 132.4 134.1
D 149.0 160.5 197.3
log LAps 0 0 0
log L ~250.5 —256.2 —274.6

Table 4. Results for the reference models of only homogeneously distributed sources.

Reference, m = 0 (flat) | Reference, m = 3.4 (SFR) | Reference, m = 5.0 (AGN-like)
posterior MLE posterior MLE posterior MLE
¥ 101734 —1.13 —1.341083 —1.30 —1.19704 —1.40
logo(Reut /V) 18.197502 18.19 18201005 18.19 18251004 18.25
Iy 48733 %1072 51 x 1072 [ 11T x 1072 <1071 11702 <1072 3.5 x 1078
Te 297041070 29 x 1071 | 1153 x 1070 13 x 1070 [ 35798 <1072 5.7 107!
In 53704 1071 52x 1071 | 64701 x 1071 64 %1071 | 59707 x 1071 6.8 x 107!
Isi 12704 <1071 1.2x 1071 | 18708 x 1071 1.8x 1071 | 28703 <1071 2.4 x 107!
Tve 22009501072 17 x 1072 | 57700 x 1072 4.8 %1072 | 9.375) x 1072 83 x 1072
vilo 1437321 —1.37 0.19+5:33 0.18 121752 117
VXmax /O —0.887022 —0.78 —1.62103 —1.53 —2.2375% —2.00
log b —257.94+0.1 —267.0£0.1 —280.3+1.6
Dayst 2.5 2.4 5.4
Dg (N; = 14) 12.2 20.8 21.8
Dx,... (Nx,.. =T4) 107.6 114.6 123.4
D 122.3 137.8 150.6
log Laps 0 0 0
log £ —237.2 —241.9 —251.3

Table 5. Results for the reference models of only homogeneously distributed sources including ex- . . % . .
perimental systematic uncertainties as nuisance parameters. Radboud University A Teresa Bister | 20.06.2023 | slide 25
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Source models:
results

Cen A, m = 0 (flat) Cen A, m =3.4 (SFR) | SBG, m = 3.4 (SFR) Cen A, m = 0 (flat) Cen A, m = 3.4 (SFR) SBG, m = 3.4 (SFR)
posterior MLE posterior MLE posterior MLE posterior MLE posterior MLE posterior MLE
¥ —0.891037 —0.65 —1.19%045 —1.41 —1.024043 —-1.25 7 —1.670%8 —2.21 —3.0079:23 —3.05 —2.77037 —2.67
log1o(Rout/V) 18.2075:55 18.23 18.21755 18.20 18.2470.0% 18.22 10g,0( Reut/V) 18.2370:04 18.19 18.10#5:02 18.11 18.1370:02 18.13
fo 0.07250% 0.029 0.07555 0.031 0.195577 0.23 fo 0167906 0.028 0057901 0.028 0171998 0.19
$ o 2.0 4.2 5.9 c N .
o/ 30550 R ) 143 188755 219 5o/° 56,5429 16.5 27,6427, 16.8 22,2473 24.3
In 5RYIE %1072 42x 107" | 12795 x 1072 3.0 x 107 | 1.270] % 1072 1.0 x 10~ I 5.OME %1072 T1x 1072 | 83720 < 1078 1.6x 107 | 64755 x 107 4.3 x 1077
+0.4 -1 —1 +3.8 _2 -1 +0.3 1 -1 oL ’ o083 ’ 64 "
Ige 27504 x 1071 35 %1071 | 99738 %1072 1.2x 107 | 11703 x 107 1.4x10 . 23108 L 10-1 1.0 101 | 1392 x 10-1 14 x 101 | 17598 x 10-1 1.8 x 10-1
I 56704 % 10-1 50x 101 | 67707 x 1071 6.8 x 10~ | 7.2700 x 10-1 7.3 x 10-1 ba o2 o4
N O0a X 2.4 X o7 & X “_0.6 X X - o403 1 . ~1| =+ 4403 -1 = —1 | - 4403 1 =40 10-1
_ _ _ _ 7 _ Ix 6.3708 < 1071 6.2x 1071 | 7.4X02 x 1071 7.3 x 1071 | 74703 x 10 7.4 % 10
Is 0.0t39 %1072 14 x 1071 | 15702 x 1071 1.6x 1071 | 12408 x 1071 9.8 x 1072 e s s s L . o . L
Ire 2310951072 1.8x 1072 | 51715 x 1072 44 x 1072 | 4771 5 1072 3.8 x 102 Isi 0-5253 x 1077 9.9 1075 11 9.2255 > 1075 L1 x 1077 ) 57237 > 107 5.4 > 10
By =) hg_gg T 023*8‘%3 013 0435*8'23% 010 Ire 1601 %1072 20x 1072 | 25705 x 1072 23 %1072 | 25705 x 1072 2.3 x 1072
o *0»94+8:§3 _0.97 4.60*8:3@ 145 71455+gi§§ 133 log b —264.040.2 —272.640.2 —266.9+0.1
logb —954.6 +£0.1 —9264.5 + 0.2 —958.6 + 0.2 Dg (Nj = 14) 22.3 28.5 33.3
Dsyst 2.8 2.1 1.9 Dxpose Nxp, =74) 124.9 130.6 126.2
Dg (Nj = 14) 13.6 21.9 25.3 D 147.2 159.1 159.5
Dx,oe (Nxpo =74) 107.4 113.6 112.7 log £ADs —10.5 104 ~133
D 123.8 137.7 139.9 log £ —239.1 —245.1 —242.4
log Laps 9.4 9.5 —13.5
log £ —228.51 —235.3 —232.4
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Source contributions to TS
CeDnA(m=3.4)

60
° Cen A region contributes TSap ~ 20 e

Which other sources are how important?
> test by removing from the catalog:

NGC 253 contributes TSap ~ 4-5

. NGC 1068 contributes TSap ~ 1
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The y-AGN model with EGMF / distance-dependent blurring

m=10
m =34

m = 5.0
AGN
AGN+EGMF
SBG
Cen A

. . . 10
include distance-dependent blurring:
8,
V8 + 32 d/Mpe s
Yt R/I0EV =
] 44
2
0 0 . - . — /
arrival directions now > isotropy: TSap=11.7 )
, B
. = 0
but: 5 = I ‘ WA :g - )
é ‘SM ”);; 05 _2'
2 model cannot reproduce//ﬁ ) : 4
. A 455

2 need extremely strong EGMF
(not compatible with limits in voids)

= arrival directions
dominated by Cen A,

> Detter as a
single source
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20.0
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1
pdf/ B

202 204

2
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SBG & Centaurus A models:

Cen A (m=0)
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Cen A spectrum =
NGC 4945 spectrum

— flux from that sky
region modeled
consistently
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Including systematics: spectra
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Xmax distributions
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Oyt e N g o gy
—— fit result —— fit result 5/725“_’ — fit result

185 19.0 19.5 20.0 18.5 19.0 19.5 20.0 18.5 19.0 195 200
lOgID(Ed(‘T / C‘-\lf) loglG(Edt‘t / C\/r) logm(Edet / C‘\«")
& 800 H oot . & 800 s 800 ..
° s i, 775 i 775
— — = ® — /P'_ o 4 e
~3750 i 3 T50(" o212 3 750( o
B o 2 0yt B 5 E oy 8 5 E st
?1725 " —— fit result fi 254 —— fit result ?5",725 N —— fit result

18.5 19.0 19.5 20.0 18.5 19.0 19.5 20.0 18.5 19.0 19.5 20.0
logyo( Eaer / €V)

logyo( Eaes / €V) log;o( Eaes / €V)
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Spectrum in Cen A region

60°

S 10% 20° around .,

¥ Auger, 20° around Cen A
1036 \ ==== 1odel. 20° around Cen A

—— model, total flux

e spectrum in Cen A region well described
g ! LY LY
190 192 194 196 198 200 202 * better x> by 10% - 40%
log o(Eaet / €V) for all angles, Cen A & SBG models
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Test statistic

compare likelihood to ref. model (just background - backup) o.arrival directions test statistic
TSw= Y. 2logL"=" - L5t y b
obs=F,Xmnax,ADs .
2 —&— SBG
f: 61 Cen A
SBG,m=3.4|Cen A, m=0.0|Cen A, m =34 g N
+ syst + Syst + syst :‘l:c
2_
TSw: |27.6 256 | 22.8 17.3 22.2 19.1 < A
TS |-52 —45 |-01  —-14 |—-04  —11 = 0 4
TSx,,.. | 6.2 2.0 1.9 0.2 1.8 1.0 9]
TSaps | 26.6 271 | 20.9 18.7 20.8 19.0 |
“H2 194 196 198 200 202 204
SBG model has highest TS=25.6 - 4.5 logio(Eser / V)
model has highest 15=29.6 ~ 4.90 « sum over E bins gives total TS
> increase compared to AD-only correlation e N0 Eree, SCAN!
> Centaurus region contributes dominant part: TS~20 » peaks could be from He, N, Si
> (E-dependent) arrival directions most important > compare to spectrum

> but: large uncertainties
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The Pierre Auger Observatory

* largest observatory for UHECRSs in the world (3000 km?)
* located in Argentina, close to Malargue

Loma Amarilla
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2 s e e
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-------
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ooooooooooooooooooo
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----------------------
ooooooooooooooooooooo
oooooooooooooooooooo
ooooooooooooooooo
.................
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N
MALARGUE

70

w1 hybrid detection:

Loé Leones

—60
_' 1660 water cherenkov
1 detectors (SD)
—40
—30
Los g
Morados_zo_
__ 27 fluorescence
**  telescopes (FD)
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