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Introduction

Present the results of the paper «Arrival Directions of Cosmic Rays ahove 32 EeV from Phase One of the Pierre
Auger Observatory» 2022 4/ 935 110 doi:10.3841/1538-4351/acdde

Aim: Release and study the amival directions of the e j
highest energy cosmic rays (E>32 EeV), at small and intermediate scale (<30°) = |

Context (spectrum and composition):
- 4features observed in the spectrum at the highest energies:
ankle, ~5 EeV (possible transition from Galactic to extra-galactic sources)

spectral in
107 = 7,=3.2940.02 £0.10
C =251 +0.03 0.0
[ 7,=3.05£0.05 £0.10
L y,=51203+0.1

J(E) x E* [km? yr' sr' eV?]

instep 10-15 EeV (possibly effect of Peters cycle, i.e. primary mass sequence)

toe 40-50 EeV UHECR horizon (GZK) or source exhaustion
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Composition measurements from Auger suggest that

the average composition grows with energy
(see also talks by L Perrone, £ Guido, A Condorelli...)
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The Pierre Auger Observatory

Loma Amarilla
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The largest UHECR observatory ever built - 3000 km (~Luxembourg)
Hybrid design

1600 water Cherenkov detectors to
sample the shower plane at earth (SD)

24 fluorescence telescopes
in 4 sites (FD)

Now undergoing an upgrade: «Auger Prime»: here we consider data from phase 1 (i.e. before Prime)

85% of sky coverage, angular resolution <I° above the ankle

Exposure at the highest energies/loosest cuts: 120000 km2 yr sr 20042020
40-70x larger than previous experiments (AGASA, HiRES)
9x larger than the northem complementary TA

Auger exposure > 32 EeV [km? yr sr]
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Previous anisotropy results from Auger

Auger, Science 2007 Auger, Science 2017 Auger, ApJL 2018
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The dataset

Largest dataset so far of events at the highest energies
Events measured by the Surface Detector of Auger, reconstructed Energy >32 EeV
From the 1st of January 2004 to the 31st of December 2020

Two different sets of events each with its proper selection and reconstruction:
2040 ‘Vertical’ events: zenith angle <60° Total exposure: 120,000 km2 sr yr
595 ‘Inclined’ events: 60°< zenith angle < 80° Total number of events: 2635

Selected when the station with the highest sienal is surrounded by at least 5 active stations

Di755§ribution of events above 32 EeV

32 chosen as the highest energy range for dipolar searches

2635 above 32 EeV

64/ above 50 EeV

261 above 64 EeV

36 above 100 EeV (0.1ZeW)
Most energetic event: 165 EeV




The dataset

The dataset, together with the code used for the analyses presented in the following slides is public
https://doi.org/10.5281/zenodo.6504276

Zenith angle, #  Azimulh angle, ¢ RA., o« Dec,d [ Cuomulative exposure

®O(Eauger = 32 EeV) - W =25°

Year JD uTC
8 . “ EeV km* sr yr

2019 314 1573399408 ns.6 —135.6 128.9 =520 166 111,900 757 Galactic
14.2 5.6 192.9 -21.2 165 9,800

2007 13 1168768186
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https://doi.org/10.5281/zenodo.6504276

Blind search

Search with little to no 2 griari: most prominent overdensity in the

whole observable sky

Parameter space is scanned in
. (R.A, Dec)

o Threshold energy 32 EeV < Eth< 80 EeV
o Top-Hatangularscale 1° <y < 30°

¢(EAuger 2 41 EeV) = w — 250
75> Galactic

latitude
o

longitude

N @
5 10
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Largest significance post:trial 2.2¢
found at (RA, dec)=(196.3°,-46.6°) or (I, b)=(305.4°, 16.2°)
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Threshold Energy, E,, [EeV]

Autocorrelation and correlation with astrophysical structures

Structures
Events in proximity of local astrophysical
structures
Scan in threshold energy, angle w

Autocorrelation

Pairs of events separated by given angular
distance
Scan in threshold energy, angle w

Search Ewn [EeV] Angle, ¥ [deg]  Nobs Nexp  Local p-value, fuin Post-trial p-value
Autocorrelation 62 3.75 93 66.4 25 % 10°? 0.24
Supergalactic plane 44 20 394 349.1 1.8 x 1077 0.13
Galactic plane 58 20 151 129.8 1.4 %1077 0.44
Galactic center 63 18 17 101 2.6 x 10~ 0.57
Galactic center Galactic plane
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Catalog-hased searches

CenA, jetted AGN NGC415, non-jetted AGN M82, starburst

Each source weighted based on

-luminosity distance to account for propagation
effects (Supposing an average composition above
32 EeV)

-electromagnetic emission to estimate UHECR flux

Uncut 2MRS catalog color coded in redshift

AGN activity

Accretion = X-rays from SwiftBAT (523 galaxies at 14195 keV)
Jet = y-rays from 3FHL (26 galaxies at 10 GeV-1TeV)

Star formation

Generic/stellar mass = IR from 2MRS (>40°000 galaxies 2.2 um)
Burst = radio from Lunardini+19 (44 galaxies, 1.4 GHz)

Result: 4f|ux limited samples Jetted AGNs, all AGNs, Starburst galaxies, all galaxies




Fisher search radius, 0 [deg]

Fisher search radius, 8 [deg]

Maximum likelihood fit with 2 free parameters:
- signal fraction o= (Fisotropic fraction)

Catalog-based searches  oaussian smoothing Size

Galaxies > 1 Mpc (IR) - E2 40 EeV &G Starburst galaxies (radio) - E2 38 EeV

\—// X Best-fit at E2 40 EeV

— 68% confidence contour

All catalogs have highest test statistics at Eth-38-
41 EeV, scale w=23°-2]1°, signal fraction a=6-15%

Post-trial significance 3.1 for jetted AGNS,
4.0c for Starhurst galaxies

2InL(u,8)/L(0,s)
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Maximum likelihood fit with 2 free parameters:
- signal fraction o= (Fisotropic fraction)

Catalog-based searches  oaussian smoothing Size

Fisher search radius, © [deg]

Fisher search radius, © [deg]

Galaxies >1 Mpc (IR) - E=32 EeV
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Gentaurus region

A priori motivation for a targeted search in this area:
A priori: prominent area in the Gouncil of Giants
Flagged area since the first anisotropy results (7e/cof current exposure)

Most significant overdensity present in the blindsearch
Driving hotspot in all the catalog based models

Centaurus region
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Evolution of the signals

Starburst significance was 400 in AplL2018, 450 at ICRC2019 :
'Q_; 25" m95% C.L. £ Emes%CL.
Drop in significance coincidet with a plateau of the Centaurus excess g
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Summary and outlook

We have huilt and released the largest dataset of cosmic rays at the
highest energies (ahove 32 EeV, «toe region»)

Search for anisotropy in their arrival directions lead to:
~4 o from search in Centaurus region, confirmed by catalog- based searches.
Largest signal from starbursts, mild catalog preference compared to others

Additional information and data Full-sky coverage

With AugerPrime addition of composition Auger only sees 85%cof the sky

information: celect the lighter, less deflected

component = Combination with Telescope Amray (10/cof
“Dumb test”: removing 25%simulated heaviest component Auger exposure) promising with the upgrades
gives 9o significance in the Centaurus region analysis AugerPrime and TAx4

TS growth rate ~ 2 units / year With TS(56) ~ 35
= Auger-only discovery without
composition information in 2025-2030

Extra: neutrons (and photons)

Another source of anisotropy could come from
neutrons from nearby (Galactic) sources.

Gonnection with large scales

Interconnection at the instep of the large
(ankle) and small/intermediate (toe) scales

Connect sky pattem maps in the local universe
with UHECR flux maps

The next years look very
promising for this field! 4
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Public data and code

https://doi.org/10.5281/zenodo.6504276

The dataset is available for public use
with the code to reproduce the results

The different analyses are split in two
subgroups:

° Targeted and Blind for blindsearch,
autocorrelation, astrophysical structures,
Centaurus region

o (Catalog Based

Auger2022_Anisotropy32EeV

DATA
— Dataset

— DataPath.h

— Time_exposure

— exXposure.cc

t

exposure.root

exposure.fits

Plots are produced by the scripts in Visuals

UTILITIES

utils

—

TARGETED AND

.cc,utils.h 4

BLIND

BLINDSEARCH

—_—

— 1_pvalue.cc

L localp.txt

— 2_penalize.cc

AUTOCORRELATION

—

— 1_pvalue.cc

\— fig2ac.root

— 2_penalize.cc

|

TARGETED
1

—— 1_pvalue.cc

}

—— 2_penalize.cc

fig5.root

fig2gc.root
fig2gp.root
fig2sgp.root

CATALOG BASED

- utils.cc, utils.h

- CATALOGS
MULTIWAVELENGTH

anaCRP3.root

propagate.py
propagate.cc

MODELSUHECR
~ 1_pre_trial.cc

fig3.root

fig4.root

Requirements: RJ@T*,I@F*I@-&IPi)’( 2-penalize.ce

The code adapts to different datasets, provided the source is changed in

VISUALS
N

- skymaps.py

-

— figl18.pdf

figl.pdf
fig8.pdf

- show_figures.py
| —» fig2.pdf
— fig3.pdf

— fig4.pdf

— fig5.pdf
L evolution.cc

—» fig6.pdf

— fig7.pdf
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https://doi.org/10.5281/zenodo.6504276
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Sky models comparison

Galaxies > 1 Mpc (IR) - Y = 25°
s Galactic

xt=

60° —— NGC 4 Virgd Cluster

73 —

s

-75° longitude

0.0 0.2 0.4 0.6 08 1.0
Model flux, ®(Eauger = 40 EeV) [arb. unit]

Starburst galaxies (radio) - W = 25°
75° Galactic

. —n ="

0.0 0.2 0.4 0.6 08 1.0
Model flux, ®(Eauger = 40 EeV) [arb. unit]

Jetted AGN (y-rays) - W = 25°
75° Ga|actic
60° _/‘,_i;ll}f:,i»i,.[___i lactic

15°

latitude
o

-
w

-75° longitude

i |
0.0 0.2 0.4 0.6 0.8 1.0
Model flux, ®(Eauger = 40 EeV) [arb. unit]

All AGN (hard X-rays) - W = 25°
7sc _Galactic

15°

latitude
o

-15°

-75° longitude

: |
0.0 0.2 0.4 0.6 0.8 1.0
Model flux, ®(Eauger = 40 EeV) [arb. unit]

All models capture the hotspot in the
Centaurus region (M83+NGC4945+CenA)

The starburst model adds the “warm-spot” in
the galactic south pole (NGC253)

Hotspot missing in the
(1,b) (280°, 75°) in the IR galaxies model

q)(EAuger =40 EeV) - Y =25°
75° Galactic

15°

latitude
- o

-
w
°

Iongitude_J

0 5 10 15
Flux [10~3km~2srlyr1]

Direct comparison between models shows mild 17
preference for including vs excluding SBGs (2-30)



Likelihood computation

Hl
TS evaluation TS = erﬂn % (4)
nft(u) = (1—a no(u) +a ZJ ;(u 9) \
(u) = (1—a)xn'°(u) +ax S5 5w 6)° (2) o ) w(u) 0

> wlug)’

Signal fraction

Contribution from each galaxy Directional exposure of the observatory

sj(u;0) = w(u) x ¢ja(d;) x exp (2(1'-1_:; e)) (3)

Count density in the H1 (signal) hypothesis Count density in the HO (isotropy) hypothesis

18



Evolution of signal

Evolution of TS, Signal fraction and search
radius as a function of Threshold energy

Test statistic, TS

Signal fraction, t [%]

Fisher search radius, 8 [deg]
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Table 4, Galaxies

[IMASS(K<11.75) » HyperLEDA).

PGC  Counterpart  Object Type  R.A, Dec (m-=M) eim-M) du eldu)fd HKi oK)
# # mag mag Mpe MAE  MAE
20128 NGCI109 ) 150.78 -26.16 25.566 0.02 1.29 0,007 G.57 0.4
20853  PGCO20653 G 152,75 -4.60 25,60 0.03 1.31 0,013 11.31  0.5d
28018 UGC05373 G 150.0 543 25,79 0.0 1.44 0.006 10.76  0.23
100169 PGC100165 G 31.52 GO0 26,16 02 1.7 0,092 0.60 0.24
GTI08 105152 G 33067 -51.3 26.46 0.03 1.96 0012 0.05 (.36
A238 NGCO3I00 G 13.72 -37.68 26.63 002 2,03 0,007 G658 (.36
1014 NGOO0S5 G 372 -30.2 26.62 XN 211 0.006 £.34 N.18
9140  PGCO0G140 G 6,18  -Ti.51 26.63 0.07 212 0.032 10.83 01
13116 TNGC02773 ) 5303 4770 26.69 0.2 218 0.002 0.8 n.1
249573 1104 ) 184,68 -T9.73 26.86 0.02 2,36 0.007 8.24 0.14
0844 TCdE62 G 266,79  -64.64 27.03 0.0 2,65 0.006 8.45 021
47495  UGCOE508 G 268 5491 27.07 0.02 26 0011 11.51 0.1
40004  UGCOTETT ) 186,92  43.4 27.08 0.02 2.6 a.011 10.45 n2
54392  ESO0274-001 G X566 4681 27.24 0.06 2.8 0.026 8.3 .34
51472 UGCO9Z40 G 218,18 44.53 27.26 0.02 282 (0,008 10,80 0,13
20023 NGC4190 G 183,44 36.63 27.26 004 283 .02 11.4 057
14241 PGCH14241 G G096 6T.14 2737 0.03 2,08 0012 5.24 0.16
4124 NGO0404 G 17.36  35.72 2747 0.02 2,08 0.007 T.53 0.02
20225 NGO4214 G 183,91 36.33 2747 00 2,08 0,002 5.008 n.21
AREEL NGO4163 G 183,04 36.1T 27.38 0.02 2,00 0,007 10,92 008
15488 NGOG0 G 68,2 T1.88 27.38 01 2,00 0.046 2.07 022
49050  ESO383-087 G 207,32 -36.06 27.62 0.02 .19 0.007 9.91 0.14
15439  PGC0H15435 G A8.01  63.62 27.63 0.06 3.2 0,024 1097 017
213496 NGO2403 G 114,21 G54 27.63 0. 3.z 0.004 .24 0.14
47762 NGO5206 G 203.43 -48.15 27.63 0m 1.21 0.006 .34 0.25
127001 PGC12T001 G A7.39 -61.25 36.55 0.07 240.7 .03 11.72  N.18

NoTE—44,113 entries within 250 Mpc. 17143 entries at dr. < 100 Mpe, 38,663 at do < 200 Mpc,
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Table 5, Starburst galaxies (Lunardini+ "19},

Lunardi Name Counterpart Host Type FR.A, Dec (m—M) ocim—-M) do oldu)/de #(1.4GHz) o($) Hag: in Aab+ "187

£ = mag MEE Mpe Jv Jv (Mo Yes,/ Xcheack)
NGOMEE NGCHEE SEm 3.72 -30.2 26.62 .01 1 0,006 0.37 N/A N
NGC1560 NGC1560 1B B7.7 Gid 85 27.63 0.03 32 0,023 0.4 N/A x
NGCO2403 NGC2403 5ABC 114.21 654 27.63 .01 3.21 0,006 0.39 N/A X
IC342 1C342 SAEc 5B68.T G651 27.68 0.03 3.44 0014 2.256 MNiA A
MNGC4a045 MGC4045 Shi 19637  -49.47 2rT 0.02 3.47 0005 6.6 MNiA A
NGCI0A4(ME2) hig2 a7 148,97 G9.68 2770 001 3.81 0,005 .20 MNiA e
MNGEC0253 MEC253 =ABEc 11.88  -25.20 2784 0.02 3.7 0009 6.0 MNiA '
N/A Clircinus Sh 213.29 -65.34 28,12 0.36 4.21 0. 186 1.5 NiA A
NGCHE2IB(NMET) 83 Sc 204.25 -20.8T7 28,45 0.02 4.9 00059 2,44 MNAA A
Maffei2 Maffei2 She 4048 0.8 28,79 012 .73 0.065 1.0 MNiA x
NGOG040 NGCH040 S5ABc I0e.TE O GOL1G 20,14 0.03 6.73 0,023 1.4 N/A by
NGC4631 NGC4631 SBod 150,53  32.54 20.33 0.02 7.30 0009 1.12 NSA by
NGCHIG4(ME1) 61 SABD 20248 472 20.87 0.02 5.509 0,005 1.3 MNiA A
NGCHIEE(MED) NGCHOEE Sheo 168,96 42.03 20.78 .01 G.04 0,006 (.36 N/A A
NGC2003 NGC2003 Sheo 143.04  21.5 20,85 011 0,33 0,061 0.44 N/A A
NGCEO1 MNGCRO1 Sh A5.64 4235 20,54 1.72 0.73 0.792 a7 MNiA '
NGC1068 MGEC1068 Sh A0LEE 0.0 anaz 0.34 10.6 0,167 4.85 MNiA e
MNECIE2H MGCAE2H S5Ehb 170,07 13.50 anz 0.34 11.0 0,167 0.47 MNiA A
NGC4818 MGC4818 SABa 154.2 -5.64 an.zr 0.33 11.3 0,162 0.45 MNiA M
NGCIE2T NGCIE2T S 170,06 12840 30.3 0.04 11.5 0018 0.46 N/A by
MNEC1804 MNGEC1804 Sa TE.93 -37.51 30.45 0.36 12.3 (.166 0.6 N/A X
NGC4303 nB1 She 16648  4.47 30,46 1 12.3 0,046 0.44 NAA X
MWGCAE21 NGCAE21 S5ABb 166.45  -0.04 30.47 0.20 12.4 0.134 (.36 N/A N
NGCOOEE0 NGCH60 Sa 2576 13.65 30.6 1.31 12.6 0,603 0.37 N/A A
NGC4254 MNGC4254 Sc 184.71  14.42 anTv 1.13 14.3 0.62 0.37 MNiA M
NGCE240 MNGOa240 50-a 253.26 2.4 35,18 013 108.6 0085 0.656 MNiA e

NoTE—d44 entries within 250 Mpc

. 43 entries at dr < 100 Mpe, 44 at dy < 200 Mpe.
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Tuble 8, Jetted and non-fetted AGNs (Suif-BAT 105 months),
BAT10S Name Counterpart AGN Type RA, Dee m=M] sim=M] do oldi)/de  ®14 = 185 kel aid] flag: ref. [m = M)
# : mag mag Mpe 1007 % grgem™ 6™ 107 ergem™ 87! (HyperLEDA/NED)
J1305, 4-4525 NGO Svid 15,37 4847 T .02 J.4T e 2531 NiA H
JOBES, G+6807 MEL svl.h 148594 6404 27. 7R 001 3.6 0,009 20,3 NiA H
J1325.4-4301 Condf Beamed AGN 201,37  -43.02 27,83 PR J.68 L 1adn 3 NiA H
J1412 9=6522 Clireinns Sy 413,29 -83.54 28.12 .34 4.21 0,164 T4 NiA H
J1Z10, 543024 MGO4151 L 183,84 3441 28,30 143 4,70 0,70 G154 NiA H
J1E02, 545552 NGO4305 Svid 186,43 43,54 28,30 0. 4,70 U003 27.5 NiA H
JO420, 05457 NGULH6E L G486 5484 20,13 1,16 6.7 0,334 18.5 NiA H
J1Z18.444720 M108 svl.h 184,73 47,24 28,41 0. T.62 U003 24,0 NiA H
J13E 944710 Mol Svid ik 48 4T3 20,67 0.0 .50 e 183 NiA H
JO242,840000 NGOLEE svl.h 40,66 .0 a1z .34 1.6 0157 AT NiA H
JITIT. 1-6248 NGORI00 Svid 2320 -0d.B3 G015 .04 107 041 a6.4 NiA H
J1E03, 044455 NGCH051 i 180,78 44.32 a0 2k .33 11.4 A 161 42.5 NiA H
J1632.0-39138 NGOEII Svid 453,18 3823 a0 0,62 11.7 U, 284 22.4 NiA H
J1EE4+4340 NGO4138 avid 183,33 4&.7 J0.7 2,25 13,8 a11a 24.4 NiA H
JILET. 8+5520 NGO vl.h 17448  55.44 a0.Ta 2,14 14.0 O OET 18,2 NiA H
J2EEE. 82602 NGOTINY svl.h J38.55  -26.05 31,03 2,25 1.1 A11a ard NiA H
J1432, 54412 NGO avid 418,19 -34.15 31,03 1.0 1.1 L IhE NiA H
J1001,T+5545 NGO Svi 13048 35,067 31,16 0,32 17.1 0,147 a7 NiA H
J1341, 945557 NGOEITI S 205,47 3564 31,16 0,12 17.1 0,080 160 NiA H
J1E0T. 844511 NGOH11T Svi 181,493 43,12 31,18 .54 17.2 U4 12,9 NiA H
JO333,6-3607 NGOL365 Svi oE4E -36.14 31.1% 0.0 17.5 e 6.5 NiA H
J0241,3-0816 NGOL0E2 Beamed AGN 40,20 =524 al.22 .11 17.5 U0l al4 NiA H
J1132,7+5301 NGOATIE svl.h 173,42 331 31,25 .84 17.8 .41 12,2 NiA H
J1E0E. 245243 NGO41032 Sva 181,09 33,71 41,20 2,25 14.1 a11a a1 NiA H
JE318,4-4223 NGUTHED Svi G486 42,57 31,41 0.1 18,1 U0 B2.3 NiA H
JOE34,E5-6026  IMASXKIOGIE00E-8016155 avl 53,7 -80.27 a6, Gk 0,06 2459 L, 0e 0.7 NiA H

NoTE—523 entries within 250 Mpe., 200 entries at oy < 100 Mpe, 4558 at oy < 200 Mpe,
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Table 7. Jotted AGNs [Fermi-LAT 3FHL].

SFHL Name Counterpart Jetted AGY Type R.A, Dee im=0M) eim=M) d1 aldu)fde 20001 =1TeV) =i d] flag: in Aab— "187
? ? mag mag Mpe 10 % em™ 8™ 10 em” (o Yes)
J1525,5-4300 Cend RDG 20147 4308 27.83 {0,043 .64 0.014 1.54 2,23 Y
J1230.5+4+1223 MET RDG 187,71 123% 31.12 (0,06 16T 0,058 0. B 0.z Y
JO3226-3T13 FornaxA RDG alkey <4741 31.55 {0,043 0.4 0.014 0,48 .14 '
J1546,2-6026 CenB RDG 0.7 8041 33.71 0.2 it ) 0,134 .64 .14 '
JOA16, 844130 NGC1XTs RDG 4585 41,51 34 .46 {05 TE.0 0087 14,17 0.87 Y
JO316.6+4120 [C310 RDG 4418 41,33 4.5 0.1% 4.2 LT [ .14 Y
JO153.5+7115 TXS0148-+T10 BCU 2856 V1.3 33.07 2,13 1053 0,06 hdd 12 Y
JOE0E 4+0408 MNGC1218 RDG 47.11 1.11 33.48 0,13 124.7 0,00 .54 .14 '
J1104.4+3812 MkndZl BLL lag.l 3831 43.63 13 1887 0,053 ol.a35 1.44 Y
J1BES, 543045 Mkn&0l BLL 25347 dBTE 33.91 0.1 152.1 0. Qi 18,17 02,74 Y
JO131. 145546 TX50128+56 BCU 22,81 Bh.Ta 36,06 0.1 162,50 0,044 0,3 0,12 '
J1548, 6--0452 CGOGOs008S BCU 23680 487 Ji.26 0,0 178.6 0041 0. 6E o7 N
JO225.0-1118 1RXSJ022514.6-111741 BLL Ja.sl  -11.34 36,51 0, 162.5 0,041 0.4 .14 '
J2RT 045142 1ES2344+314 BLL 356,76 51.69 JG.47 {08 156,58 0087 342 .31 Y
JOB16.4-1311 PRINIDBIE-1511 BLL 134,11 <162 36.51 (0,08 200.4 00T 271 .33 '
J1136. 5470089 Mknl&D BLL 1v4.11 7O 1& 36,54 {,08 20,2 00T 1.74 .21 Y
J1BED S+6508 1ES195%+850 BLL 20097 6616 Jd.63 {,08 211.5 00T a4 .44 Y
J1EB4T 644850 SH51646-+450 BLL 2315 4bEd 36,64 {,08 212.5 00T .48 0,12 '
J1517.6-2422 APLibrae BLL 2243 <3497 Jd.68 0,07 216.8 0.0 3. 76 0,47 Y
JO214.545145 TX50210+515 BLL J4.65  BLTY 6.7 11 21B8.5 00851 042 0,12 Y
J150E, 846050 ACET1 BLL 271,71 BhA2 8. 77 0,07 2258 0,0l 1.3 .14 N
J1853.0-4413 FPR51348-434 BLL 208,234 44,21 38,70 0,07 228.0 0.0 0,3 0,12 '
JO200,1-4108  TRXSI020021, 0410836 BLL Ji0s 41,14 36,85 0,07 2544 0,053 .51 .14 N
JOB2T,1-3528 PRS0EZ5-35 BLL ga.78  -35.44 Jd.80 0,07 238.8 0.0 1.51 .24 Y
JE035 445210 1E82037+3521 BLL a8 5233 Jd.80 0,07 2358.8 0.0 0. 58 .13 '
JO525.0-3627 PRS0DEZ1-36 BLL .76 -3G.44 36,91 0,07 241.0 0,0 11T .21 ™

MOTE—26 entries withio 250 Mpe. 8 entries at 4 < 100 Mpe, 14 at dy < 200 Mpe,
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Jetted AGN model (EPO1st)
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Observed Excess Map - E > 41 EeV
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Starburst model (EPO1st)

Starburst galaxies (radio)
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All Galaxies model (EPO1st)

Galaxies > 1 Mpc (IR) - E > 40 EeV
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Summary

amplitude

Intermediate-scale signal, a

Large-scale R.A. residual modulation, r

SBG 9% 7%

All Galaxies 15% 4%

Jetted AGN 6% 6%

All AGNs 8% 6%
typical uncertainty + 5% + 4%

pros/cons

Intermediate-scale signal, a

Large-scale R.A. residual modulation, r

SBG

Best match (TS~25)

Inferior match (r=0 within 1.5-20)
Compatible with 2MRS

All Galaxies

Inferior match (TS~18) due to Virgo excess

Best match (r=0 within 10)

Jetted AGN Inferior match (TS~17) due tepid spot deficit Inferior match (r=0 within 1.5)
Incompatible with 2MRS
All AGNs Inferior match (TS~19) due tepid spot deficit Inferior match (r=0 within 1.5)

Compatible with 2MRS
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Likelihood test for anisotropy with astrophysical catalogs

We expect that brighter objects contribute more to the flux, and we want to take into account interaction:
» Likelihood Method (for details see The Pierre Auger Collaboration - AplL, 853:1.29 (2018) )

Probability maps built including:

- Weight objects by their relative flux in the corresponding electromagnetic wavelength
- Different attenuation due to different distances to sources taken into account

- A smearing angle @ around each object to take into account magnetic deflections » First free parameter
- Source fraction (rest isotropic) » Second free parameter (f, ;)
- Directional exposure normalized to the total number of events

Test statistic defined as the ratio of likelihoods: TS = 2 Log [£ (s, f,,;))/ L (= 0) ]

Scan in energy thresholds 32 EeV < Eth < 80 EeV [1 EeV steps]
Test 4 different catalogs
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Discussion

GenA
Most contributing source to
2MRS, y-AGNs ant Swift-BAT

NGC 4945

Most contributing source to
starburst

NGC 253

2"d_most contributing
source to starburst

B 180 % - :, _

(0) @duedyIUSIg [0
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Model Excess Map

Model Excess Map - Starburst galaxies - E > 38 EeV
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