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Pierre Auger Observatory (Auger)

ek The world’s largest UHECR observatory 3000 km?

AUGER
OBSERVATORY (2004 - ) completed in 2008
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An observation of a dipole above 8 EeV

AUGER

Harmonic analysis in right ascension «
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A directional reconstruction of the dipole

AUGER

6.5% dipole amplitude
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The flux-weighted dipole from IR galaxy distribution in
2MRS points to (I,b)=(251°,38°) — ~55° from observed
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Accounting GMF deflections
T [Jansson and Farrar ApJ 757 (2012) 14] ' Improves agreement

Z~17-5 at10EeV > E/Z~2-5 EeV observation - 2MRS
[Auger Coll. PRD 90 (2014) 122006]

O. Taborda et al., ICRC 2017 5
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Figure 6. The magnitude of the dipole as a function of the en-
ergy threshold E,,;, for the three injection models and two GMF
models we considered. The points labelled “Auger + TA 2015”
and “Auger 2017”7 show the dipole magnitude reported in Deligny
(2015) and Taborda (2017) respectively. The dotted lines show
the 99.9% C.L. detection thresholds using the current and near-
future Auger and TA exposures (see the text for details).
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INDICATION OF ANISOTROPY IN ARRIVAL DIRECTIONS OF ULTRA-HIGH-ENERGY COSMIC RAYS THROUGH
COMPARISON TO THE FLUX PATTERN OF EXTRAGALACTIC GAMMA-RAY SOURCES

THE PIERRE AUGER COLLABORATION
(See the end matter for the full list of authors.)

ABSTRACT

A new analysis of the dataset from the Pierre Auger Observatory provides evidence for anisotropy in the arrival
directions of ultra-high-energy cosmic rays on an intermediate angular scale, which 1s indicative of excess
arrivals from strong, nearby sources. The data consist of 5514 events above 20EeV with zenith angles up to
80 ° recorded betfore 2017 April 30. Sky models have been created for two distinct populations of extragalactic
gamma-ray emitters: active galactic nuclei fron@he second catalog of hard Fermi-LAT sources (2FHL) and

2starburst galaxies from a sample that was examined with Fermi-LAT. Flux-limited samples, which include all
types of galaxies froni the Swift-BAT an MASS surveys, have been investigated for comparison. The sky
model of cosmic-ray density constructed using each catalog has two free parameters, the fraction of events
correlating with astrophysical objects and an angular scale characterizing the clustering of cosmic rays around
extragalactic sources. A maximume-likelihood ratio test 1s used to evaluate the best values of these parameters
and to quantify the strength of each model by contrast with 1sotropy. It is found that the starburst model fits
the data better than the hypothesis of 1sotropy with a statistical significance of 4.0, the highest value of the
test statistic being for energies above 39EeV. The three alternative models are favored against 1sotropy with
2.7—3.2 0 significance. The origin of the indicated deviation from isotropy 1s examined and prospects for more
sensitive future studies are discussed.

Keywords: astroparticle physics — cosmic rays — galaxies: active — galaxies: starburst — methods: data
analysis



Starburst galaxy (SBGs)
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Assumption: UHECRSs flux proportional to non-thermal photon
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An attenuation factor of the flux map
Scenario A: EPOS-LHC, hard injection y=1.0 Scenario B: EPOS-LHC, y=2.0
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Figure 3. Top: simulated energy spectrum of UHECRs (multiplied by E?3) at the top of the Earth’s
atmosphere, obtained with the best-fit parameters for the reference model using the procedure de-
scribed in section 3. Partial spectra are grouped as in figure 2. For comparison the fitted spectrum UHECR-air interactions.
is reported together with the spectrum in [4] (filled circles). Bottom: average and standard deviation
of the Xy« distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model

(brown) versus pure 'H (red), “He (grey), N (green) and °°Fe (blue), dashed lines. Only the energy : :
range where the brown lines are solid is included in the fit. Pierre Auger Collaboratlon, JCAP 04’ (2 017 ) 038 10

Figure 4. Same as figure 3 at the local minimum at v = 2.04, SPG propagation model, EPOS-LHC



Table 2. Populations investigated

SBGs 1[°] b[°] Distance® [Mpc] Flux weight [%] Attenuated weight: A/B/C [%] % contribution®: A /B /C [%]
NGC 253 974  -88 2.7 13.6 20.7/18.0/16.6 35.9/32.2/30.2
MR82 141.4 40.6 3.6 18.6 24.0/22.3/21.4 0.2/0.1/0.1
NGC 4945 305.3 13.3 4 16 19.2/18.3/17.9 39.0/38.4/38.3

M33 314.6 32 4 6.3 7.6/7.2/7.1 13.1/129/12.9
IC 342 138.2 10.6 4 5.5 6.6/6.3/6.1 0.1/0.0/0.0
NGC 6946 95.7 11.7 5.9 3.4 3.2/33/3.5 0.1/0.1/0.1
NGC 2903 208.7 44.5 6.6 1.1 09/1.0/1.1 0.6/0.7/0.7
NGC 5055 106  74.3 7.8 0.9 0.7/0.8/0.9 0.2/0.2/0.2
NGC 3628 2409 64.8 8.1 1.3 1.0/1.1/1.2 0.8/09/1.1
NGC 3627 242 644 8.1 1.1 0.8/09/1.1 0.7/0.8/0.9
NGC 4631 142.8 84.2 8.7 2.9 21724727 0.8/09/1.1
M51 104.9 68.6 10.3 3.6 2.3/2.8/3.3 0.3/047/0.5
NGC 891 1404 -174 11 1.7 1.1/13/1.5 0.2/03/0.3
NGC 3556 148.3 56.3 11.4 0.7 0.4/0.6/0.6 0.0/0.0/0.0
NGC 660 141.6 -47.4 15 0.9 0.5/0.6/0.8 0.4/0.5/0.6
NGC 2146 135.7 249 16.3 2.6 1.3/1.7/2.0 0.0/0.0/0.0
NGC 3079 157.8 48.4 17.4 2.1 1.0/14/1.5 0.1/0.1/0.1
NGC 1068 172.1 -51.9 17.9 12.1 5.6/7.9/9.0 6.4/9.4/10.9
NGC 1365 238  -54.6 22.3 1.3 0.5/0.8/0.8 09/15/1.6
Arp 299 1419 554 46 1.6 0.4/0.7/0.6 0.0/0.0/0.0
Arp 220 36.6 53 80 0.8 0.1/0.3/0.2 0.0/0.2/0.1
NGC 6240 20.7 27.3 105 1 0.1/0.3/0.1 0.1/0.3/0.1
Mkn 231 121.6 60.2 183 0.8 0.0/0.1/0.0 0.0/0.0/0.0
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Results of the correlation analysis
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Figure 1. TS scan over the threshold energy for SBGs and AGNs (Left) and Swift-BAT and 2MRS sources (Right), including
attenuation (light-dashed lines) or not (darker-solid lines).
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Starburst galaxies - E > 39 EeV
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Figure 2. TS profile above 39EeV (7Top) and 60EeV (Bottom) over the fit parameters for SBG-only and YAGN-only models (Left)
and for composite models including both SBGs and YAGNs with the same free search radius (Right). The lines indicate the

1 -2 0 regions. Pierre Auger Collaboration, Astrophys.J. 8563 (2018) 129



Observed Excess Map - E > 39 EeV

# events per beam

# events per beam

Best fit results

Observed Excess Map - E > 60 EeV

# events per beam

Beam size
Nevu =15

Model Excess Map - Active galactic nuclei - E > 60 EeV

# events per beam

Beam size
Nom =15

Pierre Auger Collaboration, Astrophys.J. 853 (2018) 1.29
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Table 1. Results - Scenario A 1S

Test Null Threshold TS  Local p-value  Post-trial 1-sided AGN/other = SBG  Search
hypothesis hypothesis energy’ P,2(TS,2) p-value  significance fraction fraction  radius
SBG + ISO ISO 39EeV 2409 3.8 x107° 3.6 X107 400 N/A 9.7 % 12.9°
~vAGN + SBG + ISO vAGN + ISO 39EeV 14.7 N/A 1.3x10™ 370 0.7 % 8.7 % 12.5°
~AGN + ISO ISO 60EeV 152 5.1x10*  3.1x107° 270 6.7 % N/A 6.9°
vAGN + SBG + ISO SBG + ISO 60 EeV 3.0 N/A 0.08 1.40 6.8 % 0.0 %" 7.0°
Swift-BAT + ISO ISO 39EeV 18.2 1.1 x10™ 8.0x 107* 320 6.9 % N/A 12.3°
Swift-BAT + SBG + ISO  Swift-BAT + ISO  39EeV 7.8 N/A 5.1x107° 2.6 0 2.8 % 7.1% 12.6°
2MRS + ISO ISO 38EeV 15.1 52x107* 3.3%x107° 210 15.8% N/A 13.2°
2MRS + SBG + ISO 2MRS + ISO 39EeV 10.4 N/A 1.3x 107 300 1.1% 8.9 % 12.6°

“For composite model studies, no scan over the threshold energy is performed.

b Maximum TS reached at the boundary of the parameter space.

+ Warmspot: Cen A (AGN), M83 and NGCA4945 (SBG)
+ Galactic south pole: NGC1068 (SBG), NGC253 (SBG)
+ Additional galaxies (Swift-BAT and 2MASS) are not favored

ISO: 1sotropic model.

Pierre Auger Collaboration,

Astrophys.J. 853 (2018) .29 , L ,
+ Composite model: SBG contributions are dominated



SBG flux pattern using best parameters of Auger
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TA/Auger joint analysis?
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