Anisotropy studies of the arrival directions of
cosmic rays at the highest energies with the
Pierre Auger Observatory
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The highest energy particles
' Unanswered questions about UHECRs %

el . Yo reed tounderstand
 * Where do they comefrom? [ . * Composition

* How they reach E > I02° eV = IOO EeV’ i * '.Prod'uctio'n sources

Rk Can we extrapolate hadronic models pAcceleration mechanisms

_ orders of maghitude in energy?

See talk by Eva Santos
(yesterday)
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The search for UHECR sources

* Cosmic rays: observed at energies of more than 1020 eV

* Most energetic particles known in the universe

* Search for sources is challenging: charged particles deflected by magnetic fields

* Magnetic fields: difficult to study and their modeling is far from being complete

* Above a few tens of EeV: deflections small enough, directional information for small
charges

* The cosmological volume within which UHECRSs sources should be sought is limited

* CR interact with photon backgrounds, mean free path for energy losses depends on
their mass and energies

* At 100 EeV, protons and iron: 200-300 Mpc, intermediate nuclei He, N: 3=-6 Mpc

* Sources of UHECRs must be in the local universe!



Two approaches to search for anisotropies

Large scale anisotropies can be present at all energies

11 | | | | |
* Propagation from extragalactic sources distributed ool ]
anisotropically 1.04
. . . . . . 1.02
* Diffusion from individual extragalactic sources P IS, St S

* Diffusive escape from Galaxy of CRs from galactic sources 3132

* Compton-Getting effect due to the Earth motion in the CR 0.94 I data E>8 EeV i |
p g 0.92 |

Normalized rates

rest frame 09 1 1 flrs} harmcl>n|c 1
360 300 240 180 120 60 0
Method: Rayleigh analysis in right ascension (and azimuth) Right Ascension [deg]

Challenge: control exposure and event rate down below < % level Pierre Auger Collab., Science, 2017

Bootes Coma )
percluster Cluster Ophiuchus
(0.061) (0.023) Cluster
(0.028)

Corona Borealis
Supercluster (0.072) Su

eeeeeeee

Virgo Cluster (16 Mpc)

Leo Supercluster (0.032)
e~ Shapley Concentration (0.048+)

Small-intermediate scale anisotropies can be present

in the suppression region
: : C.J;?s:u%s.arg ¥ _ VR i
At UHE, cosmic rays have reduced horizon and maybe enough
rigidity to point back to their sources
Method: Comparison of UHECR arrival directions with catalogues of -, e
astronomical objects B =V

Challenge: control of exposure and trial factor (energy, angle...) 2MASS Survey, Astrophys. J., 2011



Large scale: weighted harmonic analysis

* Search for harmonic modulation in right ascension and azimuth: r = o Or ¢
2 & 2 &
*  Fourier coefficients of order k (| or 2) ai — W Z w; COS(sz’), bl;; — W Z w; Siﬂ(k%')
1=1 1=1
*  Amplitude, % — \/ z)2 z)2 " ph E = l1‘»a1fl_1 b—i
e =V (a)" + ()7, phase ¥ =g ay, Zenith Shower
y aXIS

-
-
-
-

*  Weights: small variations in coverage and tilt of the array
—1
w; = [ANCBH (a?) (1 + 0.003 tan 0; cos(¢p; — qbo))}
“ N\ ' 7 ot

7 ."

k\-‘"‘4‘-"“- - e W

number of active right ascension of the average tilt of
detector cells zenith of the observatory the array ¢ = —30° & | | \
'\ ¢ East
(i by
Dipolar modulation: d, ~ L d, ~ :

<COS ) > oS Lops (sin )



Normalized rates

Harmonic analysis above 4 EeV

E (EeV) N d, d, d aq|°] dal°] P(> re R. de Almeida, for P.
4-8 | 106,290 | 0.01*0-9%¢ | —0.012 +0.008 | 0.016*0-9%8 | 97+29 | —48+23 | 1.4x 10-! | AugerCollab.. ICRC
0 - = 2021
8-16 32,794 0.055’:8:85; —0.03 £ 0.01 0.063‘:‘(’)&1}; 95+10 | -28+% | 3.1x 107’
16-32 9,156 | 0.072°* gﬁé —0.07 £ 0.03 0.10‘:‘())1%3 81+15 | —43*1% | 7.5x107*
>8 44,398 | 0.0597)00% | —0.042+0.013 | 0.073*2910 | 95+ 8 36% | 5.1x107"" | = 6 6o
0.04 + +0.05 + 16 -2
>32 2,448 0.1175 3 —-0.12 £ 0.05 0.16% 0 | 139+19 | —477 2 | 1.0x 10
1.4 % 10—9 ApdJd 2020
Significance of the first harmonic modulation became larger as the exposure increase 26 x 10~8 Science 2017
6 X 107° ApJ 2015
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l 1 | |
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300

250

200

150 100

Right Ascension [degrees]

50

4-8 EeV bin: consistent with isotropy P(Z r) — 1.4 x 101
> 8 EeV bin: P(Z r) — 5 % 1()_11 =95 £+ &

Evidence of large scale anisotropies above 8 EeV

(detection above 50 accounting for the
null results in the other energy bins)


https://pos.sissa.it/395/335
https://pos.sissa.it/395/335
https://pos.sissa.it/395/335
https://pos.sissa.it/395/335
https://arxiv.org/abs/1808.03579
https://arxiv.org/abs/1808.03579
https://arxiv.org/abs/1411.6953v3

Dipole reconstruction

suposing a pure
dipolar distribution

E> 8 EeV:

Galactic
center

60°

Equatorial coordinates

Flux sky map E > 8 EeV

dipole amplitude:

E (EeV) N d, d; d aql®] | 6al°] | P(=rf
4-8 | 106,290 | 0.01*299¢ | —0.012+0.008 | 0.016*0-00% | 97 +29 | —48*2 | 1.4x 107!
8-16 | 32,794 | 0.055*0900 | —0.03+0.01 | 0.063*%913 | 95+ 10 | —28*]3 | 3.1x 107

16-32 | 9,156 | 0.072*992L | -0.07+0.03 | 0.10*%% | 81+15 | —43*}% | 7.5x 107
>8 44,398 | 0.059*)00¢ | —0.042 +0.013 5.1x 10~
>32 2,448 | 0.11*9% | —-0.12+0.05 oo Fe ] 1.0x 1072

7.3 9% +1'1%—0,9%

Dipole directions in galactic scenario

180 -
dipole direction

90
1
-90

PS1

~

Galactic coordinates

Extragalactic origin



Energy dependence of dipolar modulation

Dipole directions above 4 EeV
outer

spiral arm

(f, b) — (_10007 OO)

Split the E>8 EeV bin in three

gm"
§ . q 180° ) —180°
9 d(E) = dyo x (E/10 EeV)? - %
5 dyo = 0.050 + 0.007
. g =0.98+0.15
1072

10 50 —9Q°
Energy [EeV] 20

Galactic coordinates
dipole amplitude increases with energy
No clear trend in the evolution of

(energy-independent fit disfavored above 50) dipole direction with energy



Rmax= 6 EV, source density 104 Mpc-3

Amplitude

Dipole interpretation

Extragalactic Dipole and GMF

Models with mixed composition,

Dipole direction after accounting for JF|2
Dipole direction Galactic B field for E/Z = 32, 16,8 and 4 EeV

outside Galaxy

runifoﬁri
2MRS

1k data —=—

o
N

|

1.0

—
=)
=
o
wn
apnyiubew |eulblio Jo uonoely

0.01

Consistent with expectations

Energy [EeV]

0.0

-90  Quter spiral
arm Measured

dipole
Extragalactic dipole direction gets °

shifted towards spiral arms

Possibly due to the larger relative contribution
from nearby sources to the flux at higher energies



latitude

Highest energies: blind searches for overdensities

U(EAuger > 41 EeV) - Y =24°
750 Galacti_c

longitude

- -75°
N e
-4 =2 0 2 4

Li & Ma significance [o]

Search for excesses not specifying a priori the
targeted regions of the sky

* Li=Ma: compare cumulative number of events (Nobs)
given the expected on average from isotropic simulations

(Nexp)
* Scan in energy threshold in [32; 80] EeV, step of | EeV

* Scan in top-hat search angle W in [1°;30%], steps of I°

Most significant local excess over whole observable sky

* Eth = 4|EeV, W =24°
*x (a,8) = (196.30,-46.6°), (I, b) = (305.4°, |6.2°)

* Local p-value 3.7 x 10-8, Li&Ma significance = 5.40

* Global p-value = 3%
(after accounting the scan, penalty factor ~O(105)

The dataset above 32 EeV is available for public use

* with the code to reproduce the results (link)

P. Auger Collab, ApdJ, 2022



https://zenodo.org/record/6759610#.YzGXFOxBwhs

Autocorrelation and correlation with astrophysical structures

Structures Autocorrelation rutocomelation
o 80 T T T T T T E
* Events in proximity of local * Pairs of events separated S 750 - E
astrophysical structures by given angular distance g o0 S :
* Scan in threshold energy, angle W * Scan in threshold energy, v e -
* angle WV g 60
X | ‘% 555
o 50F
Search E:n [EeV] Angle, ¥ [deg] Nobs Nexp Local p-value, fmin Post-trial p-value .g 45-
[+}] E
Autocorrelation 62 3.75 93 66.4 2.5 x 1073 0.24 s B
Supergalactic plane 44 20 304  349.1 1.8 x 10~3 0.13 35 ]
Galactic plane 58 20 151  129.8 1.4 x 1072 0.44 o 3 Se;::h An;‘fe . f:eg] 25 30
Galactic center 63 18 17 10.1 2.6 x 1072 0.57
Supergalactic plane Galactic center Galactic plane
80F : I ] l | =1 80:""l""l""l""l""l"'_:_51 80:""1""1""1""ﬁ —§1
= 755 : E 755 = s 75 :
= 705 ! = 70C = = 70b _
F esk 100 @ w65 == ! 4 d1w0 g u esg g = = <10
> goE T > 60 e S > 605
5 ::é— i g 551 - E & 2 550 =il =
0 E E ".g 505_ E § T 50F 102
T 50:_ 102 3 re) - E 102 3 _8 45:_
= : £ 45— B @ :
L 45— E = (] =
44 = 3 - = & 40 =
o 40:_ = 401 — & E
&= - — = E 35
- 35:_ 35— = IR e 1073
= P PR 107 0 ‘é“"1l()““115"“2'0“"2‘5““30 1073 0 5 10 15 20 25 30
0 5 10 15 20 25 30 Search Angle, ¥ [deg]

Search Angle, ¥ [deg] Search Angle, ¥ [deg]

Y -
o
LR

Local p-value

—
o
0

Local p-value



Catalog-based searches

CenA, jetted AGN NGC415, non-jetted AGN M82, starburst .
it . e Each source weighted based on

* luminosity distance to account for
propagation effects (supposing an average
composition above 32 EeV)

* electromaghnetic emission to
estimate UHECR flux

AGN activity

* Accretion = X-rays from SwiftBAT (523 galaxies at
14- 195 keV)

* |et = Y-rays from 3FHL (26 galaxies at 10 GeV- | TeV)

Star formation

* Generic/stellar mass = IR from 2MRS (>40000 galaxies
2.2 |Um)

* Burst = radio from Lunardini+ |9 (44 galaxies, 1.4 GHz)

Result: 4 flux- limited samples: Jetted AGNSs, all AGNs, Starburst galaxies, all galaxies



Catalogue searches for intermediate scale anisotropies

Analysis strategy

Sky model probability maps:
w(u)

> w(u;)

Single population signal model H: n'(u) = (1 — a) x n™(u) + a X

Hy
Null hypothesis Ho: isotropy n (u)

Zj sj(u; ©)
>_i 2 5i(ui; ©)

(free parameters: @ and ®)

u - 11]'
Contribution to the UHECR flux from each galaxy: Sj(u; @) — w(u) X ¢ja(dj) X €xXp 2(1 COS @)

Modeled as a von Mises-Fisher distribution centered on the direction of the galaxy with a smearing angle ©
n (u;)

Test statistics: TS = 2log(H;/Hy) TS = 2 Z i > o H (u;)
n-0(a;

1




Fisher search radius, O [deg]

Fisher search radius, 0O [deg]

Catalogue searches for intermediate scale anisotropies

All catalogs have highest test statistics

Galaxies > 1 Mpc (IR) - E= 40 EeV Starburst galaxies (radio) - E= 38 EeV _ _ o o
50 50 o at Eth=38- 4| EeV, scale W=23"-27",
45 > 45 = . . — o)
oy 22 signal fraction a=6-15%
40 -~ 2 40 —20 =
g o 18 S
35 = %;* 35 |16 2
30 @5 30 2 s @ . e epe
3 © - 3 -
’s e R 2 ¢ Post-trial significance
] £ 2 110 S
20 = ~ § 20 E ~ .
E ) b e 3.10 for jetted AGNs
15 ] (IL) 5 15 = [ Iu_)
- c~ -
10 X Best-fit at E= 40 EeV — u‘L_’ 10 X Best-fit at E= 38 EeV = 4
5 —|68% conlfidence ccl)ntour = 5 | —|68% conlfidence ccl)ntour = ﬁ 4 .00 for Starbu rst gaIaX|es
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Signal fraction, o Signal fraction, «
Jetted AGN (y-rays) - E= 39 EeV All AGN (hard X-rays) - E= 39 EeV Nevents(= Eyp)
50 I L I 50 T 2000 1000 500 200 100
45 _f —16 o> 45 _f —18 25 :_ —a— Starburst galaxies (radio) E
= — 1 16 _ u - -0~ = Jetted AGN (y-rays) ]
40 — —14 > -5- 40 — > — ---e == Al AGN (hard X-rays) -
35 4 4o 3 5 35 = r -~ 20 — Galaxies > 1 Mpc (IR) E
30 E 2 30 112 g ]
. ) O —] ) - —
- 10 38 - 10 3 ..%’ 15 g
- £ 9 - 8 £ += 10 _~
= n @ JE6 n = 7
_ =~ _ [ ) —
. - : - - Attenuation model: -
10 X Best-fit at E= 39 EeV E B 2 10 X Best-fit at E= 39 EeV E o EPOS-LHC 1st minimum x ]
5 — 68% confidence contour = 5 — 68% confidence contour = PR SN S S N O S I S B i
[ A T R N AN T T SN N AN TR T MR SR A S S N 0 [ P T N AN R TR SR N NN TR T SR SR A S SR N O 35 40 45 50 55 6 65 70 75 80
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 Threshold energy, E, [EeV]

Signal fraction, a Signal fraction, «



Excess in the Centaurus region

Motivation:
. . , , , O(Epuger = 41 EeV) - W = 24°
* A priori: prominent area in the Council of Giants 7 Galactic
* Flagged area since the first anisotropy results (7% of
current exposure) "~ L ko
* Most significant overdensity present in the blind search ./ /4 S = 9§
. . . 2o o . i 4
* Driving hotspot in all the catalog based models : O\ * '
Results 30 N Y
* Correlation with structure (Cen A) plIS SN
* Direction fixed to CenA, scan in threshold energy and angle W " MacCal MNRAS. 2014
. mrE—C acCal, :
* 3.90 pOSt-tI"Ial ) Li&iﬂa sigr?ificancz [o] )
* for Eth=38 EeV, W=27" Excess=Nobs-Nexp=215-152=63
‘ ‘C?gfncul
Centaurus region L o G"i"ts
80:""1""l""l""l""l"":_§1 N | ®M64
%l 75;_ —; —é 10_1 CII’CII’IUS\& 9(\ i &/ =
L 70- =P \ NG4945 (@
W 65F =4 377 o -
5 605 — 103 8 Council of Giants is a ring of P “
- ~ A . . Milky Way M82
:Cj 551 104 T twelve large galaxies surrounding @Mm
T 50 o the Local Group in the Local Andr o =3
~ : 5 . . omeda
S 45c 10 Sheet, with a radius of 3.75 Mpc .C342
£ 40 10 oo P Ma\ﬁen'nlﬁe.z \
35E 1 1 C 1) 7 \‘ \\
0 5 10 15 10 6.25 Mpc . Siesectonuie )\

Search Angle, ¥ [deg]


https://www.semanticscholar.org/paper/A-Council-of-Giants-McCall/8e751ff59f888e3497cf0cc0f9b77bdf1379c47d?sort=relevance

Indication of mass-dependent anisotropy above 1018.7 eV

-~ —Data X/ ndf=427/147 |
: " — Linear Fi TS/yr)=13+009 |
Hybrid events 25 e i (TShr)=132009 |
2 - -~ Preliminary Data N
g 15: : ,,,,,,,,,,,,, | e §§:§ 4G
N - | ‘ . ) Bosess
2 10: A\ 4 3G
4 8 . =
-— 5: .............................. 20
'go A o lo
. .. —0G
o — N T S . . B
=3 ) 6 8 10 12 14 16 18 20
a ﬂ Years since 2000
EE
q m 840—_||1|||l||11“
Q 0 - —EPOS-LHC 59
3 820
'Cc_t‘? U 800}
(D —2 SR N
- g 780f
O 9
.y
> = 760f
3 ol
-4 g 740}
v <
. . ~ 720f
Galactic Longitude ol
i . off-plane
680~ ¢ all-sky |*| on-plane ]
N I T AT R T SR T SRR BT
Heavier composition on the Galactic Plane with 3.30 significance. 184 186 188 19 192 194 196

Ig[E/eV]

Rate of growth of test statistics :1.3 TS/yr
E. Mayotte, P. Auger Collab. ICRC2 021



https://pos.sissa.it/395/321/

Conclusions and prospects with Auger Phase 1 data
(2004-2020)

Large scale anisotropy:

* The first evidence of anisotropy at UHE.
* First observational evidence that the origin of UHECRSs is extragalactic.
* Above 4 EeV, dipole amplitude grows with energy.

* Phases close to outer spiral.

Small-intermediate scale anisotropy searches in the suppression region

* Indication of departure from isotropy ~40 from search in Centaurus region
confirmed also by catalog-based searches

* Starburst galaxy model provides the most significant indication that UHECRSs are
not isotropically distributed.

* The largest available dataset of ultra-high-energy cosmic rays above 32 EeV!



Thank you!




Backup slides



Evolution of the signal

Considering the best-fit parameters of the Centaurus region search

Year
2006 2008 2010 2012 2014 2016 2018 2020 W 30F i, 0
] | | | | | | = N 25 B 95% C.L. "
30— — Starburst galaxies (radio) - E,, = 38 EeV — 80 @ 20 M«
- = Cent on - E, =38 EeV — » 315 ,
- entaurus region - E, e 70 3 & 15 o
u"r _ N ) S "
N — :60 5 g !,
on 20 g 5 % % 20 40 60 80 100 120
'_; . 1 @ Exposure > 32 EeV [10° km? yr sr]
5 °F 40 o
R ¥ 330 2 3
E 10 1 ® S
O EL
5:_| #4 H10 © g’
_ -
il : L . T . L
O 20 40 60 80 100 120 . § . 4 ' '4'0' ~60 'a'o' | '166 120
Pierre Auger Obs. exposure = 32 EeV [1 0° km? yr sr] Exposure =32 EeV [10° km® yr sr]

Compatible with linear growth within the expected variance

5 sigma deviation from isotropy at 2025 * 2 years



Pierre Auger Observatory:
state-of-the art cosmic ray detector

Loma Amarilla T

, 00000000000000000000

int - AER
.o.o. oooooooooooooooooooooooooooooooooooo

Coihueco

Los Leones

70

[km]

60

50

40

30

20

10

21

* Water Cherenkov stations
* SD1500: 1600, 1.5 km grid, 3000 km?
*SD750: 61, 0.75 km grid, 23.5 km?
* Live time ~ 100%

* 4 Fluorescence sites
* 24 telescopes, 1-309 FOV
* 3 high elevation FD 309-600 FOV
* Live time ~ 13%

* Underground Muon Detectors
* / in engineering array phase
* 61 aside the Infill stations

* AERA radio antennas

*x |53 antenas in |7 km?2



Schema of a cosmic ray detection at the Pierre Auger Obs.

APS/Karin Cain
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Schema of a cosmic ray detection at the Pierre Auger Obs.

Hybrid design

simultaneous detection by a
surface array and by fluorescence
telescopes

APS/Karin Cain
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Schema of a cosmic ray detection at the Pierre Auger Obs.

APS/Karin Cain
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Communications .
antenna e EEE —— GPS

Solar panels
Plastic tank Electronic
equipment
boxes

Battery
box

3,000 gallons of
deionized water

_ ——— 3 photo-
multiplier

tubes

Source: Pierre Auger Observatory ' )m



Schema of a cosmic ray detection at the Pierre Auger Obs.

2/Ndf: 5.9/ 8

S5 (1000) x E

Signal [VEM]
2

10

T R R T R SR S S T RSN SR TR
500 1000 1500 2000 2500
r [m]

S(450) for 750 m grid

APS/Karin Cain
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Schema of a cosmic ray detection at the Pierre Auger Obs.

///////////////////////

////////////////////

N

segmented

mirrors

UV filter

\

camera

>< |

NN N NN N NN
NONONONON NN

1911NYs

APS/Karin Cain
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Schema of a cosmic ray detection at the Pierre Auger Obs.

130 120 110 100
th [deg]

140

150

aZimu

APS/Karin Cain
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Schema of a cosmic ray detection at the Pierre Auger Obs.

APS/Karin Cain
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Schema of a cosmic ray detection at the Pierre Auger Obs.

APS/Karin Cain
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dE/dX [PeV/(g/cm? )]
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Xmax

/

| | | | | | | | | | | |
200 400 600 800 1000 1200
slant depth [g/cm?]
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Surface Detector Energy

calibration

L I

s
" |
E |

Calle
I T] |
.......

:

iiiiiiii

AR
I

||||||
||||||||

D/n.df.=3419/3336

3,338 hybrid events in the fit
Epp = AS3g”

A = (1.86 T 0.03) X 1()17 eV

B = 1.031 = 0.004
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Pierre Auger Collab. Phys. Rev. D, 2020




Long term and real time monitoring

U

A
S . .
S T A e I SN S TN et g e A Number of active SD stations
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0 10 20 30 40 50 60 70
Relative easting (km)

Satellite cloud probability map

V. Harvey for the P. Auger Collab. ICRC 2019
K. Choi for the P. Auger Collab. ICRC 2019




The Pierre Auger Collaboration

About 400 members from 90 institutions in | 6 countries

Argentina
Australia
Brasil

Colombia*
Czech Republic
France
Germany
Italy

Mexico
Netherlands
Poland
Portugal
Romania
Slovenia
Spain

USA

FX-

\ Pierre Auger

Observatory

*associated

B Full members
Associate members
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Quadruple hybrid event

energy deposit [PeV/(g/cmz)]
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J(E) x E° [km™ yr!sr!eV?]

1037

Energy spectrum

spectral index = o, *
Y, = 3.29 +0.02 =0.10
Y, = 2.51 003 = 0.05
Y, = 305005 =0.10

ﬁ=5Ji03t0J

| 1 | | 1 j — I

* Data: about |5 years of SD
© * 215,030 events
* zenith angles below 60°

* energies larger than 2.5x10!8 eV

@ Steepening at 10!9 eV never
observed previously

O gys

1019

Pierre Auger Collab., Phys. Rev. Lett, 2020
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J(E) x E 3 [km™ yr!sr!eV?]

2

ek
<,
~

Energy spectra in three declination bands (SD)

bands of equal exposure

| |
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~
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X
<
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| —— full fo.v. fit ]
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1.1
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19 20
10 10

E|eV]

P. Auger Collab., Phys. Rev. D, 2020




log10 N,

Mass composition sensitivity

8.6 QGSJet 11.04 -
Fe

o He

. B /\\

/
84 |
E =5x1019 eV
600 700 800 900

Xmax (g/cm?)

Relative positions and orientation of
elements are nearly model-independent.

Depth of shower maximum

<

XP ) (X8 )+ (80 — 100) gcm 2

IMmax IMmax

0 (Xhax) /0 (Xax) =~ 3

Number of muons

N, (Fe) /N, (p) ~ 1.4

The Pierre Auger Observatory Upgrade - Preliminary Design Report
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1018
III

E[eV]

Energy evolution of Xmax
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Yushkov for the P. Auger Collab. ICRC 2019

P. Auger Collab. JCAP 2013




relative abundance

Mixed composition - four-component analysis (FD)

3
v

. [ L : t“ i q*l .' Q:H -‘H‘ :H Al&ld&i <e : J‘J‘i~A <4h8 498 408 4OR 408 408 4P8 - aCe - 4Dh (!i-;«!)l : GH o &J o .

: 5:H|V‘\u"\uﬁ1HYLLLJLVJU'w'm.M'”r‘ﬁ“‘:’lvlvh%l.'i Large proton fraction below the ankle

P Lh L] 1 .- . S
St Ltl?# bole - o Y ...... b \ L ...................................... : Mixed composition, heavier at h|gher energy

TR g e e ® s 1 Flux suppression beyond 10195 eV

17.5 18.0 185 19.0 19.5
Ig(E/eV)

J. Bellido for the Pierre Auger Collab., ICRC 2017
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relative abundance

Mixed composition - four-component analysis (FD)

ankle
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TR g e e s s 4 Flux suppression beyond 10195 eV
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J. Bellido for the Pierre Auger Collab., ICRC 2017
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relative abundance

ankle

Mixed composition - four-component analysis (FD)
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J. Bellido for the Pierre Auger Collab., ICRC 2017




Energy density [erg Mpc™ dex™']

10°*

10°°

10°

Combined fit of composition and spectrum
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Astrophysical Interpretation

ldentical sources homogeneously
distributed in a comoving volume

Power-law spectrum with rigidity-
dependent exponential cutoff

37

Jop: (E) ' E/Z:
d.Ninj,i o Opl E ’ /Zl < Rcut
o =Y
dE Jop; (E%) exp (1 Zl_gmt) . E/Z; > Reut

Seven free parameters
Jor 7+Reu PHs PHer Pni @and ps)

P. Auger Collab., Phys. Rev. Lett, 2020




Energy density [erg Mpc™ dex™']
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Combined fit of composition and spectrum
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Astrophysical Interpretation

Softening at 1.3x101° eV:

cut-off of helium spectrum with CNO
contribution with photodisintegration effect

Steepening above 5x101° eV:

combination of Greisen-Zatsepin-Kuzmin
effect and cut-off at sources at 5Z x|019 eV

P. Auger Collab., Phys. Rev. Lett, 2020




Mean logarithmic mass and spread of masses

EPOS-LHC

QGSJETII 04

SIBYLL 2.3c

||||||||||||||||||||||||||||||||||
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lg(E/eV)

Model-independent decrease of
O(In A) until the ankle (~10187eV)

||||||||||||||||||||||||||||||||||

Fe

He

In A of (p, He, N, Fe)
~ (0.0, 1.4, 2.6, 4.0)

Yushkov for the P. Auger Collab. ICRC 2019
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((pss) /m=2)/(E/10%eV)

Deficit of muons in Monte Carlo models

349 g4 439 233 119 46 A1 24—V Vv v vV v v
3.0 5 9 _ —
264 _ | - _
2.24 T
S onne) . '_'
1.8 - oI o Q- —

1.4- L

o ...........:.‘.":.‘.‘:.‘.‘:.‘.‘::.‘:.-.-_-, p
O data — e
cvee QGSJetl-04 o BPOSLHC b
-——- FEPOS-LHC == QGSJetlI-04

0.6 , — | 0]k SIBYLL-2.3c Auger 2019 Preliminary

21017 1018 21018 | | N |1O|19 | | | | N |1020
E/eV E /eV
Muon density with underground muon detectors Muon density in inclined showers
Data is above MC predictions for iron F. Sanchez for the P. Auger Collab., ICRC 2019

F. Riehn for the P. Auger Collab., ICRC 2019
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The p-air cross-section

N 10T E 10185 oy Tail of the Xmax distribution
=) 10:— J A, =574+ 1.8 glcm? is sensitive to Gmelp'air
E . Two energy bins:
s | ¢ 10178 eV <E < |0!8 eV
£ =3
3 F 1018 eV < E < |0QI85 eV
S [ J'H ” # tail dominated by protons
10° = (Y | ¢
2030 — 00 600 800 000 1200 1400 ] ~ €XP ( Xmaa:)
Xmax [g/cm 2] deam A.tr’
102 Cross-section: £50 % at 10 eV
: ™ -
: An = Opoair by tuning models to
L < S reproduce tail seen in data
> E 6@ Q 076//0,
5 10l o\ N
% 104 E_ ?:}, @/// @C‘f/'oo
- o O...
B Q, {Q/
i3 s Y .50%
: - oo ’ R. Ulrich, Auger Coll., ICRC 2015, ArXiv 1509.03732
o[ -
= TN A P. Auger Coll., Phys, Rev. Let. 2012
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Xmax [g/cm?] y
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P-air
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Cross section measurement

Equivalent c.m. energy \s_, [TeV]
10" 1 10 10°
_I 11 I| | | | 1 11 I| | | | 111 I| | | | 11 I| | | | Intervals of energy used:
— Nam et al. 1975
— Siohan et al. 1978 | AB 10178-10'8 oV |0!8- |0Q!85 eV
— Baltrusaitis et al.1984
B H. Mielke et al.1994 d COM PP 38.7 TeV 55.5TeV
B Honda et al.1999 ,/"‘
- Knurenko et al.1999 e
- | Aielli et al.2009 * Glauber theory used to convert
= Telescope Array 2015 p-air to inelastic pp cross section
— + Auger PRL2012 ,
~ ®— This Work 2015 * Largest source of systemaFlc
B uncertainty is helium fraction
— i — EPOS-LHC * Amounts to 6% bias in calculated
[ "‘f‘ . . (o)
i —Tﬁ/ QGSUETIL04 values if fraction at 25%
C e =
VTTF . - - Sievi2 *The data is consistent with a rising
. cross section with energy.
B L1 IIIIII| L1 IIIIII| L1 IIIIII| L1 IIIIII| L1 IIIIII| L1 IIIIII| L1 IIIIII| L1 1 1111l
10° 10 10° 10° 107  10° 10°  10%
Energy [eV] R. Ulrich, Auger Coll., ICRC 2015, ArXiv 1509.03732
P. Auger Coll., Phys, Rev. Let. 2012
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Neutrino search: old and young showers

shower front

after 1 atm after 3 atm

-
——
- — -
—— ——
——
— —

———————————————————-- T ————— . —

ﬁ--~--.
N ————— —
—— — ——

f
Old shower: h
small curvature
large curvature
small em. component

large em. component :
. compressed time structure
_ extended time structure g P
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(Young shower:




Sensitivity: all flavours and channels

muonic component of the shower

4) double-bang shower 1) regular shower
initiated by vy initiated by ;W
_ L ﬂ/; | E-M component of the shower

2) deep shower

Initiated by v izfﬁ%)

5) dOWn‘QOing shower o S first interaction
initiated by v 3) up-going shower |
. initiated by v |,
Tdecay |
N\ 8

Three selection criteria

* Downward-going low zenith (2 and 4) DGL (60° - 759)
* Downward-going high zenith (2, 4 and 5) DGH (75° - 909)
* Earth-skimming (3) ES (90° - 959)
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y [km]

Selecting v in data

horizontal shower <V

Signal [VEM]

70 e o o o o . .
/’\ Inclined selection
65 - %% ..
s \ Lt * Elongated pattern:L >W
60 s
1’ d;; o o o :
- ;—_”-_‘; R * Apparent speed signal = c
° - . vertical shower * Angular reconstruction 60°- 75° & 75°- 90°
50
- / V>
eE : Select young showers
40 Prggaes o oo e e e N
Y SRR dij * Broad EM component
P, 0, 1o e el o 10, p loe, © 30
335 40 45 50 55 60
X [km]
<AOP> area over peak of digitized signal
6 — — S [
é Energy of shower ~ 5 EeV E Di ir:rg: Of: hmrfSE:\;m
5 = Distance to shower axis ~ 1.0 km = 4 - Z':nit:e m‘;; fg(::l:l;st;ge)
- Zenith angle ~ 80° (old EAS) W -
- - E 3 —
= = r
E 5 2F
2 E_ ’ E_
15 L
0 - P . ey 0 1000 2000 3000
0 1000 2000 3000 time [ns]

time [ns]

P. Ayger Coll., Phys. Rev. D 91, 092008 (2015); Ap JL 755:L4 (2012)




E2 dN/dE (GeV cm™2 571 sr71)
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A Bein il Bl
1

1 Auger (2019)

| cecube (2018

Neutrino limits

AGN (Murase 2014)
Pulsars SFR evolution (Fang 2014)
Cosmogenic: p SFR (Aloisio 2015)

Single flavor
Cosmogenic: p, Fermi-LAT, Enin =3 x 107 eV (Ahlers 2010) '

Ve:Vyive,=1:1:1

Cosmogenic: p, FRIlI & SFR source evol. (Kampert 2012) ,'
Cosmogenic: p or mixed, SFR & GRB (Kotera 2010)
Cosmogenic: Fe, FRIl & SFR source evol. (Kampert 2012)

90% CL limit Auger
(Earth-Skimming)

90% CL limit NN
N
S

90% CL limit
ANITA I+11+I1ll (2018)

90% CL limit

90% CL limit
Auger (2019)

1017 1020

10

21

No candidates: constraints on
proton-dominated astrophysical
models and source evolution

F. Pedreira for the P. Auger Collab., ICRC 2019

46



—h
)
N

—k
o

[km™ sr yr]
| H [T

0

Integral photon flux for E > E
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Photon limits

= = = SHDM (Gelmini et al. 2008)
KASCADE-Grande 2017

—r = SHDM' (Ellis et al. 2006)

}
_I IIII i I ---------- TD (Gelmini et al. 2008)

AS-MSU 2017 l ----- Z-burst (Gelmini et al. 2008)

I I GZK proton (Gelmini et al. 2008)

- GZK proton (Kampert et al. 2011)
o - - GZK iron (Kampert et al. 2011)

E, [eV]

J. Rautenberg for the P. Auger Collaboration ICRC 2019
P. Auger Collab. JCAP 2017 47

Photons characterized by:
* deep Xmax in FD

* small signal in SD

SHDM models barely compatible to hybrid
and strongly constrained by SD limits

P+ Yews — A1232) = p+ 7’
™=+

Significant increase of exposure needed to
constrain recent GZK proton scenarios



Modulation in flux of ultrahigh energy cosmic rays with E = 8 EeV

Exposure > 92000 km? sr yr

1.1 | | | | | for events with 6 < 800
1.08 | -
, 1.06 -~ -
% 1.04 J) 1 T Rayleigh analysis in right ascension
- 1.02
§ 1 The effective aperture of the
= is determined minute.
g 0.08 array is determined every minute
o 0.96
< oo LT 1 -
| T data E>8 EeV ——+—
0.92 - 1 first harmonic B
0.9 | | | | |

360 300 240 180 120 60 0
Right Ascension [de(]

world

TOP10

P. Auger Collab., Science, 2017 BREAKTHROUGH
E. Roulet for the P. Auger Collab., ICRC 2019
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Large scale anisotropy

0.44

360 0.40

[ AL I8 Wy |Xn[]

0.36

3-D Dipole above 8 EeV at (&,0) = (989,-250)

d = (601_(1)2) 7%  at 60 from isotropy

49

Phase in R.A. ag = 980 £ 9o
is nearly opposite to the

Galactic center Qgec = —940°

Magnitude and direction of

dipole support extragalactic
origin of UHECRs with E > 4 EeV

E. Roulet for the P. Auger Collab., ICRC 2019




Energy evolution of the dipole

10 ————r————
- —&— Auger SD1500 .
Q | —&— Auger i . . .
T [ o KASCADE.Grande ] Both amplitude and deviation of phase
= | —4&— JceTop | . .
g o [—o ke . from the GC increase with energy
© : L ¢ +
E T
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2 il b : . . . .
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E [EeV] E. Roulet for the P. Auger Collab., ICRC 2019

gray band: integrated bin E > 8 EeV P. Auger Collab. Astroph. J., 2020




v In coincidence with GW170817

* v follow up: Antares, IceCube and Pierre Auger Observatory Energy range of Auger:Ev > |0!7 eV

* At time of GW trigger: event in region of maximum sensitivity for Auger Zenith angle of op tical coun terpart wi chin

+500 s: (90.40; 93.3°), Earth-skimming

(D°

Equatorial coord.

IceCube up-goin
Lo zenith: 91.9°

. lceCube down-goin

GW (90% CL)
+ NGC 4993
_30° ¥ neutrino candidate (IceCube)
¢ neutrino candidate (ANTARES)
= = === [ceCube horizon
— == ANTARES horizon
Auger FoV (Earth-skimming)
Auger FoV (down-going)

ANTARES, IceCube and the Pierre Auger Observatory, AJL, 2017
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GW170817 v limits

GW 170817 Neutrino limits (fluence per flavor: v, +7y)

10° k +500 sec time-window |-
i ANTARES :
_ 107
D f Auger
* Time windows: +500 s, 14-days § 10' ¢ IceCube
* No neutrino candidate found > 5 J I—— _ |
* Only optimistic model constraint by o, 1% . T === NN |
observations e e Kimura et al. :
: : - B EE moderate -
* Consistent with model predictions o8 N T FROTERAIE
of short GRB observed off-axis and 1021 gnaura ol . ;
i i vetdle o 20T T —-. Kimura et alj
o Juminostly SHE [ FE optimists 0 pompt
10° F
* Complementary searches i E Aucer
* An unprecedented joint effort of — 107 — 5
experiments sensitive to high- IE 0! 3 ANTARES
energy neutrino ;
8 100 L IceCube Fang &
— i | Metzger 5
cE” 10-11 30 days ]
- Fang & 1
102 1L Metzger_;
- | 14 day time-window 3 days
10 102 10° 10* 10> 10° 107 10%® 10° 10'9 10!
ANTARES, IceCube and the P. Auger Observatory, AJL, 2017 F/GeV
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Future of UHECR physics
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R.Batista et al., arXiv:1903.06714
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Future of UHECR physics
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The Pierre Auger Observatory Upgrade (AugerPrime)

Physics goals /

* composition measurement at 1020 eV
* composition-enhanced anisotropy studies \ //
* particle physics with air showers

Components of upgrade

New Surface Scintilator Detector (SSD) on top of SD stations
Radio Detector at each SD station

SD electronics improvements

Upgrade of the Underground Muon Detector (23.5 km?)
Increase of the FD operation time
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Status of AugerPrime
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Engeneering array (|2 stations) data since 2016
SD station with new scintillator Pre-production SSD array (77 stations) since March 2019

and new radio antenna 866 SSD stations deployed (October 2020)
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