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» UHE CGOosmIC Rays: w
» Quest Observables:
. What are the messengers? ‘ _omposition (Ze, v, )
- VVnat are the ¢ ~Arrival directions
- Acceleration#dMaximum energy? Energy spectrum
- Highest-energy physics? ‘ Air shower properties

‘f

o Auge’r:

« Many new results with >67,000 km? sr yr exposure;
(2017 ICRC, Busan, South Korea)

« First signs of anisotropy;
« Hadronic interactions results and puzzles;
« New era of multimessenger astrophysics.



Auger Observatory Argentina

Loma Amarilla
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~500 collaborators;
16 countries;
86 Institutions;

A multi-component
hybrid Observatory;
study of UHECRs >1017 eV,




PIERRE
AUGER

OBSERVATORY

=@~ Los Leones

IFEammnnr |
N -
° 8

=®- Los Morados

>
Height [km]

O X < 20g/cm2
Agys ~ 15 g/cm’

Atmospheric depth [gci

Los Morados

Los Leones

SD, 100% duty cycle

10°

/

%%/ NDOF: 16.769/ 16

Eca = [ 35 dX

10°

102 O'E/ENB%
Agys = 14 %

Signal [VEM]

PO TR (NN SRR SRR SN SN N TR SR TR TR (N TR SR SR SR NN S S S
1000 1500 2000 2500
rml dE/dX [PeV/(gem™1

Esurface — f(S10003 0)

0 10 20 30 40 50 60




OBSERVATORY

F. Fenu et al., Proc. of 35% ICRC, Busan (2017)

« Updated, combined AUgerspectrums:

4 203,000!5‘%” 1= 87,000 nfill

(Z0:3 EeV)F 127000 ybrdievents
>1 EeV); ‘

( ) -

* Exposure = 67,000 kﬁsr VI .

Smooth suppression
™ E; = (39+2+8) EeV
definitely seen (>200) Eij=(2341+4) BeV

® Auger (ICRC 2017)
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F. Fenu et al., Proc. of 35% ICRC, Busan (2017)

(Z0:3 EEV)+
(>1 EeV);

» EXposure = 67,000Wr yr.

TA (ICRC 2015)

Smooth SUppression e SD-1500 vertical
- N B SD-750 vertical
definitely seen (>200) :  rybrd

® SD-1500 m inclined

18.5 19.0
Ig(E/eV)
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(Z0:3 EEV)+
(>1 EeV);

» EXposure = 67,000Wr yr.

Smooth suppression
definitely seen (>200)

Differences between Auger and TA can
be (mostly) accommodated within a
systematic energy shift...

... but not easily at the highest energies.

OBSERVATORY

F. Fenu et al., Proc. of 35% ICRC, Busan (2017)

TA (ICRC 2015)
® SD-1500 vertical
B SD-750 vertical
4 Hybrid
e SD-1500 m inclined
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AN o[@ﬁouth difference:

F. Fenu et al., Proc. of 35t ICRC, Busan (2017)

Auger sp lvided into
2 separate declination '5 E
covering >70% of the sky;

No evidence for sp@l
dependence on source location.

n L 3
....--- T2y

4

| —90.0° < d < —-157°
A —157° < § < 25.0°
® SD-1500 vertical

What is the nature of the spectral suppression?
e GZK propagation effects (attenuation due to CMB interactions)?
e Intrinsic difficulty of producing 1020 eV particles in astrophysical sources?

1) Study mass composition and air shower development (UHE physics);
2) look for sources in arrival direction distribution. 9
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Height a.s.l. (m)
1200010000 8000 6000 4000 2000

— proton, E=10" eV — iron, E=10" eV

e Auger shower > ® Auger shower

Number of particles

Number of charged particles (x109)

800 900 1000

Slanjt depth (g/cm?) Slant depth  (g/cm’)

> Depth in the

atmosphere
Xmax ~ 780 g/cm? Xmax ~ 680 g/cm?
p-induced showers develop deeper than Fe-induced ones
10

and have greater fluctuations
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£pos L Clean hybrid events (strong anti-bias cuts);

= QGSJetll-04

detector-independent measurements.

Hadronic interaction MCs tuned to 7 TeV
LHC data.

18.5
log(E/eV)

+ TA MD 2014 preliminary

TA distribution is Sk Fold Auger X, T e

not detector : gl distribution into TA |2 A

independent; MC algorithm... 5

[ X

instrumental excellent |

effects folded into agreement!

MC. _____ 2> zzz::ﬁcgg;gll‘;ﬁfo“ 18.2 18.4 18.6 18.8 IgWE?E/e1\S;)2 194 196 19.8 20
18.2 18.4 18.6 18.8 19 19.219.4 19.6 19.8 20 20.2 M' Unger et aI'I Proc' Of 34th ICRCI The Hague (2015)

log(E(eV))

J.P. Lundquist et al., Proc. of 34t ICRC, The Hague (2015) 11
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Homogeneous distvribution oft identical sources of p, He, N and Fe nuclei;
125 dataspoints, 6 fit parameters: injection flux norm. and spec. index vy, cutoff rigidity R,

p/He/N/Fe fractions;

best fit with very hard'injection spectra (y<1).

Rich phenomenology !
- P )%

(but needs enhanced composition sensitivity)

A. Aab et al., JCAP 04, 038 (2017)

Maximum
source

¢ ' energy

19.5 20
loglO(E/eV)

¥=0.94+0.1

19 195
loglO(E/eV)




e
ComBIRING X2y 'and spectrum

Homogeneous distribution of identical sources of p, He, N and Fe nuclei;

125 datafpoints, 6 fit parameters: injection flux norm. and spec. index v, cutoff rigidity R,

p/He/N/Fe fractions;
best fit with very hard'injection spectra (y<1).
' Rich phenomenology !
- (but needs enhanced composition sensitivity)
T i A. Aab et al., JCAP 04, 038 (2017)
:; .. . total Prop. + :; .. total Maximum
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Horizontal showe vent topology.

@ zouw None seen so far.
NeutrallUBECRS?

s Neutrinoszikionzontal showerns withrEMiactivity;
W Shape of: footprint, SDItime structure.

2012 May 31
Event 201215200221
Vey = (0.997+-0.022)

SD traces compatible with p's.

0 20
® PHotonsyab WErsiwith low iircontent; Easting (km)
Shiape of EPDEASIimE structure. v: A. Aab et al., PRD 91, 092008 (2015)
» v: A. Aab et al., ApJ 789, 160 (2014)
) , A. Aab et al., ApJL 837, L25 (2017)
Single flavour, 90% C.L. Cosmogenic v models
Ve iV, iV, = 1:1:1 p. Fermi-LAT, Emm=10’°ev (Ahlers '10)
=+ = p,Fermi-LAT, E_ =3 10'7 eV (Ahlers '10)
= = IceCube (2015) (x 1/3) p, FRII & SFR (Kampert '12)
[ pormixed, SFR & GRB (}'(otera '10)
o T AN 6T B Fo. FRIS PR (Kampert 12) M. Niechciol et al., Proc. of 35t ICRC, Busan (2017)
;u_’ mmmm Auger 1 Jan 04 - 31 Mar 17 Astrophysical sources
o = = AGNv (Murase'14) T upper limits 95% CL GZK proton| ==~ Z-burst
= > GZKproton Il - TD
51077 % - SHDM |
> ! —— - SHDM I
G £ 2000
— ,_o, IAQOOQ
o w
W E
10°° e
Top-down
models 3
g

Suge]ple]\%
disfavored

E. Zas et al., Proc. of 35 ICRC, Busan (2017)
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Ry
OtherRipES off WHECRS?

n: P. Abreu et al., Ap] 760, 148 (2012)
s Neutronsea~EeViairrshowersishowing Galactic anisotropies; A. Aab et al., Ap] 789, L34 (2014)
R decay; dgﬁgth ~(O2E) kpe, about Sun’s Galactic radius; EZlEev
no significms Inblind searchiorstacked search;

nfluxdlimitsiarerbelowitherdetected eV gamma ray fluxes.

» Magnetic monopolesgilitra-relativistic monopoles (masses
1011 — 1020'eV/c?) depositiarcomparable dE/dx in air to
UHECRSs (pair production, photonuclear interactions).

Galactic

- --PARKER — IceCube — ANITA-II

No candidate;
first limit from
EAS experiment;
lowest limit for
v>10°.

Energy deposit (PeV/(g/cm?))

Flux Upper Bound [(em?s sr)”]

200 00 00 800 100012001400 1600
Slant depth (g/cm?)
A. Aab et al., PRD 94, 082002 (2016)




an [S@LroOpY
Largest data set: ’g,800 km!!r yr since 2004;

. 80,0~00 events at 4 —
e distribution compati

30,000 events > 8 EeV;
e dipole of amplitude (6.5+1.3-0.9)% (5.20),
pointing to (a,d) = (100°£10°, -24°+12°-13°).

(4

Challenges expectation of isotropy at these “low”
energies. Magnetic deflections important.

A. Aab et al., Science 357, 1266 (2017)
45° top-hat smoothing

equatorial coordinates s

OBSERVATORY
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Auger: 89,72
optimize threshold ener

e 2004; 5514 events above 20 EeV;
~ gan over search radius and anisotropic fraction.

Best significance: @0@539 EeV A. Aab et al., ApIL 853, L29 (2018)
100/0 SBG + |sot|’0p|c bac ground; Observed Excess Map - E > 60 EeV AGNs Observed Excess Map - E > 39 EeV Starburst galaxies
13° search window.

# events per beam
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Auger: search for UﬁE (;100 Pe\/) neutrinos associated with GW150914 or GW151226; none seen
within £5 of the events or within 1 day afterwards. A. Aab et al., PRD94, 122007 (2016)

August 2017: Irgo. GW170817 + GRB seen by Fermi and INTEGRAL
+ EM follow up = NGC B.

No neutrino candida m IceCube, ANTARES or Auger
within £500s of the event or within 14 days afterwards. A. Albert et al., ApJL 850, L35 (2017)
ANTARES+Auger+IceCube

Typical short GRB viewed off
axis, absence of neutrinos not
unexpected.

e GW (90% CL)
+ NGC 4993
¥ neutrino candidate (IceCube)
¢ neutrino candidate (ANTARES)

== == ANTARES horizon
[ ] Auger FoV (Earth-skimming)
[ 1 Auger FoV (down-going)




» Combine subthreshold signals
from multiple participating
observatories;
» Similar to previous efforts:
» neutrino (SNEWS),
s gamma-ray bursts (GCN),
» GW observatories,

»  but now with all messengers.

Gravitational
Observatories

» Triggerng obsernvateres [Swift, Fermi,
LIGO, IceCube, Auger, HAWC, ANTARES]; |

- Follow up observatories [FACT (Canary), o vand
LMT (Mexico), LCOGT (8 telescopes), e
MASTER (9 telescopes), PIF (CA),

VE RITAS] ; — Events
 data sharing begun: ——> Aerts
- archival searches; O~ Folowup

Optically-ray

« real-time alerts for EM follow up. Telescopes

Follow-up
telescopes



SEARCH FOR BLAZAR FLUX-CORRELATED TEV NEUTRINOS IN ICECUBE 40-STRING DATA

C. F. TurLey'*®, D. B. Fox?>**, K. Murasg'?**, A. FaLcone®?, M. BarnaBaZ?, S. Coutu'?, D. F. Cowen'??,
G. Fiuippatos'?, C. H;—\N.\'A\l‘z'a. A]Az. Kevant'?, C. HESSICK”, P. I}‘[jészikos"”]""{ M. MosTaril?3, ApJL 832, L1 (2016)
F. Oikonomou'?, 1. SHOEMAKER'?, M. Toomey'?, G. TESIC'? .
(THE AMON CoRre TEAM ° SW'ft' BAT+ Pa rkeS
DISCOVERY OF A TRANSIENT GAMMA-RAY COUNTERPART TO FRB 131104

3 23,4 12,3, P 2.3, 3 3

J. J. DELAUNAY', D. B. Fox>**, K. Murase'>**, P. MszAros'>**, A. Kevant'=, C. Messick' >,
1.3 3 al3 3

M. A. MOSTAFA" , F. O1KONOMOU' , G. Tesic! ,AND C. F. TuRLEY'

Multiwavelength follow-up of a rare IceCube neutrino multiplet

IceCube: M. G. Aartsen?, M. Ackermann''®, J. Adams?*, J. A. Aguilar'®, M. Ahlers®’, M. Ahrens'®!, 1. Al Samarai*?, D. Altmann*’, K. Andeen®,

The Astrophysical Multimessenger Observatory Network: D. B. Fox!0% 111112 J J DeLaunay!!%-!!! C. F. Turley!!%-!'!_S. D. Barthelmy#’, A. Y. Lien*,

A&A 607, A115 (2017)
IceCube + ASAS-SN, AMON, Fermi, HAWC, LCO, MASTER, Swift, VERITAS

Four Swift searches for transient sources of

-

In progress: high-energy neutrinos
e IceCube+Fermi-LAT A. Keivani et_al., PoS(ICRC2017)1015
e Fermi-LAT+ANTARES IceCube+Swift-BAT

Multi-messenger Observations of a Binary Neutron Star Merger*

Of course:

LIGO Scientific Collaboration and Virgo Collaboration, Fermi GBM, INTEGRAL, IceCube Collaboration, AstroSat Cadmium Zinc
Telluride Imager Team, IPN Collaboration, The Insight-HXMT Collaboration, ANTARES Collaboration, The Swift Collaboration,

ApJL 848, L12 (2017)
LIGO + everybody

20
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ExamplerAuger+ IceCube

[ceCubestre ams: -
» HESEN(high-energy starting events) public / private;
» EHE (extremely. high-energy) public private;
» Singlets (low-energy) private .

- * Sent in realtime (~4 v)
Auger streams: -

* Single event stream private;
° >~ 5 Ee
o quality cut o 9<60°);

e Archival data from 2004;

e Sent in real time (~10 min).

Here use public IC59 data (May 2009 — May 2010);
George Fillipatos (PSU Schreyer Scholar).

21



e High-energy E.:
e Spatial correlations
o Plot showsw

e Auger (pink);

e TA (orange);

o IceCube (blue/black);

e No indications of sources at
discovery level.

JCAP 01, 037 (2016)
IceCube+Auger+TA

22



o JceCube;
e IC59 public events;
e ~100,000 events;

e ~]1 year of data.

.
Equatorial WEquatorial

I 00 |
23



‘°, S: Coutu

o ook for neutrinos within 5° and
o Allow fermmultiple nﬂ]nw;
‘Calculate test statistic A:
PWtereroraJ and spatial correlation;
o {c to,aceount declination-specific background;
DOt 5?riva| directions and randomize times;

e V= number of particles in the multiplet
e P. = spatial probability of particle /
calculated based on best fit position
e P, = Temporal probability of particle /
falling exponential in time
e B(0) = background at declination 0
calculated from exposure of each detector
e optimization is performed 24




utu
'J .

Restltsulil o

e One event above the 1/year threshold;
. once per 9 years;
o ~12% chance probability;

e Real distribution coﬂmptible with the scrambled data.
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—— 1 /decade
— 1 /year
——— 10/year
—— 100 /year

25
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A Declination

0.0

A Right Ascension (deg)

0.5

Lo
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+  X-ray source

15 2.0
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th J-z:ccors serumg JJ,.J to AMON;

31t r”o,chJ be sent co follow u

e Expand to Ice ube data from 2010 to present;
» Develop a real-time alert stream for EM follow up observations.

vy
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~ In USA, thanks to

e °
C 1]

, - ~ »
_ONGCIESIONS -

]

FIUXSUpPrESSIontanover~40REeEV  EZK effect? source exhaustion?
UK E SOUNCESIOIaPPEr L0 DE extidgalaCicy
l'arge=scale dipolelinianfvalidistribution above 8 EeV;
NEriguing correlationsiaboevessY EeV with starburst galaxies, particle astronomy is hard !

Viagnetic fieldsN(Ealactie; extragalactic) play a huge role;

e

Xmax (@nd'its RMS) ‘evolutionmwith ner&y suggest mass becomes heavier at the highest
energies;

Important limits to fluxes Q‘meutrinos, photons, neutrons, magnetic monopoles;
Highest-energy physics: reasonable o, Cross-section, but inconsistency in muon data;
Hadronic interaction issues?

Improved knowledge of mass composition is needed (AugerPrime, radio technique);

New era of multimessenger astrophysics! 28
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