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Multimessenger activities

GW follow-up searches with neutrinos (and photons)
BBH mergers, BNS merger GW170817/

UHECR-neutrino correlation searches
(Auger, IceCube, TA)

Neutrons from the Galaxy

Deeper Wider Faster
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Neutrino detection with the Pierre Auger SD

< oYY old

primary

~800 g cm?

(shower front)

L=

n

signal [VEM]

-

time [ns]

\CR CR Down-going (DG) vV TOp OF ATMOSPHERE

~850 g cm™

A\

T
Earth-skimming (ES) v,
(most sensitive)
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Neutrino detection with the Pierre Auger SD

A 50° * Down-going low
Reasonable separation: » Down-going high
0 > 60° » Earth-skimming
75°
90°
95°
\CR Down-going (DG) V. TOP OF ATMOSPHERE

~850 g cm? \\\\ / —

T
Earth-skimming (ES) v,
(most sensitive)
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Neutrino search and identification

* Pre-select inclined and young showers
* Neutrino identification by zenith-dependent event classification
* Crucial variable: Area over Peak (AoP)
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Neutrino search and identification

* Pre-select inclined and young showers
* Neutrino identification by zenith-dependent event classification
e Earth-skimming: <AoP> of all stations in event
 Down-going: Optimized linear discriminant
« Combination of AoPs of certain stations (esp. early and late ones)
> “Fisher value”

° [ ] pataupto 31 Mar17 _ ° ° [ ] pataupto 31 Mar 17
210°E 6> 90 [ ] Neutrino MC £ B 0 =66°t1.5 [ ] Neutrino MC
::-j B H '|J_"‘—|_,_,_-L L%) - | T
- I T ;'“-"-L,_ u J l1 J.l—"“'_'_
ol i T, wo | 4 - No
Sk J o = candidates
B . i <AoP> > 1.83 = § i Fisher > 0.24 '_l._i SO far
- Candidate region | © | . —
1k — 2 (L D Il Candidate region
| 7__2)\{ |
I ) Lo
| ! 95% efficiency -| O L 72% efficiency
1075 15 "-.,.Il‘z 25 3 35 4 45 s é%‘l‘.0.5.‘.‘1.."1.5‘.‘.2...‘2.5
<AoP> Fisher Value
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Neutrino exposure

By direction By flavor

Auger all flavors
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Enrique Zas, ICRC 2017
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Limits on diffuse neutrino flux

107° 4

r—1)

10_?7

E2 dN/dE (GeVcm™2 s 1s

Single flavor

] Vervygive=1:1:1

90% CL limit
lceCube (2017)

90% CL limit
Auger (2017)

p, Fermi-LAT, Enir=3 10™ {17} eV (Ahlers 2010)
AGN (Murase 2014)
Pulsars SFR evol. (Fang 2014)

proton, strong & weak evolution, Ep max = 102° eV (Kampert 2012)
p or mixed, weak evolution, Ej na = 10?° — 3x10%! eV (Kotera 2010)

Iron, strong & weak evolution, Ep max = 102° eV (Kampert 2012)

90% CL limit
ANITA I+11+111 (2018)

Ev (eV)
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Implications on diffuse neutrino models

Diffuse flux neutrino model Expected events

(1 Jan 04 - 31 Mar 17)

Cosmogenic - proton - strong source evolution

Cosmogenic - proton, FRII evol. (Kampert 2012) ~ 5.2
Cosmogenic - proton, FRII evol. (Kotera 2010) ~ 9.2

| | Excluded at

Cosmogenic - proton - moderate source evolution

Cosmogenic - proton, SFR evol (Aloisio 2015) ~ 2.0 | 190% CL:
Cosmogenic - proton, SFR evol, £, = 10*! eV (Kotera 2010) ~ 1.8 >2.4 events
Cosmogenic - proton, SFR evol. (Kampert 2012) ~ 1.2
Cosmogenic - proton, GRB evol. (Kotera 2010) ~ 1.5 #

Cosmogenic - proton - normalized to Fermi-LAT GeV ~-rays
Cosmogenic - proton, Fermi-LAT, E, = 102 eV (Ahlers 2010) ~ 4.0
Cosmogenic - proton, Fermi-LAT, E.;, = 10'™® eV (Ahlers 2010) ~ 2.1

Cosmogenic - mixed and iron

Cosmogenic - mixed (Galactic) UHECR composition (Kotera 2010) ~ 0.7
Cosmogenic - iron, FRII (Kampert 2012) ~ 0.35

Astrophysical sources
Astrophysical - radio-loud AGN (Murase 2014) ~ 2.6
Astrophysical - Pulsars - SFR evol. (Fang 2014) ~ 1.3
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Implications on sources

100 1.0 |
80 084 N
2 © ' . ‘
@ = |
5 5 |
40§ *go.zt——————ﬂ;————
S i
Zmax=2 | | | .
0 024 = m—- 7 =3 b b e :—i .
—— Zmax =4
--------- zmax—5
0.0 1
2.0 2.5
* Pure proton « Smaller proton fractions

 Source evolution ~ (1+z)" up to z — less sensitivity

e E*° flux

max
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Effective area

Auger v; CC, ES 6=91°
100 = = = = Auger v, CC, ES 6 =92°
 BREEELETEITE Auger v; CC, ES =93¢
=« = Auger v, CC, Downward 6 = 75°
= = = = Auger v, CC, Downward 6 = 80°
1074~ Auger v, CC, Downward 6 = 85°
Q] mememeeaa Auger v, CC, Downward 6 = 89°
E lceCube v, CC, 6 €[30°,907]
5 1072 ———_ |ceCubev, CC,6E€[-5",30"]
% =+ = |ceCube vy, CC,06€[-30", —57]
g | lceCube v, CC, 6 €[-90°, —30°] .
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Follow-ups of GW events

LIGO/Virgo O1+02: MoU between Auger and LVC:

Default neutrino search, considering only
 +500 s around & +1 day after GW event
* Times at which location of the GW event is visible

BNS merger GW170817: +500 s & 14 day period after
the event




Follow-Up of BBH merger GW150914

GW150914

60°

equatorial

_______________

.................................

............................

— ~90% CL contour GW150914 LIGO & Virgo
[0 Auger fov: #<€[90°,95°] at UTC of GW150914
[ Auger fov: 6 € [75°,90°]
[ Auger fov: 9 € [60°, 75°]

................................

____________________________________

.............................................

..............................

.............

-l
°¢0

UHE neutringl spectral fluence [GeV cm'2]
o

-i
OO

3

90% CL declination GW150914
—— e A

24 hour
fluence limits

-80 =60 =40 =20 0 20 40 60 80
Declination 3 [deg]

UHE neutrino sensitivity declination dependent

Newer events: More GW detectors
> Improved localization by triangulation

Michael Schimp

total neutrino energy =
emitted GW energy

==£v Y

Multimessenger astrophysics with the Pierre Auger Observatory "“é;:/é SERGISCHE
February 18, 2019 VHEPA 2019, Kashiwa

7 UNIVERSITAT

B2 \WUPPERTAL




Visibility of GW170817

—15°\ )

_30°

—45°

—60°

equatorial

iceCube up:ggg& ‘3%_\;9

S IceCube down-

g0, % :
N :

@\,

& N

ApJL 850, L35

S e --;9.--.;__,_-;_-._-. e
7 — GW (90% CL)

time of me

Good visibility at

rger

+ NGC 4993

¥ neutrino candidate (IceCube)

¢ neutrino candidate (ANTARES)
== = === [ceCube horizon
= == ANTARES horizon
] Auger FoV (Earth-skimming)
|1 Auger FoV (down-going)

1.0

0.8

0.6

0.4

0.2

2017-08-17

DGL (60° <6 <75°) : .
DGH (750 < 9 < 900) ........................................ . .................................................... . .......................................
ES (90° <6 <95°)

sum

0.0

90 % conf. region in our fov

hours since GW event

Michael Schimp
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Neutrino limits for GW170817

* No related neutrinos S
detected by ANTARES, el '
IceCube and Auger e —  —— 7

i =

- Sensitivity high for +500s |~ .. CooNTT
but reduced for 14 days PRI A ¢ _prompt
> Good vs. periodic visibility 7 "] Auger

E 101;- — Tt
Viewing angle, 5 107 B(de‘};g&.;
constrained to < 36° O T e
(at time of publication) 10101010101%/(}13 “TOF oY 10 0
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* LIGO/Virgo switched to open public alerts (OPAsS),
communicated via GCN

 No MoU, we automatically follow-up the OPAs

» O3 starts in April 2019 with increased sensitivity
* Increased rates / horizon / source volume
+ possibly NS-BH mergers

* Photon follow-up search will join In

« KAGRA?

Michael Schimp Multimessenger astrophysics with the Pierre Auger Observatory 20
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gL .- accounts for steeper lateral f(; ot o e

particle density distribution (LDF) of S e
photons

gA: accounts for slower rising
signal of photon induced air showers | .
In the PMTs of the SD stations R ERSRRRSPRRRRERS.

Caveat: The GW events’ sources so far are further away

than the UHE photon horizon

> We prepared the follow-up routines (no publications),
ready for LIGO/Virgo O3, hope for close-by sources

February 18, 2019 VHEPA 2019, Kashiwa
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UHE photon search performance

= 1 upper limits 95% CL GZK proton| - - - Z-burst
- - ] GZKproton Il wee D
7 - ~..=.. SHDM |
[ =, —— - SHDM II
E -] Y2010, HP 2000
— 0T N 7 JA2002
Ty =T Hy 2011 RRRCHPN
A 3‘\\ " -:":-- . I
B
= —= :“I-:\;;%:\--.I,_ I s
—— ol OSSR e T, 1..{_:'_.“‘
5107 E § 3 3‘1 N T
5 e A e N T e
L — e— " oy ", ~
E- B hh‘hh‘" — - ‘?‘“ -
m ~
5 I
@ 103k
£ 10 = -
- D2015
_!_ 1 | 1 L 1 1 1 1 L1 I H“H‘R
10" 10" 107
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Subsummary GW follow-up

* Auger iIs complementary to other neutrino telescopes
- Flavor-dependency of sensitivity: Highest for v, smallest for v

» Largest effective area in the EeV range (but moving field of
view)
> Great sensitivity to transients (when they are in fov)
* Unique: Northern Hemisphere at EeV energies

££%7 BERGISCHE
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* Neutrino follow-up searches of published LIGO/Virgo

GW events performed
« BBH mergers: Sensitivity to emitted neutrinos of the order of
emitted gravitational waves (in terms of total energy)
« BNS merger GW170817: good visibility, fluence limits in the
range of theoretical predictions
 Photons (more background-prone) are ready to join In

* Future: increased event rates, precision and maybe
even other source classes

Michael Schimp Multimessenger astrophysics with the Pierre Auger Observatory 24
February 18, 2019 VHEPA 2019, Kashiwa




UHECR - neutrino correlation searches

Exploring the correlation:

UHECR with E > ~ 50 EeV
(Auger + TA)

¢

Neutrinos NN Oy s
(IceCube, soon ANTARES) | crcoorr i t7 .

Two different methods:

 EXcess of frequency of angular separation above isotropy
assumption

« Stacking likelihood of angular correlations given MF models,
assuming sources are at measured neutrino directions

BERGISCHE
UNIVERSITAT
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UHECR - neutrino correlation searches

Most significant
excess with lceCube
cascades at

AW ~ 22°

> Combination of
cascade angular
resolution (~15°)
and UHECR
deflection (~6°/E

100)

p=5x 10" (post trial)

AV

% : | Expected Range (30) X
g 1.5 X Expected Range (20) = 4
Q Expected Range (10) I
© 1k Cascades o
n
a Preliminar
S 05 y
X
)
N At
3 -05 |
oC

-1 h | | | ] |

0 5 10 15 20 25 30

ICRC 2017 Maximum separation angle [°]

E..,= E/100 EeV
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Stacking likelihood analysis:
Most significant results with cascades and MF deflection

of ~ 6°IE_ , backing up the angular separation analysis

p=2x 107 (post trial)

Results used to be more significant (ICRC 2015)
> Vanishing of a fluctuation?
> Composition + MF deflection need to be better understood

Michael Schimp Multimessenger astrophysics with the Pierre Auger Observatory
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* No direct neutron identification possible in Auger

e Neutrons are not deflected in MFs and reach us from
anywhere in the Galaxy at E > 2 EeV

 Assume hadronic photon and neutron production from

« Galactic Center
» Galactic Disc
 Known gamma-ray sources (weighted combination)

* Look for increased particle flux from corresponding
directions (I.e. missing diffusion by magnetic fields)

Michael Schimp Multimessenger astrophysics with the Pierre Auger Observatory 28
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 None of the searches provided evidence for a neutron
flux from any “source class”

* Limit on neutron energy flux from Galactic gamma-ray
sources w/ 6 years of data:

0.10 - 0.15eVcm?2s?! < measured TeV photon flux

e Fermi E~ acceleration (protons) would imply more than that!
> Excluded!

» Luminosity ratio L /L < 0.006 (galactic plane, proton
emission estimations)

Michael Schimp Multimessenger astrophysics with the Pierre Auger Observatory 29
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* Multi-instrument (> 30) project, participants from radio

through ultra-high energies and non-photons (Auger)
* University of Tokyo 1 m Telescope (for follow-up)

 ~ 10 groups observe simultaneously to get deep+wide-
field fast-sampled multi-wavelength / multi-messenger

measurements of the same field
 Radio: Fast radio bursts (< 1 s)
* Higher energies: second to hour transients, also GW

* Real-time (< ~ minutes) candidate identification
* Fast response (~ minutes) ToO follow-up observations
* Long-term follow-up with ~ 1 — 4 m-class telescopes

Michael Schimp Multimessenger astrophysics with the Pierre Auger Observatory 30
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e 4t0 6 consecutive — . AAT

others

. ;E&’ %\a:dol;ro T 2dF+AAOmega
nights per semester [Brdses T 392 spectra

(next: June 2019)

» Auger: All SD events REEEECHE
from DWF field of
view selected, no .
coincidences SO far [sfsim

1.8 deg?

SkyMapper

» EXxtensive software development (compression, transient
identification, visualization, collaborative workspaces,
machine learning)

Michael Schimp Multimessenger astrophysics with the Pierre Auger Observatory 31
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» Correlations between Auger + TA UHECRSs and IceCube (soon

+ ANTARES) neutrinos are searched for
* Most interesting correlation (p ~ 103 (post trial)) for IceCube
cascades, corresponding to angular distances of ~ 20°

e Galactic neutron searches
* No evidence for substantial EeV neutron flux

e Hadronic pion-production in gamma-ray sources with £ up to
highest energies excluded

 Deeper Wider Faster
* EXxtensive program of simultaneous multi-wavelength/messenger
observations, targeting FRBs and other transients (also GW)
 No coincident detection by Auger, project ongoing

Michael Schimp Multimessenger astrophysics with the Pierre Auger Observatory 32
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The End
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Systematic uncertainties (PRD 91 092008)

Source of systematic Combined uncertainty band
Simulations ~ +4%, —3%

v cross section and 7 E-loss ~ +34%, —28%
Topography ~ +15%, 0%

Total ~ +37%, —28%

) . . - - - #Z£%7 BERGISCHE
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GW Follow-Up—Results (Munster slide)

No candidates
— Flux limit

— Limit on total
emitted UHE v

energy

1057 | _90% CL declination GW151226
D,=440 Mpc
D,=440+180 Mpc — —
D.m"”m----

D Energy InGW - — L 100
2, 10% | F
>
T
=
s - 10
.8 10%° 2
© F
% B
E L
> o - 1
5 10% |
i

Pierre Auger ' L 0.1

1053.|...|...|...|...|...|...|...|...|.3
-80 -60 =40 =20 0 20 40 60 80
Declination 3 [deg]

E radiated in UHEv [Solar Masses X c’]

arXiv:1602.06961 (Kotera, Silk):
Binary BHs could produce the measured UHECR flux!
- Needs ~ 3% “efficiency” (E

UHECR/EGW)
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Follow-Up of GW events Preview on GW170814

Gw170814

 Last published BH-BH merger so far

e Fluence limits to be calculated,
expected to be good

75°

~90% CL contour GW170814 LIGO & Virgo
Auger fov: 6 € [90°,95°] at UTC of GW170814
Auger fov: 6 € [75°,90°]
Auger fov: 8 € [60°, 75°]

1-0 r

0.8L — bGL | ( _____________
— DGH

06| — ES | f. )\
- sum

o4l b J1 A\

o
N
|

o
o

0 5 10 15
hours since GW event

90 % conf. region in our fov
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~90% CL contour GW151012 LIGO & Wirgo
Auger fov: g< [90°, 95°] at UTC of GW151012 GW170104

I
0 Auger fow: g [T57, 007
3 Auger fow: g [60°, 757

GW151012

~90% CL contour GW170104 LIGO & Virgo
Auger fov: e [90°, 857 at UTC of GW170104

Auger fow: 6 [TH7, 007
Auger fov: g [60°, 757

-15+

-30"

— ~90% CL contour GW170808 LIGO & Virgo
GW170608 g
[ Auger fov: < [00°, 957 at UTC of GW170608
0 Auger fov: @< [T57, 07|
758 0 Auger fow: @< [60°, 757
BO° : - . —_
45° T . . ' - . .
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Visible Solid Angle

Michael Schimp

February 18, 2019

50 | I | 1 T 1 T T T !
- Auger ES (90° < 6 < 95%) ——

Auger DGH (75° < 6 < 90°) ——
Auger DGL (60° < 6 < 75°) — E

H

=
(=)
1

ob| |

Fraction of 1 sidereal day (%)

oL S N |
90 -70 50 -30 10010 30 50 70 90

Source declination o [deg]

) . . - #Z£/ BERGISCHE
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GW Follow-Up

No candidate in [-500 s, 1 day]
around GW events
— Calculate exposure taking into
account
* Time-dependent aperture
(area x solid angle)

e V-nucleon cross section + efficiencies
(E,0)

1 1 1 1
000 004 008 012 016 020 024 028 032 036 040

Fraction of 1 sidereal day

1 1 1 i
000 004 008 012 016 020 024 028 032 036 040

Fraction of 1 sidereal day
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Cen A limits

106 4 I e Pierre Auger 2017 s CenA core (Kachelriess et al. 2009)
] Centaurus A, 6= —43° === == m |ceCube 2017 e CcnA core (Cuoco et al. 2008)
ssmmmmr ANTARES 2017

10—7 4 SO SN AP : _________________ : ________________________________ -
1 ' ' i i

o i i i i
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O I ! i
= | i i
© ! _ f i i
rI:IIJ 10—9_: ________________ II ____________________ : : ______________________________ _'r ________________ L
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Cen A limits
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Earth-Skimming v_Selection

Inclination: 90° < B < 95°

» Elongated footprint e “Ground signal speed” ~ c
Vertical shower Horizontal shower
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CC vs NC Fisher Values
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Neutrinos vs. Photons
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