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The 2015 LIGO gravitational waves events

. Image: LIGO/Leo Singer (Milky Way image: Axel Mellinger)
— Breakthrough observation of GW events

with the LIGO Advanced interferometer

- GW150914 and GW151226

Z=" R \  LVT151012
(and LVT151012 candidate) e N
— Inferred source: coalescence of a BH
binary @ 410 and 440 Mpc
— Position: few 100 deg® uncertainty S C\i150914

- Energy released in form of GW.

~ 3 and 1 solar masses LIGO & Virgo Coll.
PRL 116, 061102, 241102 & 241103 (2016)

No electromagnetic counterpart generally expected from BH mergers



UHE vs from BH merger events?

- Fermi GBM 30 report of a 1s transient signal 0.4 s after GW150914 and consistent position

Connaughton et al,
ApJL 826, L6 (2016)

— Models predicting emission of UHE neutrinos:

- UHECR accelerated by Fermi mechanism if relic magnetic field and debris from BH formation
=> emission of UHE neutrinos and photons Kotera & Silk, ApJL 823, L29 (2016)
- if accretion disk present, proton acceleration up to ~10 EeV energy by electric fields in disk dynamo,
UHE neutrinos from interaction with bkg photons and gas around BH Ancordoqui, PRD 94, 023010 (2016)

Search for UHE v in coincidence with GW events with the Auger SD (E>100 PeV)
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The surface detector (SD)
of the Pierre Auger Observatory

Detection of Extensive Air Showers through
secondary particles at ground level

Q@t ~1660 Water Cherenkov stations
) mmasaeaamq?tnangular grid with 1500 m spacing
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— sensitive to electromagnetic and

muonic component
— measure of the time structure of the

signal induced by electrons and us



Inclined showers
and UHE neutrinos

— Protons & nuclei initiate inclined showers high in the
atmosphere.
Shower front at ground:

* electromagnetic component absorbed in
atmosphere

* mainly muons remaining

— Neutrinos can initiate deep showers close to ground.

Shower front at ground:
electromagnetic + muonic components

Search for neutrinos
= |ook for inclined showers
with electromagnetic component

proton or nuclei
Top of the atmosphere

hadronic
component

Top of the atmosphere

hadronic
component

Top of the atmosphere

e e o o T o o o o T S T . o . o .
e e e e ————
e

EM component

\ hadronic

_— component




Sensitivity to all flavours and channels

muonic component of the shower
4) double-bang shower 1) regular shower
initiated by v, initiated by proton %
o // 2) deep sl E-M component of the shower
\/ inifiated by v ;ﬁgﬁf?
5) | going sl =" — :
iniiated by v_ 3) up-going shower .
P initiated by v,
. . . T decay
Selection criteria .
Down-going high angle (2, 4 and 5) DGH 75°-90° } all flavours
Earth-skimming (3) ES 900°-95° \Y%

T 6



Selection of inclined events

(1) Elongated footprint (2) Apparent velocity V of propagation of the shower
- - - - front along major axis L

vertical horizontal
shower Shower
V >>C

B 08 S /8

(3) Reconstructed zenith angle (DGH channel only)

Earth-Skimming (90°,95°) § Down-going High (75°,90°

(1) L)W >5 L)W > 3
) (V) € (0.29, 0.31) m ns—! (V) < 0.313 m ns—!
RMS(V) < 0.08 m ns~! RMS(V)/(V) < 0.08

(3) _ Grec = 750 7




Muonic shower front: narrow signals

ldentifying electromagnetic shower fronts
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EM shower front: broad signals

Definition of
Area over Peak
”‘z B ,,PEAK
=
2
\\Dﬂ | T.ime [ns] |

Select stations with:

v Time-over-Threshold (ToT)
trigger

AND/OR
v Large Area-over-Peak (AoP)

To find neutrinos => search for signals extended in time in inclined events.



Searching for UHE v in coincidence with GW events

— Neutrino search method already defined and applied to the data collected up to June 2013
(upper limits to the diffuse flux and steady point-like sources of UHE neutrinos)
Pierre Auger Coll., PRD 91, 092008 (2015) & ApJL 755, L4 (2012)

- Energy range: E > 100 PeV - complementary to IceCube-Antares GW follow up
LIGO&VIRGO, IceCube, ANTARES Coll., PRD 93, 122010 (2016)

- Earth-Skimming and Downward-Going neutrino selection applied to data

in spacial and temporal proximity to GW150914, GW151226 (and LVT151012).

GW
‘ 1 day window after GW event time — GRB “afterglow” search
‘ t
+500 s window for each GW, data unblinded over an observations
around GW event time window T ) of 1d + 500s
searc

“coincidence” search 9



Declination [deg]
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Time coincidence with GW events: coverage

Auger sensitivity to UHEV limited to large zenith angles

= Sky visible with 75° < 6 < 90° at time of GW-

Sky visible Wlth 90 < 9 < 95 at time of GW

90% CL position of GW150914
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Sky map of visibility
time fraction in 1
sidereal day

No neutrino candidate
found in the 1 day window
after any GW events
in both search channels

Constraints to UHEV emission
declination dependent

Earth-skimming

GW150914
LIGO

+ FermiGBM . RITITY,

Downward Going
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For a kE point source, U.L. to flux: Upper ||m|tS
¥ ()= NV to the UHEV spectral
[ Eveq (E,.0)dE, fluence (E >10" eV)

Fluence U.L. derived combining the constraints from the two search channels
and assuming constant flux and ocontinuous emission over T__

rch
—90%CL declination GW151226 _
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Constraints to the energy radiated in UHEV
for GW150914 (E >10"" eV)

For isotropic emission, 07— 90%CL declination GW150914
using luminosity distance. : D¢=410 Mpc

De=410+160 Mpc = =
D,=410-180 Mpc = = = -
Energy in GW m— - 100

g

-

o
(4]
[+2]

- 10
less than g

(0.5,3) solar masses
depending on
the source declination

Energy radiated in UHEv [erg]
=

1054
! 1
' Pierre Auger Coll., .
arXiv:1608.07378 | - 0.1
< 14% of E o 1 F
GW -80 -60 -40 -20 0 20 40 60 80

Declination & [deg]

E radiated in UHEv [Solar Masses x 02]



Constraints to the energy radiated in UHEV
for GW151226 (E >10"" eV)

using luminosity distance. T T T T baompe
[ D =440+180 Mpc = =—
Dg=440-190 Mpc = = = -
) Energy in G\ momms - 100
2, 10% i
ui "\
g 1 \ ‘
' L 10
less than = - Ny
(0.5,3) solar masses £ ' Pike ~
depending on T ¥ B
the source declination % 1
g 10° |
c [
w i
i : Pierre Auger Coll., .
o — arXiv:1608.07378 = 0.1
<441%OfEW 1053.|...|...|...|...|...|...|...|...|.I
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Declination & [deg]
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Conclusions

« Auger follow up of 2015 LIGO gravitational-wave events
— search for UHE neutrinos in temporal and spatial proximity
with LIGO GW events
— No neutrino candidate found
- first constraints at E > 10*’eV (complementary to IceCube)

* In future more GW events expected
— closer, brighter or produced by other sources more likely to produce UHE
neutrinos
— UHE neutrino (and photons) counterparts if observed by Auger can help
pinpointing the location of the source

15



Backup
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|dentification of UHE neutrinos in Auger data

, Example: Earth Skimming | Trainingdata |
2 10°g ] Search data
o —
z - Monte Carlo Vv, ~20% of the
102k data are used
= to estimate the
n <AoP> > 1.83 expected
i — background
10
- V, candidate region
il ~ 90% of v events selected
E \=
= <Ao0P> = mean value of Area-over-Peak Data taking:
- in the event 01/01/04 — 20/06/13
107 =5 15 2 25 3 35 4 45
<AoP>

|dentification criteria applied “blindly” to the search data set

=> found in Earth Skimming or Downward-going
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Neutnno - Nevt_ dE (EV)Etot _
L E, v
exposure — 107 et =
. (7)) — ot LA \ -
calculation o R -
5 T S 1
- — 106 o —
Upper limit to the ) - o \/ 3
. - L Y —
number of neutrinos: 2 - R / .
Feldman-Cousins + Conrad & - /\ (training data set excluded) -
(InC|UdeS uncertalntle.s inthe U 10'° = cb’ . =mmmm Combined (1 Jan 04 - 20 Jun 13 =
exposure calculation) = S / == Earth-Skimming .
— :” - snnnnns Downward-going 75 <6 < 90 deg.
s l l === | Downward-going 60 <6 < 75 deg. |
U er|lm|tS 1014 AT ] Y i ] [ N 1 [ N 1
f EpEZ trum: 10" 10'® 10" 107
or a Spectrum: E, [eV]
009 N90% Simulations ~ +4%, -3%
k™= —2 Systematic v cross-section & Tt E-loss  ~ +34%, -28% <:
f E, Etot(EV)dEV Uncertainties
Topography ~ +15%, 0%
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» Total +37%, -28%



Cosmogenic v models

Neutrino single flavour limits (90% C.L.) o, Fermi-LAT best-fit (Ahlers 10)

10° 1 [_J p, Fermi-LAT 99% CL band (Ahlers '10)

- mmm = IceCube 2013 (x 1/3) 3 p, FRII & SFR (Kampert '12)
- ®* [ Fe, FRIl &SFR (Kampert'12)

] ] | e Auger (2013) ‘/,‘ p or mixed, SFR & GRB (Kotera '10)
Uppel’ I|m|tS 10 E == ANITA-I1 2010 (x 1/3) "',‘__ Waxman-Bahcall ‘01 §
: - - =
to the diffuse - " 2 :
- B —— / e, ]
flux of neutrinos  s107¢ T i SO
E (’ -Il-ll-llmllll.ll.lI.IIIII.II.II.II.II.II.IE

- — —

Phys. Rev. D 91 (2015) 092008

—h
S
o

E2dN/dE [ GeV cm2s'sr]

—h
<
©

\ MR-,
\ T NN N
AT

AN

\\\\\\\\\\ O\
\s\ QAN §\§
S\

\b\\\l}\\ \\\\ L1111
10%° 10?1

4/

dN/dE = k E=
- k ~ 6.4x10°GeVcmz2stsri

90% C.L. in the energy range 0.1 — 25 EeV
Auger limit constrains models with proton primaries & strong evolution with redshift



Jaime Alvarez Muniz, NOW 2016

Auger consfraints on models  rereauwge:

arXiv:1408.07378

Kotera & Silk (ApJLett 823, L29, 2016): events such as GW1501914
can account for UHECR above 10" eV

— sufficient power to accelerate CR up to 1020 eV (if B4, > 10" G)
— with < 3% of energy released in GW: UHECR energy budget achieved

UHEv if BHs surrounded by debris where py inferactions occur.

Upper limit to diffuse UHE neutrino flux from BH mergers:

E2dN/dE ~ 1.5 - 6.9 x 108 GeV cm™?s! sr! (theory)
above Auger limit

E2dN/dE ~ 6.4 x 10° GeV cm™?s! sr! (Auger)

Implications:
— optical depth to py SMALLER than 1

— ONLY a fraction of energy in protons goes into charged pions -> neutrinos
— ONLY a fraction of luminosity extracted from BH goes into UHECR acceleration

20
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