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GW-HEN-EM sources

GW, HEN and other messengers - the Cosmic-Ray Connection
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GW-HEN-EM sources

GW, HEN and other messengers - the Cosmic-Ray Connection
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HEN Astronomy

GeV-EeV ~-ray
ANTARES, Astronomy
KM3NET/ORCA+ARCA, FERMI, HESS, CTA...
ICECUBE

= ™
PRRTINL FORPIRY g .| 1.7
LR i R

\

ALT)
T

GW Astronomy e Ju',r,L.“w‘ il

- | i

4/35
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GW, HEN and other messengers - the Cosmic-Ray Connection

e

Short Gamma-Ray Bursts (GRBs) Long GRBs

Merger of Black Holes/Neutron Stars Collapsars - massive star collapse
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= Original Waveform
—— Fitted waveform
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GW-HEN-EM sources Relative timing GWHENEM HEN Alerts Conclusions & possible results
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From Supernovae to Gamma-Ray Bursts

@ SNe : frequent, baryon-rich, I ~ 1 + emission poorly beamed
@ GRBs : rare, baryon-poor, I' > 1 + emission in 6 ~ 5°
@ Failed/low luminosity GRBs : 6 ~ 30° + no/weak electromagnetic emissions - valid for Short GRBs
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GW-HEN-EM sources

A large diversity of HEN sources...
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...and of their signals

@ Short duration - GRB-like - falling lightcurve, few hours
@ Medium duration - SNIc, Kilonova - few weeks
@ Long duration - SNIIn, TDE, AGN - few months
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GW-HEN-EM Localizations

GW, HEN, EM Error Boxes a %v.&fg)
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GW-HEN-EM Localizations

GW, HEN, EM Error Boxes

Error box of GW170817
reconstructed with two different
pipelines (~30°2)
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GW-HEN-EM Localizations

GW, HEN, EM Error Boxes a %v.@?

Optical robotic telescopes

g

angular resolution:
~arcsec

field-of-view:
~square degree
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GW-HEN-EM Localizations

GW, HEN, EM Error Boxes a %v.&fg)

Optical robotic telescopes

g

angular resolution:
~arcsec
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GW-HEN-EM Localizations

| GW, HEN, EM Error Boxes a %v.&'ﬁg)

Wide field-of-view instruments

angular resolution:
~15°

field-of-view:
> 8 sr

Th. Pradier (University of Strasbourg & IPHC) GWHEN, OGMA 11/01/2023



GW-HEN-EM sources GW-HEN-EM Localizations Relative timing GWHENEM HEN Alerts

GW, HEN, EM Error Boxes

KM3NeT showers

KM3NeT tracks

angular resolution:
<deg (tracks) /
~deg (showers)

field-of-view:
> 27 sr
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Relative timing GWHENEM

Astrophysical delay GW-HEN (GRBs) & sources

GRB models from GW170817

A On-axis Weak sGRB
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SCIENCE, 2017, Vol 358, Issue 6370 pp. 1559-1565 https ://www.science.org/doi/10.1126/science.aap9455
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Astrophysical delay GW-HEN (GRBs) & sources D &I

Constraints @ BiBaretetal=Asiropart:Phys- 357 2011

@ Long GRBs = tgw — tGrRB ~ tHEN — tGRB € [—3508, +1505] = Ataw_gEN = £500s
@ Short GRBs : = Atgw_gen = —3s £ 2s? Can’t find the reference!
a) active central engine before relativistic jet has
broken out of stellar envelope
b) active central engine with relativistic jet broken out
st of envelope
; of ; .
iP‘eC“‘si (©) 2505 GRB 1505 c) delay between onset of precursor and main burst
: e d) 90% of GeV photon emission
(77777777 zzzzzzaal YSLLLLSSL LSS \((((((((((((«(((({(/\‘
(hl (b) (d)gi e) time span of central engine activity
Time span of central engine activity (e) 5005 = Short GRBs 10 x less likely to have precursor
2
2 -2
m;c E D
For z < 1 Atgw—_men ~ 5.15 [ — ( HEN) ns
leV 1 TeV 1 Mpc
y

At 1 [ myc? ? /ZO dz 3 E, /ZO dz(1+ z)
GW-HEN = = —s T — o —_—
2\ E, o (1+2)2H(z) 2Ew J, H(z)
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Astrophysical delay GW-HEN (GRBs) & sources

source class local density  min. dist. limit source energy  max. fluence 10!
Mpe3(yr)]  [Mpe] [erg] [GeV~'em~?]
long GRBs 4x10710 470 <1%(stacked)  <6x10%  <4x10° X
short GRBs 3x1077 220 < 32% (OFU) <3x10%2 <9x1072 “_‘;
1IGRBs 16x1077 64 <100% (flux)  <15x10%  <6x1072 o
SNelcbroad.  14x10°° 30 <100% (lw)  <2x100  <4x102 -§
SNe IIn 4x10°6 20 <66% (stacked) <4x10  <14x102 O
SNe Ib/e 17 x10-° 12 <32% (stacked)  <5x10%  <5x10° @ E-a
-5 -3
CCSNe 7x10 8 <100% (lu) ~ <4x108  <8x10 5 Tl CCsN-like
FSRQs 6x10710 1000 <17% (EHE)  <16x10®  <3x1072 § Lz - GRB-like
BL Lac objects ~ 2x 1077 120 <25%EHE)  <3x10%  <25x10% G '8 g
all AGN 1073 7 < 100% (flux) <3x10% <8x107° & - 2
jetted TDEs 3x10°1 1000 < 100% (flux) <10% <14x107! Bliac! X (9 g
-2 H N
galaxy cluster  5x ur: 20 <100% (flw)  <3x100  <3x w*: 10 1T 109 10 107 10° 105 107 107
starburst gal. 3x10™ 2 < 100% (flux) <2x10% <2x10~ rate at z=0 [Mpc* yr-']

@ Short duration - GRB-like - GRBs disfavored as HEN sources (prompt phase) = what about precursor/afterglow ?

N. L. Strotjohann, PhD, https ://edoc.hu-berlin.de/handle/18452/21791

at are the sources of HEN ?

@ Medium duration - SNIc, Kilonova - mostly unconstrained
@ Long duration - SNIIn, TDE, AGN - unconstrained

Th. Pradier (University of Strasbourg & IPHC)
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Astrophysical delay GW-HEN (GRBs) & sources D &I

IcECUBE GRB Comprehensive study - https ://arxiv.org/pdf/2205.11410.pdf

(a) Extended TW (c) GBM Precursor
Lo
25 . .
Yl ~/\~ Light curve data
| oy Precursor
H - H N Background
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Do ! H Prompt
so00,
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(b) Precursor Prompt+Afterglow
Precursor : Prompt ! Afterglow Precursor + Prompt : Afferglow
: I Neutrino event B Neutrino event :
©  Fitted search 1 Fitted search :
I : window Tw window Tw N I
To  To*Tioo Time To To*Tioo T Time

@ Previous most recent search(es) used 1o (latest - earliest) - no signal from prompt phase
o Extended Time Window = [—1day, +14days] = contrain prompt phase to < 1% of HEN flux
@ Precursor/Afterglow = sample of well-localized GRBs = From 10% (HEN duration 100s) to 80% (HEN duration 10° s)
@ GBM Precursor = Fermi-GBM prior to prompt - Stacked Precursor = well-localized bursts with no precursor
= All GRBs < 1% prompt— 103s - < 1% up to 10*s

= = - — — e
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Astrophysical delay GW-HEN (GRBs) & sources D &I

source distance [Mpc]
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N. L. Strotjohann et al, https ://www.aanda.org/articles/aa/pdf/2019/02/aa34750-18.pdf

Caution - Eddington Bias

@ With only 1 neutrino — D ~ 0.5 — 20 Gpc 90% (here BL Lac density, 10 events in 10 yrs for <30% detected HEN flux)
@ To date, no reported multiple neutrino candidates for all Alerts (= no additional HEN found after initial lceCube alert)
= Astrophysical HEN likely to be very distant

= Chances to detect GW counterpart ?

N
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GW-HEN-EM sources

GW-HEN-EM Localizations

HEN Alerts (AMON/IceCube/KM3NeT)

Relative timing GWHENEM HEN Alerts

Existing Alerts - Public

@ Gold Alerts : 12/yr, > 50% astrophysical - latest : 29/12/2022 - Observed ~ 1/month
@ Bronze Alerts : 16/yr, > 30% astrophysical - latest : 24/12/2022 - Observed ~ 1.3/month

.

Other Public Alerts

o NU_EM Alerts : 2-4/yr HAWC-ICECUBE + 2-4/yr Fermi-ANTARES (only position + 90% radius)
= latest : 28/07/2022 (IceCube - HAWC) - Observed = 0.7/month
@ |ICECUBE Cascades : 8/yr, > 85% astrophysical (with FITS skymap) = latest : 09/09/2023 - Observed ~ 0.5/month

Possible Alerts - Private - MoU needed
@ OFU Alerts (Optical/X-ray) : GRB/SN jets, Northern, multiplets 2 evts in 100s AQ < 3.5° (ROTSE, PTF, Swift)
@ GFU (v-ray) : clusters around selected sources (MAGIC, VERITAS)

|

.

IceCube(/KM3NeT) Alert contents

@ Position + uncertainty (convertible in £its map) - < 1° — 10° (Tracks) / 20° (Cascades)
@ Signalness + FAR + Energy

Th. Pradier (University of Strasbourg & IPHC)



https://gcn.gsfc.nasa.gov/amon_icecube_gold_bronze_events.html
https://gcn.gsfc.nasa.gov/amon_icecube_gold_bronze_events.html
https://gcn.gsfc.nasa.gov/amon_nu_em_coinc_events.html
https://gcn.gsfc.nasa.gov/amon_icecube_cascade_events.html
https://roc.icecube.wisc.edu/public/hese_cascades/hese_59953_run00137527.evt000043987982.png
https://arxiv.org/pdf/1506.03115.pdf
https://arxiv.org/pdf/1610.01814.pdf

HEN Alerts

H

EHE/HESE Alerts and Bronze/Gold Alerts (90% radius) EHE/HESE Alerts and Bronze/Gold Alerts (90% radius) Bronze/Gold 2019-2022, 50%/90% Radius (84 alerts)
1.0 — Bronze/Gold 2019-2022 1.0 4/ — Bronze/Gold 2019-2022 10 B
09 EHE/HESE <IC170922A 09 EHE/HESE <IC170922A 09
08 ] — Al Aerts 08 ] — Al Alerts 08
s s s
So7 So7 So7
K K 3
Sos Los6 Sos
Sos Sos Sos
k] k] ki
H 04 3 04 H 04
503 503 503
02 02 02
01 01 01 —— Bronze/Gold 90% 2019-2022
0.0 0.0 00 —— Bronze/Gold 50% 2019-2022
-75 =50 -25 0 25 50 75 107 102 107 100 10! 12 3 4 s 6 71 8 9
Declination (deg) Space Angle (deg?) Error50 - 90 (deg)

December 2021 — June 2022, mostly no optical followups!

1- 11 Gold alerts [5/11 with possible counterparts ?]
= 2 with no optical followup (except MASTER) and 0 4FGL in FoV, but with 4FGL activity reported nearby - counterpart unlikely ?
= 3 with no followup (except MASTER/ZTF) and >1 4FGL in FoV, but with Blazar radio activity/presence - possible counterpart ?
= 2 with no followup and 0 4FGL in FoV - no counterpart searched
= 3 with no (public) followup reported (GCN or ATel), all with No/Many 4FGL sources in FoV - no counterpart searched

2- 10 Bronze alerts [5/10 with possible counterparts ?]
= 2 with multiple ATel (optical, radio etc) - possible counterparts

2 with no report despite New FERMI-LAT sources - counterparts ?

1+1 with no report despite 4FGL sources in FoV - no counterpart searched

3 with no report with 0 sources in FoV - no counterpart searched

1 with no report despite SNIIn discovered - possible counterpart not studied

=
=
=
=

Th. Pradier (University of Strasbourg & IPHC) 20/35



GW-HEN-E| EN-EN s Rela G \ HEN Alerts

How often were the HEN alerts followed ?

December 2021 — June 2022, mostly no optical followups'!

1- 11 Gold alerts [5/11 with possible counterparts ?]

= 2 with no optical followup (except MASTER) and 0 4FGL in FoV, but with 4FGL activity reported nearby - counterpart unlikely ?
= 3 with no followup (except MASTER/ZTF) and >1 4FGL in FoV, but with Blazar radio activity/presence - possible counterpart ?
= 2 with no followup and 0 4FGL in FoV - no counterpart searched

=- 3 with no (public) followup reported (GCN or ATel), all with No/Many 4FGL sources in FoV - no counterpart searched

2- 10 Bronze alerts [5/10 with possible counterparts ?]

= 2 with multiple ATel (optical, radio etc) - possible counterparts

= 2 with no report despite New FERMI-LAT sources - counterparts ?

= 1+1 with no report despite 4FGL sources in FoV - no counterpart searched
=

=

3 with no report with 0 sources in FoV - no counterpart searched
1 with no report despite SNIIn discovered - possible counterpart not studied

y
~ 1.4-2 alerts/month with probable counterpart (only Gold/Bronze only)
+ NuEm (0.5/month)/ Cascades (0.35/month), with no (public) reports on followups
> 2 alerts/month worth following y

Th. Pradier (University of Strasbourg & IPHC) 21/35



3W-HEN-EM Localiz

Relative timing GWHENEM \ Conclusions & possible results

Conclu3|ons

What we know

@ BBH (with gas) or BNS/NSBH possible HEN sources
@ Observed HEN source likely to be ~ Gpc (except Galactic sources - CBC ?)
@ GRBs (prompt) disfavored - unlike other transients

What we don’t know

@ Distance of HEN source - constraint with Galaxy Catalogues + Localization (model-dependent) ?
@ Time Window from seconds to 2 weeks after merger

Possible GW-HEN analyses

@ Online - "Low" Latency Search for GW counterpart

= variable Time Windows ?
= Localization used as prior ?

@ Offline
= Subthreshold analyses - to be optimized (joint horizon)

G

.

Th. Pradier (University of Strasbourg & IPHC) 22/35



Conclusions
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GW-HEN-EM sources GW-HEN-EM Localizations Relative timing GWHENEM HEN Alerts Conclusions & possible results
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Conclusions & possible results

=Y PE]

From null observations to upper limits

Chararacteristic Energy for a given GW or HEN model I

® haw = f(ELy,), depending on signal

@ Nuen = [(E}2y), depending on spectrum

Computation of limits and comparison to "observations”

© Nownen = Rowren([1/Mpe? /yr] X VownenTobs < 2.3 (90%)
= Riimis = yropasg 1/Mpc/lyr
@ Express Vownen = f(Egw: Biion) o [o Pow(Eisw>m) X Paen(Eijgy, r)r2dr
= Exploration of By, Eiax
= Several neutrino spectra & beaming in HEN and/or GW can be studied

@ Short GRBs : comparison of Ry imits With Ryinaries ~ 102 /Mpc?/yr (used by ICECUBE)
@ Long GRBs : comparison of Ry imie With RCore-Collapse Supernovae ~ 5 x 10_4/MPC3/VF

Th. Pradier (University of Strasbourg & IPHC) GWHEN, OGMA 11/01/2023 25/35



Conclusions & possible results

Results from GWHEN 1-2 (pre-GW-discovery) D @D

Log10 R, g en - E 2 spectrum - beamed GW, 6,.¢, = 30
55 . . - .

= = 6
c 1r o 95C
% o GWHEN-1 SGRB :
g & sl
£ GWHEN-1 LGRB ?
2 4 ¢
§ Advanced 12 Lines s3—
s — C
& |
3 A C
3 SNIb/c 52—
&
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S C
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mergers; collapses; T T T T Y T T T S T T T T S T S T S 1
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LugwEGW (M@ &)

Figure — A gauche : limites obtenues sur le taux d’occurence de sources (en /volume/temps) apres I'analyse des données 2007 (GWHEN-1),
réalisée entre 2009 et 2012. A droite : Résultats de GWHEN-2 (données 2009-2010) avec ANTARES, comparés (en rouge) avec une analyse
similaire réalisée avec ICECUBE., réalisée entre 2012 et 2015. Malgré une taille réduite, avec les mémes hypothéses de travail sur les

modeéles, les résultats ANTARES sont meilleures (ligne bleue sous la ligne rouge pour Efy, < 102 M ¢?, zone réaliste pour I'émission GW)
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GWHEN Of1

Initial Virgo/LIGO
ANTARES/IceCube
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Figure — Limites obtenues aprés la recherche ICECUBE/ANTARES utilisant les données VIRGO/LIGO prises pendant O1 (2015-16), publiée en
2019.
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GW-HEN-EM Lo

GWHEN - Possible astrophysmal constraints on jet

B, =EX LGRB/CC SN - Constraint on jet aperture
'gc SARRERAAREREAAE AR A —Og=1° %‘7”:5‘4“3* e ”":
818001 — o, =10° e \ Guetthlet al, LGRB o 3
5 .f et = & || 09, Erei (erg) 7
8 Gt = 30" NN -
14 - Z sof 1 =
- T E ]
: JIRNER :
1000/] f "”; \ \ \ 1
: 3 of \\ \ 1
A 3 0 \\ gl \ \ -
n:.\‘.J.‘..I...‘M I I e e 2 ok M =
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Jet Inclination wrt line of sight Log, Egy (M@ &)

Figure — Cas de GW170104 - A gauche Contraintes sur la distance de la source en fonction de I'inclinaison du jet (par rapport a la ligne de
visée) pour EHEN = E‘SO = 10°% erg, pour différentes ouvertures du jet : ojeq. = 1° (rouge), 10° (blue), typiques des sursauts gammas
courts (GRB), et 30° (vert) attendue dans le cas de GRB de faible luminosité (région exclue sous la courbe). La région en bleu montre la
distance estimée a partir du signal GW et son incertitude. En fonction de I'énergie HEN supposée, on peut donc contraindre inclinaison et
ouverture du jet [Résultats présentés en Réunion ANTARES, mais non publiés au final]. A droite, contrainte sur 'ouverture du jet, pour spectre
GRB long, en supposant 100% des supernovae avec jets (GWHEN-2).
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https://doi.org/10.1140/epjc/s10052-017-5451-z

Searching for HEN for BBH/NSBH/BNS coalescences during O1/02 a %vm}?

above the horizon

15
GW170104

below the horizon

dN/dE<E2 . dN/dE o E-2e-V(E/100 Tev)

10" 10"
E?dN/dE [GeV em™?) E?dN/dE [GeV em™?)

Different analyses - only tracks (quicker, better localization) [Offline]
@ O1/GW150914 : online reco., no optimization - HEN emission < 0.2 — 20% of GW energy
e O1/GW151226+LVT151012 : upgoing, optimization - HEN emission < 1 — 15% of GW energy
@ 02/ GW170104 : first full sky search + optimization

Th. Pradier (University of Strasbourg & IPHC) GWHEN, OGMA 11/01/2023 29/35



Conclusions & possible results

Searching for HEN for BBH/NSBH/BNS coalescences during O1/02 a %va)
1056_
) GW17.F729 X
— GW1708.[8 : ] L .
g‘ 10> . GW170823
K A I i iy i
8 _ -
ui
10%1 Gwizos14
-
r%} i #  downgoing
o ;GW170608 1% upgoing
01 02 03 04 05 06 0.7
redshift (z)

02 Catalogue BBH Signals [Offline]

@ Tracks and Showers !
@ Downgoing + Upgoing

Th. Pradier (University of Strasbourg & IPHC) GWHEN, OGMA 11/01/2023



Searching for HEN for BBH/NSBH/BNS coalescences — O3— 04

BAYESTAR Skymap - 2019-07-20 @ 00:08:36.705 - ANTARES Upgoing Observability 41.6%
Total 50% Area: 478 deg?
Total 90% Area: 1461 deg?

Below Horizon (Upgoing) 90% area: 589 deg? GW Contours at 99% 90% 50%
Above Horizon (Downgoing) 90% area: 872 deg? ANTARES upgoing field-of-view
+1h Neutrino Candidate

O3 - S190720a - BBH at ~1 Gpc [Online]

@ +1h ANTARES Neutrino Candidate outside of 90% Contour
@ GCN25120

Th. Pradier (University of Strasbourg & IPHC) GWHEN, OGMA 11/01/2023


https://gcn.gsfc.nasa.gov/gcn3/25120.gcn3

Searching for HEN for BBH/NSBH/BNS coalescences

lw] + BBH + BBH —
> BNS > BNS _—
— .+ nseH 104 . NSBH
9 10° —
= . —
83 107 % c —
a8 s e
o o ———
- ————u o e
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— 1055 i
— 10! mee—t—
———
— —_—
E—— [
10% - =
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Luminosity distance [Mpc] Luminosity distance [Mpc]
(a) B2, (b) fi°

Figure 3: 90% upper limits on the total energy Ei: , emitted in neutrinos of all flavours (left)
and on f¥° = E%} /E..q (right) as a function of the source luminosity distance, assuming an E~2
spectrum and isotropic emission. The horizontal bars indicate the 5-95% range of the luminosity
distance estimate, and the markers/colours correspond to the different source categories.

O3 - Catalogue [Offline] J

@ Preliminary, still unpublished
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Conclusions & possible results

GW170817 HEN followup [ 4
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Unfortunately limit on Eijoy > Egw
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http://iopscience.iop.org/article/10.3847/2041-8213/aa9aed/meta

GW-HEN-EM sources

GW-HEN-EM Localizations

Relative timing GWHENEM

GW170817 HEN followup : constraints on the source - prompt emission
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@ Extended GRB emission

= LowerT
= Higher meson efficiency

@ Jet viewed off-axis
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https://arxiv.org/pdf/1708.07075.pdf

GW-HEN-EM sou GW-HEN: s Y HEN Alel ons & possible results

@ Magnetized NS with high spindown power
@ Magnetar + ejected material

= Cosmic Ray acceleration
= HEN production

@ Corrected with Fogt(E) = nFon(E/n)
— n= 6(60b5) = (50
— (BOobs) = [T(1 — B cos(Bobs — bier))]

v

Fang & Metzger, 2017
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