Gravitational Waves and High Energy Neutrino

coincidences :
The GWHEN Project

Thierry Pradier

for the GWHEN Group

IPHC (IN2P3) & University of Strasbourg

~

UNIVERSITE DE STRASBOURG

o’
GwHep

@ Antares : B. Baret, B. Bouhou, A. Kouchner, L. Moscoso, V. Van Elewyck - Contact : Th. P.
Virgo, APC (Paris) : E. Chassande-Mottin (Contact)

@ LIGO:

@ Columbia U. (USA) : /. Bartos, S. Mérka (Contact), Z. Mérka
@ Cardiff (UK) : P. Sutton
@ Potsdam (Germany) : I. Di Palma & M.-A. Papa

@ iceCube : C. Finley (OKC, Sweden)




GWHEN Coincidences are...

o ...Interesting!

= Scientific motivations

Th. Pradier (University of Strasbourg)
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GWHEN Coincidences are...

@ ...Possible!

= Common Sources for GWHEN, possible coincident transients

Th. Pradier (University of Strasbourg)
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GWHEN Coincidences are...

@ ...Observable!

= Common Sky Map

Th. Pradier (University of Strasbourg)
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GWHEN Coincidences are...

o ...Detectable!
= Signal Efficiencies vs Background Rejection, case

study

Th. Pradier (University of Strasbourg)
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GWHEN Coincid

NCes are...

@ ...Currently underway !

= The GWHEN Group

Th. Pradier (University of Strasbourg)
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Scientific motivations

GWHEN Coincidences

1 - Sources invisible in photons may emit GW and HE v (GWHEN)

= ~-Telescopes discovered a lot of sources
= Orphan Flares also in GWHEN ?
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Scientific motivations

GWHEN Coincidences

1 - Sources invisible in photons may emit GW and HE v (GWHEN)

= ~-Telescopes discovered a lot of sources
= Orphan Flares also in GWHEN ?
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Scientific motivations

GWHEN Coincidences

1 - Sources invisible in photons may emit GWHEN
2 - Coincident detection (time+space) validates GWHEN detections
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Scientific motivations

GWHEN Coincidences

1 - Sources invisible in photons may emit GWHEN
2 - Coincident detection (time+space) validates GWHEN detections

3 - Unique information on internal processes : accretion, ejection...
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Scientific motivations

GWHEN Coincidences

1 - Sources invisible in photons may emit GWHEN

2 - Coincident detection (time+space) validates GWHEN detections
3 - Unique information on internal processes

4 - Fundamental Physics :

e Quantum Gravity : ¢2p? = E? [1 +& <%> + 0O (%) +}

£HE 19
= |Atgg| ~ 0.15ms (ﬁ) (1 ?eV) (M) forz < 1

Eqc
S. Choubey & S. F. King, Phys. Rev. D 67, 073005 (2003)
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Scientific motivations G\ ces GWHEN Observa GWHEN Detectabilit

GWHEN Coincidences

1 - Sources invisible in photons may emit GWHEN
2 - Coincident detection (time+space) validates GWHEN detections
3 - Unique information on internal processes

4 - Fundamental Physics

see Th. P, NIM A 602-1, 268-274
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Scientific motivations

GW Detectors : Virgo/LIGO/GEO network

Magagascar

Th. Pradier i i re ) Workshop « Fundamental Physics Laws



Scientific motivations

GW Detectors : Virgo/LIGO/GEO network

2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016
ANTARES
KM3NeT

VIRGO m Advanced VIRGO
Lco [y m Advanced LIGO

@ 2007 : Antares 5 Lines/Virgo VSR1+LIGO Sb
@ 2009 : Antares 12 Lines/ Virgo VSR2+LIGO S6
@ 2015 : km3 in the Mediterranean/Advanced Interferometers (ITF)
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Scientific motivations

An example of GW-v Coincidences : Type Il SN

Gravitational
Waves

V\\/\/M

SN de type Il

)* E ini =

2\ 2 2
O ity 2 08 Bt 24 150505 (ﬁ) ("1’—\/) (IOEM)

o EJN ~ MeV, dtgy_ymmen S 0.5 ms

N. Arnaud et al., Phys.Rev. D65 (2002) 033010 )
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Scientific motivations

An example of GW-v Coincidences : Type Il SN

SNO CCalone

< 15¢
% SNO NG +GW
< 1F 4
£ SNO GG + GW
-
$o5f TTRr———————— )
. | |
% - 1o 15 20
Distance (kpc)
2

(\; 151

2 1 \\—’———SuperK v+ GW
‘é> (3)

= P \________/SuperK v,e+ GW
0.5 (2)

L L L
00 5 10 15 20

Distance (kpc)

= om? ~ 0.6 eV?

N. Arnaud et al., Phys.Rev. D65 (2002) 033010
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Scientific motivations

An example of GW-v Coincidences :

Type Il SN

\ 7
1y

i

A

i

m=0,5,6.1,10,15 eV
!

Collapse of NS into BH induced by accretion
=- Sudden stop of neutrino signal
= Strong GW Signal

J. F. Beacom et al., Phys.Rev. D63 (2001) 073011
Th. Pradier (University of Strasbourg)
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Scientific motivations

An example of GW-v Coincidences : Type Il SN

15 . . : : :
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= Limits on neutrino absolute mass scale

J. F. Beacom et al., Phys.Rev. D63 (2001) 073011

Th. Pradier (University of Strasbourg)
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Scientific motivations GWHEN Sources GWHEN Observabilit GWHEN Detectability GWHEN Status

GRBs Magnetars/Soft-Gamma Repeaters MicroQuasars ejections

Gamma-Ray Bursters

Short GRBs Long GRBs

Binary Mergers Collapsars

Th. Pradier (University of Strasbourg) Workshop « Fundamental Physics Laws », Paris, June 2010 - The GWHEN PROJECT 7/24



GWHEN Sources

>ft-Gamma Repea

GRBO071227

-2

-4/Atmospheric neutrino

Log10[E2dN/dE(GeV/(cm?.s))]

-10[
z2f
T N B B R I N S
143 3 a 5 3 7 8
Log10[E(GeV)]
E. Waxman & J. Bahcall, Phys.Rev.Lett. 78 (1997) 2292-2295 J
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Scientific motivations GWHEN Sources GWHEN Observabilit; GWHEN Detectabilit GWHEN Status

GRBs Magnetars/Soft-Gamma Repeaters MicroQuasars ejections

Soft-Gamma Repeaters

SGRs/Magnetars

@ Depends on Star Model
@ Energy released in GW linked to v Flux
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GWHEN Sources

GRBs Magnetars/Soft-Gamma Repeaters MicroQuasars ejections

Soft-Gamma Repeaters

SGRs/Magnetars

go -
g0 =

M/ Mgy frequency (kHz) damping (s) ho dmax (kpc) < E “ “ A ]
0.55 136 1.30 8910 23 12 o2f E|
0.57 13.24 1.55 751023 14 @ VY 3
0.49 17.46 4.67 3310023 27 ° L\ E
1.76 11.91 0.14 461022 04 o 1y E|
as ]

i | ]

! Time

J. A. de Freitas Pacheco, A&A 396, 397-401 (1998)
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ific motivations GWHEN Sources GWHEN Observabilit; GWHEN Detectabilit GWHEN Status

GRBs Magnetars/Soft-Gamma Repeaters MicroQuasars ejections

Soft-Gamma Repeaters

SGRs/Magnetars

@ Few predicted events, even for SGR 1806-20 huge flare of Dec. 2004

F. Halzen, H. Landsman & T. Montaruli, arXiv : astro-ph/0503348v1 J
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GWHEN Sources

GRBs Magnetars/Soft-Gamma Repeaters MicroQuasars ejections

MicroQuasars

Th. Pradier (University of Strasbourg) Workshop « Fundamental Physics Laws » June 2010 - The



GWHEN Sources

GRBs Magnetars/Soft-Gamma Repeaters MicroQuasars ejections

A model for microquasars : GW

Signals from accretion/ejection :

@ Accretion : infall of matter onto NS/BH
@ Ejection : acceleration of matter

Th. Pradier (University of Strasbourg) Workshop « Fundamental Physics Laws », Paris, June 2010 - The GWHEN PROJECT



GWHEN Sources

Ma

A model for microquasars : GW

5amma Rep

MicroQuasars ejections
W Signal from ejection
@ Blob of matter accelerated during Tacc and faw ~ 7o
o oot = Atfreefall = 2GI\C/§BH ~ 0.1 ms
e Radio emission observed at 0.1 AU from BH/NS =
o Ah~2x 1072 (L

) (wttis) (&

1)
@ SNR p = f(ejected mass dM, jet Lorentz factor I)

max

TR2X 100 s

Th. P., arXiv:0807.2562

Th. Pradier (University of Strasbourg)
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GWHEN Sources
Y tars/Soft-Gamma Repeaters MicroQuasars ejections

A model for microquasars : HEN

HEN Signal from ejection

@ vs emitted once matter accelerated : Atgw., linked to T, cc
@ &, xx M xT
@ Models favour production of v near base of jet [LS 5039]
e — 5
o | - E
— ‘/// ///%% z(production) = 10”cm in jet ]
- ‘,,//////////////// 7 (base of jet) ]
- A - ]
§ 11 /////%/ :
w 10
5,
i
10712 :
8 10 12 14
log E/eV
W
Aharonian et al., J. Phys. Conf. Ser. 39 (2006) 408-415 )
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GWHEN Sources

t-Gamma Repeaters

Magnetar
A model for microquasars

MicroQuasars ejections

Summary, for a blob of mass ém, Lorentz factor I
[smc?
@ hoc —27% at frequency f ~ 7, 1o ation
2
° LI/ o [dmc :
Tacceleration

@ Measuring Atgw., yields information on T,cc

Th. Pradier (University of Strasbourg)
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GWHEN Observability

Interferometers Beam Patterns The View from Antares

Antares/ Virgo+LIGO Common Sky Map

Interferometers’ Beam Patterns
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GWHEN Observability

Interferometers Beam Patterns The View from Antares

Interferometers’ Beam Patterns
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Interferometers Beam Patterns

GWHEN Observability

The View from Antares

Interferometers’ Beam Patterns

[ Ligo-Hanford Beam Pattern |
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Th. Pradier (University of Strasbourg)
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GWHEN Observability

Interferometers Beam Patterns The View from Antares Antares/ Virgo+LIGO Common Sky Map

Antares Sky Map
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GWHEN Observability
Interferometers Beam Patterns The V rom Antares Antares/ Virgo+LIGO Common Sky Map

Antares+LIGO Hanford+L/GO Livingstone

[ Virgo+LIGOs/Antares Averaged Sky Map | o Soft-Gamma Repeaters

& MicroQuasars
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GWHEN Detectability
ITFs Detection Antares Detection Example : Time Coincidence Coincidence Windo GWHEN Horizon Methods

GW Detection

Th. Pradier (University of Strasbourg) Workshop « Fundamental Physics Laws » June 2010 - The



GWHEN Detectability

ITFs Detection Ant Detection Example : Time Coincidel Coincidence Wind

GW Detection : efficiency
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GWHEN Detectability
ITFs Detection es Detecti Example : Time Coir Coincidence Windo GWHEN

GW Detection : efficiency

< ———
1 _ B Fanysingle
2 [Gaussian Pulse £ 300 L o oy twafold,
ﬁ 09 Pe=5 % coincidence
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$ 7 o
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N. Arnaud et al., Phys. Rev. D 65, 042004 (2002) )
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GWHEN Detectability
ITFs Detection Antares Detection Example : Time Coincidence Coincidence Windo

GW Detection : efficiency

{0 —
f . X Fanysingle
2 [Gaussian Pulse s 390 L " o ny.twdfald
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o Case Any single interferometer only more probable
= Time Coincidences (no direction) possible

@ Direction rejects background : Coincidence/Coherent Analysis

[} = =
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GWHEN Detectability
ITFs Detection Antares Detection Example : Time Coir 1cidence Window c Metho:

Detection depends on the signal waveform...

F. Beauville et al., Class.Quant.Grav.25 :045002 (2008) )
A1B2G! GAUSS!
x10™"
&
A1B2G1 g 2 o)
¢ 1 g g
-1 -
2
., &M_Wm ]
3 o 0 0% o
= false alam rate (Hz)
g, ] s
& " |GAUSS4
4 ]
g g
_glSG23snls i z 3
6 L . . 20 w |
0.08 01 0is 02 s A
time(s) o = . -

10 107
false alarm rate (Hz)
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GWHEN Detectability

ITFs Detection Antares Detection Example : Time Coincidence Coincidence Window GWHEN Horizon Methods

Antares Detection

Ambient Proton-induced
phaton or cascade
synchrotron

photon

Inverse-Compton
scattering

. Pradier (University of Strasbourg) Workshop « Fundamental Physics Laws », Paris, June 2010 - The GWHEN PROJECT 17 / 24



GWHEN Detectability
ITFs Detection Antares Detection Example : Time Coincidence Coincidence Window GWHEN Horizon Methods

Antares Detection

“12 lines
3x25 PMTs/line

= 12 Lines in operation since mid-2008 !
=y track reconstructed from (t, Q) of hits from Cherenkov light

Th. Pradier (University of Strasbourg) Workshop « Fundamental Physics Laws », Paris, June 2010 - The



GWHEN Detectability

ITFs Detection Antares Detection Example : Time Coincidence Coincidence Window GWHEN Horizon Methods

Antares Detection : efficiency vs background

5 E ' : '
g oL [ all background |
g E N\ [] upw. rec. atm.
8 [ \
e 10 £ l
[ E
> E
[} -
210" o A~ log(£)
I S N Noor
'g E @ Standard cut : A > —5.3:
g 10 E &Vtsy/days5: = Efficiency ~ 75%
5 F = Atm. v : 10/day
o 1F
é 3 @ For lower A, bkg explodes
210-1; 0.5 evt/day @ For higher A, € drops
10°E
8§ 75 7 65 6 55 5 -45 -4

value of cut on A
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GWHEN Detectability

ITFs Detection Antares ction Example : Time Coincidence Coincidence Window 1EN Horizon Methods

Simple case : time coincidences

S

% 245 T

ot

o°F N

0 22f \ €coinci sfor At ~1s

S s0 Visibility/BeamyPattern N\ coincidences

E \sLnot include \ e Maximum for A ~ —5.5

Y C —

W 16 g

c C \ 10 Alow :

O 14¢ 3

£~ I ccidentals \ E = Antares bkg high

O 12 E . .
2 108 I ~Alyr \ e = Virgo Threshold too high
a BE / o \ 3 e A high:

u— F \ E .

O gt = = Antares efficiency too low
© 4: \ E

= -7 65 6 -55 -5 -45 -4

o CutonA
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ITFs Detection

Antares Detection

Example

Time Coincidence

Quantum Gravity effects & coincidence window

GWHEN Detectability
Coincidence Window

1EN Horizon
otk

mass

Mgraviton = 0, and Egraviton <1l= Atggv neg|lglb|e'
< 1for E, ~ TeV

Quantum Gravity : Dispersion

c?p? = E? [1+£(ELQG)+O(5)+ }
zk1

QG
¢ = —1 favoured (v slower than c)

= Given fluxes and amplitudes, first signals seen local universe
= independence from cosmological models
CW-v d EJ* 10 Gev

° AtQG ~ 0.15ms (10 klx) (1 Y

Eqc )

S. Choubey & S. F. King, Phys. Rev. D 67, 073005 (2003)
Th. Pradier (University of Strasbourg)

]
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ITFs Detection

Antares Detection

Example

Time Coinci

GWHEN Detectability

Coincidence Window

GWHEN

Quantum Gravity effects & coincidence window

10° 10!
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Methods
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GWHEN Detectabil

ITFs Def tection Example : Time Coincidence Coincidence Window Metho

and time window

GRBs : observations

500 e, i, 6000
. EEe
ER o §
2000 F 3 8 m " Jowo &
o 1500F 3 I P TR :
5 1000F 3 . -
500F £l ﬁ o §
0 3
El © oy W]JW.JWJIL-"PL"L.,, PRl e A e, S
] . 2 3 ar o o
ERN ) 1 $ . o g1
E s w g
E AL ] i
e ] -10 0 10 20 30 40 50
Time since GBM Trigger (s)
0 50 100 150 200 250 "
Time (s)

= Extend Time Window

Th.

Pradier (University of Strasbourg)

High Energy Emission

o HE ~ delayed

= Preliminary studies show that

HEN emission delayed

m]

Workshop « Fundamental Physics Laws », Paris, June 2010 - The

L)
I
il
it




GWHEN Detectabil

ITFs Def > / < ctio Example : Time Coincidence Coincidence Window

GRBs : observations and time window

[ Long GRB - largest time ]

window
e.g. Ott, 2009

[ model dependent ]

Precursor

N N — garnma

250s

BATSE precursors (374)
Burlon et al., 2008

BATSE GRBs (1234)

Fermi observations will probably
change this due to different high
energy gamma emission mechanism

Th. Pradier (University of Strasbourg) Workshop « Fundamental Physics Laws », Paris, June 2010 - The



Scientific motivations HEN Sources EN O bility GWHEN Detectability GWHEN Sta
ITFs Detection Antares Detection Example : Time Coincidence Coincidence Window GWHEN Horizon Methods

The Question of the Horizon :

o GWHEN Efficiency limited by weakest experiment

Th. Pradier (University of Strasbourg) Workshop « Fundamental Physics Laws The GWHEN PROJECT 21 /24



GWHEN Detectability

ITFs Detection Antares Detection Example : Time Coincidence Coincidence Window GWHEN Horizon Methods

The Question of the Horizon : GW

@ Rough estimate of Signal-to-Noise Ratio
k1 1 GEaw ~ 1 [ GEaw
P=Tams ~ 7Sn(f) X Jaw \ Fric = dow ~ fo\/ 72c3S,(f)

@ Take p ~ 10, f ~ 250Hz, Sy(f) ~ 1023 /+/Hz (Optimal)
@ Low Luminosities GRBs L, ~ 10%" erg/s for §t ~ 1s

@ Assume Eqw = eqw Etot

@ Then dgw ~ 10 Mpc X/ 6oiﬁf\/ %

Th. Pradier (University of Strasbourg) Workshop « Fundamental Physics Laws », Paris, June 2010 - The GWHEN PROJECT



GWHEN Detectability
ITFs Detection Antares Detection Example : Time Coincidence Coincidence Window GWHEN Horizon Methods

The Question of the Horizon : HEN

HEN Horizon

@ Luminosity Needed for detection of N, events from N, o< ®,0,R, A,

3 Gpc
@ Requiring N, =1 for a burst 6t ~ 100 s,
L, = enenLiot = dipN ~ 5 Mpc, scaling as Vot and /enen

2
o L, = 4ndipy®, ~ 107erg/s N, (£52)" (L) for A, ~ 0.1 km?

@ For Low Luminosities GRBs daw ~ dgrn ~ 1 — 100 Mpc
@ Horizons seem equivalent for rough estimates...
@ ...But depend on eqw, €ugn, Ot...

Model dependent !

=
= Equalization of Horizons needed for given GWHEN models

Th. Pradier (University of Strasbourg) Workshop « Fundamental Physics Laws », Paris, June 2010 - The GWHEN PROJECT



GWHEN Detectability
ITFs Def Antares Detection Example : Time Coincidence Coincidence Windo GWHEN Horizon Methods

A method for coincidences

Antares Data

[ v Trigger List ] [GW Trigger Lisﬂ

y
[Eslimale False Rate Alam1s]

ompare friggers in present Time Wind

[ Open the box |

oincidence

Th. Pradier (University of Strasbourg) Workshop « Fundamental Physics Laws », Paris, June 2010 - The



GWHEN Detectability
Detection Example : Tim cide Coincidence Windo 1EN Hc Methods

Maximum accessible Eqg

GW Signal : Gauss:ian pulse, width 1 m:s

E -

o -

e = =
o F |
o 4.5F - -
= E Source at 10 kpc, 1 TeV neutrina 3
s 4f =
@ r ]
= 3
2 F B
& =

E 3E @ Limited by GW timing resolution
9 as5F

&5°F @ Careful : no energy resolution takenintolaccount...
g of -
o - |
wi = 3
8 1.5F =
e .E Planck Mass 3
3 'F E
E B E
= 5 10 15 20 25 30 35 40 50

45
GW Signal-to-Noise Ratio

= EJ& ~ 10" GeV for SNR 2 10 J

niversity of Strasbourg) Workshop « Fundamental Physics Laws », Paris, June 2010 -



GWHEN Status

The GWHEN Group

GoeD

@ Antares :
@ Contact : Th. P.
@ B. Baret, B. Bouhou, A. Kouchner, L. Moscoso, V. Van Elewyck

@ Virgo, APC (Paris) : E. Chassande-Mottin (Contact)

@ LIGO :
@ S. Marka (Contact)
Columbia U. (USA) : I. Bartos, Z. Marka
Cardiff (UK) : P. Sutton
Potsdam (Germany) : I. Di Palma & M.-A. Papa

@ IceCube : C. Finley (OKC, Sweden)

4

Collaborative : Virgo/LIGO + Antares

@ MoU for exchange of data signed between Antares, Virgo and LIGO

@ Regular Meetings

Th. Pradier (University of Strasbourg) Workshop « Fundamental Physics Laws », Paris, June 2010 - The GWHEN PRC



GWHEN Status

The GWHEN Group

2010 - Current Analysis : Antares 5 Lines + VSR1/S5

@ Sub-optimal detectors = No joint optimization !

@ (Null) Results expected after summer 2010...

@ Optimize Coincident Detection Efficiency
= for specific joint GWHEN emission models...

@ Possible First coincident detection ?

@ HEN : 1-5 km?3 in the Mediterranean...

@ GW : Interferometers with enhanced sensitivity above 20 Hz

@ Astrophysics of detected sources ?
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GWHEN Status

The GWHEN Group : perspectives...

@ First coincidences will help understanding the sources !
@ An exception : Jetted Core-Collapse SN / Short/Long GRBs

= GW signals well modelled - at least timing wrt bounce/merger
= Production of HEN in the jet
= QG studies ok if HEN produced near base of the emitted jet
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