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The big picture of gravitational wave astronomy
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Outline

1) Why ? Multi-messenger astronomy

2) What ? Transient astrophysical sources and their multi-messenger emission
- Multi-wavelength emission

- Multi-messenger emission (v)

3) How ? Multi-messenger observational technics and strategies

4) Multi-messenger synergies

- EM and neutrino follow-up of GW events

- EM follow-up of neutrino events



Mulkti-wmessenger
astronomy ¢




MULTI-MESSENGER ASTRONOMY

Photons (y-rays): absorbed and interact with CMB/IRB (pair production for d=Mpc)




MULTI-MESSENGER ASTRONOMY 7

Photons (y-rays): absorbed and interact with CMB/IRB (pair production for d=Mpc)
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MULTI-MESSENGER ASTRONOMY

Photons (y-rays): absorbed and interact with CMB/IRB (pair production for d=Mpc )
Cosmic Rays: deflected by magnetic fields + GZK effect with CMB/IRB
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Photons (y-rays): absorbed and interact with CMB/IRB (pair production for d=Mpc)
Cosmic Rays: deflected by magnetic fields + GZK effect with CMB
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MULTI-MESSENGER ASTRONOMY

Photons (y-rays): absorbed and interact with CMB/IRB (pair production for d=Mpc)

Cosmic Rays: deflected by magnetic fields + GZK effect with CMB
Neutrinos: neutral, weakly interacting particles, point to the source
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MULTI-MESSENGER ASTRONOMY

Photons (y-rays): absorbed and interact with CMB/IRB (pair production for d=Mpc)

Cosmic Rays: deflected by magnetic fields + GZK effect with CMB
Neutrinos: neutral, weakly interacting particles, point to the source
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» Hadronuclear (e.g. starburst galaxies, galaxy clusters, galactic cosmic rays)

Pno—)yy
pp> T 2 U'v,2e Vv,V
n'—)p A A AN

» Photohadronic (e.g. gamma ray-bursts, AGN, microquasars,...)

0>
PY N 2np'v,2>ne‘v,v,v,

v carries ~3-5% of p energy Neutrino spectral index =~ 1-2 (harder
= TeV-PeV neutrinos + y-rays spectrum for photohadronic processes
oroduced by p with PeV-100 PeV since the density of target photons

energies A increases with proton energy)




MULTI-MESSENGER ASTRONOMY

EM spectrum
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EM spectrum Neutrino diffuse flux Cosmic-ray spectrum
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WHY AN EM OR NEUTRINO COUNTERPART OF GW EMISSION
WOULD BE AN IMPORTANT STEP FORWARD ¢ 16

It we assume that a small fraction of the energy released through GW is
released through photons and neutrinos, it should be detectable !
=> Which conversion mechanisms ?

Consider the GW signals in its astrophysical context

Give an arcsec localization, estimate of the redshift of the source, identity the
host galaxy

Provide further information on the sources and their environment
Constrain the emission and acceleration processes

Constrain fundamental physics parameters (equation of state of neutron star,
neutrino mass hierarchy, ...)

START MULTI-MESSENGER ASTRONOMY !!



Transient sources and their
multi-messenger emission




TRANSIENT GW SOURCES 18

Transient GW signal with duration significantly shorter than the observation time
and cannot be re-observed

focus here on sources detectable by LIGO/Virgo

Binary mergers Massive star core-collapse
NS/NS - BH/NS - BH/BH

Accretion

3 dynamic regims of GW emission:

Inspiral Merger Ringdown

A £ =
“\A})ﬂ,—-'\‘-( /](‘ l:_’)_ - > r(: .:,‘1
o Vo e
> 2 < 'S S Proto-neutron star
P oﬁ Sv\ S s

GW emission uncertain

Detection rates and horizons (adv. LIGO/ energy emitted through GW:

Virgo full sensitivity) ~108-10%4 M.c2
®

NS/NS: 0.04 - 100 / yr

BH/BH: ~35 / yr Detection rate poorly constrained




CONNECTION TO GAMMA-RAY BURST 19

Both phenomena may be related to GRB !
Short GRBs AR Colilog - Long GRBs

#20 T IIHIHI ""'I] rmrrrrmg

- 10x closer than long GRB
- 100-1000 x less energetic
- association with older stellar pop.

Short

m me¢'

60

III]

+ — - associated with SN Ic
-+ - instar forming galaxies
| - far away galaxies

- larger distance from the host galaxy
center (~5-10 kpc)

NUMBER OF BURSTS

20

l

- | Long ',
ShyOft gammva-rayAburSt 0 EERTITY SSwS prRrreT BTSN RTTT ul L 1411 Long gamma-ray burst
(<2 seconds’duration) 0.001 0.01 0.1 ' 0. 100. 1000. (>2 seconds’ duration)
Teo (seconds)
°
kilonovae (?)
Supernovae

(Optical/IR, radio remnant) Type ll, Ib/c




Multi-wavelength emission

What kind of EM emission can we expect from GW
counterparts ?
(see e.q. Piran et al,, 2013)

(short) GRBs are often considered as
the most promising GW counterpart



NEUTRON STARS ‘ q

N

BLACK HOLE

CENTRAL
ENGINE

MASSIVE
STAR

HYPERNOVA SCENARIO

FIREBALL MODEL

BLOBSCOLLIDE
SLOWER (Internal shock

FASTER BLOB

BLOB—‘

wave)

PREBURST

X-RAYS,

VISIBLE

LIGHT,
JETCOLLIDESWITH RADIO
AMBIENT MEDIUM WAVES

(external shock wave)
GAMMA RAYS—‘ l

AFTERGLOW




FIREBALL MODEL
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GAMMA-RAY BURST MECHANISM: FIREBALL MODEL

Available energy for different progenitors

Collapsar Merger Magnétar
M. | 5— 15 Mg ' 2.5 — 10 Me ' 1.5 Me
rotation | a=02-—0.8 ' a=05—1 ' P~ 1ms
E.of < 5.2 x 10%4(M/10 M) erg | < 2.6 x 10°*(M/5 My,) erg | 2 x 10° erg (P/1 ms)™*
Mgisk | > 10 Mg | 1073 — 0.1 Mg ' 1 My, ?
| . < 8 x 10°%( Mgk /10 My) erg | < 8 x 10°%( Mgis /0.1 My) < 4 x 10° erg

3
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R. Hascoét, PhD thesis
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BLACK HOLE
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FIREBALL MODEL

Fastest blobs will catch up with the slowest

ones creating internal shocks inside the jet.
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AFTERGLOW
Internal shocks:

transfer energy to the
particles and magnetic fields
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GAMMA-RAY BURST MECHANISM: FIREBALL MODEL

The relativistic jet propagates until it

interacts with the ambiant medium at

. . X-RAYS,
large distance from the central engine. VISIBLE
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GAMMA-RAY BURST MECHANISM: FIREBALL MODEL
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GAMMA-RAY BURST MECHANISM: FIREBALL MODEL
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GAMMA-RAY BURST MECHANISM: MULTI-WAVELENGTH EMISSION 31

Prompt gamma-ray emission
Two classes of bursts associated with the jet

BATSE 4B Catalog
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GAMMA-RAY BURST MECHANISM: MULTI-WAVELENGTH EMISSION 32

Prompt gamma-ray emission
associated with the jet

:’*“"‘"’T v Yy ¥ ¥ v YEYYRIY v v vy v Ry ¥ ¥ ¥ *‘*ﬁ‘
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¢ 10°F
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Y
=~ 107
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0.01 0.1 1 10 100
Photon Energy (MeV)
xae—(2+a)a: Lz <

Prompt gamma-ray spectrum well fitted by Band function B(z) = A { T

with z= £, 2, = 575 (A, Ep, a, B are fitted).

Spectra can be explained by synchrotron mechanism (leptonic component).

Hadronic component cannot be totally excluded: keV-MeV photons could be explained by
synchrotron emission of p + e (or Inverse-Compton of secondary e*e’). But would require
100 x more energy in protons and magnetic fields than in gamma-rays (but depends on T
which is poorly constrained).



GAMMA-RAY BURST MECHANISM: MULTI-WAVELENGTH EMISSION 33

Afterglow multi-wavelength emission
Timescales depend on wavelength (<days in X-rays, <month in optical, <year in radio)

Results from the deceleration of the flow by the external medium (uniform or stellar wind)
1 15.9s 1hr 1day
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GAMMA-RAY BURST MECHANISM: MULTI-WAVELENGTH EMISSION 34

Afterglow multi-wavelength emission
Synchrotron emission from relativistic blast waves expanding into an external medium

afterglow with
synchrotron fit
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= e OptucaI/IR/UV ©
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> % : : : XRT X

10 : : :

10'° Yo, !
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Frequency [Hz]

Butler et al., 2006



Grravitabional wave (Y100 Hz) emitters

/

mergers of massive star
compact ob jects core-collapse
NS/NS or NS/BH l l
. short GRBs long GRBs

WJ

Prompt (high-energy) emission
+ afterglow (mulki-wavelength)
orphan afterglow (?)

L Lilonova (?) CCSN 44—



Multi-messenger emission

What kind of multi-messenger emission is expe@%@d
from GW counterparts ¢

. Still assuming a GRB model:
B - (Ulkra-) High-energy cosmic rays 7
- High-energy neutrinos ¢




GAMMA-RAY BURST MECHANISM: NEUTRINO EMISSION 37

Zhang & Kumar 2013

Assume protons are accelerated at a specific position inside the jet (same position as
neutrino production) '
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GAMMA-RAY BURST MECHANISM:
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GAMMA-RAY BURST MECHANISM: NEUTRINO EMISSION

Zhang & Kumar 2013

10~

depends on Epeak and T

depends on Band B
+ proton spectral index

depends on Band «
+ proton spectral index
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GAMMA-RAY BURST MECHANISM: NEUTRINO EMISSION

Zhang & Kumar 2013
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+ proton spectral index
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( observations.
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GAMMA-RAY BURST MECHANISM: COSMIC RAYS 41

For instance Globus et al., 2014

Modeling of the internal shock according to Daigne & Mochkovitch 1998

= gives an estimate of physical quantities (E, T',p, B,...) at internal shocks based on a few free parameters
(distribution of the dissipated jet energy)

Calculate the SED of prompt emission according to Daigne, Bosnjak & Dubus 2009
= SED are used as soft photons target for the accelerated cosmic-rays

Midly relativistic acceleration of cosmic-rays using the approach of Niemiec & Ostrowski 2004-2006 + Shock
parameters are given by the internal shock model

+ including energy losses (photo-hadronic and hadron-hadron)
= cosmic-ray and neutrino output for a GRB of a given luminosity

Cosmological evolution of GRB (Piran & Wanderman 2010) = diffuse UHECR (and neutrino) fluxes

1025 isotropic '
Compatible with UHECR observations from 10%
Auger if: g
(i) the prompt emission represents only a » 10%
very small fraction of the energy ‘§ 102
dissipated at internal shocks (especially u%
for low and intermediate luminosity T 107"
bursts) ‘8 ”0
(ii) most of this dissipated energy is L |
communicated to accelerated cosmic-rays 10 NN | PR LR N
17.5 18.0 18.5 19.0 195 20.0 205

log,.E (eV)



Grravitabional wave (Y100 Hz) emitters

/

mergers of massive star
compact ob jects core-collapse
NS/NS or NS/RBH l l
short GRB3s long GRBs

WJ

Mskmemergj tosmwwraj emiLssLon (?’)

l

higkmenergj neubrine emission (?)



CORE-COLLAPSE SUPERNOVAE: NEUTRINO EMISSION 43

A core-collapse SN alone also produces neutrinos !

T and density high enough to
produce heavy elements up to iron
by nuclear fusion

Massive star M =z 10M,
Onion structure



CORE-COLLAPSE SUPERNOVAE: NEUTRINO EMISSION L4

Collapse of the degenerate core
(implosion)

~1500 km

p+e —n+re

Massive star M = 10M As Mcore ~ Mchand, pressure of degenerate
relativistic electrons decreases due to electron

capture and becomes insufficient to resist
gravity =» collapse

Onion structure



CORE-COLLAPSE SUPERNOVAE: NEUTRINO EMISSION 45

Inspired by G. Raffelt

Shock wave

- After less than half a sec., a new

equilibrium is reached between gravity
and nuclear matter (mostly neutrons)
with @~10 km = protoneutron star

- Infalling matter bounces on this core
- Shock wave forms within the iron core

- Shock wave looses kinetic energy while

propagating (via iron photodissociation
+ electron capture) =¥ star cannot
explodes

- Shock wave gains energy from

neutrinos (Colgate & White, 1966)

- Neutrino heating enhanced by

convection and shock oscillations (SASI)
=» star explosion

- ~99% of the energy released through

neutrinos.



CORE-COLLAPSE SUPERNOVAE: NEUTRINO EMISSION 46
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- After less than half a sec., a new

equilibrium is reached between gravity
and nuclear matter (mostly neutrons)
with @~10 km = protoneutron star

- Infalling matter bounces on this core

- Shock wave forms within the iron core

simulation for M=27 M,

Tamborra et al., PRD90, 2014
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CORE-COLLAPSE SUPERNOVAE: NEUTRINO EMISSION

SN1987A: 25 neutrinos observed

by 3 separate observatories
(>100) in 13 sec.

confirm the general picture of
CCSN but too low statistics to
resolve lightcurve

Supernova 1987A Rings

Energy [MeV] Energy [MeV]

Energy [MeV]
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Grravitabional wave (Y100 Hz) emitters

/

mergers of massive star
compact ob jects core-collapse
RH/RBH l l
short GRRs long GRBs

G
v
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THE CASE OF BLACK-HOLE / BLACK-HOLE BINARIES

4

Multi-messenger emission ?

Basic ingredients for GRB mechanisms (+ CR acceleration):
magnetic fields + disk (baryonic environment).

Where does bthe baryomic
. environment come from ?
How can a disk remain bound

Focus on BBHM

may come fyom MHD

A4 h w2
tnskabilities in bhe diske (?) arounad such a system ?

see here for more exhaustive review: http://
iopscience.iop.org/journal/2041-8205/page/

Two examples:

«two clumps in a dumbbell configuration that formed
when the core of a rapidly rotating massive star
collapsed ».

P -

dead disk remains bound in the BBH system

Loeb 2016
but see Woosley 2016

+ Dai etal. 2016) Perna et al., 2016



http://iopscience.iop.org/journal/2041-8205/page/Focus_on_BBHM

THE CASE OF BLACK-HOLE / BLACK-HOLE BINARIES 50

- Weak supernova =¥ part of the
envelope remains bound
(assuming 40Mg, Z<0.01Z¢ +
angular momentum outer layers
high enough)

|
|
|
- Evolution of the disk depends on 104! Catastrophic, | Steady-state
viscosity which drives transport of fulldiskcheating _, outer 1im hearng
|
angular momentum !
Shock-heated disk, I
102 MRI active and I
i actively accreting :
onto BHS I
— |
- For t>tisc, T decreases =» angular v do® oD
()]
momentum transport reduced =¥ c 1o° :
. }: 5 |
« dead ”» dISk (aS Observed by Duration of accretion (GRB) |i
Wang et al. 2006 for NS) I | Black Holes
|
1072} 1 ‘
! ° I’ ®
. . . |
- Final seconds: outer rim is heated ! N v
|
by t|da| e'H:eCtS (|nner part St'” : Tidally heated outer rim, MRI active
|
neutral) 10 L .
10’ 10° 10° 10%°
Orbital separation (cm)
- tew < tyee: accretion activated Perna et al., 2016 see however Kimura et al., 2016 (different

timescale + EM too faint)



Mulkti-messenger
observational strateqies




Multi-wavelength observation technigues



ELECTROMAGNETIC SPECTRUM 53

10-6 eV 104 eV 10-2 eV 1eV 102 eV 104 eV 1 MeV 100 MeV 10 GeV 1 TeVv 100 TeV
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radiofréquences " ultraviolet haute nergie THE
proche IR — e
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centmétnque som—— o— [a— e e— P 1
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Radio, sub-mm, IR, visible, UV Soft and hard MeV GeV - TeV

X rays Y rays yrays

Reflection mirrors (including grazing incidence) Space-based y's Ground-based y's

+antennas (for MHz > f > GHz)

Credit: F. Piron



ELECTROMAGNETIC SPECTRUM 54
10-6 eV 10-4 eV 10-2 eV 1 eV 102 eV 104 eV 1 MeV 100 MeV 1 TeV 100 TeV
Vis‘ble eSS ——————
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radiofréquences &" ultraviolet e haute énergie T
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Radio, sub-mm, IR, visible, UV Soft and hard MeV GeV - TeV
X rays Y rays Y rays

Reflection mirrors (including grazing incidence)

Space-based y's

Ground-based v's

+antennas (for MHz > f > GHz)

Credit: F. Piron



ELECTROMAGNETIC SPECTRUM 55
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GeV - TeV
Y rays

TAROT Zadko LSST
D=0.25m D=10m D=6.7m
FoV =2°x2° FoV =0.3°x0.3° FoV =3°x3° |Y's Ground-based y's
Firstimagein 10 s Firstimage in 80 s First image > 10 minutes
Deepestmag =204 Deepest mag = 21.6 Deepest mag = 26.4

Cost = 300 k€ Cost =1 M€ Cost = 500 M€

Credit: F. Piron



ELECTROMAGNETIC SPECTRUM 56

10-6 eV 104 eV 10-2 eV 1 eV 102 eV 104 eV 1 MeV 100 MeV 10 GeV 1 TeVv 100 TeV
visible B ———————_ ]
i g i ﬁ  ultravialet 'w’ gmm _—
radiofréquences ki 22 = ultraviolet e haute énergie THE
proche IR — ) —_——
TSR | —— C haute énergie
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- - 53 =
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1um 10 nm 1A 102 m 1014 m 10-16 m 108 m 10-20m
Radio, sub-mm, IR, visible, UV Soft and hard MeV GeV - TeV
X rays Y rays Y rays

Reflection mirrors (including grazing incidence) Space-based y's Ground-based y's

+antennas (for MHz > f > GHz)

Credit: F. Piron
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NEUTRINO SPECTRUM 58
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Cosmological v

Neutrino astronomy needs

Solar v

Supernova burst (1987A) km?3 scale detectors

_-Reactor anti-v

Background from old supernovae
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Atmospheric v

lceCube
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Neutrino energy A

Super Kamiokande

~50 kilotons of water w0 N~ Y

v are weakly interacting + low cosmic flux = requires
large instrumented volumes under sea/ice to reduce
the muon background
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DETECTION PRINCIPLE

Different ways to detect HE v.

One way particularly useful in astronomy:
observation of muons produced in CC interaction of v,

Detection principle

Detector

»

j"

Muon trace correlated to
the neutrino direction

}
It
p!

&

Jl

1
1
11
P!
}
»1

Jil
./

Cherenkov
cone

et . e f—— P ——
—pr—

P—.‘—', )
—i

@ Francoss Montanet

e Hit position and time  Hit amplitude

interaction | | | |

Direction Energy




DETECTION PRINCIPLE 60

Up-going
events

P _ \‘ tmospheric neutrinos
background)
03-1 0>/ yr
| a few/day for ANTARES)
Down-goin # e
events ; | ” Cosmic neutrinos
Atmospheric muc (signal)
(background)

108-10"9/ yr
(~1-10/sec for ANTARES)

-




DETECTION PRINCIPLE 61

L

Jp-goin
- The huge atmospheric muon background (down-going -esegnts J
events) can be removed by looking for up-going events.

c neutrinos
d)
- The atmospheric neutrinos that cross the Earth have

: . : lor ANTARES
unfortunately the same instrumental signature as cosmic )
neutrinos (both seen as up-going events).

Down-g

events nic neutrinos
Atmosphet| BUT... (signal)
(backgrour
108-107°/ yr

(~1-10/sec for ANTARES)




ANALYSIS PRINCIPLE

62

log (dN/dE)

>

How to identify cosmic neutrinos ?

vpatm a E-3,7

v”cosm o E-Z

Energy cut

>

~ TeV Energy

But spectrum of atmospheric neutrinos
expected to be softer than neutrino spectra
from astrophysical sources

Below ~TeV: difficult to extract astrophysical
signal

At high energy: the background should be
reduced

Applying a cut in energy should remove most

of the atmospheric neutrino background !



ANALYSIS PRINCIPLE

63

Looking for excess at high energies:
-» diffuse flux analyses

Concerns mainly extragalactic sources

nb. of evenks

Requires good energy resolution

Looking for anisotropies (clusters of events) in the sky:

=» point source searches =607
Requires good angular resolution 8ud0 B
- ’,I‘- ”l;"~
,.._/.',":/“‘.'
5= 0° 240} i -'.:":;‘,%‘-’ 7o
o © N
‘ 4‘ “.A.:‘ &\ _f N
O .. §=-30" "W N EET NG
. . .\ \‘ ‘. "..\\_-..I\
O o= -;0\‘/

Looking for coincidences with other astrophysical signals:

=» multi-messenger searches

@_xpe_t:?:ed

background

Requires temporal coincidences with other probes (CR, GW, photons)



NEUTRINO SIGNATURES 64

Neutrino can interact outside the
detector (larger effective volume)

Good angular resolution (~0.2° in
the sea)

Quasi-spherical events

Limited angular resolution (2-10°)

©
=)
(@)
=
<
-
©

Good energy resolution (10-15%)




HIGH ENERGY NEUTRINO TELESCOPES
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ANTARES

12 line detector completed in May 2008

8 countri
31 instit

€S +Q
institytes
~150 scientists +

©Montanet
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ICECUBE

67

IceCube Lab
\.-.- g o iceTop
I ST 81 Stations, each with
SOm[— R e o S 2 lceTop Cherenkov detector tanks
‘‘‘‘‘‘ 2 optical sensors per tank
\ STy 324 optical sensors
' “ " Hil | :
i HiN
| i | IceCube Array
' « 86 strings including 8 DeepCore strings
| 60 optical sensors on each string
|| ‘ | 5160 optical sensors
!
| l December, 2010: Project completed, 86 strings
1450m| |
DeepCore
/B strings-spacing optimized for lower energies
: 480 optical sensors

Eiffel Tower
L | 324m

~

2450 m
2820 m

86 lines, completed end 2010
1 km?3 instrumented volume
DeepCore: denser (8 strings)
lceTop: air shower detectors

Different media:
different technical
challenges




Complementary coverage:
galactic center / extragalactic sources
(true for energy < 100 TeV)

Complementary coverage

Optical noise (biolum) + 4°K / no noise
Mediterranean : logistically attractive
Absorption / diffusion

Good pointing accuracy / Calorimetry
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Optical noise (biolum) + 4°K / no noise 8
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Higkw@.mergv neubtrinoe dekeckion

¥ TeV-PeV cosmic neutrinos

!

small ecross—-seckion
+ very low flux

!

huge instrumented volumes
(“lkemn® scale) - Cherenkov detection

l

a&mospk@xia muoh + heultrino background

et

Mgkmemmgj cuk s!va&mt Eransienk /
(diffuse flux) clustering |pulki-messenger




CQTQ“ﬁc}LL&PSQ SNe neubrinoe deteckion ok
MeV enerqgies



CCSN DETECTION

72

Detecting supernova neutrinos
(with Cherenkov detectors)

e Neutrino interactions dominated by

Ve+p—eT+n at~10MeV

* Positron track of some cm detected by
photomultipliers through UV/optical
Cherenkov light

sr“‘ 'J

*T5




CCSN DETECTION 73

Detecting supernova neutrinos
(with Cherenkov detectors)

* HE neutrino telescopes: optimized for >GeV
neutrino detection (cannot resolve MeV events
individually)

® Fach optical module detects Cherenkov light
from its neighborhood

* [ncrease of the counting rate not significant

e SN signal appears as a collective rise in all
optical modules above noise

* Huge volume = high statistics (might help to

resolve the neutrino lightcurve)




CCSN DETECTION

Detecting supernova neutrinos
(with Cherenkov detectors)

e Signal .
Significance = Single rate method
measurement
1000 I 1 1 ) 1 1 - — 0656 10-5080M2
Mil no oscilaton05s + ] I S—— R
EM' Ky Way (center) nomal hierarchy 0.5 s « 1or 39636 80-60-80kMz 1.70
LY inverted hierarchy05s . - = 40154 200-160-100kHe
A Y N #40154 200-160-140KHz 1.70
! % S
100 : X L

g i e iMilky Way (edge) ol !

8 | A | o N

= i q;‘ai 1LMC : -

] 0.1y talsetngger rate | i i SMC a

10 ' $ — C
intermal Tigger threshold | t ao T E [ ..-'
! ! | N 2 6]
! §at P B ;
| i P i - }
! i i ! - -
1 1 1 1 1 [l | 1 0 PR T T | | |
0 10 20 30 40 50 60 70 2 4 6 8 10
Distance [kpc] distance(kpc)

£ IceCube collaboration, A&A 535 A109 2011

L Antares |, 32 ICRC proceedings
ArXiv 1112.0478
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Lakest results of high-energy neutrine
Eetesaopes



A COSMIC HE NEUTRINO FLUX 76

2012 : observation of two very
energetic cascade events (E>10">eV)

by IceCube

Energy very well reconstructed ;?i!‘:: :i.': -:;.i i ’i‘i!
Very poor resolution on the neutrino 4 | A & ' 3 8 1
4 it § T8¢
direction 2 I L
Published in 2013 1.0 +/-02 PeV 1.1 +/-02 PeV

=» World premiere: first two
“certified” astrophysical neutrinos ever
observed



A COSMIC HE NEUTRINO FLUX 77

In the months following the detection of Ernie & Bert, IceCube pointed a clear excess of events above
~100 TeV w.r.t the atmospheric v background

HE starting events - 4 years - all flavors
Vu

ICECUBE PRELIMINARY e
Veto
T T \v/

cescssssnqiessccmencn niecccnsccn st secnseemedesenncensaquunn gooe aod

J. A. Aguilar

Galactic

Compatible with isotropy

0 TS=2log(L/LO) 13.1
Sources non identified yet

now ~70 significance

Excess also visible in track channel (5.60)
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In the months following the detection of Ernie & Bert, IceCube pointed a clear excess of events above
~100 TeV w.r.t the atmospheric v background

HE starting events - 4 years - all flavors
Vi

ICECUBE PRELIMINARY ___

\ll lwn

A M4

71 The poor angular resolution does not enable to identity the
‘| sources yet...

But we can start constraining their location and their
| classes by looking at the spectrum...

J. A. Aguilar

S

And also using ANTARES !

ToO=ZoToglog o7

Sources non identified yet

now ~/0 Signiﬁcance Excess also visible in track channel (5.60)



Adapted from Juan A. Aguilar (RICAP 2016)

A COSMIC HE NEUTRINO FLUX 79

Q
— 3'5 L A A ’
: | — IC tracks (6yr). | ; | § T }
Bz 3OT'A”IC'MESE ........ ........... S ey /4 . t g
% - — IC HESE (4yr) \ .
I 2 S v L pengae: SRR/ SN/ S NN t
S —
E ol — Kccosca ‘ ?
° = - . - ' [
8 = : ; - ; :
.g @ 15._ N < S A% ‘ ’ §
f o 1.0} 7. T B : TT}
. = | T B
i 2 0.5 --:----90%i-CLcorgtours---; --------- E t t
) 0 : : Ev>j90 Tey Ic;eCubeiPrelinfinaryf t
9.4 16 18 20 22 24 26 28 3.0
7astro

Results of IC tracks(éyr) and IC combined not compatible at > 3.60 level
Indication of spectral break (different energy thresholds) ?

Indication of Galactic and extra-galactic contributions (different hemispheres) ?



WHAT ARE THE SOURCES ¢ 80

Just one example !

Galactic Effective area in the Galactic Center region
SO 1035
R y \
g o[ B V‘f} lceCube HESE ,," '.\
g E v, ANTARES . A
§ 10; =TT
5 F
aas = 8 1E
ANTARES has a good sensitivity N
In the Galactic center region. = 107
=) can constrain the origin of the mg
|ceCube events b
10° 10° 107

Neutrino Energy [GeV]
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2,107 ANTARES excludes single point . wat - o g
g source (E2 spegtrgm) aos origin of | \vidth = 1;
—~—| the cluster within 20° off GC width = 3°
8 Astrophys. J. Lett. 786:L5 (2014)
o
2 107
o
» > -
S i
\ T °
L e — o
............................................... Carmcric
I
0 TS=2log(L/LO) 11. . .
Hypothesized Galactic Source ?
- Gonzalez-Garcia et al, APP57 (2014)
Point Source at («,0)=(—79°, —23°):
®=6x108E2GeVcm?sl
-8 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
2104520 35 -30 25 20 -5 -0 5 0
0[]
<'>'_'10_3 E 3
S = -
(@] - : ]
‘;n 10 :—"""'""'""_"_"_".".".",".".'i‘.".".'-_--_--.~-.-.-....u-uuéu.-..-..-..'..'..'..'..'F =2.5 '..'..'..'..'..'__'_.'__'._'__'._'_,'__'_.'___:
o e - . : : p——
E> - i amssssmsmssEs=EE :- ------------------ --------- =
ANTARES constrains the lceCube & . of o I Yy
signal event contribution to a = = é E
diffuse neutrino flux in the ;94 R SPPPRPPPPPTT Y e elelelsielehiuisiei E
Galactic Plane Y B N T = 2.2
arXiv:1602.03036 107 == e
D IR S N Jr=20]..
: . f
2 3 4 5 6

Number of lceCube Hese Events


http://arxiv.org/abs/1602.03036

Mulkti-wmessenger
synerqgles
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1) Search for GRB neulrino counterparts
2) EM and neutrino mfoi.i,owmu,p of GW events

3) EM ﬂfouowﬂup of neubrino evenks



1) Search for GRB neubrino counterparts
2) EM and neutrine {:Oi.i,o-wwup of GW events

3) EM fottowmup of neutrino events
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SEARCH FOR GRB COUNTERPART WITH NU TELESCOPE 88

Different approaches:

likelihood search based on GRB samples (e.g. Aartsen et al., 2016-2017)
focus on some bright GRBs (e.g. Albert et al., 2017)
stacking of a large sample of GRBs (e.g. Adrian-Martinez et al., 2016)

=>» no neutrino counterpart found so far !



SEARCH FOR GRB COUNTERPART WITH NU TELESCOPE 89

lceCube v, 6-year dataset with I=300 and f,=10
likelihood maximization (1172 GRBs) PR L

(Aartsen et al., 2017)

= = Internal Shock Fireball Prediction
= = Photospheric Fireball Prediction

+ IceCube all sky/3 flavors search ICMART Prediction
likelihood maximization (3 years of IC data) oo Energs(cevl)m 10° 107
(Aartsen et al.,, 2017)

Internal shocks

Photospheric

g 2 3 B8 8
Exclusion CL (%)

450

‘ 100
100 : qm 100 100
| 1 {80 & & |
30 {fng ¥ g ¥
w e g

10 10 2 10 190 2 10

e e

& &

440 . 440 {4
1:; d 1 L i 1 1 L 30 ‘il 1 1 / 1 4+ 30 . j i 1 i 1 1 30
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900 50 100 150 200 250 300 350 400
I I [

=» The average burst likely exhibits I and f, values that are largely excluded for neutrino
production. But only valid for one-zone models !

100

o



SEARCH FOR GRB COUNTERPART WITH NU TELESCOPE 90

Consequences of non-detection ?

These models assume proton acceleration at a single location (one zone) where y-
rays are also produced and emitted.

=» Predicted prompt neutrino fluence will scale linearly with the proton content of
the fireball. When acceleration location constraint is relaxed (dynamic GRB outflow
is considered =» predicted prompt neutrino fluence significantly reduced (~10x)
(Bustamante et al. 2015; Globus et al. 2015).

Prospects: simulation of multiple emission regions within the jet (e.g. Bustamante et al., 2017):

=» new prediction for the minimal diffuse GRB neutrino flux, likely within the reach of the planned
detector upgrades, IceCube-Gen2 & KM3NeT.

+ Looking for features in the shape of the GRB gamma-ray light curve, can allow to assess whether a
particular burst is likely to be an intense neutrino source.



1) Search for GRB neulrino counterparts
2) EM and neubrine nfcwi.i.ow*up of GW events

3) EM fottowmup of neutrino events
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GW SOURCE LOCALIZATION 94

Challenges to identify the source + host galaxy

Sky position mainly evaluated by HL
triangulation based on arrival
time delay between detectors. HV

Two detectors =» locus of
constant time delay forms a ring
on the sky (with additional info.

. . Event GW150914 GWI51226 LVTI51012
on signal amplitude, ... resolve T
. . y localization
this to parts of the ring). AQ/deg? 0 i S

(depends on the signal-to-noise ratio)

Three detectors =¥ rings intersect

in 2 locations (including source Prospects (LVC, LRR 2016):
real |OCatIOﬂ) Epoch [ 2015-2016 2016-2017 2017-2018 2019+ 2022+ (India)
Estimated BNS detections 0.0005 -4 0.006-20 0.04-100 0.2-200 0.4-400
% within 5 deg® <1 2 >1-2 > 3-8 > 20
90% CR ¢ 20 deg?® | <1 14 > 10 > 8-30 > 50

median /deg? \ 480 230 - — —




GW SOURCE LOCALIZATION
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GW150914 follow-up by iPTF
(7.1 deg?/ observation)
Kasliwal et al., 2016



MoU with EM + neutrino collaborations

80 MoUs involving

» 170 instruments ‘
(satellites/ground-based telescopes) \
‘ ™ UV/OPTICAL/IR

covering the full spectrum

from radio ko very high~- W RADIO
energy gamma-rays’ B Y-RAY

= GAMMA

» Worldwide astronomical institutions,

agencies and large/small teams of astronomers
Credit: M. Branchesi

+ neutrino telescopes

con significantly constrain the

source Localization
(angular error < 1° on the si«fmj)



FOLLOW-UP ALERTS STRATEGY 97

Credit: M. Branchesi

)N RGO
GW candidates Sky Localization EM facilities

LIGO-H LIGO-L + neutrino telescopes
L7l B
ik | ,
Vl.rgo \ f
Low-latency Search

Event validation

to identify the GW-candidates Software to
« select statistically significant
triggers wrt background
Unmodeled GW * check detector sanity and
burst search ,
data quality

Matched filter with ° determine source localization

waveforms of compact
binary coalescence

ey @ f@W MIN 3 15/30 mMin

GW candidate
Parameter estimation codes ———> Hours,days —> updates
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GW150914 =» alert sent 2 days after the detection =» update 19 days after
(BBH nature) =» 4 months later: final FAR + skymap

25 tollow-up teams responded to the GW alert

Initial GW Initial Updated GCN Circular Final
Burst Recovery GCN Circular (identified as BBH candidate) sky map
- n m m
Fermi GBM, LAT, MAXI, Swift Swift Fermi LAT,
IPN, INTEGRAL (archival) XRT XRT MAXI
' |
BOOTES-3 MASTER Swift UVOT, SkyMapper, MASTER, TOROS, TAROT, VST, iPTF, Keck, Pan-STARRSI TOROS
Pan-STARRS1, KWFC, QUEST, DECam, LT, P200, Pi of the Sky, PESSTO, UH VST
! ! 1 ! 1L m ]
VISTA
ASKAP, ASKAP, VLA, VLA,
EWA LOFAR MWA LOFAR LOFAR viA
P | 3 N 3 N M 3 N PR | 3 .' 4 3 3 N .l P !
10° 10! 107
Abbott et al., 2016 f — tmerger (days)

Credit: M. Branchesi

LVC+astronomers arXiv1602.08492 Smartt et al. arXiv160204156S Morokuma et al. arXiv:1605.03216
LVC+astronomers arXivi604.07864 Evans et al. MNRAS 460, L40  Fermi-LAT collaboration APJL, 823,2

Connaughton et al. arXiv:1602.03920 Annis et al. arXiv:1602.04199 Lipunov et al. arXiv:1605.01607
Savchenko et al. 2016 ApJL 820,36  Kasliwal et al. arXiv:1602.08764 Soares-Santos et al. arXiv:1602.04198
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Most complete coverage in the gamma-ray down to 107 erg cm™ s™

X-rays coverage complete down to 107 erg cm s' (MAXI), relatively spare at
fainter flux with the Swift XRT (< 10" erg cm2 s7).

False alarm = 0.22%

i ol ab keV
Potential gamma-ray counterpart ? a A %

Fermi-GBM =» weak signal of 1 sec, 0.4 s after MMM il M WM

the alert. Fluence (1keV-10 MeV)=2.4 10" erg WWW WWM ] W W ;
C

m~?(FAR=4.79 10* Hz) (Connaughton et al.,
arXiv:1602.03920)

ooooooooooooooo

INTEGRAL = no signal but stringent upper Q SPI_AT |
limit (Savchenko et al., 2016 ApJL, 820). 00000 }H{}} ]JI]I] ﬂﬁ} }II] IHIH}HJH[J} }}ﬁﬁﬂ{{ﬂ}lﬂﬁl}

MAXI & AGILE =» no signal detected.
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NEUTRINO FOLLOW-UP OF GW EVENTS

i Peak Flux R

101

neutrino telescopes: large field of view I?S‘A?“E‘é’ff

=» can search for counterpart « offline »

' Main
:Emission

Post-Peak
Emissior_\

tHen - tew €[-500s; +500s] — \
(Baret et al.,, 2011) Quiesgent nterva
it GW related to GRB event A ‘

>

» i

central engine active

'I

central engme active

EGRB 150s

\\\\\\\\\\\\\\\\\\\\\b

(b) (d)gamma > 100 MeV:
N

100s

Charisi et al. 2014
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- 3 neutrino candidates for
I |ceCube
p e - (0 for ANTARES

=> consistent with background
expectations

GW (99% CL)
GW (90% CL)
GW (50% CL)
X neutrino

TP - - 55 ety

Adrian-Martinez et al. 2016, (ANTARES, IceCube & LIGO/Virgo)
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Fluence Upper Limit

] h  gh o 4h 2% @h

dN/dE x E 2

-1 -0.8 -0.6 -0.4 -0.2 0 0.2
Iog(EZdN/dE [Gchm'Z])

—_—

0.6 0.8

Adrian-Martinez et al. 2016, (ANTARES, IceCube & LIGO/Virgo)
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Fluence Upper Limit

-1 -0.8 -0.6 -0.4 -0.2 0 0.2
log(E*dN/dE [GeVem ™))

1/2

dN/dE < E -26-(E/1 00TeV)

Adrian-Martinez et al. 2016, (ANTARES, IceCube & LIGO/Virgo

0.4 0.6 0.8

—_—

—~
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Constraints on the total energy radiated in neutrinos

Eul

v,tot

2
~ 10°%-10°* Diw erg
410 Mpc

Energy radiated in GW: ~5 x 10°* erg

Typical GRB isotropic-equivalent energies are ~10°! erg (long GRB) and ~10% erg
(short GRB)

May be similar to total energy radiated in neutrinos in GRBs (Mészaros 2015;
Bartos et al., 2013)



NEUTRINO FOLLOW-UP OF GW151226 & LVT151012

ANTARES & IceCube
(TeV-PeV neutrinos)

s ] —ceweoxcy
60 _—= x neutrino (IC)
45//'/ X neutrino (A)
30/ \
15"/ x
0 1
15"\
30"\,
.
45 \\\
60

514 516 518 52 522 524 526 528 53 532 534
l0g(E}, lerg))

= GW (90% CL)
x neutrino (IC)
x neutnno~(A)

515 52 52.5 53 535 54
Iog(Eul (cutoff) [efg])

v ot

Adrian-Martinez et al. 2017, (ANTARES, IceCube & LIGO/Virgo)

Aab et al., 2016

Pierre Auger Observatory

106

(100 PeV; 25 EeV neutrinos)

Energy radiated in UHEv [erg]

D,=410 Mpc

D,=4104160 Mpc = =
D,=410-1B0 Mpc = = = +
Energy in GW = =

Pierre Auger"'

- 100

- 10

- 041

-80 -60 -40 -20 0 20 40 60 80

Declination & [deg]

Energy radiated in UHEv [erg]
a
b

D,=440 Mpc ——
D,=440+180 Mpc — =
D,=440-190 Mpc = = = -

- e —_—
- — e -

Pierre Auger

- 100

- 10

- 0.1

-80 -60 -40 -20 0 20 40 60 80

Declination & [deg]

E radiated in UHEv [Solar Masses x c2]

E radiated in UHEv [Solar Masses x ¢°]
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SuperKamiokande
. (1.6 GeV-100 PeV)
neutrinos

s GW150914

antineutrinos

75*

]

140 166 192 218 244 270 296 322 348 374

Fluence Limit (o *

=» « The absence of MeV neutrino
emission is inconsistent with the source
of the gravitational wave signals being

a near-by core-collapsed astronomical
object »

Gando et al., 2016

—— GW150914 and LVT151012
— GW151226 1

KamLAND
(kton detector of v. 0.9-100 MeV)

20 20 60 80 100 120
Neutrino energy (MeV)



1) Search for GRB neulrino counterparts
2) EM and neutrine {:Oi.i,o-wwup of GW events

3) EM mfoi.tcwwwup of neubrino events
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Alert
triggering

Real-time analysis

- Time to send an alert: ~5 s
- First optical image <20 s
. - Median angular resolution: ~0.3°
. -Iriggers: single HE, preferred direction,

part. Phys. 35 (2012)

multiplets

N

-
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Radio  Optical ~ X-ray  GeVy-rays  TeVy-rays

MWA TAROT Swift Fermi HESS I

(12/yr)  ZADKO  (6/yr) (offline) (2/yr)
MASTER HAWC
(GWACQC) (offline)
(30/yr)

» Private MoU with all the observatories

237 alerts sent to optical telescopes since mid 2009
+13 to Swift since mid 2013
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Globular

E ~50-100 TeV -' cluster M4 %
Error box=18 arcmin

Sentin 10s to Swift and Master
Swift obs: +%h

Master obs: +10h

vV Vv VvV VvV Vv

USNO-B1: 0626-0501160
Rmag = 12.6

Swift' XRT data of J1625.7-2723 - Source 1

Swift-XRT PC spectrum of J1625.7-2723 - Source 1 red: PC
I ] 1 I I 1 I I 1 I
' 0.02 L Ll LJ L i Ll ;’_‘4 L L . p
'> —_ '
g 0.01 3 T 3
o 5x10- | ’ : b o102 §
E - B | N J
§ oo L . g I ]
2x1 a3 1 o
3 ) i
N o
g 107 E s [
2 1 Q
§ 5x10-4 L~ §5x10‘13 -
+ —————+— + + +—— N i
1.5 + | —_ s g
K- — 11 % A
E 1 | ‘ i | i
A A lﬁl T+ A A : 2X10_13 [
1

05

n

1 1 1 1 1 1 1 I 1
Energy (keV) 9x104 10° 2x10°
Time since MET=462785905.0 (s)
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> Neutrinos > X-rays
* |ceCube: ATel 8097 * Integral: ATel 7995
> Optical * MAXI: ATel 8003
» Pan-STARRS: ATel 7992, 8027 * Swift: ATel 8124, GCN18231
= SALT: ATel 7993 > Radio
* NOT: ATel 7994 GCN18236 » Jansky VLA: ATel 7999, 8034
* WiFeS: ATel 7996 > Gamma-rays
* CAHA: ATel 7998, GCN18241 « MAGIC: ATel 8203
* MASTER: ATel 8000 GCN18240 « Fermi-GBM: GCN18352
» LSGT: ATel 8002 « HAWC

* NIC: ATel 8006
* ANU: GCN18242
» GCM: GCN18239
* VLT/X-shooter

= HESS
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W
w

32

30

logL,

28

27+

J2000 Declination

ANTARES Neutrino Field (NVSS)

_27036I . .

25M30°
J2000 Right Ascension

16"26M45°  15° 00°

ATel #7999

e ———— | —
15 16 17
logl.,

18

Normalized flux

16"26M45° 15

Active X-ray star

Antares Neutrino Field Altures eul o Field

USNO-B1.0 0626-0501169

N

40"

19'00"

2000 Declination

20"

40"

—27°20'00"
16726™06° 04° 02°

J2000 Right Ascension

5% 00° 25M30°
J2000 Right Ascension

1

14

: — 06 sept. 2015
1.05 5ol — 15 sept. 2015,
1.00 1 1.8k .
x
0.95 1 E Y
< 16 Preliminary |
s
0.90 . 2 14l |
O
=2
0.85 1
1.2
0.80}----- O | 1| S SO U OO PSP USUUUPPPPPRE SURR 4
: 1.0
: — 06 sept. 2015
075k — 15sept. 2015 ... ... ]
; ; 0.8L i L
6520 6640

1
6560 6580
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Il !
8600 6540
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6600
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ANTARES COLLABORATION JCAP 02:062, 2016

93 alerts with early (<24h) optical g B ~ TAFoT
[ * ROTSE
follow-up analyzed (01/2010 - g of it
o B
01/2016) g 10
o
g 12
13 follow-ups with delay <1min " : - :
(best: 175s) LF s : St X
— ¥ B
E T"V'.: A ] .'35 ‘
. . . 187[\ . ¥ AT N s
no transient candidate associated 2°U e RN
to neutrinos o
Constraints on origin of individual 24
neutrinos 26/ x 1 o g
10? 10° 10° 10° 10°

t (seconds after burst)

GRB origin unlikely
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ANTARES COLLABORATION JCAP 02:062, 2016

-]
. ; Swift foll
» 13 X-ray follow-ups g 10° ] witt follow-ups
g 107 3
s .
» delay of 5-6 h on average 210
& 10°
e
: : : 10"
» no transient candidate associated x
. 310"
to neutrinos .
, . TR 10"
» Constraints on origin of individual
10'1‘
neu-trlnos 10‘5 L L lllllll A 1 1111111 L - llllll L L.l llllll A L L LLLLL
10° 10’ 10* 10° 10°
Time since trigger (s)

» GRB origin unlikely
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The detection of even a single neutrino
in association with a nearby supernova

would reduce the uncertainty on the
start time from ~ 1dayto~ 10
seconds, which would help for GW
searches for instance.

+ trigger of EM observations

http://snews.bnl.gov

[T
oo gl

* Neutrinos arrive several hours
before photons

* Can alert astronomers several
hours in advance

Coincidence
Server
@ BNL

Borexino
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.

SVOM (multi-wavelength capabilities)




