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The “(r)evolution” of Astronomy 
•  From	  Tradi)onal	  Astronomy	  (Op)cs)	  to	  Mul)-‐
Wavelength	  Astronomy	  
Observa)ons	  of	  light	  in	  the	  visible	  band	  are	  complemented	  by	  radio,	  X-‐ray	  
and	  gamma-‐ray	  astronomy	  
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http://mwmw.gsfc.nasa.gov/ 
Galileo Galilei showing the Doge of 
Venice how to use the telescope (1858), 
fresco by Giuseppe Bertini (1825–1898) 



Next Step: no more only Photons! 
•  From	  Mul)-‐Wavelength	  Astronomy	  to	  Mul)-‐
Messenger	  Astronomy	  

New	   “actors”	   are	   coming	   into	   play	   in	   the	   scene	   of	   Astronomy&Astrophysics.	  
New	   messengers	   from	   the	   Cosmos	   can	   be	   added	   in	   the	   list,	   enriching	   and	  
complemen)ng	  the	  informa)on	  provided	  by	  photons	  at	  any	  wavelength.	  	  
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CAST by the Particle Zoo  
http://www.particlezoo.net/ 
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The Multi-Messenger Approach 

The	  Mul)-‐Messenger	  Approach:	  
-‐  connects	  Astronomy	  with	  Astrophysics	  and	  Par)cle	  Physics	  	  

	  à	  Astro-‐Par0cle	  Physics	  (…	  and	  the	  RICAP	  Conferences!)	  
-‐  opens	  new	  windows	  in	  Cosmology	  and	  in	  the	  Theory	  of	  Gravity;	  	  
-‐  gives	  some	  hints	  of	  New	  Physics	  beyond	  the	  Standard	  Model.	  
	  
-‐  promotes	   the	   collabora0on	   between	   different	   experiments:	  

joining	   the	  efforts	   and	   skills,	   addi)onal	   tools	   for	  data	   analysis	  
can	  be	  made	  available.	  	  
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(…	  a	  “manifesto”)	  



Advantages of the Multi-Messenger 
Approach 

-‐  increases	   the	   discovery	   poten0al,	   by	   observing	   the	   same	  
source	  with	  different	  probes	  (noteworthy	  for	  transient	  or	  flaring	  sources)	  

-‐  improves	   the	   sta0s0cal	   significance	   of	   the	   observa)ons,	   by	  
coincident	   detec)on	   (sustained	   by	   the	   development	   of	   alert	   systems	  
between	  the	  experiments)	  

-‐  refines	   the	  efficiency	   of	   the	  detec)on,	   by	  profi)ng	  of	   relaxed	  
cuts	  (exploi)ng	  the	  advantages	  of	  )me-‐dependent	  analysis)	  
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(…	   in	   par)cular	   for	  Neutrino	   detectors,	   since	   poten)al	   astrophysical	   sources	   are	  
predicted	  to	  emit	  faint	  signals	  and	  the	  presence	  of	  an	  isotropic	  flux	  of	  atmospheric	  
background	  requires	  the	  development	  of	  effec)ve	  search	  strategies)	  

The	  different	  messengers	   (all	  of	   them	  or	  some	  of	   them,	  depending	  on	  the	  
model	   and	   on	   the	   type	   of	   source)	   are	   expected	   to	   be	   produced	   in	   the	  
same	  astrophysical	  site.	  Thus,	  the	  Mul)-‐Messenger	  Approach:	  



Neutrino Astronomy  
in the Multi-Messenger Framework	  

The	  strongest	  connec)on	  is	  with	  Gamma	  (and	  X-‐ray)	  Astronomy,	  since	  both	  
γs	  and	  νs	  are	  expected	  from	  cosmic	  emigers	  if	  hadronic	  processes	  take	  place:	  
hadrons,	   confined	   by	   magne)c	   fields	   inside	   the	   astrophisical	   sites,	   are	  
accelerated	   through	   repeated	   scagering	   by	   plasma	   shock	   fronts	   (Fermi	  
accelera)on);	   collisions	   of	   hadrons	  with	   ambient	   plasma	  produce	   γs	   and	  νs	  
through	  pion	  photoproduc0on	  mechanisms;	  both	  γs	  and	  νs	  are	  linked	  to	  CRs.	  
	  
	  
Confirmed	   gamma-‐ray	   sources	   are	   the	   first	   target	   of	   neutrino	   telescopes	  
observa)ons,	  see	  for	  instance:	  
-‐  ANTARES	   results	   for	  point-‐like	   sources	   (the	   list	  of	   candidate	   sources	   is	   a	  

list	  of	  gamma-‐ray	  emigers)	  [talk	  by	  F.	  Schüssler]	  	  
-‐  ANTARES	  results	  for	  the	  diffuse	  neutrino	  emission	  from	  Fermi	  Bubbles	  and	  

from	  the	  Galac)c	  Plane	  [talk	  by	  L.A.	  Fusco]	  
Searches	   of	   the	   ANTARES	   Mul)-‐Messenger	   Programme	   regard	   specifically	  
0me-‐dependent	  analysis	  (transient	  and	  flaring	  sources).	   6	  

p+ N,γ→ X + π ± → neutrinos
π o → γ -rays



More on the Neutrino Case 
In	   the	   framework	   of	   the	   Mul)-‐Messenger	   Astronomy&Astrophysics,	  
neutrinos	   aim	   at	   assuming	   non	   only	   a	   “suppor)ng”	   role	   (complementary	  
source	  of	  informa)on	  for	  photon	  Astronomy),	  but	  a	  leading	  role.	   	  	  
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Astronomy	  can	  be	  done	  even	  without	  photons!	  

further	   away	   and	   deeper	   inside	   astrophysical	   objects:	   in	   contrast	   to	   photons	  
and	  charged	  cosmic	  rays,	  neutrinos	  can	  find	  their	  way	  out,	  without	  scagering	  or	  
absorp)on,	   from	   the	   very	   inner	   core	   of	   dense	   astrophysical	   objects,	   providing	  
informa)on	   about	   sites	   that	   are	   opaque	   to	   electromagne)c	   radia)on	   and	  
revealing	   the	   existence	   of	   so-‐far	   undetected	   sources	   (“hidden	   sources”).	   The	  

Electromagnetic radiation !
(γ-rays) is absorbed 

Protons/nuclei are deflected 
(magnetic fields) and/or absorbed 

Because	   of	   their	   peculiar	   interac)on	   proper)es	  
neutrinos	  can	  offer	  unique	  opportuni)es	  to	  look	  

neutrino	   signal,	   if	  detected,	   can	  provide	  
a	   trigger	   for	  other	   “penetra)ng”	  probes	  
(like	  gravita)onal	  waves).	  
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ANTARES  
Astronomy with a Neutrino Telescope  
and Abyss environmental RESearch 

25 storeys 
350 m 

100 m 

•  12 detection lines 
•  25 storeys / line 
•  3 PMTs / storey 
•  ~900 PMTs 

14.5 m 

~70 m 

40 km to 
shore 

Junction  
Box 

The Largest Neutrino Detector 
in the Northern Hemisphere 

~2500 m  
depth 

•  String-based detector 
•  Downward-looking PMTs 
•  axis at 45º to vertical 

J. Aguilar et al., “ANTARES: the first undersea neutrino telescope”, 
Nucl. Instr. and Meth.A 656 (2011) 11-38 [arXiv:1104.1607v1] 

Total Instrum. Volume 
~ 10-2 km3 



The Multi-Messenger Search 
Programme with ANTARES	  

GCN	  
(GRB	  Coordinat.	  Network)	  

TAToO	  	  
(Telescopes	  –	  ANTARES	  
Target	  of	  Opportunity)	  
Op0cal	  follow-‐up	  of	  
neutrino	  alerts	  for	  
transient	  source	  

search	  (GRBs,	  SNae).	  
Analysis	  in	  progress!	  

ANTARES Optical Telescopes 
TAROT & ROSTE + more  

ANTARES VIRGO 
LIGO 

common	  working	  group	  (GWHEN)	  
S.	  Adrián-‐Marqnez	  et	  al.,	  

	  JCAP	  06	  (2013)	  008	  

Flaring	  Sources	  
(ν emission from γ-flaring 

blazars/µQuasars)	  

ANTARES 

ANTARES       GCN 

Ageron et al., Astrop.Phys 35 (2012) 530-536 

ANTARES       AUGER 

A&A 559, A9 (2013), 
JCAP 1303 (2013) 006 

Adrian-Martinez et al., 
ApJ 774 (2013) 008 

Gamma-Rays 
X-Rays 

blazars: APP 36 (2012) 304;  
µQuasars: JHEAp, 3-4 (2014) 9-7 

Neutrinos	  trigger	  others	  
	  

Others	  trigger	  neutrinos	  



Period	  studied	  
(~60	  days	  live	  )me)	  
	  	  	  	  	  	  	  	  	  [Sep-‐Dec	  2008]	  

source 
3C454.3  

AGN Flares (2008)	  
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FERMI light curve 

ν emission from 
γ-flaring blazars 

3C279	  

AGN	  

Performance of the time-dependent analysis 

10 sources selected from the FERMI/LAT 
catalog, showing a large variability (flaring state) 
in the period studied for this analysis. 

RESULTS!
•  1 neutrino candidate event compatible with 
the time/space distribution (Δα=0.56o)	  of 3C279 
with probability (p-value) = 1% (but post trial 
probability = 10%)  
•  Fluence Upper Limits 

ANTARES       FERMI 

Astropart. Phys. 36 (2012) 204–210,  
arXiv:1111.3473 [astro-ph.HE]  

nsig	  needed	  for	  a	  5σ	  evidence	  of	  
discovery	  in	  the	  50%	  of	  cases	  
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FERMI light curve 

ν emission from 
γ-flaring blazars 

3C279	  

AGN	  

Performance of the time-dependent analysis 
10 sources selected from the FERMI/LAT 
catalog, showing a large variability (flaring 
state) in the period studied for this analysis. 

RESULTS!
•  1 neutrino candidate event compatible with 
the time/space distribution (Δα=0.56o)	  of 3C279 
with probability (p-value) = 1% (but post trial 
probability = 10%)  
•  Fluence Upper Limits 

ANTARES       FERMI 

Astropart. Phys. 36 (2012) 204–210,  
arXiv:1111.3473 [astro-ph.HE]  

nsig	  needed	  for	  a	  5σ	  evidence	  of	  
discovery	  in	  the	  50%	  of	  cases	  



AGN Flares (2008-2011)	  
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ANTARES       FERMI 
…to	  be	  extended	  to	  IACT	  blazars	  (HESS,	  MAGIC,	  VERITAS)	  

6 specially 
significant 

flares 

c

c
B. Baret                                  ANTARES Multi-messenger                                    VLVNT 2013 14

AGN Flares 2008-2011
c

c
B. Baret                                  ANTARES Multi-messenger                                    VLVNT 2013 14

AGN Flares 2008-2011
c

c
B. Baret                                  ANTARES Multi-messenger                                    VLVNT 2013 14

AGN Flares 2008-2011
[40 sources, 86 flaring periods] 



µ-Quasars	  

13	  

ANTARES 

JHEAp, 3-4 (2014) 9-7 
arXiv:1402.1600 [astro-ph.HE]  

SWIFT 
RXTE 
FERMI 

[ANTARES	  data	  set:	  2007-‐2010]	  

µ-‐Quasars	  =	  Galac)c	  X-‐ray	  binary	  systems	  with	  rela)vis)c	  jets	  

The	   detec)on	   of	   HEνs	   from	   µ-‐Quasars	   would	   give	   important	   clues	  
about	  the	  jet	  composi0on.	  

Giulia	  De	  Bonis	  
giulia.debonis@roma1.infn.it	  

Several	  models	  indicate	  µ-‐Quasars	  as	  possible	  sources	  of	  HEνs,	  with	  
flux	  expecta)ons	  depending	  on	  the	  baryonic	  content	  of	  the	  jets.	  	  
	  



µ-Quasars	  

-  in the ANTARES visibility; 
-  showing an outburst in the period 2007-2010. 

ANTARES	  data	  set:	  2007-‐2010	  à	  6	  sources	  selected,	  with requisites: 

Time-Dependent Analysis: for each source, the data analysis has been 
restricted to the flaring time periods, selected in a multi-wavelength approach 
(X-rays/γ-rays) and with a dedicated outburst selection algorithm (+ additional 
criteria, customized for the features of each µQ). 

JHEAp, 3-4 (2014) 9-7 
arXiv:1402.1600 [astro-ph.HE]  



µ-Quasars	  
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JHEAp, 3-4 (2014) 9-7 
arXiv:1402.1600 [astro-ph.HE]  

S. Adrián-Martínez et al. / Journal of High Energy Astrophysics 3–4 (2014) 9–17 15

Table 2
Summary of the results of the neutrino searches for the microquasars studied in this paper. The columns report the values of the adopted cut on the track reconstruction 
quality Λ, the test statistic ξ , the livetime of the search, the number of neutrinos selected in the whole sky during the selected periods and while the source was below the 
horizon, the distance of the closest of these neutrinos to the source, the 90% C.L. upper limit on the neutrino fluence F90% CL

ν and on the energy flux of neutrinos f 90% CL
ν , 

respectively. The last two quantities are given supposing both an E−2
ν and an E−2

ν exp(−√
Eν/100 TeV) neutrino spectrum.

Source name Λ > ξ Livetime 
(days)

ntot Closest ν F90% CL
ν (GeV cm−2) f 90% CL

ν (erg cm−2 s−1)

no cutoff 100 TeV cutoff no cutoff 100 TeV cutoff

Cir X-1 −5.2 0 100.5 257 5.7◦ 16.8 9.1 3.11 × 10−9 1.68 × 10−9

GX 339-4 (HS) −5.2 0 147.0 485 2.8◦ 10.9 9.3 1.37 × 10−9 1.18 × 10−9

GX 339-4 (TS) −5.4 0 4.9 14 11◦ 19.4 16.6 7.34 × 10−8 6.27 × 10−8

H1743-322 (HS) −5.2 0 83.6 444 4.6◦ 9.2 7.1 2.04 × 10−9 1.58 × 10−9

H1743-322 (TS) −5.4 0 3.3 22 15.9◦ 10.2 7.7 5.71 × 10−8 4.33 × 10−8

IGR J17091-3624 −5.4 0 8.5 40 12◦ 21.0 19.0 4.57 × 10−8 4.15 × 10−8

Cyg X-1 (HS) −5.2 0 182.8 671 1.4◦ 9.4 29.3 9.57 × 10−10 2.98 × 10−9

Cyg X-1 (TS) −5.4 0 18.5 117 6.4◦ 6.0 6.7 5.98 × 10−9 6.75 × 10−9

Cyg X-3 −5.4 0 16.6 144 6.9◦ 5.7 7.0 6.34 × 10−9 7.83 × 10−9

Table 3
Parameters used to calculate the neutrino flux expectations for the microquasars considered in this analysis using the formulation by Distefano et al. (2002). The columns 
report: the distance of the microquasar, the inclination angle of the jet with respect to the line of sight, the jet velocity, Lorentz factor and Doppler factor, the size of the 
radio emitting region in units of 1015 cm, the frequency of the radio observation and the corresponding measured flux density during an outburst. The last column reports 
the 90% confidence level upper limits on the ratio ηp/ηe resulting from the upper limits on the neutrino flux reported in Table 2 (100 TeV cutoff case).

Source name D
(kpc)

θ

(deg)
β Γ δ l15 ν

(GHz)
Sν

(mJy)
η−1

p,−1η
1/2
e,−1 f th

ν

(erg cm−2 s−1)

Reference (ηp/ηe)

u.l.

Cir X-1 (1) 7.8 10 0.92 2.55 4.17 1.17 8.4 200 2.37 × 10−10 1, 2, 3, 4 7.1
Cir X-1 (2) 7.8 50 0.50 1.15 1.28 1.17 8.4 200 3.28 × 10−11 1, 2, 3, 4 51.2
GX 339-4 8 50 0.87 2.0 1.12 0.60 8.6 20 5.25 × 10−12 5, 6, 7, 8, 9 224.6
H1743-322 8.5 75.0 0.20 1.02 1.03 0.38 9.0 24 2.37 × 10−12 10, 11 666.9
Cyg X-1 1.8 33 0.60 1.25 1.48 0.21 15.0 10 4.25 × 10−12 12, 13, 14, 15 701.4
Cyg X-3 10 25.7 0.56 1.21 1.67 0.60 15.0 1000 1.60 × 10−10 16, 17, 18 49

References: (1) Goss and Mebold (1977); (2) Jonker and Nelemans (2004); (3) Miller-Jones et al. (2012a); (4) Calvelo et al. (2010); (5) Zdziarski et al. (2004); (6) Shidatsu 
et al. (2011); (7) Casella et al. (2010); (8) Gallo et al. (2004); (9) Corbel et al. (2007); (10) Steiner et al. (2012); (11) Miller-Jones et al. (2012b); (12) Xiang et al. (2011); 
(13) Gies and Bolton (1986); (14) Stirling et al. (2001); (15) Fender et al. (2006); (16) Predehl et al. (2000); (17) Miller-Jones et al. (2004); (18) Williams et al. (2011).

Table 2. As none of the searches has produced a statistically sig-
nificant neutrino excess above the expected background, the 90% 
confidence level upper limits on the flux normalisation φ90% CL of 
an E−2

ν and an E−2
ν exp(−√

Eν/100 TeV) spectrum are calculated. 
Systematic uncertainties of 15% on the angular resolution and 15% 
on the detector acceptance have been included in the upper limit 
calculations. These systematic errors have been constrained on the 
basis of a 30% uncertainty on the atmospheric neutrino flux as 
shown by Adrián-Martínez et al. (2012b). Also, a systematic un-
certainty on the absolute orientation of the detector of ∼0.1 deg
has been taken into account (Adrián-Martínez et al., 2012a). The 
φ90% CL are used to obtain the upper limits of the neutrino fluences, 
i.e. the energy per unit area, as (in the case of an E−2

ν spectrum):

F90% CL
ν = φ90% CL*Tsearch

108 GeV∫

102 GeV

Eν · E−2
ν dEν , (5)

where *Tsearch is the corresponding livetime of the search. The 
upper limits obtained on the fluence as well as those on the en-
ergy flux in neutrinos (calculated as f 90% CL

ν = F90% CL
ν /*Tsearch) are 

reported in Table 2.
The neutrino flux predictions according to the model by 

Distefano et al. (2002) have been calculated using the latest mea-
surements of the distance and of the jet parameters of the micro-
quasars, and are reported in Table 3 together with the parameters 
used to compute them. For the microquasar Cir X-1 two possi-
bilities for the jet inclination and Lorentz factor are considered, 
whereas no measurement is found to estimate the neutrino flux 
from IGR J17091-3624. To account for muon neutrino disappear-
ance due to neutrino oscillations, a factor of 0.5 is applied to 
the flux expectations, which was not included in Distefano et al.
(2002). In the framework of Levinson and Waxman (2001) and 
Distefano et al. (2002), the neutrino flux prediction is linearly 

Fig. 6. Feldman–Cousins 90% confidence level upper limits on the energy flux in 
neutrinos fν obtained in this analysis considering a flux ∝ E−2 exp(−√

Eν/100 TeV)

(circles), compared with the expectations by Distefano et al. (2002) in the case ηp =
ηe (triangles).

dependent on ηp/ηe , where ηp and ηe are the fraction of jet lu-
minosity tapped to accelerate protons and electrons, respectively. 
In order to put constraints on the ratio ηp/ηe , the predictions are 
compared with the upper limits obtained under the hypothesis of 
a cutoff at 100 TeV in the neutrino flux, to take into account the 
limitation in the acceleration process included in the model. The 
resulting 90% confidence level upper limits on ηp/ηe are shown in 
Table 3. Fig. 6 shows the comparison between the upper limits on 
the energy flux in neutrinos and the model expectations obtained 
by setting ηp = ηe = 0.1. The latter case cannot be excluded for 
any of the sources.

ν emission from 
µ-Quasars 

METHOD 
-  unbinned search 
-  likelihood ratio test statistic 
-  quality cuts optim. for 5σ discovery  

[Data	  Analysis	  &	  Results] 

RESULTS 
no statistically significant excess 

above the expected atmo. bkg 
 

90% C.L. upper limits  
on the flux normalization φ  

Φ = φ ⋅Eν
−2 exp −

Eν
100TeV

$

%
&

'

(
)

…assuming a neutrino spectrum following: 
-  a power-law 
-  a power-law with expo. cut-off 

[systematic uncertainties included] 

For some sources, the obtained upper limits already constraint some emission models.   

à INFER INFORMATION on JET COMPOSITION: constraints on ηp/ηe 
        = ratio of proton to electron luminosity in the jet 

Giulia	  De	  Bonis	  
giulia.debonis@roma1.infn.it	  



GRBs 
ANTARES     GCN 

Mul0-‐Messenger	   Analysis:	   the	   requirement	  
of	   temporal	   and	   spa)al	   (10°	   around	   the	  
source)	  coincidence	  with	   	  a	  GRB	  reduces	  the	  
background	   to	  O(10-‐4)	   per	  GRB	  à	   selec0on	  
cuts	  can	  be	  loosen	  (op)mised	  per	  GRB)	  

data	  set:	  2007-‐2011,	  296	  GRBs	  (long	  burst)	  
Search	  for	  muon	  neutrinos 

-‐  analy)cal	  approach	  (Guega	  2004)	  
-‐  numerical	  approach	  NeuCosmA	  (Hümmer	  2012)	  [one	  order	  of	  magnitude	  smaller]	  

RESULTS 
no coincident νµ found 

 
90% C.L. upper limits  

The ANTARES Collaboration: Search for muon neutrinos from GRBs with ANTARES

Fig. 1. Time-averaged muon-neutrino e↵ective area of the ANTARES
neutrino telescope as a function of energy for di↵erent declination
bands � for the considered data-taking period. Typical quality cuts as
derived in this analysis (⇤ > �5.35, � < 1�) are applied.

Table 1. Selection of GRBs.

Criterion Selected

All GRBs (end of 2007–2011) 1110
Long GRBs 942
Measured spectrum 930
Below ANTARES horizon 508
Detector running and stable data-taking conditions 296

energies. The total integrated livetime of the data in coincidence
with the selected 296 GRB search-time windows is 6.6 h.

3. GRB selection and parameters

The GRB parameters needed for the search and the simulation
of expected neutrino fluxes are primarily obtained from di↵er-
ent tables provided by the Swift (Gehrels et al. 2004) and Fermi
(Atwood et al. 2009; Meegan et al. 2009) collaborations. This
information is then supplemented using a table supplied by the
IceCube Collaboration (Aguilar 2011), which is created by pars-
ing the Gamma-ray Coordinates Network (GCN) notices3. In
Appendix A, we specify how these tables are merged, how of-
ten burst parameters are taken from each of them, and how the
search-time windows are defined.

For the final sample, GRBs are required to meet certain cri-
teria as specified in Table 1 – short bursts, for instance, are ex-
cluded as this class is much less understood. A total of 296 bursts
pass these selection cuts, of which 10% are also included in
the most recent gamma-ray-burst search from IceCube (Abbasi
et al. 2012). The distribution of the selected bursts in equa-
torial coordinates is shown in Fig. 2. Out of this selection,
GRB 110918 outshines all others by at least half an order of
magnitude in the expected neutrino flux (see Sect. 4). It is at
the same time one of the most intense bursts ever observed by
the Konus-Wind instrument (Aptekar et al. 1995; Golenetskii
et al. 2011). Unfortunately, both Swift and Fermi satellites were
Earth-occulted at the time of the burst (Krimm et al. 2011), but
Swift could still observe the afterglow emission after ⇠30 h.
The measured parameters for this exceptional burst are given in
Table A.2.

3 GCN: http://gcn.gsfc.nasa.gov/gcn3_archive.html

Fig. 2. Sky distribution of the selected 296 GRBs in equatorial coordi-
nates. The gamma-ray fluence of each burst is colour-coded. The in-
stantaneous field of view of the ANTARES detector is 2⇡ sr; within a
period of 24 h, the sky up to a declination of 47� is visible.

4. Calculation of neutrino spectra

To calculate the expected neutrino spectra, we focused on the
recently developed fully numerical NeuCosmA model (Hümmer
et al. 2010, 2012). In addition, we also present the widely used
analytical approach of Guetta et al. (2004) in the following.

4.1. Analytic approaches

Waxman & Bahcall (1997) were the first to calculate the ex-
pected neutrino flux in coincidence with the electromagnetic
GRB in the framework of the standard fireball internal shock
model, using averaged burst parameters as measured by the
BATSE instrument on board the CGRO satellite (Band et al.
1993). Their calculation was based on the assumption of Fermi-
accelerated protons in the relativistic ejecta of the burst inter-
acting with the associated photon field to produce pions via the
�-resonance. The subsequent decay of charged pions and muons
leads to the emission of high-energy neutrinos. The authors de-
rived a doubly broken power-law spectrum for the neutrinos.
Their model is referred to as the standard Waxman-Bahcall GRB
neutrino flux, and is for instance used to set limits with the
BAIKAL (Avrorin et al. 2011) and AMANDA (Achterberg et al.
2008) experiments. Guetta et al. (2004) modified the formulae of
Waxman and Bahcall to calculate individual neutrino fluxes for
the bursts. Such individual burst predictions are used in recent
searches with IceCube (Abbasi et al. 2010, 2011, 2012), RICE
(Besson et al. 2007), and ANITA (Vieregg et al. 2011). Note in
particular that the most recent IceCube limit was a factor of 3.7
below predictions made using this model. This could either in-
dicate the need for rejection of the model, a modification of the
parameters upon which it is based, or for more detailed mod-
elling of the neutrino emission within the fireball paradigm.

To calculate the analytic spectrum as shown in Fig. 3a,
blue solid line, the formulae given in Abbasi et al. (2010,
Appendix A) were applied.

In principle, Guetta et al. (2004) predicted di↵erent break
energies for ⌫µ and ⌫̄µ (see Guetta et al. 2004, Eqs. (A.10)
and (A.11)), yielding three breaks in the combined ⌫µ + ⌫̄µ spec-
trum (or in the single ⌫µ spectrum when taking oscillations into
account) as shown in Fig. 3a, blue dashed – in the previous
ANTARES analysis (Adrián-Martínez et al. 2013), this e↵ect
has been accounted for.
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Fig. 7. Model discovery potential MDP versus the number of GRBs
in an optimised sub-sample, NGRB, for 3�, 4�, and 5� in red solid,
black dotted, and blue dashed lines. For each sub-sample, only the NGRB
bursts with the best MDPi at the given trial factor NGRB are chosen.
The thick lines show theMDP distributions of the likelihood method
used in this analysis, the thin lines show the distributions for a simple
counting search with fixed quality cuts ⇤ > �5.5, � < 1� (see text).

curves, on the other hand, are quite similar, and the same con-
clusions can be drawn from them, namely that using the whole
sample gives the best discovery probability at 3� and using only
the individual GRB 110918 at 5�.

Based on these results, we decided to optimise the quality cut
on ⇤ for a likelihood search on the whole sample of 296 GRBs
at the 3� significance level. Because 3� is not enough to claim
a discovery, we predefined a cut on ⇤ that was optimised for a
5� discovery, which was then used for a separate search for the
emission from GRB 110918 only.

Optimised cuts ⇤cut for the final analysis as well as the ac-
cordingly expected number of background and signal events,
the median angular resolution, and the search-time window are
shown in Table 2 for the ten most promising GRBs. A full list
for the 296 selected bursts can be found at the CDS.

9. Results and discussion

Using the strategy outlined above, we analysed ANTARES data
from the end of 2007 to 2011 searching for neutrino events in co-
incidence with the search-time windows and within 10� around
each GRB. No data events passed this selection within the accu-
mulated search duration of 6.6 h. Hence, the measured Q-value
is zero.

In total, 0.06 neutrino events from GRBs are expected from
the NeuCosmA model, where only a small contribution of 4.6 ⇥
10�5 events is not due to particle tracks produced by muon neu-
trinos – the Guetta model predicts 0.5 signals from muon neu-
trinos. The overall background in the 10� cones is 0.05 events.
The 90% C.L. upper limits on the expected number of sig-
nal events µs from each model are thus set to 2.3 events, and
the corresponding limits on the muon neutrino flux, F⌫, from
GRB 110918 as well as on the cumulative flux from the whole
sample are shown in Fig. 8. The simple treatment of the Guetta
model is represented here (see Fig. 3 a, solid line). For the
NeuCosmA model, the limit on the total flux lies a factor of 38
above the expected spectrum (4.4 for Guetta). The right-hand
axis of Fig. 8b represents the limits translated into limits on the
inferred quasi-di↵use neutrino flux:
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Fig. 8. a) Expected muon neutrino spectra of the most promising burst
GRB 110918 (solid lines) from NeuCosmA (Hümmer et al. 2010) (red)
and Guetta et al. (2004) (blue). Limits on these predictions are shown
in the energy ranges where we expect 90% of the flux (dashed lines).
b) Sum of the 296 individual gamma-ray-burst muon neutrino spectra
(red and blue solid lines) and limits set by this analysis on the total flux
expected from the sample (red and blue dashed lines). The IceCube
IC 40+IC 59 limit (Abbasi et al. 2012) on the neutrino emission from
300 GRBs and the first ANTARES limit from 2007 using 40 GRBs
(Adrián-Martínez et al. 2013) are also shown in black (dashed) and grey
(dash-dotted), respectively. The right-hand axis represents the inferred
quasi-di↵use flux limit E2�⌫ (Eq. (8)).

where ⌫ = ⌫µ + ⌫̄µ, assuming that each analysed sample rep-
resents an average burst distribution and that the annual rate of
long bursts is 667 per year.

The first ANTARES limit (Adrián-Martínez et al. 2013) ob-
tained for 40 GRBs during the construction phase of the detec-
tor in the year 2007 is also shown in Fig. 8b. That analysis was
based on the Guetta model (accounting for di↵erent break ener-
gies of ⌫µ and ⌫̄µ) and employed a counting method searching for
neutrino events in a two-degree cone around each burst. Using
the data from the IC 40 and IC 59 detector phases in 2008 to
2010, IceCube recently published a more stringent limit on the
neutrino emission as predicted by the “simple” Guetta model
(Abbasi et al. 2012), which is also shown in Fig. 8b.

Because of the larger e↵ective area of the IceCube detec-
tor, the new ANTARES limit presented in this paper does not
set additional constraints on the Guetta emission model. Note,
however, that both detectors have complementary sky coverage
and therefore the analysed sample of GRBs di↵ers significantly.
90% of the analysed bursts have not previously had their neu-
trino emission constrained. When comparing limits obtained in
di↵erent analyses, however, one should keep in mind that the
precise shapes of the spectra – and thus, of the limits – depend
on the actual selected sample, the measured parameters of the
individual bursts and their uncertainty, the set of default param-
eters and on the chosen model.
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Stacking	  Analysis	  
Background	  extracted	  from	  data	  	  

Theore0cal	  predic0ons	  for	  each	  individual	  burst	  
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Correlation with UHECRs	  

ANTARES     AUGER ApJ 774 (2013) 008, 
arXiv:1202.6661 [astro-ph.HE]  

- Search for correlation in the arrival directions of 2190 neutrino candidate events (detected 
by ANTARES in 2007-2008, effective live time: 304 days) and 69 UHECRs (detected by Pierre 
AUGER Observatory in 2004-2009, E>1019.74 eV, all the events in the ANTARES telescope 
field of view). 
- Source Stacking Method. 
- UHECR magnetic deflection = 3° (light composition assumed) 
- Statistical significance and optimal angular search bin is determined by 106 pseudo-
experiment 

Skymap in Galactic Coordinates; neutrino events are 
represented with black dots and angular search bins of 
4.9° centered on the observed UHECRs with black circles. 

no significant correlation observed 

Upper Limit on the Neutrino Flux 
4.99 x 10-8 GeV cm-2 s-1 

(assuming a E-2 energy spectrum) 

experiments, each containing the 69 
AUGER events at fixed coordinates and 
the 2190 neutrino events scrambled in 
right ascension. 
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Figure 4. Skymap of the selected 216 HEN events in equatorial coordinates. A line connects the
associated mirror solutions for events reconstructed with two lines as described in section 4.3.2.

steady flux, using the selection criteria described, the best sensitivity has been estimated
to be E2 dN

dE ⇡ 10�6GeVcm�2 s�1. This best sensitivity is reached below �47�; i.e., at
declinations which are always below the horizon at the latitude of ANTARES (43�N).

With the selection previously described, 181 runs corresponding to 104 days of live time
were kept for the analysis. The selection has been divided into events reconstructed with
2 lines and events with at least 3 lines. Each of the mirror solutions for 2 line events will
be searched for possible counterparts in the subsequent GW analysis. This results in 216
neutrinos to be analysed: 198 with two possible directions and 18 reconstructed with at least
3 lines. Figure 4 is a sky map of the candidate HEN events, where the degenerate solutions
for 2 line events can be seen.

Of these HEN events, 158 occurred at times when at least two gravitational-wave de-
tectors were operating. Since two or more detectors are required to discriminate GW signals
from background noise (as described in section 5.2), in the following we consider only these
remaining 158 HEN candidates: 144 2-line events and 14 3-line events.1

Finally, we note that IceCube operated in its 22-string configuration for part of 2007 [13].
However, this data was only used for time-dependent searches applied to source directions
with observed X-ray or gamma-ray emission, such as GRBs; there were no untriggered, time-
dependent searches over the sky. Furthermore, a comparison of ANTARES and IceCube
sensitivities in 2007 indicates that the bulk of our HEN neutrino triggers come from declina-
tions (the southern sky) such that it is unlikely that IceCube could have detected the source
independently.

1Details of each of the HEN candidate events are given at https://dcc.ligo.org/cgi-bin/DocDB/ShowDocu
ment?docid=p1200006.

– 14 –

GWHEN (2007)	  

Giulia	  De	  Bonis	  
giulia.debonis@roma1.infn.it	   18	  

ANTARES VIRGO 
LIGO 

also	  sources	  with	  no	  electro-‐magne)c	  
counterpart	  (“hidden	  sources”)	  

JCAP	  06	  (2013)	  008	  

ANTARES in 5-line configuration 
Tobs=91	  days,	  158	  HEN	  selected	  	  
(14	  reconstructed	  with	  ≥	  3	  lines)	  
	  

Search for gravitational wave 
signals coincident in time and 
direction with neutrino events. 

CANDIDATE	  SOURCES	  GW+HEN	  
•  GRBs	  [extra-‐galac)c]	  
•  burs)ng	  magnetars	  (SGRs)	  

[galac)c]	  
•  topological	  defects	  

The	  skymap	  contains	  the	  full	  
set	  of	  216	  selected	  HEN,	  but	  
events	   used	   for	   the	   joint	  
analysis	   are	   only	   those	  
occurred	   when	   ≥2	   GW	  
detectors	  were	  in	  opera)on.	  
Azimuthal	  degeneracy	  of	  the	  
r e cons t ruc)on	   causes	  
mirror	   tracks	   for	   events	  
reconstructed	  with	  2	  lines.	  

Gravitational Waves + High-Energy Neutrinos 
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ANTARES VIRGO 
LIGO 

JCAP	  06	  (2013)	  008	  

no gravitational wave burst associated with 
any selected neutrinos 

(p-values compatible with the null hypothesis) 

•  90% C.L. limits on the EXCLUSION 
DISTANCE of the sources  

•  90% C.L. limits on the rate density of 
common (GW+HEN) sources 
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Figure 5. Distribution of observed p values for the loudest GW event associated with each neutrino
analysed in the low frequency analysis. The red dot indicates the largest deviation of the low p tail
from the uniform distribution null hypothesis; this occurs due to having the three loudest events below
p3 ⇠ 0.013. Deviations this large or larger occur in approximately 64% of experiments under the null
hypothesis. The black line shows the threshold for a 5-sigma deviation from the null hypothesis.

6.2 Search for a cumulative excess: binomial test

A quantitative analysis of the significance of any candidate gravitational-wave event must
take account of the trials factor due to the number of neutrino events analysed. We use
the binomial test, which has been applied in previous GRB-triggered GW searches [16, 20].
Under the null hypothesis, the false alarm probabilities p for each HEN loudest event are
expected to be uniformly distributed between 0 and 1. The binomial test compares the
measured p values to the null distribution to determine if there is a statistically significant
excess of (one or more) small p values which may be due to gravitational wave signals.

Briefly, the binomial test sorts the set of N measured loudest event probabilities in
ascending order: p1  p2  p3  . . .  pN . For each i 2 [1, Ntail] we compute the binomial
probability P�i(pi) of getting i or more events with p values  pi:

P�i(pi) =
NX

k=i

N !

(N � k)!k!
pki (1� pi)

N�k . (6.1)

Here N is the number of HEN events analysed (158 in the 60Hz to 500Hz band and 14 in
the 500Hz to 2000Hz band), and Ntail is the number of the smallest p values we wish to test.
We choose Ntail to be 5% of N ; i.e., Ntail = 8 for the low frequency band and Ntail = 1 for
the high frequency band.

The lowest P�i(pi) for i 2 [1, Ntail] is taken as the most significant deviation from the
null hypothesis. To assess the significance of the deviation, we repeat the test using p values
drawn from a uniform distribution and count the fraction of such trials which give a lowest
P�i(pi) smaller than that computed from the true measured p values.

Figures 5 and 6 show the cumulative distribution of p values measured in the low- and
high-frequency analyses. In both cases the measured p values are consistent with the null
hypothesis.
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(the	  limits	  are	  computed	  with	  assump)on	  on	  the	  type	  of	  source	  and	  on	  the	  emission	  model)	  

Work	  in	  progress:	  GWHEN	  2009	  
(extended	  data	  set,	  ANTARES	  12	  lines,	  beger	  reco.	  algo.	  for	  GW	  &	  HEN)	  
129	  days	  of	  common	  data	  taking	  à	  1986	  neutrino	  candidates	  

	  factor	  7	  improvement	  in	  sensi)vity	  and	  discovery	  poten)al	  
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Total latency: reco+trigger (<5s) alert sending (<10s) + repositioning (<5s)

 large sky coverage, high duty cycle

 no hypothesis on the nature of the source

 system active since 2009 with optical telescopes, 

     now extended to SWIFT/XRT

3 types of trigger
● Doublet (0.04/yr)
● Single HE (12/yr)
● Single +loc. Galaxy (12/yr)  Astropart. Phys. 35 (2012) 530

optical telescopes

(TAROT/ROTSE/

ZADKO/Skymapper)

Rollling Search
- Mulitplet of neutrinos within given window (time<15’, 

ανγλε<3°)
- One high-energy neutrino
- One event towards a local (<20 Mpc) Galaxy (0.3°)

TATOO program

Telescopes-ANTARES Target of Opportunity ANTARES Optical Telescopes 
TAROT & ROSTE + more  

Astrop.Phys 35 (2012) 530-536 
(performance improved!) 

Coincident	  observa)ons	  of	  
νs and optical signals 
from transient sources 

A	   fast	   online	  muon	   track	   reconstruc)on	   to	   trigger	   a	   network	   of	   small	   automa)c	  
op)cal	  telescopes	  (op0cal	  follow	  up)	  [offline	  reconstruc)on	  for	  refined	  direc)on]	  

data analysis IN PROGRESS! 

Alert	  criteria	  
•  Mul)plet	  of	  events	  within	  given	  )me&angular	  

window	  
•  High	  energy	  event	  

alert system 

The	  ANTARES	  opportunity:	  
•  large	  sky	  coverage	  
•  high	  duty	  cycle	  
•  poin)ng	  accuracy	  <	  0.5°	  



Summary 
•  Data	   analysis	   of	   Neutrino	   Telescopes	   is	   performed	   following	   a	  

Mul0-‐Messenger	  Approach,	  looking	  for	  connec)ons	  with	  the	  informa)on	  
carried	  by	  the	  other	  messengers	  from	  the	  Cosmos	  (Gamma-‐Rays,	  Cosmic	  Rays	  
and	   Gravita)onal	   Waves)	   and	   promo)ng	   correla)ons	   with	   the	   outcomes	   of	  
other	  experiments.	  

•  The	   ANTARES	  Mul)-‐Messenger	   Programme	   focuses	   in	   par)cular	  
on	   transient	   and	   flaring	   sources,	   exploi)ng	   the	   )ming	   informa)on	  
provided	  by	  coincident	  detec)on.	  

•  Both	  “neutrinos	  trigger	  others”	  &	  “other	  trigger	  neutrinos”	  
•  The	  connec)on	  with	  Gamma-‐Rays	  and	  Cosmic	  Rays	  can	  give	  evidence	  of	  

hadronic	  processes	  in	  the	  Universe	  and	  indica)ons	  on	  CRs	  sources.	  
•  The	   connec)on	   with	   Gravita)onal	   Waves	   can	   reveal	   the	   presence	   of	  

“hidden	  sources”,	  enlarging	  the	  horizon	  of	  Gamma-‐Astronomy.	  
•  ANTARES	   results	   are	   compe))ve;	   data	   taking	   is	   on-‐going	   and	  

updated	  results	  will	  be	  soon	  released.	  
Giulia	  De	  Bonis	  
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