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Multi-messenger Astronomy

For biological reasons
our perception of Universe + based on observation of photons
most trivially by staring at night-sky with our bare eyes

Conventional astronomy
covers many orders of magnitude in photon wavelengths
from 104 cm radio-waves to 10−14 cm gamma rays of GeV energy

This 60 octave span in photon frequency
allows for dramatic expansion of our observational capacity
beyond approximately one octave perceivable by human eye

Above a few 100 GeV + universe becomes opaque to γ rays
because of e+e− production on radiation background fields

Pairs synchrotron radiate on extragalactic B-field B4 annihilation

Photon flux is significantly depleted/modified en route to Earth
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Multi-messenger Astronomy

Mean interaction length for photons on UV, vis, IR, and 3K backgrounds
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Multi-messenger Astronomy

Roadmap for Multimessenger Astronomy
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Multi-messenger Astronomy Cosmic rays

3

Cosmic ray discovery (Victor Hess 1912)

● Ionization begins to increase > 1km
● Earth is not the only source of ionization
● Also not (just) the sun. (try it at night)
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Multi-messenger Astronomy Cosmic rays

4

A B

Chance Rate :

● Coincidences higher than chance 
expectation (even ~ 300m separation)

● CR-induced Extensive Air Showers

● Primary energy estimated 10
15

  
eV>

~
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Multi-messenger Astronomy Cosmic rays

5

The 3rst enormous event

Volcano Ranch (1952-1972)
   ~10 km² scintillator array

~ 20 J

John Linsley
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Multi-messenger Astronomy Cosmic rays

16

The Pierre Auger Observatory

● Large exposure to capture rare events near end of the spectrum
● Complementary (hybrid) detection techniques - good systematics
   control

Northern Auger site
was proposed, but not funded
TA, Utah, USA (680 km2)
TAx4 in proposal stages

Mendoza Province, Argentina
Completed 2008, (3000 km2)

Auger collaboration : ~550 scientists, 110 institutes, 18 countries
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Multi-messenger Astronomy Cosmic rays

17

Hybrid detection

● quasi-calirometric 

● direct view of shower evolution
● 13% duty cycle
● Exposure depends on energy, 
and atmospheric conditions

● 100% duty cycle
● Simple geometrical exposure
● Extracting primary energy
  and mass is model dependent

N
2 
Quorescence

Particles sampled at ground

Fluorescence

Surface
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Multi-messenger Astronomy Cosmic rays

18

Air shower development

1 TeV proton

Cloud chamber + lead plates
at 3000 m altitude.

[Fretter, 1949]
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Multi-messenger Astronomy Cosmic rays

6

Cosmic Ray (CR) 
spectrum

1 / (m² sec)

1 / (m² yr)

1 / (km² year)

LHC
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Multi-messenger Astronomy Cosmic rays

7

Cosmic Ray (CR) 
spectrum

1 / (m² sec)

1 / (m² yr)

1 / (km² year)

LHC

super-dooper collider ! 
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Multi-messenger Astronomy Cosmic rays

8

Evatron & Zevatron Candidates ?

Bottom up acceleration?
● Fermi mechanism

Acceleration in a shock
(eg AGN, SNR jet, ..)

 Top down production ?
● Decays of supermassive

relics

Hillas Plot

Acceleration sites must be
able to contain particle as it 
accelerates to ~ 1020 eV

(1 EeV = 1018 eV)

(1 pc = 3.26 light years)
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Multi-messenger Astronomy Cosmic rays

9

Structure in the spectrum
(what is the physical signi3cance?)
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Multi-messenger Astronomy Cosmic rays

Grigorov
JACEE

MGU
TienShan

Tibet07
Akeno

CASA/MIA
Hegra

Flys Eye
Agasa

HiRes1
HiRes2

Auger SD
Auger hybrid

Kascade

E  [eV]

E2
.7
J(
E)

 [G
eV

1.
7  m

−
2 s

−
1 s

r−
1 ]

Ankle

Knee

2nd Knee

104

105

103

1014 10151013 1016 1017 1018 1019 1020

Cosmic Leg 

8Friday, May 6, 16L. A. Anchordoqui (CUNY) Astronomy, Astrophysics, and Cosmology 5-8-2016 16 / 45



Multi-messenger Astronomy Cosmic rays

Structure in the spectrum + what is the statistical significance?

10

Structure in the spectrum
(what is the physical signi3cance?)
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Multi-messenger Astronomy Cosmic rays

11

Also Zatsepin & Kuzmin

GZK suppression : Interaction with CMB degrades CR energies 

1966

Propagation from sources to Earth : a striking feature
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Multi-messenger Astronomy Cosmic rays

12

Cosmic ray propagation in the

energy loss ≈ 20%/interaction

● photopion production 
  (protons)
● photodisintegration  
  (complex nuclei)

CMB

CMB
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Multi-messenger Astronomy Cosmic rays

13

GZK “horizon”

 CR's with energies ~1020 eV should be “nearby” (~100 Mpc)
  → Anisotropy in the CR arrival directions at highest energies?
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Multi-messenger Astronomy Cosmic rays
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Magnetic 3elds and propagation

1 EeV 100 EeV

distance (Mpc) distance (Mpc)-40-40 40 40

proton, 1 nG, 1 Mpc cells

proton, GMF ~ µG

distance (kpc)
-20 -2

0
-2
0

20 2
0

2
0

1 EeV 10 EeV 100 EeV

At high energies, charged particle astronomy becomes feasible

Above ~1 EeV,
protons not 
containable in GMF

 → Above this energy
CR of extragalactic 
origin?

L. A. Anchordoqui (CUNY) Astronomy, Astrophysics, and Cosmology 5-8-2016 21 / 45



Multi-messenger Astronomy Cosmic rays

Photodisintegration in source environment + could be key ingredient

cosmic ray

source environment EBL/CMB detection
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Multi-messenger Astronomy Cosmic rays

Open questions
Does the spectrum terminate as predicted? Is it GZK?

What is the physical significance of other spectral features?

Does anisotropy emerge and can we pinpoint sources?

What is the composition? + protons, nuclei, photons, exotica ?

What acceleration mechanisms are plausible ?
bottom-up (e.g. Fermi mechanism) all the way to the top?
top-down + decays of massive particles

Can we learn about HEP at c.m. energies beyond LHC reach?

Cosmic rays discovered ∼ 100 years ago.. still many open questions
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Multi-messenger Astronomy Cosmic neutrinos
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Multi-messenger Astronomy Cosmic neutrinos
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Multi-messenger Astronomy Cosmic neutrinos
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Multi-messenger Astronomy Cosmic neutrinos

Radiation
Enveloping
Black Hole

Black Hole

-> p + S0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth

p + J -> n + S+

~ cosmic ray + neutrino
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Multi-messenger Astronomy Cosmic neutrinos

IceCube
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Multi-messenger Astronomy Cosmic neutrinos

IceCube layout
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AMANDA II Array
(precursor to IceCube)
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Multi-messenger Astronomy Cosmic neutrinos

Event topologies
1 νe CC interaction produces EM shower which ranges out quickly

shower produces symmetric signal⇒ poor angular resolution
fully contained shower event⇒ precise energy measurement
same for all NC interactions + ντ CC interactions⇔ Eντ . 3 PeV

2 νµ CC interaction generates tracks
tracks point in direction of original νµ ⇒ good angular resolution
EEM deposited represents only lower bound of true Eνµ

3 106.5 . Eντ
GeV . 107.5 ⇒ sweet spot for τ double-bang detection
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Multi-messenger Astronomy Cosmic neutrinos

Figure 3: The two highest energy neutrino events reported by the IceCube Collaboration. The left panel
corresponds to the event called Bert that ocurred in August 2011, whereas the right panel shows the event in
January 2012, called Ernie. Each sphere represents a DOM. Colors represent the arrival times of the photons
where red indicates early and blue late times. The size of the spheres is a measure for the recorded number
of photo-electrons. Figure courtesy of the IceCube Collaboration.

Since atmospheric neutrinos are produced by the same parent mesons which generate the
shower muons, imposing this veto also provides a partial self-veto of the accompanying down-
going atmospheric neutrino background, as discussed in [108]. This technique is particularly
e↵ective for energies E⌫ > 1 TeV, where the boost is su�cient to ensure that the shower muons
and neutrinos follow nearly identical trajectories. The new analysis, published in November
2013, revealed an additional 26 neutrino candidates depositing “electromagnetic equivalent
energies” ranging from about 30 TeV up to 250 TeV [103]. The main properties of these
events, which were observed between May 2010 to May 2012, are given in Table 1.2

These events, together with atmospheric neutrino background expectations, are displayed
in Fig. 4. The left panel shows the distribution of electromagnetic (EM) equivalent energy.
At first glance, one may notice a gap between 250 TeV and the 2 highest energy events [109].
Keep in mind, however, that the lower energy events contain track topologies, which, as
discussed before, represent only a lower bound on the neutrino energy. For example, the
highest energy event in the search for ⌫µ performed using data collected when IceCube was
running in its 59-string configuration (May 2009 to May 2010) is most likely originated from
a neutrino of energy E⌫ ⇠ 0.5 � 1 PeV, producing a muon that passed through the detector
with an energy Eµ ⇡ 400 TeV [110].

Thus at present statistics are not su�cient to determine whether the suggestive gap in

2 The energy given in Table 1 is equal to the neutrino energy for ⌫e CC events, within experimental
uncertainties, and is otherwise a lower limit on the neutrino energy due to exiting muons or neutrinos. Errors
on energy and the angle include both statistical and systematic e↵ects. Systematic uncertainties on directions
for shower-like events were determined on an individual basis; track systematic uncertainties here are equal to
1�. The arrival directions are given in equatorial coordinates, right ascension (R.A.) and declination (Dec.).
The topologies of all these events are shown in Ref. [103].

12

Bert                                                      Ernie
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Multi-messenger Astronomy Cosmic neutrinos

Figure 15: Event display showing Big Bird, with 378 optical modules hit. Each sphere shows a hit optical
module. The size of the spheres shows the number of photoelectrons observed by the DOM, while the color
indicates the time, with red being earliest, and blue latest. Figure courtesy of the IceCube Collaboration.

directions would provide a way of distinguishing among these models. In the case of GRBs,
coincidence in time will be the key. In the case of possible correlations with AGN, we can
learn about the intergalactic magnetic field via - possible correlations with associated � rays,
as a result of photon showering during propagation to Earth.

In a few years of data taking IceCube will collect su�cient statistics to ascertain whether
there are structures in the spectrum. A gap could be associated with NC and CC processes
of a new physics resonance [335]. Alternatively, a neutrino spectral line could then point to
the decay or annihilation of the elusive dark matter particles [332].

Examination of the data collected in 2012 has begun. One very high energy event, called
Big Bird, appeared in the 10% of the data that was used to tune the selection cuts. This
event is shown in Fig. 15. A total of 378 DOMs were hit, making it the brightest neutrino
event thus far observed. This is suggestive that the energy spectrum will continue, in one
form or another, beyond the 1 PeV limit found thus far, perhaps into into the sweet spot
for ⌫⌧ -detection. The potential to access the region of high sensitivity to ⌫⌧ , together with
growing statistics for ⌫µ and ⌫e events will wedge open a portal for flavor physics exploration,
making the coming era watershed years for electroweak physics accessible via high energy

53

Big Bird                                        
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Effective Area 8

FIG. 6. Distribution of deposited PMT charges (Qtot).
Muons at higher total charges are less likely to pass the veto
layer undetected, causing the muon background (red, esti-
mated from data) to fall faster than the overall trigger rate
(uppermost line). The data events in the unshaded region, at
Qtot > 6000, are the events reported in this work, with error
bars indicating 68% Feldman-Cousins intervals. The best-fit
E�2 astrophysical spectrum (gray line) and atmospheric neu-
trino flux (blue) have been determined using Monte Carlo sim-
ulations, with the hatched region showing current experimen-
tal uncertainties on the atmospheric neutrino background.
The largest of these uncertainties is neutrinos from charmed
meson decays, a flux which has yet to be observed and is thus
not included in the blue region; the hatched region includes
the best experimental 1� upper limit [9]. For scale, two spe-
cific charm levels are also shown: a benchmark theoretical
model [7] (green line) and the experimental 90% CL upper
bound [9] (magenta line).

IceCube; the rate of these tagged events that pass the
next veto layer can be used as a control sample to eval-
uate the rate at which muons are detected by a single
detector layer as a function of observed light yield. This
per-layer probability can be used to estimate the final
background rate after application of a geometrical cor-
rection factor of approximately a factor of two for the
larger size of the analysis fiducial volume compared to
the deep interior fiducial volume (after two veto layers).
The resulting predicted veto passing rate agrees well with
data at low energies where we expect the event rate to
be background dominated (Fig. 6). In our signal region
above 6000 p.e., we observed three tagged events passing
the inner veto and so predict 6.0 ± 3.4 veto-penetrating
muon events in the two-year data set.

FIG. 7. Neutrino e↵ective area and volume. Event rates can
be obtained by multiplying the e↵ective areas by 4⇡, by the
sum of ⌫ and ⌫̄ fluxes, and by the livetime of 662 days. Top:
Neutrino e↵ective areas for each flavor assuming an equal flux
of neutrinos and antineutrinos and averaged over all arrival
angles. At 6.3 PeV, resonant W production on atomic elec-
trons increases sensitivity to ⌫̄e. The e↵ective area includes
e↵ects from attenuation of neutrinos in the Earth [26], rel-
evant at energies above 100 TeV. Bottom: E↵ective target
mass as a function of energy. The deposited energy threshold
in this search causes some flavor bias at low energies due to
missing energy in escaping particles from ⌫µ and ⌫⌧ charged-
current events. For ⌫e charged-current events, where all the
neutrino energy is visible in the detector, full e�ciency is
reached above 100 TeV.

Atmospheric Neutrinos

Atmospheric neutrino backgrounds, including an as-
yet unobserved component from charmed meson decays,
were estimated based on a parametrization of the atmo-
spheric neutrino flux [6, 8] consistent with previous Ice-
Cube measurements of northern-hemisphere muon neu-
trinos [9]. We have also included a suppression of the at-
mospheric neutrino background from the Southern Hemi-
sphere resulting from the fact that accompanying high-
energy muons produced in the same air shower can trig-
ger our muon veto if they penetrate to the depth of the
detector. Here we have extended previous analytic calcu-
lations [23] of this suppression factor using the CORSIKA
[27] air-shower simulation to determine the fraction of
atmospheric neutrinos accompanied at depth by muons

Effective Volume
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layer undetected, causing the muon background (red, esti-
mated from data) to fall faster than the overall trigger rate
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trino flux (blue) have been determined using Monte Carlo sim-
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model [7] (green line) and the experimental 90% CL upper
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uate the rate at which muons are detected by a single
detector layer as a function of observed light yield. This
per-layer probability can be used to estimate the final
background rate after application of a geometrical cor-
rection factor of approximately a factor of two for the
larger size of the analysis fiducial volume compared to
the deep interior fiducial volume (after two veto layers).
The resulting predicted veto passing rate agrees well with
data at low energies where we expect the event rate to
be background dominated (Fig. 6). In our signal region
above 6000 p.e., we observed three tagged events passing
the inner veto and so predict 6.0 ± 3.4 veto-penetrating
muon events in the two-year data set.

FIG. 7. Neutrino e↵ective area and volume. Event rates can
be obtained by multiplying the e↵ective areas by 4⇡, by the
sum of ⌫ and ⌫̄ fluxes, and by the livetime of 662 days. Top:
Neutrino e↵ective areas for each flavor assuming an equal flux
of neutrinos and antineutrinos and averaged over all arrival
angles. At 6.3 PeV, resonant W production on atomic elec-
trons increases sensitivity to ⌫̄e. The e↵ective area includes
e↵ects from attenuation of neutrinos in the Earth [26], rel-
evant at energies above 100 TeV. Bottom: E↵ective target
mass as a function of energy. The deposited energy threshold
in this search causes some flavor bias at low energies due to
missing energy in escaping particles from ⌫µ and ⌫⌧ charged-
current events. For ⌫e charged-current events, where all the
neutrino energy is visible in the detector, full e�ciency is
reached above 100 TeV.

Atmospheric Neutrinos

Atmospheric neutrino backgrounds, including an as-
yet unobserved component from charmed meson decays,
were estimated based on a parametrization of the atmo-
spheric neutrino flux [6, 8] consistent with previous Ice-
Cube measurements of northern-hemisphere muon neu-
trinos [9]. We have also included a suppression of the at-
mospheric neutrino background from the Southern Hemi-
sphere resulting from the fact that accompanying high-
energy muons produced in the same air shower can trig-
ger our muon veto if they penetrate to the depth of the
detector. Here we have extended previous analytic calcu-
lations [23] of this suppression factor using the CORSIKA
[27] air-shower simulation to determine the fraction of
atmospheric neutrinos accompanied at depth by muons

IceCube Collaboration 2013
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Deposited Energies 4

FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of
all backgrounds. Muons (red) are computed from simulation
to overcome statistical limitations in our background mea-
surement and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are de-
rived from previous measurements of both the ⇡/K and charm
components of the atmospheric ⌫µ spectrum [9]. A gap larger
than the one between 400 and 1000 TeV appears in 43% of
realizations of the best-fit continuous spectrum.

A purely atmospheric explanation for these events is
strongly disfavored by their properties. The observed
deposited energy distribution extends to much higher en-
ergies (above 2 PeV, Fig. 2) than expected from the ⇡/K
atmospheric neutrino background, which has been mea-
sured up to 100 TeV [9]. While a harder spectrum is ex-
pected from atmospheric neutrinos produced in charmed
meson decay, this possibility is constrained by the ob-
served angular distribution. Although such neutrinos
are produced isotropically, approximately half [27, 28]
of those in the southern hemisphere are produced with
muons of high enough energy to reach IceCube and trig-
ger our muon veto. This results in a southern hemisphere
charm rate ⇠50% smaller than the northern hemisphere
rate, with larger ratios near the poles. Our data show no
evidence of such a suppression, which is expected at some
level from any atmospheric source of neutrinos (Fig. 3).

As in [11], we quantify these arguments using a likeli-
hood fit in arrival angle and deposited energy to a com-
bination of background muons, atmospheric neutrinos
from ⇡/K decay, atmospheric neutrinos from charmed
meson decay, and an isotropic 1:1:1 astrophysical E�2

test flux, as expected from charged pion decays in cos-
mic ray accelerators [30–33]. The fit included all events
with 60 TeV < Edep < 3 PeV. The expected muon
background in this range is below 1 event in the 3-year
sample, minimizing imprecisions in modeling the muon
background and threshold region. The normalizations of
all background and signal neutrino fluxes were left free
in the fit, without reference to uncertainties from [9],

FIG. 3. Arrival angles of events with Edep > 60 TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by the expected backgrounds and a
hard astrophysical isotropic neutrino flux (gray lines). Col-
ors as in Fig. 2. Variations of this figure with other energy
thresholds are in the online supplement [29].

for maximal robustness. The penetrating muon back-
ground was constrained with a Gaussian prior reflecting
our veto e�ciency measurement. We obtain a best-fit
per-flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties from a profile like-
lihood scan. This model describes the data well, with
both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-fit
atmospheric-only alternative model, however, would re-
quire a charm normalization 3.6 times higher than our
current 90% CL upper limit from the northern hemi-
sphere ⌫µ spectrum [9]. Even this extreme scenario is
disfavored by the energy and angular distributions of the
events at 5.7� using a likelihood ratio test.

Fig. 4 shows a fit using a more general model in which
the astrophysical flux is parametrized as a piecewise func-
tion of energy rather than a continuous unbroken E�2

power law. As before, we assume a 1:1:1 flavor ratio and
isotropy. While the reconstructed spectrum is compati-
ble with our earlier E�2 ansatz, an unbroken E�2 flux
at our best-fit level predicts 3.1 additional events above
2 PeV (a higher energy search [10] also saw none). This
may indicate, along with the slight excess in lower en-
ergy bins, either a softer spectrum or a cuto↵ at high
energies. Correlated systematic uncertainties in the first
few points in the reconstructed spectrum (Fig. 4) arise
from the poorly constrained level of the charm atmo-
spheric neutrino background. The presence of this softer
(E�2.7) component would decrease the non-atmospheric

Arrival Directions 4

FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of
all backgrounds. Muons (red) are computed from simulation
to overcome statistical limitations in our background mea-
surement and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are de-
rived from previous measurements of both the ⇡/K and charm
components of the atmospheric ⌫µ spectrum [9]. A gap larger
than the one between 400 and 1000 TeV appears in 43% of
realizations of the best-fit continuous spectrum.

A purely atmospheric explanation for these events is
strongly disfavored by their properties. The observed
deposited energy distribution extends to much higher en-
ergies (above 2 PeV, Fig. 2) than expected from the ⇡/K
atmospheric neutrino background, which has been mea-
sured up to 100 TeV [9]. While a harder spectrum is ex-
pected from atmospheric neutrinos produced in charmed
meson decay, this possibility is constrained by the ob-
served angular distribution. Although such neutrinos
are produced isotropically, approximately half [27, 28]
of those in the southern hemisphere are produced with
muons of high enough energy to reach IceCube and trig-
ger our muon veto. This results in a southern hemisphere
charm rate ⇠50% smaller than the northern hemisphere
rate, with larger ratios near the poles. Our data show no
evidence of such a suppression, which is expected at some
level from any atmospheric source of neutrinos (Fig. 3).

As in [11], we quantify these arguments using a likeli-
hood fit in arrival angle and deposited energy to a com-
bination of background muons, atmospheric neutrinos
from ⇡/K decay, atmospheric neutrinos from charmed
meson decay, and an isotropic 1:1:1 astrophysical E�2

test flux, as expected from charged pion decays in cos-
mic ray accelerators [30–33]. The fit included all events
with 60 TeV < Edep < 3 PeV. The expected muon
background in this range is below 1 event in the 3-year
sample, minimizing imprecisions in modeling the muon
background and threshold region. The normalizations of
all background and signal neutrino fluxes were left free
in the fit, without reference to uncertainties from [9],

FIG. 3. Arrival angles of events with Edep > 60 TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by the expected backgrounds and a
hard astrophysical isotropic neutrino flux (gray lines). Col-
ors as in Fig. 2. Variations of this figure with other energy
thresholds are in the online supplement [29].

for maximal robustness. The penetrating muon back-
ground was constrained with a Gaussian prior reflecting
our veto e�ciency measurement. We obtain a best-fit
per-flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties from a profile like-
lihood scan. This model describes the data well, with
both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-fit
atmospheric-only alternative model, however, would re-
quire a charm normalization 3.6 times higher than our
current 90% CL upper limit from the northern hemi-
sphere ⌫µ spectrum [9]. Even this extreme scenario is
disfavored by the energy and angular distributions of the
events at 5.7� using a likelihood ratio test.

Fig. 4 shows a fit using a more general model in which
the astrophysical flux is parametrized as a piecewise func-
tion of energy rather than a continuous unbroken E�2

power law. As before, we assume a 1:1:1 flavor ratio and
isotropy. While the reconstructed spectrum is compati-
ble with our earlier E�2 ansatz, an unbroken E�2 flux
at our best-fit level predicts 3.1 additional events above
2 PeV (a higher energy search [10] also saw none). This
may indicate, along with the slight excess in lower en-
ergy bins, either a softer spectrum or a cuto↵ at high
energies. Correlated systematic uncertainties in the first
few points in the reconstructed spectrum (Fig. 4) arise
from the poorly constrained level of the charm atmo-
spheric neutrino background. The presence of this softer
(E�2.7) component would decrease the non-atmospheric

IceCube Collaboration 2014
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γ’s accompanying ν’s saturate Fermi-LAT data
9

only the lower bound on µQSO jet luminosity, which
may vary by up to three orders of magnitude in the cat-
alog listings (see Table I). In this sense our estimated
required number of µQSOs that can plausibly explain
the IceCube data is a conservative one. Secondly, when
considering the nearby source scenario we did not re-
evaluate the background conditions, which would yield
a smaller isotropic flux.3 Again, this is a conservative
path. Thus, the analysis presented herein adheres to a
“cautious” approach throughout, lessening (or eliminat-
ing) concerns about the discrepancy between our esti-
mates of the required number of µQSOs versus the cat-
aloged quantities. We then conclude that µQSOs could
provide the dominant contribution to the di↵use neu-
trino flux recently observed by IceCube.

V. CONSTRAINTS FROM GAMMA RAYS AND
BARYONIC COSMIC RAYS

Very recently the IceCube Collaboration has extended
their neutrino sensitivity to lower energies [76]. One
intriguing result of this new analysis is that the spec-
tral index which best fits the data has steepened from
2.15 ± 0.15 to 2.46 ± 0.12. If one assumes the neutrino
spectrum follows a single power law up to about 10 GeV,
then the latest data from the Fermi telescope [77] can be
used to constrain the spectral index assuming the �-rays
produced by the ⇡0’s accompanying the ⇡±’s escape the
source. In such a scenario, Fig. 7 shows that only a
relatively hard extragalactic spectrum is consistent with
the data. On the other hand, the Galactic photon flux
in the 10 GeV region is about an order of magnitude
larger than than the extragalactic flux; this allows easier
accommodation of a softer single power law spectrum.
For the Galactic hypothesis, however, one must consider
an important caveat, namely that the expected photon
flux in the PeV range has been elusive [78]. However,
a recent refined analysis of archival data from the EAS-
MSU experiment [79] has confirmed previous claims of
photons in the 10 PeV region. This analysis also results
in a larger systematic uncertainty at all energies, relax-
ing previously reported bounds in the PeV range. While
previous bounds were marginally consistent with non-
observation of PeV photons expected to accompany the
IceCube neutrinos [20], this new less stringent bound is
more comfortably consistent.

There is an additional interesting consequence of the
new IceCube data. The neutrino spectral index should
follow the source spectrum of the parent cosmic rays.
We have shown elsewhere [20, 80] that a spectral index
of ⇠ 2.4 is required for consistency with current bounds

3 Evaluating the background, of course, require detailed knowledge
of detector properties and properly belongs to the territory of the
IceCube Collaboration.
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FIG. 7: The open symbols represent the total extragalactic�-ray
background for di↵erent foreground (FG) models as reported
by the Fermi Collaboration [77]. For details on the modeling
of the di↵use Galactic foreground emission in the benchmark
FG models A, B and C, see [77]. The cumulative intensity from
resolved Fermi LAT sources at latitudes |b| > 20� is indicated
by a (grey) band. The solid symbols indicate the neutrino
flux reported by the IceCube Collaboration. The best fit to the
data (extrapolated down to lower energies), �(E⌫) = 2.06+0.4

�0.3 ⇥
10�18(E⌫/105 GeV)�2.46±0.12 GeV�1 cm�2 s�1 sr�1, is also shown
for comparison.

on cosmic ray anisotropy. Further credence regarding
our best-fit spectral index has been recently developed
via numerical simulations [81]. It is worth stressing
that our discussion regarding source energetics assumes
the canonical Fermi index of ↵ = 2. Given the current
level of uncertainties on the atmospheric neutrino back-
ground, the spatial distribution and total number of mi-
croquasars, as well as the large variation in microquasar
jet luminosities (see Table I), shifting our assumed spec-
tral index from ↵ = 2 to ↵ = 2.4 will have little impact
on the arguments concerning energetics explored herein.
In the future, improved measurements all-round will re-
quire a considerably more elaborate analysis, including
detailed numerical simulations.

VI. CONCLUSIONS

Motivated by recent IceCube observations we have re-
examined the idea that µQSOs are high energy neutrino
emitters. We considered the particular case of LS 5039,
which as of today represents the source with lowest p-
value in the IceCube sample of selected targets [1]. We
have shown that if LS 5039 has a compact object pow-
ering jets, it could accelerate protons up to above about
30 PeV. These highly relativistic protons could subse-
quently interact with the plasma producing a neutrino
beam that could reach the maximum observed energies,
E⌫ & PeV. There are two extreme possibilities for neu-
trino production: (i) close to the base of the jet and (ii)
at the termination point of the jet. By normalizing the
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Observation of Gravitational Waves from a Binary Black Hole Merger

B. P. Abbott et al.*

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 × 10−21. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.1σ. The source lies at a luminosity distance of 410þ160

−180 Mpc corresponding to a redshift z ¼ 0.09þ0.03
−0.04 .

In the source frame, the initial black hole masses are 36þ5
−4M⊙ and 29þ4

−4M⊙, and the final black hole mass is
62þ4

−4M⊙, with 3.0þ0.5
−0.5M⊙c2 radiated in gravitational waves. All uncertainties define 90% credible intervals.

These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102

I. INTRODUCTION

In 1916, the year after the final formulation of the field
equations of general relativity, Albert Einstein predicted
the existence of gravitational waves. He found that
the linearized weak-field equations had wave solutions:
transverse waves of spatial strain that travel at the speed of
light, generated by time variations of the mass quadrupole
moment of the source [1,2]. Einstein understood that
gravitational-wave amplitudes would be remarkably
small; moreover, until the Chapel Hill conference in
1957 there was significant debate about the physical
reality of gravitational waves [3].
Also in 1916, Schwarzschild published a solution for the

field equations [4] that was later understood to describe a
black hole [5,6], and in 1963 Kerr generalized the solution
to rotating black holes [7]. Starting in the 1970s theoretical
work led to the understanding of black hole quasinormal
modes [8–10], and in the 1990s higher-order post-
Newtonian calculations [11] preceded extensive analytical
studies of relativistic two-body dynamics [12,13]. These
advances, together with numerical relativity breakthroughs
in the past decade [14–16], have enabled modeling of
binary black hole mergers and accurate predictions of
their gravitational waveforms. While numerous black hole
candidates have now been identified through electromag-
netic observations [17–19], black hole mergers have not
previously been observed.

The discovery of the binary pulsar systemPSR B1913þ16
by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated
the existence of gravitational waves. This discovery,
along with emerging astrophysical understanding [22],
led to the recognition that direct observations of the
amplitude and phase of gravitational waves would enable
studies of additional relativistic systems and provide new
tests of general relativity, especially in the dynamic
strong-field regime.
Experiments to detect gravitational waves began with

Weber and his resonant mass detectors in the 1960s [23],
followed by an international network of cryogenic reso-
nant detectors [24]. Interferometric detectors were first
suggested in the early 1960s [25] and the 1970s [26]. A
study of the noise and performance of such detectors [27],
and further concepts to improve them [28], led to
proposals for long-baseline broadband laser interferome-
ters with the potential for significantly increased sensi-
tivity [29–32]. By the early 2000s, a set of initial detectors
was completed, including TAMA 300 in Japan, GEO 600
in Germany, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the United States, and Virgo in
Italy. Combinations of these detectors made joint obser-
vations from 2002 through 2011, setting upper limits on a
variety of gravitational-wave sources while evolving into
a global network. In 2015, Advanced LIGO became the
first of a significantly more sensitive network of advanced
detectors to begin observations [33–36].
A century after the fundamental predictions of Einstein

and Schwarzschild, we report the first direct detection of
gravitational waves and the first direct observation of a
binary black hole system merging to form a single black
hole. Our observations provide unique access to the

*Full author list given at the end of the article.
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propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ¼ ðm1m2Þ3=5

ðm1 þm2Þ1=5
¼ c3

G

!
5

96
π−8=3f−11=3 _f

"
3=5

;

where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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ν’s and UHECRs

Figure 7. Maps in Equatorial and Galactic coordinates showing the arrival directions of the
IceCube cascades (black dots) and tracks (diamonds), as well as those of the UHECRs detected
by the Pierre Auger Observatory (magenta stars) and Telescope Array (orange stars). The
circles around the showers indicate angular errors. The black diamonds are the HESE tracks
while the blue diamonds stand for the tracks from the through-going muon sample. The blue
curve indicates the Super-Galactic plane.

It is important to stress that all the p-values quoted for both analyses above are with
respect to the null hypothesis of an isotropic UHECR flux, as analyses of the distributions
of their arrival directions yielded no evidence of anisotropy at discovery level. However,
directions with higher densities of UHECRs, such as the TA ‘hot spot’ [38] and the
direction of Cen A [9], have been reported. Hence, as an additional a posteriori study
for both analyses, we have also evaluated the significance under the hypothesis of an
isotropic distribution of neutrinos. In this case, the UHECR positions have been kept
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ν’s and gravitational waves
3

FIG. 1. GW skymap in equatorial coordinates, showing
the reconstructed probability density contours of the GW
event at 50%, 90% and 99% CL, and the reconstructed di-
rections of high-energy neutrino candidates detected by Ice-
Cube (crosses) during a ±500 s time window around the GW
event. The neutrino directional uncertainties are < 1� and are
not shown. GW shading indicates the reconstructed probabil-
ity density of the GW event, darker regions corresponding to
higher probability. Neutrino numbers refer to the first column
of Table I.

IV. RESULTS

A. Joint analysis

We carried out the joint GW and neutrino search fol-
lowing the analysis developed for previous GW and neu-
trino datasets using initial GW detectors [23, 25, 35, 47].
After identifying the GW event GW150914 with the cWB
pipeline, we used reconstructed neutrino candidates to
search for temporal and directional coincidences between
GW150914 and neutrinos. We assumed that the a priori
source directional distribution is uniform. For temporal
coincidence, we searched within a ±500 s time window
around GW150914.

The relative di↵erence in propagation time for �GeV
neutrinos and GWs (which travel at the speed of light
in general relativity) traveling to Earth from the source
is expected to be ⌧ 1 s. The relative propagation time
between neutrinos and GWs may change in alternative
gravity models [48, 49]. However, discrepancies from gen-
eral relativity could in principle be probed with a joint
GW-neutrino detection by comparing the arrival times
against the expected time frame of emission.

Directionally, we searched for overlap between the GW
sky map and the neutrino point spread functions, as-
sumed to be Gaussian with standard deviation �rec

µ (see
Table I).

The search identified no Antares neutrino candidates
that were temporally coincident with GW150914.

For IceCube, none of the three neutrino candidates
temporally coincident with GW150914 were compatible
with the GW direction at 90% CL. Additionally, the re-
constructed energy of the neutrino candidates with re-
spect to the expected background does not make them
significant. See Fig. 1 for the directional relation of

GW150914 and the IceCube neutrino candidates de-
tected within the ±500 s window. This non-detection is
consistent with our expectation from a binary black hole
merger.

To better understand the probability that the de-
tected neutrino candidates are consistent with back-
ground, we briefly consider di↵erent aspects of the data
separately. First, the number of detected neutrino can-
didates, i.e. 3 and 0 for IceCube and Antares, re-
spectively, is fully consistent with the expected back-
ground rate of 4.4 and ⌧ 1 for the two detectors, with
p-value 1 � Fpois(Nobserved  2, Nexpected = 4.4) = 0.81,
where Fpois is the Poisson cumulative distribution func-
tion. Second, for the most significant reconstructed muon
energy (Table I), 12.5% of background events will have
greater muon energy. The probability that at least one
neutrino candidate, out of 3 detected events, has an en-
ergy high enough to make it appear even less background-
like, is 1 � (1 � 0.125)3 ⇡ 0.33. Third, with the GW sky
area 90% CL of ⌦gw = 590 deg2, the probability of a
background neutrino candidate being directionally coin-
cident is ⌦gw/⌦all ⇡ 0.014. We expect 3⌦gw/⌦all di-
rectionally coincident neutrinos, given 3 temporal coinci-
dences. Therefore, the probability that at least one of the
3 neutrino candidates is directionally coincident with the
90% CL skymap of GW150914 is 1� (1�0.014)3 ⇡ 0.04.

B. Constraints on the source

We used the non-detection of coincident neutrino can-
didates by Antares and IceCube to derive a stan-
dard frequentist neutrino spectral fluence upper limit for
GW150914 at 90% CL. Considering no spatially and tem-
porally coincident neutrino candidates, we calculated the
source fluence that on average would produce 2.3 de-
tected neutrino candidates. We carried out this analysis
as a function of source direction, and independently for
Antares and IceCube.

The obtained spectral fluence upper limits as a func-
tion of source direction are shown in Fig. 2. We con-
sidered a standard dN/dE / E�2 source model, as
well as a model with a spectral cuto↵ at high energies:
dN/dE / E�2 exp[�

p
(E/100TeV)]. The latter model

is expected for sources with exponential cuto↵ in the pri-
mary proton spectrum [50]. This is expected for some
galactic sources, and is also adopted here for compari-
son to previous analyses [51]. For each spectral model,
the upper limit shown in each direction of the sky is the
more stringent limit provided by one or the other de-
tector. We see in Fig. 2 that the constraint strongly
depends on the source direction, and is mostly within
E2dN/dE ⇠ 10�1 � 10 GeV cm�2. Furthermore, the up-
per limits by Antares and IceCube constrain di↵erent
energy ranges in the region of the sky close to the GW
candidate. For an E�2 power-law source spectrum, 90%
of Antares signal neutrinos are in the energy range from
3 TeV to 1 PeV, whereas for IceCube at this southern

2

The directional point spread function (sky map) of the
GW event was computed through the full parameter es-
timation of the signal, carried out using the LALInfer-
ence package [33, 34]. The LALInference results pre-
sented here account for calibration uncertainty in the
GW strain signal. The sky map is shown in Fig. 1.
At 90% (50%) credible level (CL), the sky map covers
590 deg2 (140 deg2).

III. HIGH-ENERGY NEUTRINO
COINCIDENCE SEARCH

High-energy neutrino observatories are primarily sen-
sitive to neutrinos with �GeV energies. IceCube and
Antares are both sensitive to through-going muons
(called track events), produced by neutrinos near the
detector, above ⇠ 100 GeV. In this analysis, Antares
data include only up-going tracks for events originat-
ing from the Southern hemisphere, while IceCube data
include both up-going tracks (from the Northern hemi-
sphere) as well as down-going tracks (from the Southern
hemisphere). The energy threshold of neutrino candi-
dates increases in the Southern hemisphere for IceCube,
since downward-going atmospheric muons are not filtered
by the Earth, greatly increasing the background at lower
energies. Neutrino times of arrival are determined at µs
precision.

Since neutrino telescopes continuously take data ob-
serving the whole sky, it is possible to look back and
search for neutrino counterparts to an interesting GW
signal at any time around the GW observation.

To search for neutrinos coincident with GW150914, we
used a time window of ±500 s around the GW transient.
This search window, which was used in previous GW-
neutrino searches, is a conservative, observation-based
upper limit on the plausible emission of GWs and high-
energy neutrinos in the case of GRBs, which are thought
to be driven by a stellar-mass black hole—accretion disk
system [35]. While the relative time of arrival of GWs
and neutrinos can be informative [36–38], here we do
not use detailed temporal information beyond the ±500 s
time window.

The search for high-energy neutrino candidates
recorded by IceCube within ±500 s of GW150914 used
IceCube’s online event stream. The online event stream
implements an event selection similar to the event selec-
tion used for neutrino point source searches [39], but opti-
mized for real-time performance at the South Pole. This
event selection consists primarily of cosmic-ray-induced
background events, with an expectation per 1000 seconds
of 2.2 events in the Northern sky (atmospheric neutri-
nos), and 2.2 events in the Southern sky (high-energy
atmospheric muons). In the search window of ±500 s
centered on the GW alert time (see below), one event
was found in the Southern sky and two in the Northern
sky, which is consistent with the background expectation.
The properties of these events are listed in Table I. The

# �T [s] RA [h] Dec [�] �rec
µ [�] Erec

µ [TeV] fraction
1 +37.2 8.84 �16.6 0.35 175 12.5%
2 +163.2 11.13 12.0 1.95 1.22 26.5%
3 +311.4 �7.23 8.4 0.47 0.33 98.4%

TABLE I. Parameters of neutrino candidates identified by Ice-
Cube within the ±500 s time window around GW150914. �T
is the time of arrival of the neutrino candidates relative to that
of GW150914. Erec

µ is the reconstructed muon energy. �rec
µ

is the angular uncertainty of the reconstructed track direc-
tion [43]. The last column shows the fraction of background
neutrino candidates with higher reconstructed energy at the
same declination (±5�).

neutrino candidates’ directions are shown in Fig. 1.

The muon energy in Table I is reconstructed assum-
ing a single muon is producing the event. While the
event from the Southern hemisphere has a significantly
greater reconstructed energy [40] than the other two
events, 12.5% of the background events in the same dec-
lination range in the Southern hemisphere have energies
in excess of the one observed. The intense flux of at-
mospheric muons and bundles of muons that constitute
the background for IceCube in the Southern hemisphere
gradually falls as the cosmic ray flux declines with en-
ergy [41]. The use of energy cuts to remove most of this
background is the reason that IceCube’s sensitivity in the
Southern sky is shifted to higher energies.

An additional search was performed using the high-
energy starting event selection described in [19]. No
events were found in coincidence with GW150914.

The IceCube detector also has sensitivity to outbursts
of MeV neutrinos (as occur for example in core-collapse
supernovae) via a sudden increase in the photomultiplier
rates [42]. The global photomultiplier noise rate is mon-
itored continuously, and deviations su�cient to trigger
the lowest-level of alert occur roughly once per hour. No
alert was triggered during the ±500 second time-window
around the GW candidate event.

The search for coincident neutrinos for Antares
within ±500 s of GW150914 used Antares’s online re-
construction pipeline [44]. A fast and robust algorithm
[45] selected up-going neutrino candidates with ⇠mHz
rate, with atmospheric muon contamination less than
10%. In addition, to reduce the background of at-
mospheric neutrinos [46], a requirement of a minimum
reconstructed energy reduced the online event rate to
1.2 events/day. Consequently, for Antares the expected
number of neutrino candidates from the Southern sky in
a 1000 s window in the Southern sky is 0.014. We found
no neutrino events from Antares that were temporally
coincident with GW150914. This is consistent with the
expected background event rate.
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