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Galactic/extragalac transition of cosmic rays

cosmological evolution of UHECR source

maximum injected energy at UHECR sources

observation of diffuse cosmogenic 
neutrino spectra: 
serious information on

we converge on the 
characteristics of the UHECR 

source population :-)

(we don’t necessarily identify sources - and 
don’t necessarily start doing neutrino 

astronomy)  :-(

btw, it might not be the first thing we see!
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Simplified example: neutrino flux from GRBs
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FIG. 1. Comparison of muon neutrino intensities (νµ and ν̄µ combined) predicted by different

models with the upper bound implied by cosmic ray observations. The dash-dot lines give the
upper bound Eq. (2) corrected for neutrino energy loss due to redshift and for possible redshift

evolution of the cosmic-ray generation rate. The lower line is obtained assuming no evolution, and
the upper line assuming rapid evolution similar to the evolution of the QSO luminosity density. The
AGN jet model predictions are taken from ref. [4] (labeled ’Jet1’ and ’Jet2’). The GRB intensity

is based on the estimate presented in this paper, following [3]. The AGN hidden-core conjecture,
which produces only neutrinos and to which the upper bound does not apply, is taken from [6].

The intensity Imax is an upper bound to the intensity of high-energy neutrinos produced

by photo-meson interaction in sources of size not much larger than the proton photo-meson

mean-free-path. Higher neutrino intensities from such sources would imply proton fluxes

higher than observed in cosmic-ray detectors. Clearly, higher neutrino intensities may be

produced by sources where the proton photo-meson “optical depth” is much higher than

unity, in which case only the neutrinos escape the source. However, the existence of such

sources cannot be motivated by the observed high-energy cosmic-ray flux or by any observed

electromagnetic radiation. We therefore refer in Fig. 1 to models with τγp ! 1 as “hidden

core” models.

C. Evolution and redshift losses

In the derivation of Eq. (2) we have neglected the redshift energy loss of neutrinos

produced at cosmic time t < tH , and implicitly assumed that the cosmic-ray generation rate

per unit (comoving) volume is independent of cosmic time. The generation rate may have

been higher at earlier times, i.e. at high redshift. Cosmic rays above 1018 eV must originate

from sources at z < 1. Energy loss due to redshift and pair production in interaction with

4

Waxman & Bahcall 99
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r! 1013–15 cm is frequently assumed. The magnetic field

is given by B ¼ 7:3# 104G!1=2B ð!shð!sh % 1Þ=2Þ1=2 #
L1=2
M;52!

%1
2:5r

%1
14 . Here, LM is the kinetic luminosity of out-

flows and !sh is the relative Lorentz factor between two

subshells. The typical width of subshells in the comoving
frame l is typically given by l ¼ r=!.

Next, let us evaluate maximum energies of cosmic rays

by using several criteria. First, tacc ¼ tdyn ' tad leads to

ð1þ zÞEmax
N;ad ¼

!ZeBl

"
’ 6:9# 1020 eVZ"%1!1=2B !%1=2

e

!
!shð!sh % 1Þ

2

"
1=2

L1=2
#;51!

%1
2:5 : (4)

Note that the Hillas condition rL ¼ l ¼ r=! is already satisfied. Second, tacc ¼ tsyn leads to

ð1þ zÞEmax
N;syn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6$Ze

Z4%TB"

s
!m2

Nc
2

me
’ 4:2# 1020 eVA2Z%3=2"%1=2!%1=4

B !1=4e

!
!shð!sh % 1Þ

2

"%1=4
L%1=4
#;51 !

3=2
2:5 r

1=2
14 : (5)

Therefore, we can expect that cosmic rays can be accel-
erated up to ultrahigh energies in the internal shock model
of HL GRBs unless other cooling time scales such as tp#
are important.

The inverse-Compton cooling time scale can be also
calculated. For evaluation of tIC, we need to give a photon
spectrum. The photon spectrum for the prompt emission is
often approximated by the broken power-law as

dn

d"
¼ Lbe

%ð"="maxÞ

4$r2!2cð"bÞ2
$ ð"="bÞ%& ðfor "min ) " < "bÞ
ð"="bÞ%' ðfor "b ) " ) "maxÞ;

(6)

where Lb is the luminosity at the break energy measured
by the observer in the local rest frame, "min is the mini-
mum cutoff due to synchrotron self-absorption, and "max

is the maximum cutoff due to pair creation in the comov-
ing frame. In this paper, we set "min ¼ 1 eV and "max ¼
10 MeV. In this paper, we shall use & ¼ 1 and ' ¼ 2:2 as
photon indices. Although tIC is calculated, we can usually
ignore this cooling time scale due to the Klein-Nishina
suppression. Hence, Emax

N;IC is usually larger than Emax
N;syn.

The effect of the photomeson production process of
protons is investigated in detail in Ref. [8]. For details,
see Refs. [8,34] and references therein. At smaller collision
radii, tp# can be more important than other cooling time
scales such as tsyn. UHE protons are not depleted only at
sufficiently large radii. The cross section of photodisinte-
gration is larger than that of photomeson production, so
that survival of UHE nuclei is more difficult than survival
of UHE protons. We evaluate the maximum energy due to
photomeson production and/or photodisintegration, Emax

p;p#

and/or Emax
N;N#, from tacc ¼ tp# and/or tacc ¼ tN#.

Our numerical results on various time scales in the
internal shock model for HL GRBs are shown in Figs. 1
and 2. For calculations, we give the total photon energy
densityU# byU# ¼ R

d""ðdnd"Þ. The magnetic field is given
by UB * (BU# ' ð!B=!eÞU#. Figure 1 shows the result
for r ¼ 1014 cm and ! ¼ 102:5. Thick lines show numeri-
cal results while thin lines show curves when we use
resonance approximations. At sufficiently high energies,

we can see that effects of the cross section in the non-
resonance region become important. For this typical pa-
rameter set, we have the effective optical depth for the
photomeson process fp# ! 0:3. Hence, the efficient neu-
trino production occurs in this parameter set, which can
lead to detectable neutrino signals [8,29]. However, we
cannot expect survival of UHE nuclei in such cases. Al-
though they can be accelerated up to very high energies,
UHE nuclei cannot survive in the sense that fN# * 1.
Figure 2 shows the result for r ¼ 1015 cm and ! ¼ 103.

In this parameter set, we expect that UHECR nuclei can
survive. Protons and oxygens can be accelerated up to
!1020 eV and!1021 eV, respectively. This is just because
the photon density becomes small enough at large radii.
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FIG. 1. The acceleration time scale and various cooling time
scales of proton and oxygen in the internal shock model for HL
GRBs. Energy and time scales are measured in the comoving
frame of the outflow. Used parameters are Lb ¼ 1051:5 ergs%1,
"bob ¼ 102:5 keV, ! ¼ 102:5, r ¼ 1014 cm, and (Bð' !B=!eÞ ¼
1. Thick lines show numerical results on the photomeson and/or
photodisintegration time scales. Thin lines show analytic results
obtained by the resonance approximation. In the high energies,
the effect of the nonresonant cross section becomes important.
Note that this parameter set implies that a significant fraction of
the energy carried by protons goes into neutrinos.
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photodisintegration time scales. Thin lines show analytic results
obtained by the resonance approximation. In the high energies,
the effect of the nonresonant cross section becomes important.
Note that this parameter set implies that a significant fraction of
the energy carried by protons goes into neutrinos.
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Figure 1: Result for the multi-messenger connection (illustration). Here “CR” refers to
UHECRs in the energy range between 1010 GeV and 1012 GeV. The di↵erent labels refer to
the number of observable GRBs per year (Ṅ), the isotropic equivalent energy in gamma-rays
(E�,iso), the cosmic evolution factor (fz > 1), the baryonic loading (f�1

e � 10), the instrument
threshold correction (f

thresh

' 0.2 � 0.5), the fraction of baryonic energy going into cosmic
ray production (f
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), the fraction of baryonic energy going into pion production (f⇡), and a
bolometric correction factor (f

bol

⌧ 1).

cosmic ray escape model and of local fluctuations of the GRB rate with respect
to the star formation rate (SFR), since ensemble fluctuations could be relevant
for the UHECR flux [41]. The impact of the maximal proton energy is discussed
separately, in Appendix D. Finally, we summarize our results and present our
conclusions in Section 5.

2. Cosmic energy budget and observables for GRBs

In this section, we review the multi-messenger picture among gamma-rays,
neutrinos, and cosmic rays in a model-independent, analytical way. We also
discuss di↵erent normalization methods of the fluxes, and how they are related
to the observables. Note that we only present a short summary here, the detailed
derivations can be found in Appendix A. Our findings are summarized in
figure 1, which can be followed during this discussion.

The cosmic energy output of gamma-rays from GRBs can be characterized
by the observables, such as the isotropic equivalent energy E�,iso per GRB, the
number of observable GRBs per year Ṅ , and the redshift distribution of the
GRBs.2 As already suggested in Ref. [43], we assume that the GRB rate in

2For the sake of simplicity and technical feasibility, we do not consider a luminosity dis-
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Figure 7: Allowed regions (red/darkest gray: 90% C.L., yellow/light gray: 95% C.L.,
blue/darker gray: 99% C.L.) as a function of L
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and � for the cosmic ray data fit in the en-
ergy range between 1010 and 1012 GeV, assuming that all GRBs are alike. In the left column,
⌘ = 1.0, in the right column, ⌘ = 0.1. The di↵erent rows correspond to the neutron escape
(first row), direct proton escape (second row), and Bohm-di↵usive escape (third row) UHECR
escape models. The red-dashed curve separates the “direct escape dominated” region (above
curve) and the “neutron model” region. The dark gray shading marks the current IceCube-
excluded region, the light gray shading the expected exclusion from the GRB analysis after
15 years, and the green shading the expected exclusion from the cosmogenic neutrino analysis
after 15 years. The iso-baryonic loading contours (numbers are log
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e ) are shown also,
where the baryonic loading is obtained as a result of the fit. Here ↵p = 2.0, tv = 0.01 s (in
the source frame), and SFR evolution of the sources by Hopkins & Beacom (↵ = 0) have been
chosen.

18

 
Constraints on GRBs with IceCube in the coming years Baerwald et al. (2014)

good fit to 
UHECR spectrum

acceleration 
efficiency

direct p 
escape

p → n
n escape

8

Tight neutrino constraints expected on 
UHECR production at GRB internal shocks



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Figure 7: Allowed regions (red/darkest gray: 90% C.L., yellow/light gray: 95% C.L.,
blue/darker gray: 99% C.L.) as a function of L

iso

and � for the cosmic ray data fit in the en-
ergy range between 1010 and 1012 GeV, assuming that all GRBs are alike. In the left column,
⌘ = 1.0, in the right column, ⌘ = 0.1. The di↵erent rows correspond to the neutron escape
(first row), direct proton escape (second row), and Bohm-di↵usive escape (third row) UHECR
escape models. The red-dashed curve separates the “direct escape dominated” region (above
curve) and the “neutron model” region. The dark gray shading marks the current IceCube-
excluded region, the light gray shading the expected exclusion from the GRB analysis after
15 years, and the green shading the expected exclusion from the cosmogenic neutrino analysis
after 15 years. The iso-baryonic loading contours (numbers are log

10

f�1

e ) are shown also,
where the baryonic loading is obtained as a result of the fit. Here ↵p = 2.0, tv = 0.01 s (in
the source frame), and SFR evolution of the sources by Hopkins & Beacom (↵ = 0) have been
chosen.

18

 
Constraints on GRBs with IceCube in the coming years Baerwald et al. (2014)

good fit to 
UHECR spectrum

acceleration 
efficiency

direct p 
escape

excluded by 
cosmogenic ν

p → n
n escape

8

Tight neutrino constraints expected on 
UHECR production at GRB internal shocks



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Figure 7: Allowed regions (red/darkest gray: 90% C.L., yellow/light gray: 95% C.L.,
blue/darker gray: 99% C.L.) as a function of L

iso

and � for the cosmic ray data fit in the en-
ergy range between 1010 and 1012 GeV, assuming that all GRBs are alike. In the left column,
⌘ = 1.0, in the right column, ⌘ = 0.1. The di↵erent rows correspond to the neutron escape
(first row), direct proton escape (second row), and Bohm-di↵usive escape (third row) UHECR
escape models. The red-dashed curve separates the “direct escape dominated” region (above
curve) and the “neutron model” region. The dark gray shading marks the current IceCube-
excluded region, the light gray shading the expected exclusion from the GRB analysis after
15 years, and the green shading the expected exclusion from the cosmogenic neutrino analysis
after 15 years. The iso-baryonic loading contours (numbers are log

10

f�1

e ) are shown also,
where the baryonic loading is obtained as a result of the fit. Here ↵p = 2.0, tv = 0.01 s (in
the source frame), and SFR evolution of the sources by Hopkins & Beacom (↵ = 0) have been
chosen.

18

 
Constraints on GRBs with IceCube in the coming years Baerwald et al. (2014)

good fit to 
UHECR spectrum

acceleration 
efficiency

direct p 
escape

excluded by 
cosmogenic ν

excluded by 
prompt ν

p → n
n escape

8

Tight neutrino constraints expected on 
UHECR production at GRB internal shocks



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Figure 7: Allowed regions (red/darkest gray: 90% C.L., yellow/light gray: 95% C.L.,
blue/darker gray: 99% C.L.) as a function of L

iso

and � for the cosmic ray data fit in the en-
ergy range between 1010 and 1012 GeV, assuming that all GRBs are alike. In the left column,
⌘ = 1.0, in the right column, ⌘ = 0.1. The di↵erent rows correspond to the neutron escape
(first row), direct proton escape (second row), and Bohm-di↵usive escape (third row) UHECR
escape models. The red-dashed curve separates the “direct escape dominated” region (above
curve) and the “neutron model” region. The dark gray shading marks the current IceCube-
excluded region, the light gray shading the expected exclusion from the GRB analysis after
15 years, and the green shading the expected exclusion from the cosmogenic neutrino analysis
after 15 years. The iso-baryonic loading contours (numbers are log

10

f�1

e ) are shown also,
where the baryonic loading is obtained as a result of the fit. Here ↵p = 2.0, tv = 0.01 s (in
the source frame), and SFR evolution of the sources by Hopkins & Beacom (↵ = 0) have been
chosen.

18

 
Constraints on GRBs with IceCube in the coming years Baerwald et al. (2014)

good fit to 
UHECR spectrum

acceleration 
efficiency

direct p 
escape

excluded by 
cosmogenic ν

excluded by 
prompt ν

excluded in 15 yrs 
by prompt ν

p → n
n escape

8

Tight neutrino constraints expected on 
UHECR production at GRB internal shocks



9

 
Neutrinos produced at the source (diffuse flux)

many reasonable source/
acceleration models 

can be ruled out/constrained 

by diffuse neutrino flux level at 
EeV energies

Diffuse flux (integrated over the whole population)

FRII

Long GRB

pulsars

clusters

AGN flares

magnetars

st
ea

dy
 s

ou
rc

es
tr

an
si

en
t s

ou
rc

es

FRI

ultraluminous 
SN



9

 
Neutrinos produced at the source (diffuse flux)

many reasonable source/
acceleration models 

can be ruled out/constrained 

by diffuse neutrino flux level at 
EeV energies

Diffuse flux (integrated over the whole population)

FRII

Long GRB

pulsars

clusters

AGN flares

magnetars

st
ea

dy
 s

ou
rc

es
tr

an
si

en
t s

ou
rc

es

FRI

ultraluminous 
SN

Berezinsky et al. 97
Armengaud et al. 06
Murase et al. 2008
KK et al. 2009
...

Muecke et al. 99
Mannheim et al. 01
Dermer et al. 12, 14
Murase et al. 06, 14
...

Waxman & Bahcall 00
Dermer 2002
Murase et al. 06, 08, 
09, ...
He et al. 12
Baerwald et al. 14
...

Murase et al. 09
KK et al. 13
Fang et al. 14
Lemoine et al. 14



10

 
What one could do with many very high energy neutrinos

 observe neutrinos in coincidence with e-m signal
 neutrinos astronomy of one object
 time-variability of neutrino signal

 constrain source populations by stacking analysis

Ultimate goal: neutrino astronomy

@ position of ultraluminous SN, blazars (flares), GRBs...
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Materials and Methods). The observed zenith
distribution is also typical of such a flux: As a
result of absorption in Earth above tens of TeV
energy, most events (about 60%, depending on
the energy spectrum) from even an isotropic high-
energy extraterrestrial population would be ex-
pected to appear in the Southern Hemisphere.
Although the zenith distribution is well explained
(Fig. 4) by an isotropic flux, a slight southern ex-
cess remains, which could be explained either as a
statistical fluctuation or by a source population that
is either relatively small or unevenly distributed
through the sky.
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sion, rather than the significance of a cluster of
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nificance, estimated as the fraction of randomized
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defined a priori. We performed a galactic plane
correlation study using the full directional re-
construction uncertainty for each event to define
the degree of overlap with the plane. The plane
width was chosen to be T2.5° on the basis of TeV
gamma-ray observations (15).Amulticluster search
using the sum of log-likelihood values at every

local maximum in the likelihood map was also
conducted. Neither of these analyses yielded sig-
nificant results.

In addition to clustering of events in space,
we performed two tests for clustering of events
in time that calculate significances by compar-
ing the actual arrival times to event times drawn
from a random uniform distribution throughout
the live time. Because many sources (16–18) are
expected to produce neutrinos in bursts, identi-
fication of such a time cluster could allow asso-
ciation with a source without reference to the
limited angular resolution of most of the ob-
served neutrinos. When using all events, no sig-
nificant time cluster was observed. Furthermore,
each spatial cluster in Fig. 5 containing more than
one event was tested individually for evidence
of time clustering. Of the eight regions tested, the
most significant was a pair that includes the highest
energy shower in the sample, but was still com-
patible with random fluctuations. The five shower
events of the densest cluster show no significant
overall time clustering.

Materials and Methods

Event Selection
Backgrounds for cosmic neutrino searches arise
entirely from interactions of cosmic rays in Earth’s
atmosphere. These produce secondary muons
that penetrate into underground neutrino detec-
tors from above, as well as atmospheric neutrinos
that reach the detector from all directions because
of the low neutrino cross section, which allows
them to penetrate Earth from the opposite hemi-
sphere. These particles are produced in the decays
of secondary p and K mesons; at high energies,
a flux from the prompt decay of charmed mesons

Fig. 5. Sky map in equatorial coordinates of the TS value from the maximum likelihood point
source analysis. The most significant cluster consists of five events—all showers and including the second
highest energy event in the sample—with a final significance of 8%. This is not sufficient to identify any
neutrino sources from the clustering study. The galactic plane is shown as a curved gray line with the galactic
center at the bottom left denoted by a filled gray square. Best-fit locations of individual events (listed in
Table 1) are indicated with vertical crosses (+) for showers and angled crosses (×) for muon tracks.
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We report on results of an all-sky search for high-energy neutrino events interacting within the
IceCube neutrino detector conducted between May 2010 and May 2012. The search follows up
on the previous detection of two PeV neutrino events, with improved sensitivity and extended
energy coverage down to about 30 TeV. Twenty-six additional events were observed, substantially
more than expected from atmospheric backgrounds. Combined, both searches reject a purely
atmospheric origin for the 28 events at the 4s level. These 28 events, which include the highest
energy neutrinos ever observed, have flavors, directions, and energies inconsistent with those
expected from the atmospheric muon and neutrino backgrounds. These properties are, however,
consistent with generic predictions for an additional component of extraterrestrial origin.

High-energy neutrino observations can pro-
vide insight into the long-standing problem
of the origins and acceleration mecha-

nisms of high-energy cosmic rays. As cosmic ray
protons and nuclei are accelerated, they interact with
gas and background light to produce charged pions
and kaons, which then decay, emitting neutrinos
with energies proportional to the energies of the
high-energy protons that produced them. These
neutrinos can be detected on Earth in large under-
ground detectors by the production of secondary
leptons and hadronic showers when they interact
with the detector material. IceCube, a large-volume
Cherenkov detector (1) made of 5160 photomul-
tipliers (PMTs) at depths between 1450 and 2450 m
in natural Antarctic ice (Fig. 1), has been designed
to detect these neutrinos at TeV-PeV energies. Re-
cently, the Fermi collaboration presented evidence
for acceleration of low-energy (GeV) cosmic ray
protons in supernova remnants (2); neutrino obser-
vations with IceCube would probe sources of
cosmic rays at far higher energies.

A recent IceCube search for neutrinos of EeV
(106 TeV) energy found two events at energies
of 1 PeV (103 TeV), above what is generally ex-
pected from atmospheric backgrounds and a pos-
sible hint of an extraterrestrial source (3). Although
that analysis had some sensitivity to neutrino
events of all flavors above 1 PeV, it was most sen-
sitive to nm events above 10 PeV from the region
around the horizon, above which the energy thresh-
old increased sharply to 100 PeV. As a result, it
had only limited sensitivity to the type of events
found, which were typical of either ne or neutral
current events and at the bottom of the detectable
energy range, preventing a detailed understanding
of the population from which they arose and an
answer to the question of their origin.

Here, we present a follow-up analysis designed
to characterize the flux responsible for these

events by conducting an exploratory search for
neutrinos at lower energies with interaction verti-
ces well contained within the detector volume,
discarding events containing muon tracks orig-
inating outside of IceCube (Fig. 1). This event
selection (see Materials and Methods) allows the
resulting search to have approximately equal sen-
sitivity to neutrinos of all flavors and from all
directions. We obtained nearly full efficiency for
interacting neutrinos above several hundred TeV,
with some sensitivity extending to neutrino ener-
gies as low as 30 TeV (see Materials andMethods).
The data-taking period is shared with the earlier

high-energy analysis: Data shownwere taken during
the first season running with the completed IceCube
array (86 strings, between May 2011 and May 2012)
and the preceding construction season (79 strings,
between May 2010 and May 2011), with a total
combined live time of 662 days.

Results
In the 2-year data set, 28 events with in-detector
deposited energies between 30 and 1200 TeV
were observed (Fig. 2 and Table 1) on an ex-
pected background of 10:6þ5:0

−3:6 events from at-
mospheric muons and neutrinos (see Materials
and Methods). The two most energetic of these
were the previously reported PeVevents (3). Seven
events contained clearly identifiable muon tracks,
whereas the remaining 21 were showerlike, con-
sistent with neutrino interactions other than nm
charged current. Events containing muon tracks
in general have better angular resolution, typi-
cally of better than 1 degree (4), compared to the
10 to 15 degrees typical of events without visible
muons (see Materials and Methods). Four of the
low-energy tracklike events started near the de-
tector boundary and were down-going, consistent
with the properties of the expected 6.0 T 3.4 back-
ground atmospheric muons, as measured from a
control sample of penetrating muons in data. One
of these—the only such event in the sample—
had hits in the IceTop surface air shower array
compatible with its arrival time and direction
in IceCube (event 28). The points at which the
remaining events were first observed were uni-
formly distributed throughout the detector (Fig. 3).
This is consistent with expectations for neutrino
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Fig. 1. Drawing of the IceCube array. Results are from the complete pictured detector for 2011 to
2012 and from a partial detector missing the dark gray strings in the bottom left corner for the 2010 to
2011 season. (A and B) The side view (B) shows a cross section of the detector indicated in the top view
(A) in blue. Events producing first light in the veto region (shaded area) were discarded as entering
tracks (usually from cosmic ray muons entering the detector). Most background events are nearly ver-
tical, requiring a thick veto cap at the top of the detector. The shaded region in the middle contains ice
of high dust concentration (24). Because of the high degree of light absorption in this region, near
horizontal events could have entered here without being tagged at the sides of the detector without a
dedicated tagging region.
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Fig. 1. Drawing of the IceCube array. Results are from the complete pictured detector for 2011 to
2012 and from a partial detector missing the dark gray strings in the bottom left corner for the 2010 to
2011 season. (A and B) The side view (B) shows a cross section of the detector indicated in the top view
(A) in blue. Events producing first light in the veto region (shaded area) were discarded as entering
tracks (usually from cosmic ray muons entering the detector). Most background events are nearly ver-
tical, requiring a thick veto cap at the top of the detector. The shaded region in the middle contains ice
of high dust concentration (24). Because of the high degree of light absorption in this region, near
horizontal events could have entered here without being tagged at the sides of the detector without a
dedicated tagging region.
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Figure 1: Cosmic transients phase space
(peak absolute R-band magnitude vs. de-
cay timescale—typically the time to fade from
peak by ⇠ 2 mag) for luminous optical
transients and variables. Filled boxes mark
well-studied classes with a large number of
known members (classical novae, SNe Ia, core-
collapse supernovae [CCSNe], luminous blue
variables [LBVs]). Vertically hatched boxes
show classes for which only a few candidate
members have been suggested so far (lumi-
nous red novae, tidal disruption flares, lumi-
nous supernovae). Horizontally hatched boxes
are classes which are believed to exist, but
have not yet been detected (orphan afterglows
of short and long GRBs). The positions of
theoretically predicted events (fall back super-
novae, macronovae, .Ia supernovae [.Ia]) are
indicated by empty boxes. The brightest tran-
sients (on-axis afterglows of GRBs) extend to
MR ⇠ �37.0. The color of each box corre-
sponds to the mean g � r color at peak (blue,
g � r < 0mag; green, 0 < g � r < 1mag; red,
g � r > 1mag). From [27].

rays) is estimated to be between 0.01 and 0.001, i.e. the true rate of GRBs is 100 to 1000
times the observed rate. Since a supernova is not relativistic and is spherical, all observers
can see the supernovae that accompany GRBs. Finally, there may exist entire classes of
explosive events which are not as relativistic as GRBs (e.g. the so-called “X-ray Flashes”
are argued to be one such category; one can imagine “UV Flashes” and so on). Provided
the events have su�cient explosive yield, their afterglows will also exhibit behavior shown
in Figure 2 (case B). We will call these “on-axis” afterglows with unknown parentage.

Pending SKA4 the most e�cient way to detect all three types of events discussed above
is via synoptic imaging of the optical sky. Statistics of o↵-axis afterglows, when compared
to GRBs, will yield the so-called “beaming fraction”, and more importantly, the true rate
of GRBs. The total number of afterglows brighter than R ⇠ 24 mag visible per sky at
any given instant is predicted to be ⇠1000, and rapidly decreases for less sensitive surveys
[30]. With an average afterglow spending 1–2 months above that threshold, we find that
monitoring 10,000 square deg every ⇠ 3 days with LSST will discover 1000 such events per
year. LSST will also detect “on-axis” afterglows. Continuous cross-correlation of optical
light curves with detections by future all-sky high energy missions (e.g. EXIST) will help
establish the broad-band properties of transients, including the orphan status of afterglows.

It is widely agreed that the detailed study of the associated supernovae is the next critical
step in GRB astrophysics and synoptic surveys will speed up the discovery rate by at least
a factor of 10 relative to GRB missions. Finally, the discovery of afterglows with unknown
parentage will open up entirely new vistas in studies of stellar deaths. This possibility is
clarified in the next subsection.

Hybrid gamma-ray bursts: The most popular explanation for the bimodal distribution of
GRB durations invokes the existence of two distinct physical classes. Long GRBs typically
last 2–100 seconds and tend to have softer �-ray spectra, while short GRBs are typically

4Square Kilometer Array, planned for the next decade, is designed to cover an instantaneous field of view
of 200 square deg at radio frequencies below 1 GHz

2

Wozniak et al. 
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new transients being discovered



Materials and Methods). The observed zenith
distribution is also typical of such a flux: As a
result of absorption in Earth above tens of TeV
energy, most events (about 60%, depending on
the energy spectrum) from even an isotropic high-
energy extraterrestrial population would be ex-
pected to appear in the Southern Hemisphere.
Although the zenith distribution is well explained
(Fig. 4) by an isotropic flux, a slight southern ex-
cess remains, which could be explained either as a
statistical fluctuation or by a source population that
is either relatively small or unevenly distributed
through the sky.

This discussion can be quantified by a global
fit of the data to a combination of the p/K atmo-
spheric neutrino background, atmospheric neutri-
nos from charmed meson decays, and an isotropic
equal-flavor extraterrestrial power-law flux. With
the normalizations of all components free to float,
this model was fit to the two-dimensional depos-
ited energy and zenith distribution of the data
(Fig. 2) in the range of 60 TeV < Edep < 2 PeV,
above most of the expected background (Fig. 4).
The data are well described in this energy range
by an E−2 neutrino spectrum with a per-flavor nor-
malization of E2F(E) = (1.2 T 0.4) × 10−8 GeV
cm−2 s−1 sr−1. Although it is difficult to substan-
tively constrain the shape of the spectrum with
our current limited statistics, a flux at this level
would have been expected to generate an ad-
ditional three to six events in the 2 to 10 PeV
range; the lack of such events in the sample may
indicate either a softer spectrum (the best fit is
E−2.2 T 0.4) or the presence of a break or cutoff at
PeVenergies. When limited to only atmospheric
neutrinos, the best fit to the data would require a
charm flux 4.5 times larger than the current ex-
perimental 90% CL upper bounds (8) and even
then is disfavored at 4s with respect to a fit
allowing an extraterrestrial contribution.

Search for Neutrino Sources
To search for spatial clustering, indicating pos-
sible neutrino sources, we conducted a maximum
likelihood point source analysis (14). At each point
in the sky, we tested a point source hypothesis
based on full-sky uncertainty maps for each event
obtained from the reconstruction. This yields a
sky map of test statistic values [TS = 2log(L/L0),
where L is the maximized likelihood and L0 is
the likelihood under the null hypothesis], which
reflects any excess concentration of events rela-
tive to a flat background distribution (Fig. 5). To
account for trials due to searching the whole sky,
we estimate the significance of the highest TS
observed by performing the same analysis on the
data with the right ascension of the events ran-
domized. The final significance is then the frac-
tion of these randomized maps that have a TS
value anywhere in the sky as high or higher than
that observed in data. The chance probability cal-
culated this way is independent of Monte Carlo
simulation. Therefore, the significance obtained
is against the hypothesis that all events in this
sample are uniformly distributed in right ascen-

sion, rather than the significance of a cluster of
events above predicted backgrounds. Note that
because muon tracks have much smaller angular
uncertainties than showers, their presence can
skew the highest TS values and overshadow clus-
ters of shower events. To correct for this effect,
and because muon events are more likely to be
atmospheric background, we repeated every clus-
tering analysis described here twice: once with
the full 28 events and once with only the 21 shower
events.

When using all events, the likelihood map
reveals no significant clustering compared to
randomized maps. For the shower events, the
coordinates with the highest TS are at right as-
cension = 281°, declination = −23° (galactic lon-
gitude l = +12°, latitude b = −9°). Five events,
including the second highest energy event in the
sample, contribute to the main part of the excess
with two others nearby. The fraction of random-
ized data sets that yield a similar or higher TS at
this exact spot is 0.2%. (At the exact location of the
galactic center, the fraction is 5.4%.) The final sig-
nificance, estimated as the fraction of randomized
maps with a similar or higher TS anywhere in the
sky, is 8%. This degree of clustering may be compat-
ible with a source or sources in the galactic center
region, but the poor angular resolution for showers
and the wide distribution of the events do not
allow the identification of any sources at this time.

Two other spatial clustering analyses were
defined a priori. We performed a galactic plane
correlation study using the full directional re-
construction uncertainty for each event to define
the degree of overlap with the plane. The plane
width was chosen to be T2.5° on the basis of TeV
gamma-ray observations (15).Amulticluster search
using the sum of log-likelihood values at every

local maximum in the likelihood map was also
conducted. Neither of these analyses yielded sig-
nificant results.

In addition to clustering of events in space,
we performed two tests for clustering of events
in time that calculate significances by compar-
ing the actual arrival times to event times drawn
from a random uniform distribution throughout
the live time. Because many sources (16–18) are
expected to produce neutrinos in bursts, identi-
fication of such a time cluster could allow asso-
ciation with a source without reference to the
limited angular resolution of most of the ob-
served neutrinos. When using all events, no sig-
nificant time cluster was observed. Furthermore,
each spatial cluster in Fig. 5 containing more than
one event was tested individually for evidence
of time clustering. Of the eight regions tested, the
most significant was a pair that includes the highest
energy shower in the sample, but was still com-
patible with random fluctuations. The five shower
events of the densest cluster show no significant
overall time clustering.

Materials and Methods

Event Selection
Backgrounds for cosmic neutrino searches arise
entirely from interactions of cosmic rays in Earth’s
atmosphere. These produce secondary muons
that penetrate into underground neutrino detec-
tors from above, as well as atmospheric neutrinos
that reach the detector from all directions because
of the low neutrino cross section, which allows
them to penetrate Earth from the opposite hemi-
sphere. These particles are produced in the decays
of secondary p and K mesons; at high energies,
a flux from the prompt decay of charmed mesons

Fig. 5. Sky map in equatorial coordinates of the TS value from the maximum likelihood point
source analysis. The most significant cluster consists of five events—all showers and including the second
highest energy event in the sample—with a final significance of 8%. This is not sufficient to identify any
neutrino sources from the clustering study. The galactic plane is shown as a curved gray line with the galactic
center at the bottom left denoted by a filled gray square. Best-fit locations of individual events (listed in
Table 1) are indicated with vertical crosses (+) for showers and angled crosses (×) for muon tracks.
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We report on results of an all-sky search for high-energy neutrino events interacting within the
IceCube neutrino detector conducted between May 2010 and May 2012. The search follows up
on the previous detection of two PeV neutrino events, with improved sensitivity and extended
energy coverage down to about 30 TeV. Twenty-six additional events were observed, substantially
more than expected from atmospheric backgrounds. Combined, both searches reject a purely
atmospheric origin for the 28 events at the 4s level. These 28 events, which include the highest
energy neutrinos ever observed, have flavors, directions, and energies inconsistent with those
expected from the atmospheric muon and neutrino backgrounds. These properties are, however,
consistent with generic predictions for an additional component of extraterrestrial origin.

High-energy neutrino observations can pro-
vide insight into the long-standing problem
of the origins and acceleration mecha-

nisms of high-energy cosmic rays. As cosmic ray
protons and nuclei are accelerated, they interact with
gas and background light to produce charged pions
and kaons, which then decay, emitting neutrinos
with energies proportional to the energies of the
high-energy protons that produced them. These
neutrinos can be detected on Earth in large under-
ground detectors by the production of secondary
leptons and hadronic showers when they interact
with the detector material. IceCube, a large-volume
Cherenkov detector (1) made of 5160 photomul-
tipliers (PMTs) at depths between 1450 and 2450 m
in natural Antarctic ice (Fig. 1), has been designed
to detect these neutrinos at TeV-PeV energies. Re-
cently, the Fermi collaboration presented evidence
for acceleration of low-energy (GeV) cosmic ray
protons in supernova remnants (2); neutrino obser-
vations with IceCube would probe sources of
cosmic rays at far higher energies.

A recent IceCube search for neutrinos of EeV
(106 TeV) energy found two events at energies
of 1 PeV (103 TeV), above what is generally ex-
pected from atmospheric backgrounds and a pos-
sible hint of an extraterrestrial source (3). Although
that analysis had some sensitivity to neutrino
events of all flavors above 1 PeV, it was most sen-
sitive to nm events above 10 PeV from the region
around the horizon, above which the energy thresh-
old increased sharply to 100 PeV. As a result, it
had only limited sensitivity to the type of events
found, which were typical of either ne or neutral
current events and at the bottom of the detectable
energy range, preventing a detailed understanding
of the population from which they arose and an
answer to the question of their origin.

Here, we present a follow-up analysis designed
to characterize the flux responsible for these

events by conducting an exploratory search for
neutrinos at lower energies with interaction verti-
ces well contained within the detector volume,
discarding events containing muon tracks orig-
inating outside of IceCube (Fig. 1). This event
selection (see Materials and Methods) allows the
resulting search to have approximately equal sen-
sitivity to neutrinos of all flavors and from all
directions. We obtained nearly full efficiency for
interacting neutrinos above several hundred TeV,
with some sensitivity extending to neutrino ener-
gies as low as 30 TeV (see Materials andMethods).
The data-taking period is shared with the earlier

high-energy analysis: Data shownwere taken during
the first season running with the completed IceCube
array (86 strings, between May 2011 and May 2012)
and the preceding construction season (79 strings,
between May 2010 and May 2011), with a total
combined live time of 662 days.

Results
In the 2-year data set, 28 events with in-detector
deposited energies between 30 and 1200 TeV
were observed (Fig. 2 and Table 1) on an ex-
pected background of 10:6þ5:0

−3:6 events from at-
mospheric muons and neutrinos (see Materials
and Methods). The two most energetic of these
were the previously reported PeVevents (3). Seven
events contained clearly identifiable muon tracks,
whereas the remaining 21 were showerlike, con-
sistent with neutrino interactions other than nm
charged current. Events containing muon tracks
in general have better angular resolution, typi-
cally of better than 1 degree (4), compared to the
10 to 15 degrees typical of events without visible
muons (see Materials and Methods). Four of the
low-energy tracklike events started near the de-
tector boundary and were down-going, consistent
with the properties of the expected 6.0 T 3.4 back-
ground atmospheric muons, as measured from a
control sample of penetrating muons in data. One
of these—the only such event in the sample—
had hits in the IceTop surface air shower array
compatible with its arrival time and direction
in IceCube (event 28). The points at which the
remaining events were first observed were uni-
formly distributed throughout the detector (Fig. 3).
This is consistent with expectations for neutrino
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Fig. 1. Drawing of the IceCube array. Results are from the complete pictured detector for 2011 to
2012 and from a partial detector missing the dark gray strings in the bottom left corner for the 2010 to
2011 season. (A and B) The side view (B) shows a cross section of the detector indicated in the top view
(A) in blue. Events producing first light in the veto region (shaded area) were discarded as entering
tracks (usually from cosmic ray muons entering the detector). Most background events are nearly ver-
tical, requiring a thick veto cap at the top of the detector. The shaded region in the middle contains ice
of high dust concentration (24). Because of the high degree of light absorption in this region, near
horizontal events could have entered here without being tagged at the sides of the detector without a
dedicated tagging region.
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ground detectors by the production of secondary
leptons and hadronic showers when they interact
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tipliers (PMTs) at depths between 1450 and 2450 m
in natural Antarctic ice (Fig. 1), has been designed
to detect these neutrinos at TeV-PeV energies. Re-
cently, the Fermi collaboration presented evidence
for acceleration of low-energy (GeV) cosmic ray
protons in supernova remnants (2); neutrino obser-
vations with IceCube would probe sources of
cosmic rays at far higher energies.

A recent IceCube search for neutrinos of EeV
(106 TeV) energy found two events at energies
of 1 PeV (103 TeV), above what is generally ex-
pected from atmospheric backgrounds and a pos-
sible hint of an extraterrestrial source (3). Although
that analysis had some sensitivity to neutrino
events of all flavors above 1 PeV, it was most sen-
sitive to nm events above 10 PeV from the region
around the horizon, above which the energy thresh-
old increased sharply to 100 PeV. As a result, it
had only limited sensitivity to the type of events
found, which were typical of either ne or neutral
current events and at the bottom of the detectable
energy range, preventing a detailed understanding
of the population from which they arose and an
answer to the question of their origin.

Here, we present a follow-up analysis designed
to characterize the flux responsible for these

events by conducting an exploratory search for
neutrinos at lower energies with interaction verti-
ces well contained within the detector volume,
discarding events containing muon tracks orig-
inating outside of IceCube (Fig. 1). This event
selection (see Materials and Methods) allows the
resulting search to have approximately equal sen-
sitivity to neutrinos of all flavors and from all
directions. We obtained nearly full efficiency for
interacting neutrinos above several hundred TeV,
with some sensitivity extending to neutrino ener-
gies as low as 30 TeV (see Materials andMethods).
The data-taking period is shared with the earlier

high-energy analysis: Data shownwere taken during
the first season running with the completed IceCube
array (86 strings, between May 2011 and May 2012)
and the preceding construction season (79 strings,
between May 2010 and May 2011), with a total
combined live time of 662 days.

Results
In the 2-year data set, 28 events with in-detector
deposited energies between 30 and 1200 TeV
were observed (Fig. 2 and Table 1) on an ex-
pected background of 10:6þ5:0

−3:6 events from at-
mospheric muons and neutrinos (see Materials
and Methods). The two most energetic of these
were the previously reported PeVevents (3). Seven
events contained clearly identifiable muon tracks,
whereas the remaining 21 were showerlike, con-
sistent with neutrino interactions other than nm
charged current. Events containing muon tracks
in general have better angular resolution, typi-
cally of better than 1 degree (4), compared to the
10 to 15 degrees typical of events without visible
muons (see Materials and Methods). Four of the
low-energy tracklike events started near the de-
tector boundary and were down-going, consistent
with the properties of the expected 6.0 T 3.4 back-
ground atmospheric muons, as measured from a
control sample of penetrating muons in data. One
of these—the only such event in the sample—
had hits in the IceTop surface air shower array
compatible with its arrival time and direction
in IceCube (event 28). The points at which the
remaining events were first observed were uni-
formly distributed throughout the detector (Fig. 3).
This is consistent with expectations for neutrino
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Fig. 1. Drawing of the IceCube array. Results are from the complete pictured detector for 2011 to
2012 and from a partial detector missing the dark gray strings in the bottom left corner for the 2010 to
2011 season. (A and B) The side view (B) shows a cross section of the detector indicated in the top view
(A) in blue. Events producing first light in the veto region (shaded area) were discarded as entering
tracks (usually from cosmic ray muons entering the detector). Most background events are nearly ver-
tical, requiring a thick veto cap at the top of the detector. The shaded region in the middle contains ice
of high dust concentration (24). Because of the high degree of light absorption in this region, near
horizontal events could have entered here without being tagged at the sides of the detector without a
dedicated tagging region.
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Fig. 1. Drawing of the IceCube array. Results are from the complete pictured detector for 2011 to
2012 and from a partial detector missing the dark gray strings in the bottom left corner for the 2010 to
2011 season. (A and B) The side view (B) shows a cross section of the detector indicated in the top view
(A) in blue. Events producing first light in the veto region (shaded area) were discarded as entering
tracks (usually from cosmic ray muons entering the detector). Most background events are nearly ver-
tical, requiring a thick veto cap at the top of the detector. The shaded region in the middle contains ice
of high dust concentration (24). Because of the high degree of light absorption in this region, near
horizontal events could have entered here without being tagged at the sides of the detector without a
dedicated tagging region.
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Figure 1: Cosmic transients phase space
(peak absolute R-band magnitude vs. de-
cay timescale—typically the time to fade from
peak by ⇠ 2 mag) for luminous optical
transients and variables. Filled boxes mark
well-studied classes with a large number of
known members (classical novae, SNe Ia, core-
collapse supernovae [CCSNe], luminous blue
variables [LBVs]). Vertically hatched boxes
show classes for which only a few candidate
members have been suggested so far (lumi-
nous red novae, tidal disruption flares, lumi-
nous supernovae). Horizontally hatched boxes
are classes which are believed to exist, but
have not yet been detected (orphan afterglows
of short and long GRBs). The positions of
theoretically predicted events (fall back super-
novae, macronovae, .Ia supernovae [.Ia]) are
indicated by empty boxes. The brightest tran-
sients (on-axis afterglows of GRBs) extend to
MR ⇠ �37.0. The color of each box corre-
sponds to the mean g � r color at peak (blue,
g � r < 0mag; green, 0 < g � r < 1mag; red,
g � r > 1mag). From [27].

rays) is estimated to be between 0.01 and 0.001, i.e. the true rate of GRBs is 100 to 1000
times the observed rate. Since a supernova is not relativistic and is spherical, all observers
can see the supernovae that accompany GRBs. Finally, there may exist entire classes of
explosive events which are not as relativistic as GRBs (e.g. the so-called “X-ray Flashes”
are argued to be one such category; one can imagine “UV Flashes” and so on). Provided
the events have su�cient explosive yield, their afterglows will also exhibit behavior shown
in Figure 2 (case B). We will call these “on-axis” afterglows with unknown parentage.

Pending SKA4 the most e�cient way to detect all three types of events discussed above
is via synoptic imaging of the optical sky. Statistics of o↵-axis afterglows, when compared
to GRBs, will yield the so-called “beaming fraction”, and more importantly, the true rate
of GRBs. The total number of afterglows brighter than R ⇠ 24 mag visible per sky at
any given instant is predicted to be ⇠1000, and rapidly decreases for less sensitive surveys
[30]. With an average afterglow spending 1–2 months above that threshold, we find that
monitoring 10,000 square deg every ⇠ 3 days with LSST will discover 1000 such events per
year. LSST will also detect “on-axis” afterglows. Continuous cross-correlation of optical
light curves with detections by future all-sky high energy missions (e.g. EXIST) will help
establish the broad-band properties of transients, including the orphan status of afterglows.

It is widely agreed that the detailed study of the associated supernovae is the next critical
step in GRB astrophysics and synoptic surveys will speed up the discovery rate by at least
a factor of 10 relative to GRB missions. Finally, the discovery of afterglows with unknown
parentage will open up entirely new vistas in studies of stellar deaths. This possibility is
clarified in the next subsection.

Hybrid gamma-ray bursts: The most popular explanation for the bimodal distribution of
GRB durations invokes the existence of two distinct physical classes. Long GRBs typically
last 2–100 seconds and tend to have softer �-ray spectra, while short GRBs are typically

4Square Kilometer Array, planned for the next decade, is designed to cover an instantaneous field of view
of 200 square deg at radio frequencies below 1 GHz
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Materials and Methods). The observed zenith
distribution is also typical of such a flux: As a
result of absorption in Earth above tens of TeV
energy, most events (about 60%, depending on
the energy spectrum) from even an isotropic high-
energy extraterrestrial population would be ex-
pected to appear in the Southern Hemisphere.
Although the zenith distribution is well explained
(Fig. 4) by an isotropic flux, a slight southern ex-
cess remains, which could be explained either as a
statistical fluctuation or by a source population that
is either relatively small or unevenly distributed
through the sky.

This discussion can be quantified by a global
fit of the data to a combination of the p/K atmo-
spheric neutrino background, atmospheric neutri-
nos from charmed meson decays, and an isotropic
equal-flavor extraterrestrial power-law flux. With
the normalizations of all components free to float,
this model was fit to the two-dimensional depos-
ited energy and zenith distribution of the data
(Fig. 2) in the range of 60 TeV < Edep < 2 PeV,
above most of the expected background (Fig. 4).
The data are well described in this energy range
by an E−2 neutrino spectrum with a per-flavor nor-
malization of E2F(E) = (1.2 T 0.4) × 10−8 GeV
cm−2 s−1 sr−1. Although it is difficult to substan-
tively constrain the shape of the spectrum with
our current limited statistics, a flux at this level
would have been expected to generate an ad-
ditional three to six events in the 2 to 10 PeV
range; the lack of such events in the sample may
indicate either a softer spectrum (the best fit is
E−2.2 T 0.4) or the presence of a break or cutoff at
PeVenergies. When limited to only atmospheric
neutrinos, the best fit to the data would require a
charm flux 4.5 times larger than the current ex-
perimental 90% CL upper bounds (8) and even
then is disfavored at 4s with respect to a fit
allowing an extraterrestrial contribution.

Search for Neutrino Sources
To search for spatial clustering, indicating pos-
sible neutrino sources, we conducted a maximum
likelihood point source analysis (14). At each point
in the sky, we tested a point source hypothesis
based on full-sky uncertainty maps for each event
obtained from the reconstruction. This yields a
sky map of test statistic values [TS = 2log(L/L0),
where L is the maximized likelihood and L0 is
the likelihood under the null hypothesis], which
reflects any excess concentration of events rela-
tive to a flat background distribution (Fig. 5). To
account for trials due to searching the whole sky,
we estimate the significance of the highest TS
observed by performing the same analysis on the
data with the right ascension of the events ran-
domized. The final significance is then the frac-
tion of these randomized maps that have a TS
value anywhere in the sky as high or higher than
that observed in data. The chance probability cal-
culated this way is independent of Monte Carlo
simulation. Therefore, the significance obtained
is against the hypothesis that all events in this
sample are uniformly distributed in right ascen-

sion, rather than the significance of a cluster of
events above predicted backgrounds. Note that
because muon tracks have much smaller angular
uncertainties than showers, their presence can
skew the highest TS values and overshadow clus-
ters of shower events. To correct for this effect,
and because muon events are more likely to be
atmospheric background, we repeated every clus-
tering analysis described here twice: once with
the full 28 events and once with only the 21 shower
events.

When using all events, the likelihood map
reveals no significant clustering compared to
randomized maps. For the shower events, the
coordinates with the highest TS are at right as-
cension = 281°, declination = −23° (galactic lon-
gitude l = +12°, latitude b = −9°). Five events,
including the second highest energy event in the
sample, contribute to the main part of the excess
with two others nearby. The fraction of random-
ized data sets that yield a similar or higher TS at
this exact spot is 0.2%. (At the exact location of the
galactic center, the fraction is 5.4%.) The final sig-
nificance, estimated as the fraction of randomized
maps with a similar or higher TS anywhere in the
sky, is 8%. This degree of clustering may be compat-
ible with a source or sources in the galactic center
region, but the poor angular resolution for showers
and the wide distribution of the events do not
allow the identification of any sources at this time.

Two other spatial clustering analyses were
defined a priori. We performed a galactic plane
correlation study using the full directional re-
construction uncertainty for each event to define
the degree of overlap with the plane. The plane
width was chosen to be T2.5° on the basis of TeV
gamma-ray observations (15).Amulticluster search
using the sum of log-likelihood values at every

local maximum in the likelihood map was also
conducted. Neither of these analyses yielded sig-
nificant results.

In addition to clustering of events in space,
we performed two tests for clustering of events
in time that calculate significances by compar-
ing the actual arrival times to event times drawn
from a random uniform distribution throughout
the live time. Because many sources (16–18) are
expected to produce neutrinos in bursts, identi-
fication of such a time cluster could allow asso-
ciation with a source without reference to the
limited angular resolution of most of the ob-
served neutrinos. When using all events, no sig-
nificant time cluster was observed. Furthermore,
each spatial cluster in Fig. 5 containing more than
one event was tested individually for evidence
of time clustering. Of the eight regions tested, the
most significant was a pair that includes the highest
energy shower in the sample, but was still com-
patible with random fluctuations. The five shower
events of the densest cluster show no significant
overall time clustering.

Materials and Methods

Event Selection
Backgrounds for cosmic neutrino searches arise
entirely from interactions of cosmic rays in Earth’s
atmosphere. These produce secondary muons
that penetrate into underground neutrino detec-
tors from above, as well as atmospheric neutrinos
that reach the detector from all directions because
of the low neutrino cross section, which allows
them to penetrate Earth from the opposite hemi-
sphere. These particles are produced in the decays
of secondary p and K mesons; at high energies,
a flux from the prompt decay of charmed mesons

Fig. 5. Sky map in equatorial coordinates of the TS value from the maximum likelihood point
source analysis. The most significant cluster consists of five events—all showers and including the second
highest energy event in the sample—with a final significance of 8%. This is not sufficient to identify any
neutrino sources from the clustering study. The galactic plane is shown as a curved gray line with the galactic
center at the bottom left denoted by a filled gray square. Best-fit locations of individual events (listed in
Table 1) are indicated with vertical crosses (+) for showers and angled crosses (×) for muon tracks.
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We report on results of an all-sky search for high-energy neutrino events interacting within the
IceCube neutrino detector conducted between May 2010 and May 2012. The search follows up
on the previous detection of two PeV neutrino events, with improved sensitivity and extended
energy coverage down to about 30 TeV. Twenty-six additional events were observed, substantially
more than expected from atmospheric backgrounds. Combined, both searches reject a purely
atmospheric origin for the 28 events at the 4s level. These 28 events, which include the highest
energy neutrinos ever observed, have flavors, directions, and energies inconsistent with those
expected from the atmospheric muon and neutrino backgrounds. These properties are, however,
consistent with generic predictions for an additional component of extraterrestrial origin.

High-energy neutrino observations can pro-
vide insight into the long-standing problem
of the origins and acceleration mecha-

nisms of high-energy cosmic rays. As cosmic ray
protons and nuclei are accelerated, they interact with
gas and background light to produce charged pions
and kaons, which then decay, emitting neutrinos
with energies proportional to the energies of the
high-energy protons that produced them. These
neutrinos can be detected on Earth in large under-
ground detectors by the production of secondary
leptons and hadronic showers when they interact
with the detector material. IceCube, a large-volume
Cherenkov detector (1) made of 5160 photomul-
tipliers (PMTs) at depths between 1450 and 2450 m
in natural Antarctic ice (Fig. 1), has been designed
to detect these neutrinos at TeV-PeV energies. Re-
cently, the Fermi collaboration presented evidence
for acceleration of low-energy (GeV) cosmic ray
protons in supernova remnants (2); neutrino obser-
vations with IceCube would probe sources of
cosmic rays at far higher energies.

A recent IceCube search for neutrinos of EeV
(106 TeV) energy found two events at energies
of 1 PeV (103 TeV), above what is generally ex-
pected from atmospheric backgrounds and a pos-
sible hint of an extraterrestrial source (3). Although
that analysis had some sensitivity to neutrino
events of all flavors above 1 PeV, it was most sen-
sitive to nm events above 10 PeV from the region
around the horizon, above which the energy thresh-
old increased sharply to 100 PeV. As a result, it
had only limited sensitivity to the type of events
found, which were typical of either ne or neutral
current events and at the bottom of the detectable
energy range, preventing a detailed understanding
of the population from which they arose and an
answer to the question of their origin.

Here, we present a follow-up analysis designed
to characterize the flux responsible for these

events by conducting an exploratory search for
neutrinos at lower energies with interaction verti-
ces well contained within the detector volume,
discarding events containing muon tracks orig-
inating outside of IceCube (Fig. 1). This event
selection (see Materials and Methods) allows the
resulting search to have approximately equal sen-
sitivity to neutrinos of all flavors and from all
directions. We obtained nearly full efficiency for
interacting neutrinos above several hundred TeV,
with some sensitivity extending to neutrino ener-
gies as low as 30 TeV (see Materials andMethods).
The data-taking period is shared with the earlier

high-energy analysis: Data shownwere taken during
the first season running with the completed IceCube
array (86 strings, between May 2011 and May 2012)
and the preceding construction season (79 strings,
between May 2010 and May 2011), with a total
combined live time of 662 days.

Results
In the 2-year data set, 28 events with in-detector
deposited energies between 30 and 1200 TeV
were observed (Fig. 2 and Table 1) on an ex-
pected background of 10:6þ5:0

−3:6 events from at-
mospheric muons and neutrinos (see Materials
and Methods). The two most energetic of these
were the previously reported PeVevents (3). Seven
events contained clearly identifiable muon tracks,
whereas the remaining 21 were showerlike, con-
sistent with neutrino interactions other than nm
charged current. Events containing muon tracks
in general have better angular resolution, typi-
cally of better than 1 degree (4), compared to the
10 to 15 degrees typical of events without visible
muons (see Materials and Methods). Four of the
low-energy tracklike events started near the de-
tector boundary and were down-going, consistent
with the properties of the expected 6.0 T 3.4 back-
ground atmospheric muons, as measured from a
control sample of penetrating muons in data. One
of these—the only such event in the sample—
had hits in the IceTop surface air shower array
compatible with its arrival time and direction
in IceCube (event 28). The points at which the
remaining events were first observed were uni-
formly distributed throughout the detector (Fig. 3).
This is consistent with expectations for neutrino
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Fig. 1. Drawing of the IceCube array. Results are from the complete pictured detector for 2011 to
2012 and from a partial detector missing the dark gray strings in the bottom left corner for the 2010 to
2011 season. (A and B) The side view (B) shows a cross section of the detector indicated in the top view
(A) in blue. Events producing first light in the veto region (shaded area) were discarded as entering
tracks (usually from cosmic ray muons entering the detector). Most background events are nearly ver-
tical, requiring a thick veto cap at the top of the detector. The shaded region in the middle contains ice
of high dust concentration (24). Because of the high degree of light absorption in this region, near
horizontal events could have entered here without being tagged at the sides of the detector without a
dedicated tagging region.
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energy range, preventing a detailed understanding
of the population from which they arose and an
answer to the question of their origin.

Here, we present a follow-up analysis designed
to characterize the flux responsible for these
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discarding events containing muon tracks orig-
inating outside of IceCube (Fig. 1). This event
selection (see Materials and Methods) allows the
resulting search to have approximately equal sen-
sitivity to neutrinos of all flavors and from all
directions. We obtained nearly full efficiency for
interacting neutrinos above several hundred TeV,
with some sensitivity extending to neutrino ener-
gies as low as 30 TeV (see Materials andMethods).
The data-taking period is shared with the earlier

high-energy analysis: Data shownwere taken during
the first season running with the completed IceCube
array (86 strings, between May 2011 and May 2012)
and the preceding construction season (79 strings,
between May 2010 and May 2011), with a total
combined live time of 662 days.

Results
In the 2-year data set, 28 events with in-detector
deposited energies between 30 and 1200 TeV
were observed (Fig. 2 and Table 1) on an ex-
pected background of 10:6þ5:0

−3:6 events from at-
mospheric muons and neutrinos (see Materials
and Methods). The two most energetic of these
were the previously reported PeVevents (3). Seven
events contained clearly identifiable muon tracks,
whereas the remaining 21 were showerlike, con-
sistent with neutrino interactions other than nm
charged current. Events containing muon tracks
in general have better angular resolution, typi-
cally of better than 1 degree (4), compared to the
10 to 15 degrees typical of events without visible
muons (see Materials and Methods). Four of the
low-energy tracklike events started near the de-
tector boundary and were down-going, consistent
with the properties of the expected 6.0 T 3.4 back-
ground atmospheric muons, as measured from a
control sample of penetrating muons in data. One
of these—the only such event in the sample—
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compatible with its arrival time and direction
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remaining events were first observed were uni-
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Fig. 1. Drawing of the IceCube array. Results are from the complete pictured detector for 2011 to
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Why now? Transient multi-messenger astroparticle physics is happening NOW
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Figure 1: Cosmic transients phase space
(peak absolute R-band magnitude vs. de-
cay timescale—typically the time to fade from
peak by ⇠ 2 mag) for luminous optical
transients and variables. Filled boxes mark
well-studied classes with a large number of
known members (classical novae, SNe Ia, core-
collapse supernovae [CCSNe], luminous blue
variables [LBVs]). Vertically hatched boxes
show classes for which only a few candidate
members have been suggested so far (lumi-
nous red novae, tidal disruption flares, lumi-
nous supernovae). Horizontally hatched boxes
are classes which are believed to exist, but
have not yet been detected (orphan afterglows
of short and long GRBs). The positions of
theoretically predicted events (fall back super-
novae, macronovae, .Ia supernovae [.Ia]) are
indicated by empty boxes. The brightest tran-
sients (on-axis afterglows of GRBs) extend to
MR ⇠ �37.0. The color of each box corre-
sponds to the mean g � r color at peak (blue,
g � r < 0mag; green, 0 < g � r < 1mag; red,
g � r > 1mag). From [27].

rays) is estimated to be between 0.01 and 0.001, i.e. the true rate of GRBs is 100 to 1000
times the observed rate. Since a supernova is not relativistic and is spherical, all observers
can see the supernovae that accompany GRBs. Finally, there may exist entire classes of
explosive events which are not as relativistic as GRBs (e.g. the so-called “X-ray Flashes”
are argued to be one such category; one can imagine “UV Flashes” and so on). Provided
the events have su�cient explosive yield, their afterglows will also exhibit behavior shown
in Figure 2 (case B). We will call these “on-axis” afterglows with unknown parentage.

Pending SKA4 the most e�cient way to detect all three types of events discussed above
is via synoptic imaging of the optical sky. Statistics of o↵-axis afterglows, when compared
to GRBs, will yield the so-called “beaming fraction”, and more importantly, the true rate
of GRBs. The total number of afterglows brighter than R ⇠ 24 mag visible per sky at
any given instant is predicted to be ⇠1000, and rapidly decreases for less sensitive surveys
[30]. With an average afterglow spending 1–2 months above that threshold, we find that
monitoring 10,000 square deg every ⇠ 3 days with LSST will discover 1000 such events per
year. LSST will also detect “on-axis” afterglows. Continuous cross-correlation of optical
light curves with detections by future all-sky high energy missions (e.g. EXIST) will help
establish the broad-band properties of transients, including the orphan status of afterglows.

It is widely agreed that the detailed study of the associated supernovae is the next critical
step in GRB astrophysics and synoptic surveys will speed up the discovery rate by at least
a factor of 10 relative to GRB missions. Finally, the discovery of afterglows with unknown
parentage will open up entirely new vistas in studies of stellar deaths. This possibility is
clarified in the next subsection.

Hybrid gamma-ray bursts: The most popular explanation for the bimodal distribution of
GRB durations invokes the existence of two distinct physical classes. Long GRBs typically
last 2–100 seconds and tend to have softer �-ray spectra, while short GRBs are typically

4Square Kilometer Array, planned for the next decade, is designed to cover an instantaneous field of view
of 200 square deg at radio frequencies below 1 GHz
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new transients being discovered

synergies! ex: ANTARES/IceCube to constrain neutrinos from blazars
ANTARES Coll. 2015 arXiv:1501.07843
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GR DN
other science cases for GRAND?

- detection of cosmic-rays at the ankle energy
- explore fundamental neutrino properties
- Epoch of Reionization
- LOFAR/SKA type science case?
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