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Overview
Needless to say, dominated by IceCube discovery

(as shown also by prizes)

• refinements
• cross-checks
• interpretations
• future

Could be summarized in:

IUPAP-TIFR Homi Bhabha Medal Medal and Prize: 
Tom Gaisser 

IUPAP Young Scientist Prize in Astroparticle Physics: 
Claudio Kopper and Julia Tjus



 3 Years vs 4 Years

What did IceCube find? (3 years)
37 events!
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36(+1) events observed! 

Estimated background: 

6.6+5.9
-1.6  atm. neutrinos 

8.4±4.2 atm. muons 

One of them is an obvious (but 
expected) background 

coincident muons from two CR 
air showers

PRL 113, 101101

full likelihood fit of all components: 
5.7σ for 36(+1) events

Claudio Kopper  
“Neutrino Astronomy”  invited highlight talk

Enriched sample ad low-E,  not 
at high-E… steeper global fit!
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What did IceCube find? (4 years)
54 events!

ν 31

53(+1) events observed! 

Estimated background: 

9.0+8.0
-2.2  atm. neutrinos 

12.6±5.1 atm. muons 

One of them is an obvious (but 
expected) background 

coincident muons from two CR 
air showers

full likelihood fit of all components:
6.5σ for 53(+1) events



 3 Years vs 4 Years
Claudio Kopper  

“Neutrino Astronomy”  invited highlight talk
Enriched sample ad low-E,  not 
at high-E… steeper global fit!

energy spectrum (3 years)
energy deposited in the detector (lower limit on neutrino energy)

ν 36

Harder than any expected 
atmospheric background 

Merges well into 
background at low 
energies 

Potential cutoff at about 
2-5 PeV (or softer 
spectrum) 

Best fit spectral index: E-2.3



 3 Years vs 4 Years
Claudio Kopper  

“Neutrino Astronomy”  invited highlight talk
Enriched sample ad low-E,  not 
at high-E… steeper global fit!

energy spectrum (4 years)
energy deposited in the detector (lower limit on neutrino energy)

ν 37

Somewhat compatible with 
benchmark E-2 astrophysical 
model or single power-law 
model, but looks like things are 
more complicated 

Best fit assuming E-2 (not a very 
good fit anymore): 

0.84 ± 0.3 10-8 E-2 GeV cm-2 s-1 sr-1 

Best fit spectral index: E-2.58



 3 Years vs 4 Years
Claudio Kopper  

“Neutrino Astronomy”  invited highlight talk
Enriched sample ad low-E,  not 
at high-E… steeper global fit!

unfolding to neutrino energy
updated from PRL  

ν 38

assumption: 1:1:1 flavor ratio, 1:1 neutrino:anti-neutrino
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Combined Analysis of the High-Energy Cosmic Neutrino Flux at the IceCube Detector L. Mohrmann

5. Results Param. Unit Hyp. A Hyp. B
fconv HKKMS 1.10+0.20

�0.15 1.11+0.20
�0.15

fprompt ERS 0.0+0.7
�0.0 0.0+0.8

�0.0
f 10�18 GeV�1s�1sr�1cm�2 7.0+1.0

�1.0 8.0+1.3
�1.2

g — 2.49+0.08
�0.08 2.31+0.14

�0.15
Ecut PeV — 2.7+7.7

�1.4
�2D lnL +1.94 0

Table 2: Best-fit results for the energy spectrum. The quoted uncer-
tainties are at 1s confidence level.

The results of the analy-
sis are summarized in Table
2. When no cut-off is present,
the best-fit spectral index is
2.49±0.08. If an exponential
cut-off is allowed, the best-
fit spectral index is 2.31+0.14

�0.15,
and the best-fit cut-off energy
is
�
2.7+7.7

�1.4
�

PeV. These measurements are valid in the energy range 27 TeV – 2 PeV (hypothesis A)
and 22 TeV – 5.3 PeV (hypothesis B). The hypothesis with a cut-off is slightly preferred, although
with a significance of only 1.2s (p = 12%). Both models describe the data reasonably well. On
the other hand, an unbroken power law spectrum with spectral index g = 2 can be excluded with a
significance of 4.6s (p = 0.00018%).

The correlation between the spectral index g and the cut-off energy Ecut is visualized in
fig. 1(a). Figure 1(b) shows the best-fit spectrum for both hypotheses together with a differen-
tial model that extracts the cosmic neutrino flux in separate energy intervals.

Results on the flavor composition are presented in table 3 and fig. 2. For both spectral hy-
potheses, the flux consists of ne and nµ in approximately equal parts at the best fit. However, com-
positions expected for pion-decay sources (1 : 2 : 0 at source) and muon-damped sources (0 : 1 : 0
at source) are still compatible with our data. On the other hand, a flux composed purely of electron
neutrinos at the source is excluded with a significance of 3.7s (p = 0.012%).

The derived constraints are improved, but largely similar with respect to those of the previous
analysis [6]. While the hypothesis with an exponential cut-off is now marginally preferred, no firm
conclusion can be drawn at this point.

(a) (b)
Figure 1: Results on the energy spectrum. (a) Profile likelihood scan of parameters g and Ecut. The best fit is
marked with ‘⇥’. The dashed line shows the conditional best-fit value of Ecut for each value of g . (b) Energy
spectrum of the cosmic neutrino flux. Shown are the spectra allowed at 68% C.L. for hypothesis A (power
law) and hypothesis B (power law + cutoff). In addition, the strength of the cosmic neutrino flux in separate
energy intervals is shown (differential).
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Combined Analysis of the High-Energy Cosmic Neutrino Flux at the IceCube Detector L. Mohrmann

Param. Unit Hyp. A Hyp. B
fe 10�18 GeV�1s�1sr�1cm�2 3.2+0.7

�1.5 3.6+0.8
�1.7

fµ 10�18 GeV�1s�1sr�1cm�2 3.3+0.7
�0.6 3.7+0.8

�0.7
ft 10�18 GeV�1s�1sr�1cm�2 0.0+2.4

�0.0 0.0+2.6
�0.0

g — 2.53+0.08
�0.08 2.35+0.14

�0.15
Ecut PeV — 2.7+7.5

�1.4
�2D lnL +1.69 0

Table 3: Best-fit results for the flavor composition fit. The quoted
uncertainties are at 1s confidence level.

The impact of the newly
added tau search event sam-
ple (DP, cf. table 1) is mainly
visible in the flavor composi-
tion fit, see fig. 2. In con-
trast, the new event sample
of uncontained showers (US)
and the extended event sam-
ple of analysis H1 mainly af-
fect the energy spectrum and
contribute to the slight preference of an expo-

Figure 2: Results on the flavor composition, using hy-
pothesis B for the energy spectrum. Each point on the
triangle corresponds to a ratio ne : nµ : nt as measured
at Earth. The best fit is marked with ‘⇥’. Composi-
tions expected for three different source scenarios are
indicated.

nential cut-off. The samples DP and US rep-
resent new event signatures that were pre-
viously not considered in the analysis. Al-
most all of the event selections can be ap-
plied to new data that are already recorded.
The resulting expected sensitivity to the en-
ergy spectrum and flavor composition is in-
vestigated in the following section.

6. Projected Sensitivities

In order to derive the future sensitivity
of the IceCube detector to the properties of
the cosmic neutrino flux, we use a prototype
analysis that is based on the event selections
of samples T2, H2, DP, and US (cf. Table
1). We weight the simulated cosmic neutrino
flux to the current best-fit energy spectrum of
hypothesis A or B (cf. previous section) and
scale the expected signal up to mimic the col-
lection of additional data. For the conventional and prompt atmospheric neutrino flux, we assume
a flux at the level of the predictions by Honda et al. [23] and Enberg et al. [24], respectively. The
sensitivity is then derived using the approach described in [26].

The projected sensitivity to the energy spectrum is illustrated in fig. 3(a), where we focus on
the sensitivity to the presence of an exponential high-energy cut-off to the spectrum. The two large
panels show expected limits on the energy of such an exponential cut-off, where the current best-fit
spectrum of hypothesis A and B is assumed to be the true spectrum in the top and bottom panel,
respectively. If no cut-off is present, the expected lower limit with 10 years of full detector data is
6.7 PeV at 2s confidence, i.e. well above the current best-fit value of 2.7 PeV. On the other hand,
for a true cut-off energy at the current best fit, the non-existence of an exponential cut-off can be
rejected with a significance of ⇠ 3s with 10 years of data. Note that a single isotropic cosmic
neutrino flux is assumed in all cases.

6

Combining the event samples of multiple individual searches, 
thus covering all detection channels. We derive the energy 
spectrum and flavor composition of the cosmic neutrino flux 
in the TeV–PeV energy range 

L. Mohrmann (#1066)  

Combined Analysis of the High-Energy Cosmic Neutrino Flux at the IceCube Detector 

• hard spectra only consistent with a break
• Flavour composition consistent with expectations
• (includes new technique to slightly break e-tau degeneracy)



Double pulse
D.R  Williams (#1071)   

“A search for astrophysical tau neutrinos in three years of IceCube data”
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IceCube Tau Neutrino Search D. R. Williams1
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Figure 1: nt double bang event topology

Figure 2: Simulated double pulse waveform
from a nt CC interaction.

1. Introduction

The IceCube Neutrino Observatory recently announced a significant detection of diffuse high
energy astrophysical neutrinos [1]. The flavor composition of the flux detected by IceCube is
consistent with equal fractions of all neutrino flavors [2]. Of particular interest is the identification
of tau neutrinos, which are only expected to be produced in negligible amounts in astrophysical
accelerators, but should appear in the flux detected by IceCube due to neutrino flavor change.
IceCube is a cubic-kilometer neutrino detector installed in the ice at the geographic South Pole
between depths of 1450 m and 2450 m [3]. Detector construction started in 2005 and finished
in 2010. The reconstruction of neutrino properties relies on the optical detection of Cherenkov
radiation emitted by secondary particles produced in neutrino interactions in the surrounding ice
or the nearby bedrock. The basic IceCube sensor is the Digital Optical Module (DOM), which
contains a photomultiplier tube (PMT) and electronics which digitize the PMT waveform.

Events in IceCube generally have one of two overall topologies: “track” events from nµ
charged current (CC) interactions, as well as from muons produced in cosmic ray induced air
showers; and “cascade” events from ne CC interactions and neutral current (NC) interactions of
all flavors. At energies below about 1 PeV, nt CC interactions will appear as a single cascade. At
energies above about 1 PeV, the tau lepton decay length becomes large enough that IceCube can
resolve the first nt CC interaction cascade from the second tau lepton decay cascade. This double
cascade signature is called a double bang [4] and is shown in Figure 1. The first tau neutrino search
in IceCube used the partially constructed detector (22 strings) and searched for partially contained
double bangs [5]. This search was in fact more sensitive to ne and nµ than to nt . Here we present
the result of a search for closely separated nt double bangs in the complete IceCube detector using
individual DOM waveforms. This is the first nt search in IceCube to be more sensitive to tau neu-
trinos than to other neutrino flavors. We also discuss a search for well-separated contained double
bangs in IceCube.

2

“classical” search for separated bangs quite inefficient below few 
PeV’s. At lower energies, where data are present, new strategy 

being developed based on “double pulses” in the DOMs
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IceCube Tau Neutrino Search D. R. Williams1
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Figure 1: nt double bang event topology

Figure 2: Simulated double pulse waveform
from a nt CC interaction.

1. Introduction

The IceCube Neutrino Observatory recently announced a significant detection of diffuse high
energy astrophysical neutrinos [1]. The flavor composition of the flux detected by IceCube is
consistent with equal fractions of all neutrino flavors [2]. Of particular interest is the identification
of tau neutrinos, which are only expected to be produced in negligible amounts in astrophysical
accelerators, but should appear in the flux detected by IceCube due to neutrino flavor change.
IceCube is a cubic-kilometer neutrino detector installed in the ice at the geographic South Pole
between depths of 1450 m and 2450 m [3]. Detector construction started in 2005 and finished
in 2010. The reconstruction of neutrino properties relies on the optical detection of Cherenkov
radiation emitted by secondary particles produced in neutrino interactions in the surrounding ice
or the nearby bedrock. The basic IceCube sensor is the Digital Optical Module (DOM), which
contains a photomultiplier tube (PMT) and electronics which digitize the PMT waveform.

Events in IceCube generally have one of two overall topologies: “track” events from nµ
charged current (CC) interactions, as well as from muons produced in cosmic ray induced air
showers; and “cascade” events from ne CC interactions and neutral current (NC) interactions of
all flavors. At energies below about 1 PeV, nt CC interactions will appear as a single cascade. At
energies above about 1 PeV, the tau lepton decay length becomes large enough that IceCube can
resolve the first nt CC interaction cascade from the second tau lepton decay cascade. This double
cascade signature is called a double bang [4] and is shown in Figure 1. The first tau neutrino search
in IceCube used the partially constructed detector (22 strings) and searched for partially contained
double bangs [5]. This search was in fact more sensitive to ne and nµ than to nt . Here we present
the result of a search for closely separated nt double bangs in the complete IceCube detector using
individual DOM waveforms. This is the first nt search in IceCube to be more sensitive to tau neu-
trinos than to other neutrino flavors. We also discuss a search for well-separated contained double
bangs in IceCube.
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IceCube Tau Neutrino Search D. R. Williams1
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Figure 3: Neutrino flux upper limits and models as a function of the primary neutrino energy. The thick
red curve is the nt differential upper limit derived from this analysis. The black crosses depict the all flavor
astrophysical neutrino flux observed by IceCube [1]. The thick dashed line is the differential upper limit
derived from a search for extremely high energy events which has found the first two PeV cascade events in
IceCube [9, 10]. The thick dotted line is the Auger differential upper limit from nt induced air showers [18].
The thin dash line (orange) is the Waxman-Bahcall upper bound which uses the UHECR flux to set a bound
on astrophysical neutrino production [19]. The dash-dotted line (magenta) is prompt neutrino flux predicted
from GRBs; prompt in this context means in time with the gamma rays [20]. The dash-dot-dot line (grey)
is neutrino flux predicted from the cores of active galaxies [21]. The thin dotted line (red) is neutrino flux
predicted from starburst galaxies, which are rich in supernovae [22].

• Number of peaks in the distribution of collected charge as a function of time

• Maximum fraction of the total charge collected in a 100 ns timebin

• A variable based on the movement of the center of gravity of the event during the develop-
ment of the event in the detector

For every event a BDT score is calculated based on these variables ranging from -1 (background-
like) to +1 (signal-like) and only events with a sufficiently high score are retained.

At Level 6, a detailed reconstruction of the events is performed assuming a double cascade
topology. Several criteria are applied to remove events which are badly reconstructed as double
bangs: the maximized likelihoods cannot be too small, causality is required between the two cas-

5

Less than 1 event expected, zero observed… still promising for the future!



 Upgoing muons
Claudio Kopper  

“Neutrino Astronomy”  invited highlight talk

Upgoing Muons - Spectral Components
Two years of data

ν 52

first significant νμ -based and 
northern sky-dominated 
measurement of the astrophysical 
neutrino flux 

for E-2 spectral assumption - (best 
fit is E-2.2) 

Normalization for E-2: 
0.99+0.4

-0.3 10-8 E-2 GeV cm-2 s-1 sr-1

accepted by PRL,  
arXiv:1507.04005
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Upgoing Muons - Spectral Components

Three years of data

ν

53

New @ ICRC - now looking at up to 6 years of muon data (work in progress) - re-analyzed 

3 years (presented here) and working on details of the 6 year result



 Upgoing muons
Leif Rädel 

“A measurement of the diffuse astrophysical muon neutrino flux using multiple years of IceCube data”
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A measurement of the diffuse astrophysical muon neutrino flux Leif Rädel

Figure 2: Two dimensional profile likelihood scans of the physics parameters Fastro, gastro and the prompt
normalization Fprompt in units of the model in [11]. Additionally, contours at 68%, 90% and 95% CL
assuming Wilks’ theorem are shown.

Figure 3: Best-fit muon neutrino spectra for the unbroken power-law model. The line widths (blue, red)
represent the one sigma error on the measured spectrum where the green line represents the upper limit at
90% CL for the prompt model [11]. Note that systematic studies about the robustness of the prompt limit
are still ongoing. The horizontal width of the red band denotes the energy range of neutrino energies which
contribute 90% to the total squared significance.

in the left plot show that even a large prompt flux cannot explain the excess of high-energy neutrinos
measured in the three years. The physics parameters are mainly correlated with each other (Figure
2, right) and only a small correlation with the normalization of prompt neutrinos is visible (Figure
2, left and center). The large statistics of conventional atmospheric neutrinos at lower energies
strongly constrain the flux uncertainties in the region where the astrophysical component begins to
contribute. Therefore, the nuisance parameters for the atmospheric flux uncertainties are strongly
constrained and are only weakly correlated with the astrophysical flux parameters. The correlation
between astrophysical normalization and spectral index is expected due to the interplay between
both quantities. A larger normalization has a similar effect on the reconstructed muon energy
spectrum as a softer spectral index. The most likely neutrino energy of the highest energy event
assuming the overall best-fit neutrino flux is about 1.4PeV. Figure 3 shows the best-fit moun
neutrino spectrum. For prompt atmospheric neutrinos the 90%C.L. upper limit is shown. The
vertical width of the bands corresponds to the flux uncertainties at the 1s -level. Note that the
results do not take into account the flux of muons originating from tau decays which themselves are

6

 ︎0.66+0.40︎·10−18GeV−1cm−2s−1sr−1 @ 100 TeV neutrino energy and a hard spectral index 1.91 ± 0.20.  

• No evidence for a cut-off at high energies is found. 

• No significant evidence for a Galactic component in the measured astrophysical muon neutrino flux.  

• However, due to the large uncertainties still statistically compatible with previous results



Let’s stay tuned…

Upgoing Muons
an interesting event in the six-year sample!

ν 54

up-going 
(i.e. not a CR muon) 

deposited energy:  
2.6±0.3 PeV 
(lower limit on neutrino 
energy) 

date: June 11, 2014 

direction:  
11.48° dec / 110.34° RA



Looking for cross-correlations
• Fermi
• HESS
• Veritas
• HAWC
• Antares

No positive result, yet, but in some

 cases interesting consequences…

http://amon.gravity.psu.edu

Several searches conducted within AMON

http://amon.gravity.psu.edu


With Fermi

Multiplicity, time correlation and clustering tests show no significant correlation

Keivani (#786) 

AMON Searches for Jointly-Emitting Neutrino + Gamma-Ray Transients 

results of archival coincidence analyses using public neutrino data from the 40-string 
configuration of IceCube (IC40) and contemporaneous public gamma-ray data from Fermi LAT 
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AMON Searches for Jointly-Emitting Neutrino + Gamma-Ray Transients A. Keivani

(a) Dt (b) Clustering

Figure 5: Vetting the signal: (a) Dt: the histogram of the time difference between the neutrino and the
photon in each pair is plotted and compared with a flat uniform distribution. (b) Clustering: source map of
the high log-likelihood n � g pairs (shown by grey circles). In total, there are six n � g pairs that lie within
2� of another pair, which is less than the result we get from null hypothesis. Red crosses are the locations
of the four neutrinos that contribute to the total of six n � g pairs. These tests indicate no significant signal
excess in IC40 and Fermi LAT datasets.

The next test is to look for a significant difference between different Dt bins. Dt is the time
difference between the IC40 neutrino in coincidence with the Fermi LAT photon event. Figure 5(a)
shows the Dt histogram for five time bins compared to a uniform distribution. The reduced chi-
square value is approximately 0.5, which indicates consistency with a flat uniform distribution,
further suggesting absence of signal.

Finally, we test clustering of the high log-likelihood n�g pairs which would reveal bright/repeating
sources. Figure 5(b) shows the source map of these pairs. We see that only six n �g pairs lie within
2� of another pair. In total, four neutrinos are contributed in creating these six pairs which are in-
dicated by red crosses on the sky plot. Six n � g pairs are shown to be less than the average result
of 12.9 such clustered n � g pairs we get from our 10,000 scrambled datasets; roughly no evidence
for a contribution for cosmic n � g pairs.

5. Conclusions

We performed an archival analysis on neutrinos from IceCube observatory in coincidence with
Fermi LAT photon events, both from public datasets. Several statistical tests on observed data using
the background and signal datasets were conducted. The Anderson-Darling test statistic showed
about 70 signal out of 2138 found coincidences in IC40-Fermi LAT analysis, however multiplicity,
DT, and clustering tests showed no significant signal excess. The results of IC59 and Fermi LAT
and the combined IC40/59 datasets and Fermi LAT will be presented in a future publication.

Acknowledgement. The authors acknowledge support from the National Science Foundation un-
der grant 003403953 and the Institute for Gravitation and the Cosmos of the Pennsylvania State
University.
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With HESS
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The H.E.S.S. multi-messenger program Fabian Schüssler

Figure 2: H.E.S.S. observations of IceCube events 5 and 18. The dashed circles denotes the individual
median angular uncertainty on the neutrino directions provided by IceCube [4]. For comparison, the inner,
solid circles show the approximate size of a point-like source after convolution with the H.E.S.S. angular
resolution. Left plots: Map of VHE gamma-ray events exceeding the background expectation. Right plots:
Point source significance map.

2.2 Fermi-LAT analyses

Fermi-LAT data recorded between 2008-08-04 and 2015-05-01 has been analyzed (P7Rep) in
the full available energy range (100 MeV - 300 GeV). All photon candidates (evclass=2) above
E = 100 MeV fulfilling the basic quality criteria proposed by the Fermi collaboration (quality=1;
LAT config=1; rock angle< 52�; zenith< 100�) within a 10� ⇥ 10� region of interest centered at
the two locations of interest (IC-5: RA = 110.6�,Dec = �0.4� and IC-18: RA = 345.6�,Dec =

�24.8�) have been selected. The count maps of the selected gamma-ray events is shown in the left
column of Fig. 3. The gamma-ray emission observed in the Fermi-LAT data has been modeled
using the information given in the 3FGL catalogue [8], fixing the parameters for known sources
further away than 3 deg from the center of the region of interest (ROI) to the 3FGL values. An
additional point-like source with a power-law energy spectrum has been added to the description
before fitting the model parameters to the count map of the selected events. The fit did not yield
significant emission from the additional putative source in either of the studied fields (cf. Fig. 3). It
should be noted that the ROI of IceCube-5 (median angular resolution of 1.2�) comprises an AGN
know to emit g-rays PKS 0723-008 which is located 1.04� from the center of the ROI. Given the
high chance probability of finding a known g-ray emitting AGN within the error-box of a track-like
high-energy neutrino detected by IceCube of about 37 % and based on flux level and spectrum of
PKS 0723-008, an association with IceCube-5 can be discarded (e.g. [9]).

4

F. Schüssler (#726) 

The HESS multimessenger program
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The H.E.S.S. multi-messenger program Fabian Schüssler

1. Introduction

The key question to resolve the long standing mystery of the origin of high-energy cosmic
rays is to locate the sources and study the acceleration mechanisms able to produce fundamental
particles with energies orders of magnitude above man-made accelerators. The combination of
complementary information provided by multiple messengers and novel techniques will increase
the chances to achieve this century old task.
Thanks to the increase in computing power combined with advances in electronics and data analysis
techniques, real-time analyses of data taken by astrophysical observatories at all wavelengths are
now becoming possible. In addition, new messengers provide additional information on high-
energy astrophysical processes. Due to fundamental particle physics processes like the production
and subsequent decay of pions in interactions of high-energy particles, the acceleration sites of
high-energy cosmic rays might also be sites of gamma ray and neutrino production. Unlike cosmic
rays, both gamma rays and neutrinos are neutral messengers and therefore point back to their
source. If produced within the accessible horizon (which is limited for gamma rays due to pair
creation processes on the extragalactic background light) spatial and temporal correlations of the
different emitted particles could exist. The H.E.S.S. multi-messenger program will fully exploit
these correlations and might allow opening a new window to the high-energy universe: real-time
multi-messenger astronomy at TeV energies.

2. High-energy neutrinos

The core of the H.E.S.S. multi-messenger program is to exploit the intimate connection be-
tween high-energy neutrinos and g-rays. Provided appropriate conditions of the environment of
cosmic accelerators (e.g. magnetic fields, matter and field densities, etc.), high-energy (hadronic)
particles are potentially undergoing interactions with matter and radiations fields within and/or
surrounding the acceleration sites. The light mesons, predominately pions, created in these inter-
actions will decay by emitting both high-energy neutrino as well as g-rays.

Figure 1: Arrival directions in Galactic coordinates of high-energy neutrino events detected by IceCube.
Here we study the regions around events IC-5 and IC-18 (highlighted by the black circles) . Modified
from [4].
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The H.E.S.S. multi-messenger program Fabian Schüssler

Figure 4: VHE gamma-ray flux limits FUL at 99 % CL derived from the H.E.S.S. (black triangles) and
Fermi-LAT (black arrows) observations assuming a point-like source with an E�2 energy spectrum. The
estimate of the g-ray flux (solid, red marker) derived from the IceCube observation (dashed red marker) of
event IC-5 (left plot) and IC-18 (right plot) is shown for reference.

the optical depth t is a function of the energy Eg and the redshift of the source zs. For sufficiently
distant sources, i.e. sufficiently large optical depths, the expected gamma-ray flux Fg will get ab-
sorbed and could therefore become compatible with the upper limits FUL derived from the H.E.S.S.
measurements. Using the EBL model given in [13], we derive these minimal distances to z = 0.007
(0.012) for IC-5 and IC-18 respectively. It should be noted that this calculation very conservatively
assumes that the potential sources are only emitting in the 100 TeV range around the energies mea-
sured by IceCube, i.e. no lower energy radiation is present. Extrapolation of the IceCube flux to
lower energies would allow to put severe constrains on the source distance, but would induce a
significant dependence on the assumed spectral shapes.

2.4 Real-time neutrino alerts

Despite several efforts, including the ones presented here, the origin and astrophysical coun-
terparts of the high-energy neutrinos detected by IceCube remain unknown. This hints to the pos-
sibility that the underlying sources are either very faint but numerous or of transient nature and
emit neutrinos only for a limited amount of time. Should the latter be the case, the time domain
of multi-messenger and multi-wavelengths searches becomes increasingly important. Only by trig-
gering deep follow-up observations of significant neutrino events rapidly after their occurrence one
can be sure to obtain complete contemporaneous multi-messenger and multi-wavelength coverage,
which might be necessary for the unequivocal proof of a common origin of potentially observed
transient events.

The H.E.S.S. multi-messenger program is actively pursuing this direction. Over the last years
the second phase of the H.E.S.S. experiment has been commissioned successfully. It now includes
the H.E.S.S.-II 28m telescope, the largest Cherenkov telescope in the world and providing the low-
est energy threshold of ground based gamma-ray detectors worldwide. Another major goal for
this new phase of H.E.S.S. is to reduce the response time of the system in order to increase the
capabilities for the detection of transient phenomena. As discussed in [14], this goal has been

6

negligible probability for any of these events to be Galactic (non-trivial notably for #5)

z(#5) >0.007, z(#18)>0.012 for Franceschini et al.’s ’08 EBL

~2 hours <12 hours



With EAS UHECR detectors

  

Search for a correlation between the UHECRs measured by the
Pierre Auger Observatory and the Telescope Array and the neutrino

candidate events from IceCube

A. Christov, G. Golup, T. Montaruli, M. Rameez for 
the IceCube Collaboration;  J. Aublin, L. Caccianiga, 
P.L. Ghia, E. Roulet, M. Unger for the Pierre Auger
Collaboration; and H. Sagawa, P. Tinyakov for the
Telescope Array Collaboration

  

                                                                                                                                                                    39/39

Conclusions
● The frst joint IceCube-Pierre Auger-Telescope Array correlation
analysis was performed.
● All correlations found have less than 3.3 sigma signifcance.
● There is a potentially interesting result in the analyses with 
high-energy cascades - if we assume an isotropic fux of neutrinos

(fxing the directions of the UHECRs) to assess the effect of the
presence of anisotropies in the CR arrival directions (such as TA hot
spot), the signifcance is ~2.4 sigma.
● These results were obtained with relatively few events and we will
update these analyses in the future with more statistics.

 

Thank you!
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Notable results from Antares

9

ANTARES IceCube joint search: J. Barrios-Marti (ID 634) 

●  ANTARES has better angular resolution (less scattering in seawater) 

●  IceCube has more events with better energy resolution (it’s bigger!) 
●  Different declination dependencies – complementary regions 

9C.W. James, ANTARES highlights and KM3NeT prospects, ICRC 2015

Clancy James invited highlight talk



Bounds to # of events due to GC

10

Is there a source near the galactic centre? 

●  IceCube “hot spot”: cluster of shower events near the Galactic Centre 

●  Limits on GC excess: J. Barrios-Marti (ID 636) 

●  Time correlation analysis: A. Coleiro (ID 588) 

10C.W. James, ANTARES highlights and KM3NeT prospects, ICRC 2015

Aartsen et al., PRL 113, 101101 (2014) 

Clancy James invited highlight talk

Especially for a “steep” spectrum (=more events in the ANTARES region of sensitivity) Gal. Center 
source should be visible… nothing seen, upper limit to the IceCube events due to that



Excluding inner Galaxy origin?

12

Galactic plane search: L. Fusco (ID 306)  

●  Modelling galactic neutrino 
emission: A. Marinelli (ID 1010) 

●  Search region: 

●  ANTARES tests              relation in 
the galactic plane 

12C.W. James, ANTARES highlights and KM3NeT prospects, ICRC 2015

l < 40, b < 3

Fγ ↔ Fν

���������		
�������������������������

pCR +{pISM ,γbkgd}→ π ±,π 0

π 0 → 2γ
π + → µ+ +νµ

µ+ → e+ +νµ +νe

Fermi-LAT 
IceCube/ 
ANTARES 

A. Marinelli, ID 1010 

Clancy James invited highlight talk

Idea of a link in A. Neronov and D. Semikoz, “Neutrinos from Extra-Large 
Hadron Collider in the Milky Way,” arXiv:1412.1690



Good news on showers

15

Cascade reconstruction: T. Michael (ID 637) 

●  Resolutions: better than 4o from 10 TeV to 1 PeV 

●  This allows a point-source search with cascades! 

15C.W. James, ANTARES highlights and KM3NeT prospects, ICRC 2015
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Clancy James invited highlight talk



Cascades significantly improve sensitivity

18

Diffuse flux search: tracks + cascades 

●  Expected: 
●  9.5 ± 2.5 bkgd 
●  5.0 ± 1.1 IC flux 

●  Observed: 
●  12 events 

●  Results: 
●  Consistent w bkgd 
●  Consistent w IC 

 

18C.W. James, ANTARES highlights and KM3NeT prospects, ICRC 2015

J. Schnabel (ID  483) 

In the new global analysis, ANTARES is only a factor O(2) away in sensitivity for a discovery!

Clancy James invited highlight talk



Promising for Km3NeT

Cascade reconstruction: D. Stransky (ID 1186) 

●  Cascade direction 

●  Median < 2o 

●  Cascade energy (νe CC) 

●  5% accuracy 

C.W. James, ANTARES highlights and KM3NeT prospects, ICRC 2015 29
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Clancy James invited highlight talk

Even better expected: Cascade-pointing!!!



30

Sensitivity to a diffuse flux: D. Stransky (ID 1175) 

●  Characterised by time to re-discover nominal IceCube flux: 

●  5 sigma significance: 
●  Tracks: 1.5-2yr 
●  Cascades: < 1 yr 
●  Combined: ~6 months 

●  Atmospheric µ self-veto: 
●  T. Heid (ID 491) 

C.W. James, ANTARES highlights and KM3NeT prospects, ICRC 2015 30

Φ(E) =1.2 ⋅10−8 E 1 GeV( )−2 exp −E 3 PeV( )   GeV−1  cm−2  s−1  sr−1  flavour−1

(we are slightly more sensitive to the updated fits) 
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Quick rediscovery expected
Clancy James invited highlight talk



IceCube-Gen2 Facility

16

10 years of observation with Gen2 HEA is equivalent to >200 yrs of IC86 

Gains in southern hemisphere are strong. 

Icecube is looking at the future, too…
E. Blaufuss  #741  
high-E counterpart of PINGU, if you wish



IceCube: Gen2

• While able to deliver amazing discoveries, IceCube is 
limited by the small numbers of astrophysical neutrinos

• ~few 10’s of astrophysical neutrinos per year

• The IceCube-Gen2 High Energy Array will instrument a 
significantly larger volume (~10 km3)

• Deliver significantly larger samples of astrophysical 
neutrinos

• Gains in sensitivity can grow rapidly, especially for 
transient events.

• Detection of multiple events more likely

• Sensitive to wider classes of transient phenomena

6



Power of current constraints on Galactic source models
M. Ahlers' invited highlight talk

Galactic Limits

• maximum likelihood-ratio test for Galactic
emission (signal)

• IceCube 3yr limits
(Edep > 60 TeV & 90% C.L.):

•
Fermi Bubbles: < 25%

• unidentified TeV �-ray sources:
< 25%

• Galactic diffuse emission: < 50%
• cumulative distribution of sources:

< 65%
• PeV DM decay: unconstrained

• stronger limits possible:

• spectral and flavor analysis
• classical ⌫µ + ⌫̄µ search

[‹ talk by Leif Rädel (NU05)]
• PeV �-ray emission?
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UnID TeV

[MA, Bai, Barger & Lu’15]
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Morphological studies by IceCube constrain a dominant role for a number of sources 
(basically all the dominant Galactic ones, but DM)



What from absence of clustering?

Neutrino Point-Source Limits

• Diffuse neutrino flux normalizes the contribution of
individual sources

• dependence on local source density H (rate Ḣ)
and redshift evolution ⇠z

‹ point source observation requires rare sources

• non-observation of individual neutrino sources
exclude source classes, e.g.

8 flat-spectrum radio quasars
(H ' 10�9Mpc�3 / ⇠z ' 7)

8 “normal” GRBs
(Ḣ ' 10�9Mpc�3yr�1 / ⇠z ' 2.4)
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[MA&Halzen’14]
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M. Ahlers' invited highlight talk

requires sufficiently “dense” sources, excludes some classes



Power of current constraints on ExtraGal. source models

M. Ahlers' invited highlight talkSpectral Constraints particularly important!

Extragalactic Emission Models: Two Examples

Starburst Galaxies (“pp” scenario)

3

olate the local 1.4 GHz energy production rate per unit
volume (of which a dominant fraction is produced in qui-
escent spiral galaxies) to the redshifts where most of the
stars had formed through the starburst mode, based on
the observed redshift evolution of the cosmic star forma-
tion rate [24], and calculate the resulting neutrino back-
ground. The cumulative GeV neutrino background from
starburst galaxies is then

E2
⌫�⌫(E⌫ = 1GeV) � c

4⇡
�tH [4⌫(dL⌫/dV )]⌫=1.4GHz

= 10�7�0.5 GeV cm�2 s�1 sr�1. (2)

Here, tH is the age of the Universe, and the factor
� = 100.5�0.5 incorporates a correction due to redshift
evolution of the star formation rate relative to its present-
day value. The value of �0.5 � 1 applies to activity that
traces the cosmic star formation history [6]. Note that
flavor oscillations would convert the pion decay flavor ra-
tio, ⌫e : ⌫µ : ⌫⌧ = 1 : 2 : 0 to 1 : 1 : 1 [11], so that
�⌫e = �⌫µ = �⌫� = �⌫/2.
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Atmospheric→
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FIG. 1: The shaded region brackets the range of plausible
choices for the spectrum of the neutrino background. Its up-
per boundary is obtained for a power-law index p = 2 of
the injected cosmic-rays, and its lower boundary corresponds
to p = 2.25 for E� < 1014.5 eV. The solid green line corre-
sponds to the likely value p = 2.15 (see text). Other lines: the
WB upper bound on the high energy muon neutrino intensity
from optically-thin sources; the neutrino intensity expected
from interaction with CMB photons (GZK); the atmospheric
neutrino background; experimental upper bounds of optical
Cerenkov experiments (BAIKAL [29] and AMANDA [30]);
and the expected sensitivity of 0.1 km2 and 1 km2 optical
Cerenkov detectors [1].

Equation (2) provides an estimate of the GeV neu-
trino background. The extrapolation of this background
to higher neutrino energies depends on the energy spec-
trum of the high energy protons. If the proton energy dis-
tribution follows a power-law, dN/dE / E�p, then the

neutrino spectrum would be, E2
⌫�⌫µ / E2�p

⌫ . The energy
distribution of cosmic-ray protons measured on Earth fol-
lows a power-law dN/dE / E�2.75 up to the ”knee” in
the cosmic-ray spectrum at a few times 1015 eV [23, 25].
(The proton spectrum becomes steeper, i.e. softer, at
higher energies [2].) Given the energy dependence of the
confinement time, / E�s [22], this implies a produc-
tion spectrum dN/dE / E�p with p = 2.75 � s � 2.15.
This power-law index is close to, but somewhat higher
than, the theoretical value p = 2, which implies equal
energy per logarithmic particle energy bin, obtained for
Fermi acceleration in strong shocks under the test par-
ticle approximation [26]. We note that the cosmic-ray
spectrum observed on Earth may not be representative
of the cosmic-ray distribution in the Galaxy in general.
The inferred excess relative to model predictions of the
> 1 GeV photon flux from the inner Galaxy, implies that
the cosmic-rays are generated with a spectral index p
smaller than the value p = 2.15 inferred from the local
cosmic-ray distribution, and possibly that the spectral
index of cosmic-rays in the inner Galaxy is smaller than
the local one [27]. The spectrum of electrons accelerated
in SNe is inferred to be a power law with spectral index
p = 2.1 ± 0.1 over a wide range energies, � 1 GeV to
� 10 TeV, based on radio, X-ray and TeV observations
(e.g. [28]).

For a steeply falling proton spectrum such as dN/dE �
E�2, the production of neutrinos of energy E⌫ is domi-
nated by protons of energy E � 20E⌫ [18], so that the
cosmic-ray ”knee” corresponds to E⌫ � 0.1 PeV. In anal-
ogy with the Galactic injection parameters of cosmic-
rays, we expect the neutrino background to scale as

E2
⌫�SB

⌫ � 10�7(E⌫/1GeV)�0.15±0.1GeV cm�2 s�1 sr�1(3)

up to � 0.1 PeV. In fact, the ”knee” in the proton spec-
trum for starburst galaxies may occur at an energy higher
than in the Galaxy. The steepening (softening) of the
proton spectrum at the knee may be either due to a
steeper proton production spectrum at higher energies, or
a faster decline with energy for the proton confinement
time. Since both the acceleration of protons and their
confinement depend on the magnetic field, we expect the
”knee” to shift to a higher energy in starbursts, where the
magnetic field is much stronger than the Galactic value.
The predicted neutrino intensity is shown as a solid line
in Fig. 1. The shaded region illustrating the range of
uncertainty in the predicted neutrino background. This
range is bounded from above by the intensity obtained
for p = 2, corresponding to equal proton energy per log-
arithmic bin, and from below by the intensity obtained
for p = 2.25, corresponding to the lower value of the
confinement time spectral index, s = 0.5.

The extension of the neutrino spectrum to energies
E⌫ > 1 PeV is highly uncertain. If the steepening of the
proton spectrum at the knee is due to a rapid decrease
in the proton confinement time within the Galaxy rather

[Loeb & Waxman’06]

Active Galactic Nuclei (“p�” scenario)

11
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FIG. 13: Cumulative neutrino background from radio-loud
AGN in the blazar sequence model. The CR spectral index
s = 2.3, and the CR loading factor �cr = 100 (thick) and 500
(thin). The atmospheric muon neutrino background is also
shown (dot-dashed).

this conclusion holds even if we make hypothetically as-
sume broadline and IR emission for less luminous BL Lac
objects. As shown below, even � 0.1 EeV neutrinos are
dominated by luminous QHBs.

In our model, note that the local CR energy bud-
get (integrated over CR energies) is estimated to be
Qcr � 4 ⇥ 1044 ⇠cr erg Mpc�3 yr�1 and most of the CRs
come from blazars with L�

X . LX . La when �1 < 1.
The CR generation rate at 1019 eV is then written as
E�

pQE�
p
|1019 eV = (⇠crQr)/Rp|1019 eV, where Rp � 20 and

Rp|1019 eV � 840 for s = 2.3 (assuming �m
p � 10 GeV

and �M
p � 109.5 GeV). If we normalize the CR injec-

tion rate by the observed CR generation rate at 1019 eV
(0.6 ⇥ 1044 erg Mpc�3 yr�1), we obtain ⇠cr � 3 and
⇠cr � 100 for s = 2.0 and s = 2.3, respectively. Although
such values are smaller than those required to support the
hypothesis that UHECRs originate from GRBs [19, 60],
larger CR loading factors are needed to achieve the in-
tensity level of the IceCube signal.

Blazars with Lrad � 1048.5 erg s�1 have the X-ray lu-
minosity of LX � 1044.5 erg s�1. The corresponding
number density at z = 0 is � � a few ⇥ 10�12 Mpc�3.
Using these parameters as typical values, the di�use neu-
trino intensity can be estimated to be

E2
⌫�⌫ � 10�8 GeV cm�2 s�1 sr�1 ⇠cr,2R�1

p,2.5(fz/8)

⇥
✓

min[1, fp� ]

0.05

◆
Lrad,48.5

✓
�

10�11.5 Mpc�3

◆
.(39)

Figs. 13 and 14 show results of our numerical calcu-
lations compared with the atmospheric muon neutrino
background [68]. As expected, with ⇠cr � 10–100, it is
possible to have E2

⌫�⌫ � 10�8 GeV cm�2 s�1 sr�1 at
PeV energies. We find that the inner jet model may
account for a couple of PeV neutrino events found by
IceCube. However, there are two di�culties. First, this
model cannot explain sub-PeV neutrino events. This is
because broadline emission leads to a low-energy cuto�
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FIG. 14: Same as Fig. 13, but for s = 2.0. Here �cr = 3
(thick) and �cr = 50 (thin).

in neutrino spectra around PeV. Also, both accretion-
disk and internal synchrotron emission components have
soft spectra in the relevant UV and soft X-ray energy
range, so the neutrino spectra are generally quite hard
at sub-PeV energies, which appears to be incompatible
with observations. Thus, for radio-loud AGN to explain
the excess IceCube neutrino signal, a two-component sce-
nario is needed, as discussed in several works [69, 70]. In
our case, sub-PeV neutrino events could be attributed
to an atmospheric prompt neutrino background that is
higher than the prediction by Enberg et al. [71] or, alter-
nately, di�erent classes of astrophysical sources such as
star-forming galaxies and galaxy clusters. It may be pre-
mature to study such possibilities, however, because the
statistics are not yet su�cient to discriminate between
competing scenarios.

The second issue is that the calculated neutrino spec-
tra are quite hard above PeV energies. CR spectral
indices of s � 2.0 are inconsistent with the IceCube
data, as many more higher-energy neutrino events would
be predicted, given the Glashow resonance at 6.3 PeV
and the increasing neutrino-nucleon cross section. To
avoid this problem, one sees from Figs. 13 and 14 that
steep CR spectra with s & 2.5, or maximum energies of
E�max

p . 100 PeV, are needed. Another possible option
is to consider more complicated CR spectra, such as a
log-parabola function [69]. Note that if a simple power-
law CR spectrum is assumed from low energies to high
energies (as expected in the conventional shock acceler-
ation theory), steep spectral indices unavoidably lead to
excessively large CR energy budgets, whereas more com-
plicated curving or broken-power law CR spectra could
explain the IceCube data and relax source energetics.

While the inner jet model with a power-law CR proton
spectrum faces two di�culties to consistently explain the
IceCube neutrino signal, it does suggest that radio-loud
AGN are promising sources of 0.1–1 EeV neutrinos (see
Figs. 13-16). In particular, for ⇠cr = 3 and s = 2.0 or
⇠cr = 100 and s = 2.3, the CR energy generation rate
1019 eV is comparable to the UHECR energy budget at
that energy, which is intriguing, even though the Ice-

[Mannheim’96; Halzen & Zas’97]
[e.g. Murase, Inoue & Dermer’14]
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pp: at least one model (SB, scale-up 
of Galactic CR case) where high 
cutoff natural, no low-E cutoff

pγ: low-E cutoff due to threshold, 
high-E cutoff much higher!



Isotropic Diffuse Gamma-Ray Background (IGRB)

• neutrino and �-ray fluxes in pp scenarios
follow initial CR spectrum / E��

‹ low energy tail of GeV-TeV
neutrino/�-ray spectra

8 constrained by IGRB
[Murase, MA & Lacki’13; Chang & Wang’14]

• extra-galactic emission
(cascaded in EBL): � . 2.15 � 2.2

8 Combined IceCube analysis:
� ' 2.4 � 2.6

[IceCube’15; ‹ talk by Lars Mohrmann (NU05)]
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[Murase, MA & Lacki’14; Tamborra, Ando & Murase’14]
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Isotropic Diffuse Gamma-Ray Background (IGRB)

• neutrino and �-ray fluxes in pp scenarios
follow initial CR spectrum / E��

‹ low energy tail of GeV-TeV
neutrino/�-ray spectra

8 constrained by IGRB
[Murase, MA & Lacki’13; Chang & Wang’14]

• extra-galactic emission
(cascaded in EBL): � . 2.15 � 2.2

8 Combined IceCube analysis:
� ' 2.4 � 2.6

[IceCube’15; ‹ talk by Lars Mohrmann (NU05)]
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[Murase, MA & Lacki’14; Tamborra, Ando & Murase’14]
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FERMI-LAT IGRB is very useful…

M. Ahlers' invited highlight talk



Comments & Consequences

• Strong limits apply to CR calorimeters, like starburst galaxies or galaxy clusters.

• Direct �-ray emission can be reduced in p� scenarios, but cascade emission can still
contribute at the level of 10% above 100 GeV to the IGRB.

• Is blazar emission above 50 GeV dominated by hadronic interactions?

• Is secondary �-ray emission “hidden” by source radiation backgrounds?
[Murase, Guetta & MA; in preparation]

• Are there Galactic “contaminations” at E⌫ ' 1 � 10 TeV that effectively lead to a softening of
the observed neutrino spectrum? [IceCube’15; MA, Bai, Bargner & Lu’15]

• The diffuse flux also saturates limits from UHE CR sources. Is this population also
responsible for UHE CRs? [Katz, Waxman, Thompson & Loeb’13]
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M. Ahlers' invited highlight talk

…triggering several other questions
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Summary and conclusions

> How many  of the observed cosmic neutrinos come from cosmic ray 
interactions in the Milky Way? 
Only a few, at most. Maybe a few addl. ones from Galactic sources 

> Can the observed neutrinos come from the sources of the ultra-high energy 
cosmic rays, conceptually? 
This is possible, even in different spectral fit scenarios. Perhaps energy-
dependent escape timescale most “natural” model 

> Are gamma-ray bursts the sources of the ultra-high energy cosmic rays? 
▪ They are not the main source of the observed cosmic neutrinos.  

Yet, they could be the source of the UHECRs 

▪ A key issue is the UHECR mechanism for the sources; another one that 
estimators from gamma-rays may not be applicable to neutrinos in (more 
realistic) multi-zone collision models 

▪ Neutrinos will play an important role in establishing the UHECR paradigm 
for GRBs, as the GRB sensitivity in IceCube is the best to any object class

Similar conclusions in W.  Winter’s talk



on “exotics”
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IceCube: Search for neutrinos from dark matter annihilations in the Sun M. Rameez

Figure 5: Limits on the spin dependent WIMP-Nucleon scattering cross section as a function of the WIMP
mass, derived from this analysis and compared to other experiments’ limits from [15, 18, 19, 21, 22]. The
red band around the limit signifies systematic uncertainties.
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analysis of 341 days of livetime of IceCube-DeepCore in the 86 string configuration

(IceCube essentially used to veto background) 

Best limits for spin-dependent DM scattering, at high masses

M. Rameez (#1209)
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v [c]v [c]

Limits on the flux of magnetic monopoles
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• far below theoretical bound  
by Parker  

• comparing with  
ANTARES 
MACRO 
IceCube (highly relativistic) 

• best limits for  
0.51 c  <  v  <  0.81 c 

• improvement up to a  
factor ~90 at 0.64 c

Best limits for semi-relativistic monopoles



On Sterile neutrinos
non-standard physics 

νμ disappearance to sterile neutrino

in normal hierarchy 
large effect on anti-ν

 M. Wallraff

ICRC 2015

Wed 5/8

68%

90%

30

• sterile neutrino with large mass splitting 

• effects of matter oscillations @TeV - where most of IceCube ν’s are 

search being extended to full IC86

22,000 events 
with IC59

from 2000 pseudo-experiments

sensitivity (90% CL)

M. Wallraff (#1100)
“Search for sterile neutrinos with IceCube”

No results yet, only “expected sensitivity”



Atmospheric neutrinos in IceCube

low energy neutrinos 
IceCube - 3 years

P
(ν μ
→
ν μ

)

1 GeV 10 GeV 100 GeV

energy 
resolution 

~0.2 Log(E)

16

• energy resolution resolves the wide 
minimum @ 25 GeV 

• competitive with low energy 
experiments

2015Phys. Rev. D 91, 072004

P. Desiati’ s invited highlight talk

low energy neutrinos 
IceCube - 4 years
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Euan Richard (#1044)

SK main results: atmospheric nu

Measurements of the Atmospheric Neutrino Flux at Super-Kamiokande 
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Figure 1: The measured energy spectra of the atmospheric ne + n̄e and nµ + n̄µ fluxes at SK, shown
in comparison to measurements by Frejus [19], AMANDA-II [20, 21], and IceCube [22, 24, 23]. The
HKKM11 [16] model predictions are also shown in solid (with oscillation) and dashed (without oscillation)
lines.

A study of the time correlation between the atmospheric neutrino flux and the solar magnetic
activity cycle was performed, where the solar activity was assumed to be correlated with the neutron
flux at ground level. The type of correlation between the neutrino and neutron flux predicted by the
HKKM group was calculated to have a relatively minor effect on most of the Super-Kamiokande
data, but by searching over two solar maxima using approximately 14 years of data, a slight pref-
erence for such a correlation was seen at the 1.1 s level. This correlation is shown in Fig. 6.

By separate examination of several short periods (not included in the long-term analysis due
to lack of a theoretical prediction) corresponding to especially strong solar activity, from across
the SK operational period for a total exposure of 7.1 days, an indication for some decrease in the
atmospheric neutrino flux was seen at the 2.4 s level.

1Which is a sample whereby a single electron-like or muon-like track is reconstructed inside the detector, and is a
very high purity ne or nµ induced sample.
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> 5 σ  measurement of east-to-west asymmetry 
in azimuth in the neutrino flux, caused by the 

geomagnetic field, for both flavours
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Measurements of the Atmospheric Neutrino Flux at Super-Kamiokande Euan Richard
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Figure 2: The measured energy spectra of the atmospheric ne + n̄e and nµ + n̄µ fluxes at SK, divided by the
predictions from the HKKM11 flux model. The ratios of several other flux models to the HKKM11 model
are also shown.
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Figure 3: A subset of the single-ring e-like and µ-like neutrino induced events in the SK-I to SK-IV data
(points) and MC (boxes), optimized to show the east-west asymmetry by selecting events with reconstructed
energy 0.4 < Erec < 3.0 GeV and incoming angle �0.6 < cos(zenith)< 0.6.

3. Summary and Future

These direct measurements of the atmospheric neutrino flux tested the theoretical models with
improved precision, and searched for several new physical effects not previously measured. While
only one new measurement reached the 5 s discovery level, even those with relatively low sig-
nificance are interesting indications that suggest further study by the next generation of neutrino
detectors. Our measurements are in general consistent with the current generation flux models,
which gives confidence in our understanding and modeling of the atmospheric neutrino flux.

In future, combining our measurements with those from other current generation neutrino de-

5

Excellent measurements of fluxes up to O(100) GeV. 

Good validation of theoretical models

Only one new result  
(to the best of my knowledge)



Y. Nakano (#1088)

SK-I,II,III,IV combined 

Best Fit 
𝐬𝐢𝐧𝟐 𝜽𝟏𝟐 = 𝟎. 𝟑𝟏𝟏 
∆𝒎𝟐𝟏

𝟐 = 𝟒. 𝟖𝟒 × 𝟏𝟎−𝟓𝐞𝐕𝟐 
𝐬𝐢𝐧𝟐 𝜽𝟏𝟑 = 𝟎. 𝟎𝟐𝟓 

  stat. error only 
Preliminary 

Day Night Expected time variation as a function of cos 𝜃𝑧 

SK-phase Amplitude fit [%] Straight calc. [%] 

SK-I -2.0 ± 1.8 ± 1.0  -2.1± 2.0 ± 1.3  

SK-II -4.3 ± 3.8 ± 1.0 -5.5 ± 4.2 ± 3.7 

SK-III -4.2 ± 2.7 ± 0.7  -5.9 ± 3.2 ± 1.3  

SK-IV -3.6 ± 1.6 ± 0.6 -4.9 ± 1.8 ± 1.4 

Combined -3.3 ± 1.0 ± 0.5 
(3.0 σ from zero) 

-4.1 ± 1.2 ± 0.8 
(2.8 σ from zero) 

SK confirms a higher solar neutrino 
flux at night than during the day. 
This is a “direct” indication for matter 
enhanced neutrino oscillation. 

Day-Night Asymmetry 
Day-Night asymmetry is expected to 
be ~3 % in the SK energy region. 

Summary 

• SK solar neutrino flux measurements agree across all phase. 
– No correlation with the solar activity cycle is seen. 

• SK recoil electron energy spectrum slightly disfavors 
distortions. 

• SK measures the solar neutrino day-night asymmetry. 
– First indication (2.8-3.0σ) of terrestrial matter effect on 8B solar 

neutrino oscillation. 

• Solar global + KamLAND analysis gives: 
– ∆𝒎𝟐𝟏

𝟐= 𝟕. 𝟓𝟎−𝟎.𝟏𝟖+𝟎.𝟏𝟗 × 𝟏𝟎−𝟓 eV2 , 

– 𝐬𝐢𝐧𝟐𝜽𝟏𝟐 = 𝟎. 𝟑𝟎𝟖 ± 𝟎. 𝟎𝟏𝟑 ,  

– 𝐬𝐢𝐧𝟐𝜽𝟏𝟑 = 𝟎. 𝟎𝟐𝟕−𝟎.𝟎𝟏𝟒+𝟎.𝟎𝟏𝟔 . 

Solar neutrino results from Super Kamiokande 

SK main results: solar nu



Non neutrino results

• ISM CR flux measurements by Voyager 1 
• debate on presence of breaks in p & He seems closed, AMS-02 now confirms. 
• PAMELA preliminary measurements of Li/Be (including isotopic composition)… vs AMS? 
• Super-Tiger on trans-iron elements: seems to confirm 80-20 model, volatile/refractory 
• Updated Shower models post-LHC: towards muon problem solution (rho particle?)? 
• Auger chemical composition + spectrum seems only consistent with no-GZK (sources!?!) 
• Telescope Array qualitative difference on chemical composition confirmed.  
• TA hot-spot (Cen A) still present, but significance does not grow… Auger anis. reloaded? 
• Telescope Array “x 4” approved, paid by Japan 
• Argo measurement of p/He knee below 10^15 eV+All particle spectrum ok 
• HAWC presented its first results (not particularly competitive, yet it’s becoming true…)

Certainly forgetting several more…



Argo p/He

p/He spectrum bending below 1 PeV 

P. Montini, 371 
I. De Mitri, 366 

Z.Cao, 261 
2) ‘Analog’    
3) ‘Analog-bayesan’    

1) ‘Hybrid’  (LHAASO cher. Tel.) 

1) "

2) "
3) "

benefit of analog charge 
readout very close to the core  

ARGO-YBJ 

5"



Argo consistency

p/He spectrum bending below 1 PeV ARGO-YBJ 

•  p/He and all particle spectrum 
•  consistency with direct and 

indirect experiments 

factor 26 (?) 

I. De Mitri, 366 Z.Cao, 261 6"

700 TeV 



Telescope Array

Toward the highest energies 

Z. Zundel, 445 
T. AbuZayyad, 422 
T. Fujii, 320 
FD BR-LR Mono 
D. Ikeda, 362 Hybrid  

Telescope Array 

10"

D. Ivanov, 349 
C. Jui, highlight 



Auger

Auger 
I.Valino, 271 

50,000 km2 sr yr 

Toward the highest energies 

11"

P.Ghia, highlight 



Agreement on exotics
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γ / top down models  

Auger 
C.Bleve, 1103 K.Yamazaki, 356 - hybrid 

G.I. Rubtsov,  331 TA 

Ultra-relativistic 
Magnetic 

Monopoles 
in Auger  

T.Fujii, 319 

22"



Auger vs TA

12"

Auger TA 
Eankle (EeV) ≈ 4.8 ≈ 5.2 
E1/2   (EeV) ≈ 25 ≈ 60 

D.Ivanov, 349 I.Valino, 271 

Auger vs TA 

At the “GZK” energies, doubtful if there’s agreement



Hot spot only seen by TA, but…

200 around RA=148.40  Dec=44.50 
24 events   Nbkg = 6.88 

7 yr: chance probability 3.7 × 10-4    3.4σ 

Hot Spot with 2 
additional years E > 57 EeV TA 

•  Hot Spot near to Ursa Major Cluster (20 Mpc) 
•  shifted from SGP by 170 

See also Haoning He, 325 for the interpret. 31"

P.Tinyakov, 326 



Chemical composition

Auger A.Porcelli, 420 

down to 1017 eV using HEAT 

15"

J.P.Lundquist, 441, 442 MD Hybrid 

Stereoscopic 

QGSJETII-03  

T. Stroman, 361 T.Fujii, 320 

D. Ikeda, 362 
BRM/LR hybrid 

Mono 

TA 

multiple Xmax 
measurements  

allows a check 
of systematic 
uncertainties 

17"

• Mixed with heavy-light-heavy trend in Auger 
• all consistent with light (p-He, not heavier than ~N, say) for TA

from shower depth:



Some interpretation

1) "

2) "

Auger 
A. Di Matteo, 249 

combined fit spectrum 
and composition 

maximum rigidity (1) 
favored  over  
photo-disintegration (2) 

TA 

fit spectrum with a 
pure p composition 

E. Kido, 258 

“no cut-off “ at the source  

“dip” scenario 
strong evolution of sources with z 

GZK 

e+e- 

20"

I cannot but say that this reminds 
me of AGASA vs HiRes…

“Sec.1.2: Is progress in the cosmic ray field slow?”
It certainly looks like that.

From  T. Stanev’s “High Energy Cosmic Rays” textbook



At least, some progress: tuning models to LHC

Examples of tuning interaction models to LHC data
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Figure 6: Total, inelastic and elastic p-p cross section calculated with EPOS 1.99 (solid line),
QGSJETII-03 (dashed line), QGSJET01 (dash-dotted line) and SIBYLL 2.1 (dotted line) on left
panel, and EPOS LHC (solid line) and QGSJETII-04 (dashed line) on right panel. Points are data
from [5] and the stars are the LHC measurements by the TOTEM experiment [6].
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Figure 7: Pseudorapidity distribution dN/dη of charged particles for events with at least one
charged particle with |η| < 1 for p-p interactions at 900 GeV and 7 TeV. Simulations with
EPOS 1.99 (solid line), QGSJETII-03 (dashed line), QGSJET01 (dash-dotted line) and SIBYLL 2.1
(dotted line) on left panel, and EPOS LHC (solid line) and QGSJETII-04 (dashed line) on right
panel, are compared to data points from ALICE experiment [7].

3 Progress due to LHC measurements

3.1 Phase space coverage

Phase space plot in η vs. p⊥ of the different LHC experiments

3.2 Model comparison to LHC data

Old and new models side-by-side:

• Cross section p-p (total, elastic)

• pseudorapidity distribution

• multiplicity distribution

• Antibaryon production rate, discussion of comparison Tevatron vs. LHC
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Figure 10: Energy spectrum dN/dE of single photons with 8.81 < η < 8.99 for p-p interactions
at 7 TeV. Simulations with EPOS 1.99 (solid line), QGSJETII-03 (dashed line), QGSJET01 (dash-
dotted line) and SIBYLL 2.1 (dotted line) on left panel, and EPOS LHC (solid line) and QGSJETII-
04 (dashed line) on right panel, are compared to data points from LHCf experiment [10].

• Very forward photon production (LHCf, Feynman-x)

3.3 Predicted air shower properties

Old and new models (two stacked plots):

• Xmax vs. shower energy

• Muon number vs. shower energy

• Muon energy spectrum
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Figure 10: Energy spectrum dN/dE of single photons with 8.81 < η < 8.99 for p-p interactions
at 7 TeV. Simulations with EPOS 1.99 (solid line), QGSJETII-03 (dashed line), QGSJET01 (dash-
dotted line) and SIBYLL 2.1 (dotted line) on left panel, and EPOS LHC (solid line) and QGSJETII-
04 (dashed line) on right panel, are compared to data points from LHCf experiment [10].

• Very forward photon production (LHCf, Feynman-x)

3.3 Predicted air shower properties

Old and new models (two stacked plots):

• Xmax vs. shower energy

• Muon number vs. shower energy

• Muon energy spectrum
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At least, some progress: tuning models to LHC

Engel’s highlight talk

Predictions for depth of shower maximum
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New models favour interpretation  
as heavier composition than before

pre-LHC models

post-LHC models
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Towards the solution to the muon problem?
Engel’s highlight talk

9

directly to our measurement.
We consider QGSJet01, QGSJetII-03, QGSJetII-

04, and Epos LHC for this comparison. The relation of
⟨Xmax⟩ and ⟨lnA⟩ at a given energy E for these models
is in good agreement with the prediction from the gener-
alized Heitler model of hadronic air showers

⟨Xmax⟩ = ⟨Xmax⟩p + fE⟨lnA⟩, (9)

where ⟨Xmax⟩p is the average depth of the shower max-
imum for proton showers at the given energy and fE
an energy-dependent parameter [4, 41]. The parameters
⟨Xmax⟩p and fE were computed from air shower simula-
tions for each model.
We derive a similar expression from Eq. (1) by substi-

tuting Nµ,p = (E/ξc)β and computing the average loga-
rithm of the muon number

⟨lnNµ⟩ = ⟨lnNµ⟩p + (1 − β)⟨lnA⟩ (10)

β = 1− ⟨lnNµ⟩Fe − ⟨lnNµ⟩p
ln 56

. (11)

Since Nµ ∝ Rµ, we can replace lnNµ by lnRµ. The same
can be done in Eq. (2), which also holds for averages due
to the linearity of differentiation.
We estimate the systematic uncertainty of the approx-

imate Heitler model by computing β from Eq. (11), and
alternatively from d⟨lnRµ⟩p/d lnE and d⟨lnRµ⟩Fe/d lnE.
The three values would be identical if the Heitler model
was accurate. Based on the small deviations, we es-
timate σsys[β] = 0.02. By propagating the system-
atic uncertainty of β, we arrive at a small systematic
uncertainty for predicted logarithmic muon content of
σsys[⟨lnRµ⟩] < 0.02.
With Eq. (9) and Eq. (10), we convert the measured

mean depth ⟨Xmax⟩ into a prediction of the mean loga-
rithmic muon content ⟨lnRµ⟩ at θ = 67◦ for each hadronic
interaction model. The relationship between ⟨Xmax⟩ and
⟨lnRµ⟩ can be represented by a line, which is illustrated
in Fig. 5. The Auger measurements at 1019 eV are also
shown. The discrepancy between data and model predic-
tions is shown by a lack of overlap of the data point with
any of the model lines.
The model predictions of ⟨lnRµ⟩ and d⟨lnRµ⟩/d lnE

are summarized and compared to our measurement in
Fig. 6 and 7, respectively. ForQGSJetII-03,QGSJetII-
04, and Epos LHC, we use estimated ⟨lnA⟩ data
from Ref. [39]. Since QGSJet01 has not been in-
cluded in that reference, we compute ⟨lnA⟩ using
Eq. (9) [4] from the latest ⟨Xmax⟩ data [39]. The sys-
tematic uncertainty of the ⟨lnRµ⟩ predictions is de-
rived by propagating the systematic uncertainty of ⟨lnA⟩
(±0.03 (sys.)), combined with the systematic uncertainty
of the Heitler model (±0.02 (sys.)). The predicted loga-
rithmic gain d⟨lnRµ⟩/d lnE is calculated through Eq. (2),
while d lnA/d lnE is obtained from a straight line fit to
⟨lnA⟩ data points between 4× 1018 eV and 5× 1019 eV.
The systematic uncertainty of the d⟨lnRµ⟩/d lnE predic-
tions is derived by varying the fitted line within the sys-
tematic uncertainty of the ⟨lnA⟩ data (±0.02 (sys.)), and
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FIG. 5. Average logarithmic muon content ⟨lnRµ⟩ (this
study) as a function of the average shower depth ⟨Xmax⟩ (ob-
tained by interpolating binned data from Ref. [39]) at 1019 eV.
Model predictions are obtained from showers simulated at
θ = 67◦. The predictions for proton and iron showers are di-
rectly taken from simulations. Values for intermediate masses
are computed with the Heitler model described in the text.

by varing β within its systematic uncertainty in Eq. (2)
(±0.005 (sys.)).

The four hadronic interaction models fall short in
matching our measurement of the mean logarithmic
muon content ⟨lnRµ⟩. QGSJetII-04 and Epos LHC
have been updated after the first LHC data. The dis-
crepancy is smaller for these models, and Epos LHC
performs slightly better than QGSJetII-04. Yet none
of the models is covered by the total uncertainty inter-
val. The minimum deviation is 1.4 σ. To reach consis-
tency, the muon content in simulations would have to be
increased by 30% to 80%. If on the other hand the pre-
dictions of the latest models were close to the truth, con-
sistency could only be reached by increasing the Auger
energy scale by about 30%. Without a self-consistent
description of air shower observables, conclusions about
the mass composition from the measured absolute muon
content remain tentative.

The situation is better for the logarithmic gain
d⟨lnRµ⟩/d lnE. The measured value is higher than
the predictions from ⟨lnA⟩ data, but the discrepancy is
smaller. If all statistical and systematic uncertainties are
added in quadrature, the deviation between measurement
and ⟨lnA⟩-based predictions is 1.3 to 1.4 σ. The statisti-
cal uncertainty is not negligible, which opens the possi-
bility that the apparent deviation is a statistical fluctua-
tion. If we assume that the hadronic interaction models
reproduce the logarithmic gain of real showers, which is
supported by the internal consistency of the predictions,
the large measured value of d⟨lnRµ⟩/d lnE disfavors a
pure composition hypothesis. If statistical and system-

Muon number in inclined showers

Combination of information on mean 
depth of shower maximum and 
muon number at ground

(Auger, PRD91, 2015)

8

subtraction of the detection uncertainties from the total
spread. Its systematic uncertainty of ±0.033 is estimated
from the variations just described (±0.014 (sys.) in total),
and by varying the detection uncertainties within a plau-
sible range (±0.030 (sys.)).
At θ = 67◦, the average zenith angle of the data set,

Rµ = 1 corresponds to Nµ = 1.455× 107 muons at the
ground with energies above 0.3GeV. For model compar-
isons, it is sufficient to simulate showers at this zenith
angle down to an altitude of 1425m and count muons at
the ground with energies above 0.3GeV. Their number
should then be divided by Nµ = 1.455× 107 to obtain
RMC

µ , which can be directly compared to our measure-
ment.
Our fit yields the average muon content ⟨Rµ⟩. For

model comparisons the average logarithmic muon con-
tent, ⟨lnRµ⟩, is also of interest, as we will see in the next
section. The relationship between the two depends on
shape and size of the intrinsic fluctuations. We compute
⟨lnRµ⟩ numerically based on our fitted model of the in-
trinsic fluctuations:

⟨lnRµ⟩(1019 eV) =
∫ ∞

0

lnRµ N (Rµ) dRµ

= 0.601± 0.016+0.167
−0.201(sys.), (8)

where N (Rµ) is a Gaussian with mean ⟨Rµ⟩ and spread
σ[Rµ] as obtained from the fit. The deviation of ⟨lnRµ⟩
from ln⟨Rµ⟩ is only 2% so that the conversion does not
lead to a noticeable increase in the systematic uncer-
tainty.
Several consistency checks were performed on the data

set. We found no indications for a seasonal variation, nor
for a dependence on the zenith angle or the distance of
the shower axis to the fluorescence telescopes.

V. MODEL COMPARISON AND DISCUSSION

A simple comparison of our data with air showers
simulated at the mean zenith angle θ = 67◦ with the
hadronic interaction models QGSJetII-04 and Epos
LHC is shown in Fig. 4. The ratio ⟨Rµ⟩/(E/1019 eV)
cancels most of the energy scaling, and emphasizes the
effect of the cosmic-ray mass A on the muon number.
We compute the ratio from Eq. (4) (line), and alterna-
tively by a bin-wise averaging of the original data (data
points). The two ways of computing the ratio are visually
in good agreement, despite minor bin-to-bin migration
effects that bias the bin-by-bin method. The fitting ap-
proach we used for the data analysis avoids the migration
bias by design.
Proton and iron showers are well separated, which il-

lustrates the power of ⟨Rµ⟩ as a composition estimator.
A caveat is the large systematic uncertainty on the abso-
lute scale of the measurement, which is mainly inherited
from the energy scale [40]. This limits its power as a mass
composition estimator, but we will see that our measure-
ment contributes valuable insights into the consistency of
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FIG. 4. Average muon content ⟨Rµ⟩ per energy E as a func-
tion of the shower energy E, as measured bin-by-bin (circles)
and by the fit of Eq. (4) (line). Square brackets indicate the
systematic uncertainty of the bin-by-bin data points, the di-
agonal offsets are caused by the correlated effect of systematic
shifts in the energy scale. The grey band indicates the sta-
tistical uncertainty of the fitted line. Shown for comparison
are theoretical curves for proton and iron showers simulated
at θ = 67◦ (dotted and dashed lines). Black triangles at the
bottom indicate the energy bin edges. The binning was ad-
justed to obtain equal numbers of events per bin.

hadronic interaction models around and above energies
of 1019 eV, where other sensitive data are sparse.
A hint of a discrepancy between the models and the

data is the high abundance of muons in the data. The
measured muon number is higher than in pure iron show-
ers, suggesting contributions of even heavier elements.
This interpretation is not in agreement with studies based
on the depth of shower maximum [39], which show an av-
erage logarithmic mass ⟨lnA⟩ between proton and iron in
this energy range. We note that our data points can be
moved between the proton and iron predictions by shift-
ing them within the systematic uncertainties, but we will
demonstrate that this does not completely resolve the
discrepancy. The logarithmic gain d⟨lnRµ⟩/d lnE of the
data is also large compared to proton or iron showers.
This suggests a transition from lighter to heavier ele-
ments that is also seen in the evolution of the average
depth of shower maximum.
We will now quantify the disagreement between model

predictions and our data with the help of the mass
composition inferred from the average depth ⟨Xmax⟩
of the shower maximum. A valid hadronic interaction
model has to describe all air shower observables consis-
tently. We have recently published the mean logarith-
mic mass ⟨lnA⟩ derived from the measured average depth
of the shower maximum ⟨Xmax⟩ [39]. We can therefore
make predictions for the mean logarithmic muon content
⟨lnRµ⟩ based on these ⟨lnA⟩ data, and compare them

Number of muons in showers with θ>60°

Several$measurements:$indica9ons$for$muon$discrepancy
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Selecting among alternatives
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Change of energy transferred to electromagnetic component
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1&BaryonEAnFbaryon&pair&producFon&&&(Pierog,)Werner)&
• Baryon$number$conserva9on$
• LowDenergy$par9cles:$large$angle$to$shower$axis$
• Transverse$momentum$of$baryons$higher$
• Enhancement$of$mainly$lowEenergy$muons

Baryon  
subEshower

Meson 
subEshower

Decay$of  
leading$par9cle

(Grieder)ICRC)1973;)Pierog,)Werner)PRL)101,)2008)

2&Leading&parFcle&effect&for&pions&)))(Drescher)2007,)Ostapchenko))&
• Leading$par9cle$for$a$π$could$be$ρ0$and$not$π0$
• Decay$of$ρ0$to$100%$into$two$charged$pions

3&New&hadronic&physics&at&high&energy&&&(Farrar,)Allen)2012)&
• Inhibi9on$of$π0$decay$(Lorentz$invariance$viola9on$etc.)$
• Chiral$symmetry$restaura9on

30% chance to have
π0 as leading particle

28

What needed was known (diminish fraction of E going 
into e.m. showers, for fixed total E) but what causes it?



Selecting among alternatives
Engel’s highlight talk

# 2 seems the winner (+#1 subheading role?) !

How important is forward π0 and ρ0 production ?

Sibyll 2.3 
(release candidate)

Elab = 250GeV

NA22 NA22 NA22

p+ p ! p0 ! 2g

p+ p ! r0 ! p+ p�

(Riehn 2015)

Sibyll 2.3 
(mod. π0)
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Evolution in VHE gamma-rays

Mathieu de Naurois              6

Evolution of the Field

Surveys, populations studies

Key Science projects,
Deep investigation 
of specific objects

The Unknown, still searching for
- Dark Matter
- Exotic Physics

~2000-2010:
Opening of the field:
1 source = 1 paper



Evolution in VHE gamma-rays

• Indirect evidence for the first PeVatron at the GC “ridge” 
• Pulsation in Crab detected at E>400 GeV (Magic), confirmed by Veritas: highest E! 
• Second VHE detection of pulsars (Vela), HESS II goes down to ~10 GeV! 
• Population studies of SNRs away morphological studies start becoming real 
• New population of gamma binaries, “human scale” laboratory for acceleration studies 
•  “Stellar” emission (like Gal. CR) in LMC, Superbubble detected 
• FSRQ detected at record z=0.939 (MAGIC), EBL constraints. 
• Lensed emission of FSRQ  @ z~0.94 (Fermi+MAGIC)

Mathieu de Naurois              34

Conclusions
� Many NEW results presented in the 

next days – attend the sessions!
� VHE astronomy is experiencing a 

phase transition: key science 
projects, requiring deep (>100 h) 
exposure

Fishing-in-the dark 
time is over, 

precision 
measurement era is 

starting

“Kifune” plot 2015
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The Voyager Journey to Interstellar Space: Overview 
and Update 
E. C. Stone1* 
California Institute of Technology 
Pasadena, CA 91125 USA 
E-mail: ecs@srl.caltech.edu 

After a thirty-five year journey, Voyager 1 began observing the properties on the very local 
interstellar medium on August 25, 2012, at a radial distance of 121.6 AU.  Now at 132 AU, 
Voyager 1 has been exploring the region where the interstellar wind and magnetic field are 
perturbed by the flow of interstellar ions around the heliosphere and the formation of a wall of H 
atoms.  The plasma density is ~100 times that observed in the outer heliosphere, and the 
intensity of galactic cosmic rays is  at the highest level observed, with transient variations 
caused by the arrival of Merged Interaction Regions originating at the sun.  Although the 
interstellar magnetic field is distorted as it wraps around the heliosphere, the turbulence in the 
field is <1% of the average field.  This very weak turbulence leads to extremely low cosmic ray 
scattering rates and pitch angle anisotropies that persist for months. 

Now at 108 AU, Voyager 2 continues to explore the outer regions of the heliosheath where the 
solar wind flow has turned 75 degrees from radial as it flows toward the heliotail.  Even though 
solar maximum conditions persist, the galactic cosmic ray intensity at Voyager 2 has been 
increasing and is now ~80% of that observed by Voyager 1, suggesting Voyager 2 may reach 
interstellar space in several years. 
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On acceleration
D. Caprioli, highlight talk

Astroplasmas from first principles

Full particle in cell approach                                             
(…, Spitkovsky 2008; Amano & Hoshino 2007, 2010; Niemiec et al. 2008, 2012; Stroman et 
al. 2009; Riquelme & Spitkovsky 2010; Park et al. 2012; Guo et al. 2014; DC et al. 2015…) 

Define electromagnetic fields on a grid 

Move particles via Lorentz force 

Evolve fields via Maxwell equations 

Computationally very challenging! 

!

Hybrid approach: Fluid electrons - Kinetic protons                                
(Winske & Omidi; Burgess et al., Lipatov 2002; Giacalone et al. 1993,1997,2004-2013; DC 
& Spitkovsky 2013-2015,…) 

massless electrons for more macroscopical time/length scales

8

Protons

Electrons

Protons



On acceleration

Results from hybrid simulations

20

Acceleration at shocks can be efficient: 
>10%  

CRs amplify the B field via streaming 
instability 

DSA efficient at parallel, strong shocks 

Ions injected via reflection and shock 
drift acceleration

85% 

~15% 
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On acceleration

Kinetic simulations 

Electron physics, plasma instabilities 

Multi-scale approach 

From microphysical to phenomenological scales  

Gamma-ray/neutrino observatories 

More spatially-resolved sources 

!

Active role of CRs in galactic dynamics 

Generation of B fields, ionization, CR-driven winds

What do we need to better understand CRs?
What you can do for CRs

What can CRs do for you?

End

D. Caprioli, highlight talk


