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IceCube neutrinos
• 54 High-Energy Starting 

Events (HESE) 

• 39 showers, 14 tracks 

• Best-fit spectrum: E−2.6 

• Different data sets exist 

• Consistent with isotropic 
distribution of the sources 

• No point-like (or extended) 
sources identified 

• No significant correlation with 
any catalog of known 
sources 

• Consistent with 1:1:1 flavour 
ratio

Observation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper

Figure 7: Arrival directions of the events in galactic coordinates. Shower-like events are marked with +
and those containing tracks with ⇥. Colors show the test statistics (TS) for the point-source clustering test
at each location. No significant clustering was found.

6. Future Plans

Other searches in IceCube have managed to reduce the energy threshold for a selection of start-
ing events even further in order to be better able to describe the observed flux and its properties [5],
but at this time they have only been applied to the first two years of data used for this study. We will
continue these lower-threshold searches and will extend them to the full set of data collected by
IceCube. Because of its simplicity and its robustness with respect to systematics when compared
to more detailed searches, the search presented here is well suited towards triggering and providing
input for follow-up observations by other experiments. In the future, we thus plan to continue this
analysis in a more automated manner in order to update the current results with more statistics and
to produce alerts as an input for multi-messenger efforts.
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IceCube Preliminary

Figure 2: Distribution of deposited PMT charges of the events. Atmospheric muon backgrounds (estimated
from data) are shown in red. Due to the incoming track veto, these backgrounds fall much faster than the
overall background at trigger level (black line). The data events in the unshaded region at charges greater
than 6000 p.e. are the events reported in this work. Atmospheric neutrino backgrounds are shown in blue
with 1s uncertainties on the prediction shown as a hatched band. For scale, the 90% CL upper bound on the
charm component of atmospheric neutrinos is shown as a magenta line. The best-fit astrophysical spectra
(assuming an unbroken power-law model) are shown in gray. The dashed line shows a fixed-index spectrum
of E�2, whereas the solid line shows a spectrum with a best-fit spectral index.

IceCube Preliminary

Figure 3: Deposited energies of the observed events with predictions. Colors as in Fig. 2.
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Figure 13. Results of different IceCube analyses measuring the as-
trophysical flux parameters �

astro

and �
astro

. The contour lines
show the 90% CL. The result of this analysis (IC tracks, 6yr) is
shown by the red solid contour line. The contour obtained by the
previous measurement using through-going muons (Aartsen et al.
2015d) (IC tracks, 2yr) is the red dashed line. In addition, the results
for the most recent analysis of starting events (Kopper et al. 2015)
(IC HESE, 4yr), the complementary cascade channel (Lesiak-Bzdak
et al. 2015) (IC cascades) and an analysis combining different Ice-
Cube results (Mohrmann et al. 2015) (IC combined) are shown. The
result of this analysis (red, solid) and IC combined are incompatible
at 3.3� (two-sided significance).

includes a small fraction (6%) of up-going muons that start
within the detector, that are also included here. However,
these three analyses are strongly dominated by independent
cascade-like events of which a large fraction originates from
the Southern hemisphere. For the starting event analysis 73%
of the events above 100 TeV are down-going and 93% of
these are cascade-like. For the investigation of the tension
in the observed energy spectrum of astrophysical neutrinos,
the assumption of statistical independence is reasonably well
justified but will result in a lower limit on the tension.

The combined analysis finds the smallest confidence re-
gion of the three aforementioned results. The p-value for ob-
taining the combined fit result and the result reported here
from an unbroken powerlaw flux is 3.3�, and is therefore in
significant tension. For the discussion, it is important to high-
light the systematic differences between these measurements.
The threshold for the up-going muon signal is a few hundred
TeV while astrophysical starting events are detected above a
few times 10 TeV. It should be noted that for the overlap-
ping energy region > 200 TeV the measured fluxes for the
cascade dominated channels are in good agreement with the
results reported here, as shown in Fig. 5. As a conclusion,
we confirm for the Northern hemisphere a flux of muon neu-
trinos that is generally consistent with the observed all flavor
flux in the Southern hemisphere, but which is in tension with
the assumption of a single power law describing this and pre-
vious observations with a lower energy threshold at the same
time.

It is expected that for a galactic origin the neutrino flux
should be correlated with the galactic plane. It is gener-

Figure 14. Comparison of the measured diffuse astrophysical muon
neutrino flux (cf. Fig. 5) with theoretical neutrino flux predictions
corresponding to different source types (Kotera et al. 2010; Murase
et al. 2014; Bechtol et al. 2015; Senno et al. 2016). Since Murase
et al. (2014) predicts a lower and upper flux bound for neutrinos
originating from Blazars the central line between both bounds is
shown. The purple line shows the Waxman-Bahcall upper bound
(Waxman 2013).

ally assumed that the contribution from the galactic plane
and galactic sources is stronger in the Southern hemisphere,
which e.g. includes the galactic Center. The measured as-
trophysical flux is not strongly affected by a split in right
ascension (see Sec. 5.2), where one region includes the part
of the galactic plane which is visible in the Northern sky and
the other does not. This can be interpreted as an indication
that the flux observed here is mostly of extra-galactic origin.

The observed tension may arise either from a spectral
break at lower energies for the same sources or from an addi-
tional flux component, e.g. expected from galactic sources or
the galactic plane, that is sub-dominant at the high energies
to which this analysis is sensitive.

Figure 14 compares the measured diffuse astrophysical
muon neutrino flux to theoretical flux predictions corre-
sponding to different source types. The measured flux is
within its uncertainties slightly below the Waxman-Bahcall
upper bound (Waxman 2013). Senno et al. (2016) predict
a diffuse neutrino flux originating from gamma-ray burst
which is currently not ruled out (Aartsen et al. 2015a, 2016b).
A flux of cosmogenic neutrinos as predicted by Kotera et al.
(2010) would only contribute subdominantly to the measured
astrophysical neutrino flux. Neutrino fluxes from blazars and
star-forming galaxies are predicted by e.g. Murase et al.
(2014) and Bechtol et al. (2015), respectively. Glüsenkamp
(2015) already constrains this blazar model. These fluxes
are of the same order of magnitude as the measured flux
within the given uncertainty band. However, due to the small
statistics at high energies we cannot differentiate if the mea-
sured astrophysical neutrino flux corresponds to a neutrino
flux originating from a specific source type or if it is a com-
bination of different source types.



Two origins of high-energy neutrinos
Photohadron

Hadronuclear

⇡0 ! 2�

p+ � ! ⇡0,⇡±

p+ p ! ⇡0,⇡±

⇡± ! µ± + ⌫µ

µ± ! e± + ⌫e + ⌫µ

Usually, protons have to be very energetic, 
making pions very energetic too

Interaction can happen for low-energy 
protons

Pion decays

Any (optically thin) hadronuclear sources will produce both 
neutrinos and gamma rays down to GeV energies



Blazars: pγ source

• The cosmic ray protons 
accelerated in jets interact 
with surrounding photons 

• The neutrino spectrum 
depends on that of seed 
photons  

• Consequences are in general 
much more model dependent

A simplified view of blazars: the neutrino background 9

Dermer 2014). Our approach has some similarities but
many di↵erences with previous work, as detailed below.

5.3.1 Similarities

(i) the BL Lac �-ray emission has a (photo)hadronic
origin (at least for the models presented in Fig. 4);

(ii) in BL Lacs the targets for photopion interactions
are the low-energy synchrotron photons.

5.3.2 Di↵erences

(i) we use as a starting point the knowledge gained
from detailed SED fitting of BL Lacs instead of using a
generic neutrino spectrum (e.g. Mannheim, Protheroe &
Rachen 2001; Kistler, Stanev, & Yüksel 2014; Murase,
Inoue & Dermer 2014). By establishing a connection be-
tween the �-ray and neutrino emission for each source
(see eqs. 2 – 5), we are able to assign to each simulated
BL Lac in the Monte Carlo code a unique neutrino spec-
trum. We then calculate the NBG by summing up the
fluxes of all sources in each energy bin;

(ii) for the calculation of the NBG we do not normalise
a priori a generic neutrino spectrum to the extragalactic
�-ray background (EGB) (e.g. Mannheim 1995; Mücke et
al. 2003). In fact, we do not need to, as our simulation
naturally reproduces the observed EGB above 10 GeV
(Giommi & Padovani 2015);

(iii) the NBG spectrum is not a priori normalised to
the IceCube observations (e.g. Tavecchio & Ghisellini
2015). Instead, for a specific choice of Y

⌫�

, which is the
only tuneable parameter in our framework, we compare
our model predictions with the IceCube data;

(iv) the maximum proton energy is taken to be a few
times larger than the threshold energy for photopion in-
teractions with the peak energy synchrotron photons of
the low-energy hump. This is usually lower than the val-
ues used in previous studies (e.g. Halzen & Zas 1997;
Mücke et al. 2003), which also explains the di↵erence in
the peak energies of the NBG;

(v) the �-ray emission of individual BL Lacs in our ap-
proach is a combination of synchrotron radiation emitted
by electron-positron pairs produced through ⇡± decay
and synchrotron self-Compton from primary electrons.
The cascade emission initiated by ⇡0 �-rays has a negli-
gible e↵ect in the formation of the blazar SED. This is
in contrast to previous studies, where the blazar �-ray
emission is explained either as proton synchrotron radia-
tion (e.g. Mücke et al. 2003) or as cascade emission (e.g.
Halzen & Zas 1997; Kistler, Stanev, & Yüksel 2014).

5.3.3 Detailed comparison

Fig. 4 compares the predicted neutrino background for
our benchmark case for all BL Lacs (blue solid line) and
HBL (blue dotted line) with some of the previous results.
In chronological order, these are: Mannheim (1995) (long
dashed cyan line, upper limits at low energies), Halzen &
Zas (1997) (short dashed green line), Mücke et al. (2003)
(dot long-dashed black lines), and Tavecchio & Ghisellini
(2015) (dot short-dashed magenta line). The two curves

0.1 1 10 100

Figure 4. The predicted neutrino background per neutrino
flavour for Y

⌫�

= 0.8 and E
break

= 200 GeV, �� = 0.5,
for all BL Lacs (blue solid line) and HBL (blue dotted line)
compared to previous results. Namely, in chronological or-
der: Mannheim (1995) (long dashed cyan line; upper limits at
low energies), Halzen & Zas (1997) (short dashed green line),
Mücke et al. (2003) (dot long-dashed black lines: LBL, upper
curve; HBL, lower curve), and Tavecchio & Ghisellini (2015)
(dot short-dashed magenta line). The (red) filled points are
the data points from IceCube Collaboration (2014), while the
open points are the 3� upper limits. See text for details.

from Mücke et al. (2003) represent the maximum contri-
bution expected from LBL (upper curve) and HBL (lower
curve), respectively. A few things about Fig. 4 are worth
mentioning:

(i) the model by Mannheim (1995) at first glance is the
one that best describes the IceCube data. This, taken at
face value, would imply that radio-loud AGN explain the
entire NBG, something that contradicts the preliminary
IceCube results of Glüsenkamp et al. (2015), who find
a maximal contribution from Fermi 2LAC (Ackermann
et al. 2011) blazars ⇠ 20%. However, since it gives only
upper limits at low energies, it could be still reconciled
with the data. This model has a very di↵erent shape as
compared to the others because it includes two hadronic
components, i.e. a low-energy soft one (E

⌫

. 2 PeV), pro-
duced through pp collisions of the escaping CRs from the
blazar jet with the ambient medium, and a high-energy
flat one (E

⌫

& 2 PeV), related to p⇡ interactions of CRs
with the synchrotron photons in the blazar jet;

(ii) the model by Halzen & Zas (1997), although very
close to ours at low energies, lies above the 3� upper
limits at E

⌫

& 5 PeV, while the sum of the two curves
by Mücke et al. (2003) remains consistently below the
IceCube data. Although the model curve of Tavecchio &
Ghisellini (2015) passes through the data points, this is
by construction, i.e. the NBG was a priori normalised to
the IceCube data. Moreover, this model might also con-

c� 2015 RAS, MNRAS 000, 1–13

Padvani et al., Mon. Not. R. Astron. Soc. 452, 1877 (2015)



Starburst galaxies: pp source
• Starbursts are bright in 

gammas (M82 and NGC 
253 at ~3 Mpc) 

• Gamma-ray spectrum 
roughly follows E−2.2 

• Modelling the gamma-
ray and neutrino 
luminosity functions 
using 

• IR luminosity function 
(Herschel) 

• IR-gamma correlation 
(Fermi)
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Figure 5. Diffuse gamma-ray (in magenta) and neutrino intensity (in dashed black) E2I(E) as
a function of the energy for our canonical model, assuming ΓSB = 2.05, 2.15 and 2.3 (from top to
bottom). The Fermi data [5] are marked in red, while the IceCube region is plotted in light blue [35].
The EBL attenuation is taken into account for gamma rays (magenta continue lines), the diffuse
gamma-ray intensity without EBL attenuation is plotted with magenta dashed lines for comparison.

1068 and NGC 4945 as starburst galaxies [5]. Similarly Fermi finds that the Circinus galaxy,

– 13 –

LAT collaboration: Fermi/LAT observations of Local Group galaxies: Detection of M31 and search for M33

Fig. 1. Gaussian kernel (σ = 0.5◦) smoothed counts maps of the region of interest (ROI) in a true local projection before (left) and after subtraction
of the background model (right) for the energy range 200 MeV – 20 GeV and for a pixel size of 0.05◦ × 0.05◦. Overlaid are IRIS 100 µm contours
of M31 convolved with the LAT point spread function to indicate the extent and shape of the galaxy. The boxes show the locations of the 4 point
sources that have been included in the background model.

that we introduced above. The M31 template was derived from
the Improved Reprocessing of the IRAS Survey (IRIS) 100 µm
far infrared map (Miville-Deschênes & Lagache 2005). Far in-
frared emission can be taken as a first-order approximation of
the expected distribution of gamma-ray emission from a galaxy
since it traces interstellar gas convolved with the recent mas-
sive star formation activity. The spatial distributions of diffuse
gamma-ray emission from our own Galaxy or the LMC are in-
deed traced by far-infrared emission to the first order. From the
IRIS 100 µm map, we removed any pedestal emission, which
we estimated from an annulus around M31, and we clipped the
image beyond a radius of 1.6◦.

Using this IRIS 100 µm spatial template for M31 and as-
suming a power-law spectral shape led to a detection above the
background at TS = 28.8, which corresponds to a detection sig-
nificance of 5.0σ for 2 free parameters. We obtained a > 100
MeV photon flux of (11.0 ± 4.7stat ± 2.0sys) × 10−9 ph cm−2 s−1
and a spectral index of Γ = 2.1±0.2stat±0.1sys using this model.
Systematic errors include uncertainties in our knowledge of the
effective area of the LAT and uncertainties in the modelling of
diffuse Galactic gamma-ray emission. As an alternative we fitted
the data using the IRIS 60 µm, IRIS 25 µm, a template based on
Hα emission (Finkbeiner 2003) or the geometrical ellipse shape
we used earlier for source localization. All these templates pro-
vide results that are close to (and consistent with) those obtained
using the IRIS 100 µmmap. Fitting the data using a point source
at the centre of M31 provided a slightly smaller TS (25.5) and a
steeper spectral index (Γ = 2.5± 0.2stat ± 0.1sys), which provides
marginal evidence (at the 1.8σ confidence level) of a spatial ex-
tension of the source beyond the energy-dependent LAT point
spread function.

Using the gamma-ray luminosity spectrum determined
from a GALPROP model of the MW that was scaled to the

assumed distance of 780 kpc of M31 (Strong et al. 2010)5
instead of a power law allows determination of the >100 MeV
luminosity ratio rγ between M31 and the MW. We obtain
rγ = 0.55 ± 0.11stat ± 0.10sys where we linearly added uncer-
tainties in the assumed halo size of the model to the systematic
errors in the measurement. The luminosity of M31 is thus about
half that of the MW. The model gives TS = 28.9, which is
comparable to the value obtained using a power law, yet now
with only one free parameter, the detection significance rises to
5.3σ. According to this model, the >100 MeV photon flux of
M31 is (9.1 ± 1.9stat ± 1.0sys) × 10−9 ph cm−2 s−1.

We determined the spectrum of the gamma-ray emission
from M31 independently of any assumption about the spectral
shape by fitting the IRIS 100 µm template in five logarithmi-
cally spaced energy bins covering the energy range 200 MeV –
50 GeV to the data. Figure 2 shows the resulting spectrum on
which we superimposed the GALPROP model of the MW for
rγ = 0.55. Overall, the agreement between the observed spec-
trum ofM31 and the model is very satisfactory. The upturn in the
spectrum at high energies, though not significant, could possibly
be attributed to emission from the BL Lac object 1ES 0037+405,
the only known blazar in the line of sight towardsM31. In a dedi-
cated analysis above 5 GeV, we found a cluster of 6–7 counts that
are positionally consistent with coming from that blazar. Adding
1ES 0037+405 as a point source to our model and extending
the energy range for the fit to 200 MeV – 300 GeV results in a

5 We use throughout this work a representative model of the MW
from Strong et al. (2010) with a halo size of 4 kpc and that assumes
diffusive reacceleration. The model is based on cosmic-ray, Fermi-LAT
and other data, and includes interstellar pion-decay, inverse Compton
and Bremsstrahlung. Varying the halo size between 2 and 10 kpc affects
the >100 MeV luminosity and photon flux by less than 10% and 3%,
respectively.
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Fig. 1.— Test statistic maps obtained from photons above 200 MeV showing the celestial
regions (6◦ by 6◦) around M82 and NGC 253. Aside from the source associated with each

galaxy, all other Fermi-detected sources within a 10◦ radius of the best-fit position have been
included in the background model as well as components describing the diffuse Galactic and

isotropic γ-ray emissions. Black triangles denote the positions of M82 and NGC 253 at
optical wavelengths; gray lines indicate the 0.68, 0.95, and 0.99 confidence level contours
on the position of the observed γ-ray excess; green squares show the positions of individual

background sources. The color scale indicates the point-source test statistic value at each
location on the sky, proportional to the logarithm of the likelihood ratio between a γ-ray

point-source hypothesis (L1) versus the null hypothesis of pure background (L0); TS ≡

2(ln L1 − ln L0) (Mattox et al. 1996).

Table 1: Results of maximum likelihood analyses (gtlike) of M82 and NGC 253.

RAa Deca ra
95 F(> 100 MeV)b photon indexb significancec

(deg) (deg) (deg) (10−8 ph cm−2 s−1)

M82 149.06 69.64 0.11 1.6±0.5stat ± 0.3sys 2.2±0.2stat ± 0.05sys 6.8
NGC 253 11.79 -25.21 0.14 0.6±0.4stat ± 0.4sys 1.95±0.4stat ± 0.05sys 4.8

aSource localization results (J2000) with r95 corresponding to the 95% confidence error radius

around the best-fit position.
bParameters of power-law spectral models fitted to the data: integrated photon flux > 100
MeV and photon index.
cDetection significance of each source.

NGC 253

M82

Tamborra, Ando, Murase, JCAP 09, 043 (2014)



Galaxy clusters, GRBs, dark matter…
GRBs (successful or failed)

A&A proofs: manuscript no. paper
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Fig. 2. Total gamma-ray and neutrino intensities (right) due to hadronic interactions in galaxy clusters, for 100% loud clusters, and the correspond-
ing radio counts due to synchrotron emission from secondary electrons (left). From top to bottom, we plot the cases with B≫ BCMB, B = 1 µG and
0.5 µG, respectively. For comparison, the Fermi (Fermi-LAT collaboration 2014) and IceCube (Aartsen et al. 2014b) data are shown in the panels
on the right. The neutrino intensity is meant for all flavours. All the plotted intensities respect NVSS radio counts and the gamma-ray upper limits
on individual clusters. For B = 1 µG and αp = 2.4, B = 0.5 µG and αp = 2.2, 2.4, and for αp = 1.5, the radio counts respecting the gamma-ray and
neutrino limits, respectively, are below the y-scale range adopted for the panels on the left.

by adopting Lγ ∝ Ωm (1 + z)3 + ΩΛ, for αp = 2.2, 100% loud clusters and B ≫ BCMB, roughly corresponding to the scaling

Article number, page 6 of 14

Zandanel, Tamborra, Gabici, Ando,  
Astron. Astrophys. 578, A32 (2015) 

Galaxy clusters
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FIG. 1: Diffuse all-flavor neutrino and γ-ray intensities ex-
pected in the VHDM scenario. The ES13 model is assumed
with τdm = 3.0 × 1027 s. The total (thick dashed line) and
extragalactic (thin dashed line) contributions to the cumula-
tive neutrino background are shown with the observed data.
The expected γ-ray background is also shown (thick solid)
with the latest Fermi data. We also show contributions of
extragalactic cascaded γ rays and direct γ rays from Galac-
tic VHDM, which are not affected by uncertainty of Galactic
magnetic fields. KASCADE and CASA-MIA γ-ray limits are
indicated.

with electroweak corrections, the final state spectra ob-
tained from 10 TeV to 100 TeV masses are extrapolated
to PeV masses. Our choice of VHDM models is such that
they include both hard and soft spectra, so our results
can be viewed as reasonably model independent [25, 29].
In Figs. 1 and 2, we show examples of the viable

VHDM scenario for diffuse PeV neutrinos observed in
IceCube. Using the ES13 model [36], where the VHDM
mass mdm = 3.2 PeV is used, we consider DM → νeν̄e
and DM → qq̄ with 12% and 88% branching fractions,
respectively. Although a bit larger masses are favored to
explain the 2 PeV event, one can easily choose param-
eters accounting for the observed data. In the RKP14
model [41], the Majorana mass term is introduced in the
Lagrangian, which may lead to metastable VHDM de-
caying into a neutrino and Higgs boson. Reference [39]
suggested another interesting scenario, where the light-
est right-handed neutrinos constitute dark matter with
mdm = O(1) PeV. We also consider this model for
mdm = 2.4 PeV, assuming branching fractions DM →

l±W∓ : DM → νZ : DM → νh ≈ 2 : 1 : 1, where the
neutrino spectral shape turns out to be similar to that of
Ref. [41] (see Fig. 2). As in the latter two models, spec-
tra may be more prominently peaked at some energy, and
VHDM does not have to explain all the data.
γ-Ray Limits.— Standard Model final states from

decaying or annihilating VHDM lead to γ rays as well as
neutrinos. If final states involve quarks, gluons and Higgs
bosons, neutrinos largely come from mesons formed via
hadronization, and γ rays are produced. A spectral bump
is produced by two-body final states such as νh and/or
weak bosons via leptonic decay into a neutrino and
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FIG. 2: The same as Fig. 1, but for the RKP14 model with
τdm = 3.5× 1027 s.

charged lepton. Electroweak bremsstrahlung is relevant
even for possible decay into neutrino pairs. In extragalac-
tic cases, the fact that the diffuse neutrino and γ-ray in-
tensities are comparable gives us generic limits [9, 50, 51].
In Galactic cases, γ rays below ∼ 0.3 PeV can reach the
Earth without significant attenuation, air-shower arrays
such as KASCADE [59] and CASA-MIA [60] as well as
Fermi [61] provide us with interesting constraints [19, 62].
We numerically calculate the diffuse γ-ray background,

including both extragalactic and Galactic components.
Thanks to the electron-positron pair creation, suffi-
ciently high-energy γ rays are attenuated by the extra-
galactic background light and cosmic microwave back-
ground. Then, the pairs regenerate γ rays via the inverse-
Compton and synchrotron emission. For an extragalac-
tic component, we calculate electromagnetic cascades by
solving Boltzmann equations. The resulting spectrum
is known to be near-universal, following a Comptonized
E−2 power-law in the 0.03–100 GeV range [53]. For a
Galactic component, it is straightforward to calculate
primary γ rays that directly come from VHDM. The γ-
ray attenuation is approximately included by assuming
the typical distance of Rsc, which gives reasonable re-
sults [19]. Extragalactic cascaded γ rays (including at-
tenuated and cascade components) and Galactic primary
γ rays with attenuation unavoidably contribute to the
diffuse γ-ray background (see Figs. 1 and 2). In addition,
electrons and positrons from VHDM [93] make secondary
γ rays via inverse-Compton and synchrotron emission in
the Galactic halo, as included in Figs. 1 and 2 assuming
a magnetic field strength of 1 µG. Our results would be
conservative, and weaker magnetic fields can somewhat
increase γ-ray fluxes. For cascade components, the re-
sults are not sensitive to detailed spectra of final states
from VHDM decay. See Ref. [33] for technical details.
Clearly, γ-ray constraints are powerful. In the sub-

PeV range, while the VHDM models are still allowed,
the expected diffuse γ-ray intensity can slightly violate
the existing sub-PeV γ-ray limits from old CR-induced
air-shower experiments such as KASCADE. Thus, as we

Dark matter decay

Murase, Laha, Ando, Ahlers, Phys. Rev. Lett. 115, 071301 (2015) 
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FIG. 5: Top panel: Diffuse intensity for one neutrino flavor
after flavor oscillations as a function of the energy and for
ζSN = 1, 10, and 100%, plotted with a dashed, solid and dot-
dashed line, respectively. The blue band and the black data
points correspond to the best-fit power-law model and the Ice-
Cube data from Ref. [21]. ζSN = 100% is incompatible with
the current IceCube data, while ζSN = 10% is marginally al-
lowed. Bottom panel: Partial contributions to the diffuse neu-
trino intensity for one neutrino flavor from different regimes
of Γb, for ζSN = 10%. As Γb increases, the neutrino spectrum
peaks at larger neutrino energies.

shows partial contributions to the total diffuse emission
from different regimes of Γb for ζSN = 10%. As Γb in-
creases, the neutrino intensity peaks at higher energies.
The flux for Γb > 130 reproduces the expected diffuse
intensity from high-luminosity GRBs in the PeV energy
range; on the other hand, jets with Γb < 10 are responsi-
ble for a neutrino flux that is relevant in the TeV energy
range (see also, e.g., Refs. [38, 74] about the typical neu-
trino energy spectra from pγ and pp interactions). For
the assigned input parameters, astrophysical bursts with
10 < Γb < 130 are responsible for a neutrino flux com-
patible with the current IceCube neutrino data set for
particular values of ζSN. Such jets belong to an interme-

diate class between choked and high-luminosity GRBs,
which is optically thick and in which pp and pγ interac-
tions are both relevant, as discussed in Sec. II D.

IV. UNCERTAINTIES ON THE JET MODEL
PARAMETERS

The results presented in Sec. III have been obtained by
assuming a simple model with common properties for all
GRBs, except for the Lorentz factor Γb. Our conclusions
are however limited by the astrophysical uncertainties.
For example, we assumed that the local rate of success-
ful GRBs is given by ρ0,HL−GRB = 0.8 Gpc−3 yr−1 [70];
this is an optimistic assumption as the local rate could
be as low as 0.5 Gpc−3 yr−1 [70]. We also consider the
simplest possible scaling law of the local cosmic rate of
astrophysical jets as a function of Γb (Eq. 28), given the
lack of data; other possible scaling relations might de-
scribe better the real GRB family. We currently do not
have data to describe the engine behind low-Γb jets and
extrapolate their properties from the ones measured for
successful jets. Future observations may help to reduce
such uncertainties [1] that we currently expect might be
responsible for a variation of up to one order of magni-
tude or two of the estimated best-fit value of the flux.
Besides the local abundance of baryon-rich sources,

the jet energy may be also a variable parameter. Fig-
ure 6 represents ζSN as a function of Ẽj . The con-
tour plot shows the allowed abundance of baryon-rich
bursts from the current IceCube high-energy neutrino
data set [21]; the yellow region is compatible with the
IceCube data, while the dark green one is excluded.3 A
region of marginally allowed (Ẽj , ζSN ) falls in between
(plotted in light green).
Although the high-energy neutrino flux detected by the

IceCube telescope is in the same energy range where the
neutrino emission from intermediate-Γb jets peaks, we
are able to provide bounds on the local rate of baryon-
rich GRBs as a function of the jet energy by assuming a
SN–GRB connection. Such constraints are roughly com-
parable with the ones presented in Ref. [12], obtained
for choked sources. Note, however, that the bounds on
(Ẽj ,Γb) in Ref. [12] were extrapolated on the basis of an
analysis on point sources, and Γb was considered as fixed
parameter typical of choked GRBs. Under the assump-
tion of the SN-GRB connection, we expect that upper
limits on the abundance of choked sources are going to
become more stringent in the near future in the light of
the increasing statistics of the IceCube data sets.

3 We define “allowed region” (“not-allowed region”), the region of
the parameter space where [E2

νIν(Eν)]theo ≤ [E2
νIν(Eν)]IC,band

([E2
νIν(Eν)]theo > [E2

νIν(Eν)]IC,band) for all energy points Eν

of the IceCube data; the “marginally allowed region” is the tran-
sition region of the parameter space where roughly half of all
energy points fall within one of the two previous categories.

Tamborra, Ando, Phys. Rev. D 93, 053010 (2016) 



Searches for point sources

• No excess over the atmospheric backgrounds 

• Roughly ~10−11 TeV/cm2/s for the E−2 spectrum

10 M. G. Aartsen et al.

2013b), the optical efficiency of Cherenkov light pro-
duction yield and detection in the DOMs (Abbasi et al.
2010), and different photo-nuclear interaction mod-
els (Bugaev & Shlepin 2003a,b; Abramowicz et al. 1991;
Abramowicz & Levy 1997). All systematic effects are
propagated through the entire likelihood analysis de-
scribed in Section 3 to obtain the uncertainties on the
fluxes using dφ/dEν ∝ E−2 spectra. The biggest impact
on the fluxes comes from varying the optical efficiency by
±10%, resulting in a flux uncertainty of 7.5%. Increas-
ing the absorption or scattering of photons in ice by 10%
affects the flux by 5.6%. Uncertainties in the photo-
nuclear cross-sections (Bugaev & Shlepin 2003a,b) re-
sult in an flux uncertainty of similar size with 5.9%.
Adding these values in quadrature yields a total sys-
tematic uncertainty of 11% on νµ + ν̄µ fluxes quoted in
the following.
For all locations tested, only the maximal likelihood

values of n̂S and γ̂ are reported. Because of small event
statistics at the position of the likelihood maximization
and limited energy resolution of the neutrino energy
(compare Section 2.2), uncertainties on the spectral in-
dex are of the order ±1 and reduce to ±0.5 for values of
nS of ∼ 15 and ∼ 50, respectively (Braun et al. 2008).
Hence, the impact of systematic uncertainties in the en-
ergy reconstruction is small compared to the statistical
limitations.
Albeit not a systematic uncertainty per se, so far

only fluxes of νµ + ν̄µ were considered. This is a con-
servative estimate, because track-like events can also
originate in other cases that are discussed in the fol-
lowing. Firstly, tau-leptons created in charged-current
ντ + ν̄τ interactions decay into muons with 17% branch-
ing ratio (Jeong & Reno 2010; Olive et al. 2014), re-
sulting in a muon track with lower energy due to the
three-body decay τ → µνµντ . This decay is impor-
tant for up-going events, because secondary neutrinos
are produced in τ -neutrino regeneration during prop-
agation. Secondly, interactions of ν̄e + e− → W− at
the Glashow-resonance (Glashow 1960) at 6.3 PeV pro-
duce tracks (ν̄e + e− → ν̄µ + µ−) at 10.6% branching
ratio (Olive et al. 2014). Lastly, at the highest ener-
gies above PeV, τ -neutrino induced double bangs are
well-reconstructable and further increase the number of
τ -flavored events in the sample. Accounting for these
fluxes assuming an equal flavor ratio at Earth reduces
the per-flavor flux necessary for detection by 5% assum-
ing an unbroken E−2 spectrum. For harder spectra, the
sensitivity gain due to regeneration effects in the north-
ern sky becomes stronger. For example, a spectrum of
dφ/dEν ∝ E−1 has an 30% improved sensitivity com-
pared to only considering muon neutrinos. This greatly
increases the sensitivity with respect to models that pre-
dict very hard neutrino energy spectra peaking above
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Figure 6. All-sky result of the unbinned likelihood maxi-
mization shown in equatorial coordinates (J2000). Shown is
the negative logarithm of the pre-trial p-value, − log10 p, as-
suming no clustering as null-hypothesis. The Galactic Plane
is shown as black line.

PeV energies (Petropoulou et al. 2015; Reimer 2015).

4. RESULTS AND IMPLICATIONS

In the unbinned likelihood analysis using seven years
of IceCube livetime, no significant excess of astrophys-
ical neutrino sources was found. In the following, the
results of the three tests introduced in the previous sec-
tions are discussed and 90% upper-limits on neutrino
source fluxes are calculated. Finally, implications with
respect to neutrino models of γ-ray sources and the ob-
served diffuse neutrino flux are presented.

4.1. All sky scan

Figure 6 depicts the pre-trial p-value − log10 p of all
points in the sky in equatorial coordinates (J2000) with
respect to the null-hypothesis of no observed clustering.
In the northern sky, the most significant position was

at α = 32.2◦, δ = 62.1◦ at an accuracy of 0.35◦ (0.5◦)
for 1σ (90%) contours using Wilks’ theorem with two
degrees of freedom. The best fit parameters at the lo-
cation are n̂S = 32.6 and γ̂ = 2.8, yielding a pre-trial
p-value of 1.82 × 10−6. Looking at each of the com-
bined seasons individually reveals that for each season
clustering is observed, providing no indication of time-
dependence that could suggest additional evidence for
an astrophysical origin.
In the southern sky, the most significant point is at

α = 174.6◦, δ = −39.3◦. The best fit point is at n̂S =
15.4, with spectral index γ̂ = 2.9. The uncertainty of
the location amounts to 0.22◦ (0.32◦) for 1σ (90%). The
pre-trial p-value is 0.93× 10−6; most of the significance
at this location is shared by the newly added data of
through-going and starting tracks. Indeed, one starting
track is within 0.9◦ distance to the location which is
wihtin 1σ of its reconstruction uncertainty.
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Figure 7. Trial correction of the most significant spots in the
sky that were observed in the seven year search. Solid verti-
cal lines indicate the pre-trial p-value of the most significant
spots in each half of the sky; crosses show the distribution
of spots similarly obtained in scrambled data trials. The tri-
als are modeled by an analytic parameterization of the trial
correction (Equation 5, black dashed line) that corresponds
to 1.9× 105 independent trials per half of the sky.

Due to the large number of tested locations in the sky,
the two most significant locations in the sky have to be
trial corrected with the trial correction in Eq. 5 that
is estimated by repeating the full-sky scan on scram-
bled data trials, as shown in Fig. 7. This yields post-
trial p-values of 29%, 17% for northern and southern
sky, respectively. Hence, the full-sky results are in
agreement with a pure background assumption, and
no significant clustering is observed. For an unbro-
ken E−2 power-law spectrum, the 90% upper-limits of
the two most significant positions are E2

νdφ/dEν =
4.49 × 10−12 TeV cm−2 s−1 in the northern sky, and
E2

νdφ/dEν = 2.92 × 10−11 TeV cm−2 s−1 in the south-
ern sky. For softer spectra of E−3, the 90% upper-
limits yield E3dφ/dEν = 5.08 × 10−11 TeV2 cm−2 s−1

and E3dφ/dEν = 1.29 × 10−8 TeV2 cm−2 s−1 for the
northern and southern spot, respectively. In Fig. 8, the
solid blue line indicates the 90% upper-limit established
by the hottest spot results. A neutrino source at any
declination δ that would emit a steady flux higher than
this curve, would be detected 90% of the time as having
a greater significance than that actually observed for the
hottest spots found in the analysis (whose 90% upper-
limits are highlighted as stars on the blue line).
Besides the results of the full-sky scan, there are two

neutrino events detected with IceCube that are worth
commenting on here. The first one is the highest en-
ergetic neutrino event detected (4.5 ± 1.2 PeV) so far
with IceCube (Schoenen & Rädel 2015; Aartsen et al.
2016b), a neutrino-induced up-going muon track with
very precise angular resolution. This neutrino event is
part of the through-going track sample (Section 2.2). At
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Figure 8. Discovery potential (5σ, solid red) and sensitiv-
ity (dashed red) for a νµ + ν̄µ unbroken E2

νdφ/dEν flux
shown against declination δ. The gray line shows the re-
sults of (Adrian-Martinez et al. 2014) in the south. Upper
limits of source candidates in Tab. 2 and Tab. 3 are depicted
by red crosses. The blue line represents the upper limit for
the observed most significant spots in each half of the sky for
all declinations, the actual declination position of the spots
is indicated by a star.

its position (α = 110◦, δ = 11.5◦), no significant cluster-
ing is observed (pre-trial 5.2%). A slight excess is indeed
observed, but originates from the PeV event alone. The
second interesting event is a straight down-going start-
ing track at 430 TeV deposited energy (Aartsen et al.
2015f). Not only does it start inside of the IceCube de-
tector, but the reconstructed track points back to the
IceTop surface detector and no atmospheric shower is
observed in coincidence with the event. This event is
part of the starting track sample (Section 2.3), but no
clustering of events apart from the track itself is ob-
served at the location in the sky (α = 218◦, δ = −86◦)
and the pre-trial p-value is 0.6%.

4.2. Hotspot population

The search for populations of weak sources in the
full-sky in Fig. 6 did not reveal any significant outcome
above background expectation. In Fig. 9, the number
of spots versus pre-trial p-value − log10 pmin threshold is
shown for northern (left) and southern sky (right). The
observed number of spots is shown versus background
expectation with shaded areas indicating 1σ, 2σ, and
3σ intervals. This is then converted to a local p-value P
according to Eq. 6.
In the northern sky, the most significant excess is ob-

served above a threshold of − log10 pmin ≥ 3.35 with
72 spots above a scrambled data expectation of 56.7.
The local p-value of such an excess is P = 2.8% and
increases to 25% after trial correction. For the south-
ern sky, 7 spots above an expectation of 2.1 spots at
− log10 pmin ≥ 4.66 are reported. The probability of this

IceCube, Astrophys. J. 835, 151 (2017)



Significant signal clustering? Angular power!

number of sources in the northern sky1 10 210 310 410

] p
er

 s
ou

rc
e

-1 s
-2

dN
/d

E 
[G

eV
cm

2
 E

-910

-810

-710

-610

-510
-2signal spectrum: E
2pt analysis, uniform source distr., discovery flux, post-tr.
multipole analysis, discovery flux, post-tr.
2pt analysis, uniform source distr., upper limit (90% CL), post-tr.
multipole analysis, upper limit (90% CL), pre-tr.
ps search, avg. discovery flux, pre-tr.
ps search, avg. upper limit (90% CL), pre-tr.
Converted HESE flux

(a) Discovery potential and limits for the northern sky

number of sources in the southern sky
1 10 210 310 410

] p
er

 s
ou

rc
e

-1 s
-2

dN
/d

E 
[G

eV
cm

2
 E

-910

-810

-710

-610

-2signal spectrum: E
2pt analysis, uniform source distr., discovery flux, post-tr.
2pt analysis, uniform source distr., upper limit (90% CL), post-tr.
ps search, avg. discovery flux, pre-tr.
ps search, upper limit (90% CL), pre-tr. 
Converted HESE flux

(b) Discovery potential and limits for the southern sky

Figure 9: Discovery potential and upper limits for uniform E�2 neutrino sources for the
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(b) on the southern hemisphere. They are compared to the discovery potential of the
point source search [15]. The yellow band corresponds to the converted flux of the HESE
analysis [12].
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Figure 5: E↵ective power spectrum Ce↵

` shown for pure signal sky maps and for various
values of µ for an E�2 energy spectrum. As described in section 2.3, for pure signal the
number of sources N

Sou

is chosen such that the map contains as many neutrinos as in the
experimental sample. The plot shows the averaged values for 10 000 simulated sky maps.

we↵
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`,sigi � hCe↵

`,bgi
�Ce↵

`,bg

(8)

sign` =
Ce↵

`,exp � hCe↵

`,bgi
|Ce↵

`,exp � hCe↵

`,bgi|
, (9)

such that each deviation in Ce↵

` is weighted by the expected deviation in the
case of a point source signal. Thus, Ce↵

` that are very sensitive to point-source
signals obtain a large weight, while insensitive Ce↵

` obtain a small weight to
increase sensitivity by keeping the test statistic from being dominated by
statistical fluctuations on other angular scales than those relevant for point-
source searches.
Additionally, the parameter sign` guarantees that only deviations in the ex-
pected direction are counted positively, while deviations in the opposite di-
rection are counted negatively. This is a natural definition, because under-
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• No angular power was found (everything is consistent with diffuse the 
background model) 

• It can exceed the point-source limit for more than 100 sources 

• My comment: It’s nonsense to think about ~103 sources with the same flux!!



Flux distribution and implications
• Flux distribution of any 

astrophysical sources will 
follow a power law 

• Particularly F−2.5 for high-flux 
region (cf., Olbers’ paradox) 

• First moment (mean): Intensity 

• Second moment (variance): 
Angular power spectrum

2

sity. The source flux distribution function is defined as
dNs/dF and we also use the equivalent probability den-
sity function of the single source P

1

(F ) ⌘ d lnNs/dF .
Our hypotheses on the form of P

1

(F ) are rather mild:
We assume that the distribution follows a broken power-
law with physically motivated parameters. In particular,
↵ denotes the slope of the distribution, P

1

(F ) / F�↵,
above a characteristic flux F⇤. We assume 2 < ↵ < 3,
which is compatible with what is observed in sources de-
tected in other wavelengths such as gamma rays, e.g.,
blazars [8–11], star-forming galaxies [12, 13], and radio
galaxies [14, 15]. In fact, if these sources are distributed
homogeneously in a local volume (z ⌧ 1) where cos-
mological e↵ects can be ignored, it is well known that
the flux distribution reduces to the Euclidean limit, i.e.,
/ F�5/2 [16]. This is expected, in particular, for the
brightest sources (since these are likely to be nearer to
us than the fainter members of their source class), and
therefore, ↵ = 2.5 will be our reference value. For fluxes
smaller than F⇤, the slope of the distribution must flat-
ten in order to avoid divergences (cf. Olbers’ paradox).
We assume P

1

(F ) / F�� for F < F⇤ with � < 2. The
flattening of the slope at low fluxes is, again, supported
observationally [8–10]. The top panel of Fig. 1 schemat-
ically shows this distribution. A discussion of flux dis-
tributions with the assumption ↵ < 2 on the power-law
slopes is postponed until Appendix D.

In a pixel with a size ⌦
pix

that roughly corresponds
to the angular resolution of the detector, there are on
average Npix

s sources, with Npix

s = Ns⌦pix

. In the case
of IceCube, the angular resolutions are roughly 1� and
20� for track and shower events, respectively [4]. Then,
the flux per pixel is given by the sum of the fluxes of
Npix

s individual sources.1 The mean and variance of the
flux distribution per pixel, P (F ), is simply given by Npix

s
times the mean and variance of the flux distribution per

source, P
1

(F ):

hF i = Npix

s hF iP
1

, (1)

h(F � hF i)2i = Npix

s h(F � hF iP
1

)2iP
1

, (2)

where h·i and h·iP
1

indicate averages taken over P (F ) and
P
1

(F ), respectively. Under our assumptions for P
1

(F ),
it is straightforward to show that

hF iP
1

' ⌘
1

F 2

⇤P1

(F⇤), (3)

h(F � hF iP
1

)2iP
1

' hF 2iP
1

= ⌘
2

F 3

max

P
1

(F
max

), (4)

where ⌘
1

= (↵� 2)�1+(2��)�1 and ⌘
2

= (3�↵)�1 are
both constants of order unity. Note that, in Eq. (4), in-
stead of integrating up to infinity, we truncated at F

max

.
We define Npix

⇤ as the typical number of sources per pixel
around flux F⇤, i.e., N

pix

⇤ ⌘ Npix

s F⇤P1

(F⇤), and similarly,

1

In general, Npix

s is non integer, and thus a more precise expres-

sion is given by a convolution with a Poisson distribution.

FIG. 1. The source flux distribution dNs/dF multiplied by
F (top), F 2 (middle), and F 3 (bottom), for 2 < ↵ < 3 and
1 < � < 2. Both horizontal and vertical axes are in loga-
rithmic scales. The shaded regions in the middle and bottom
panels represent that areas below these broken lines corre-
spond to the intensity I⌫ [Eq. (7)] and the Poisson angular
power spectrum CP

⌫ [Eq. (8)], respectively; i.e., I⌫ and CP
⌫

are dominated by sources near F⇤ and F
max

, respectively.

we define N⇤ and N⇤ corresponding to Ns and Ns, re-
spectively. Then, we obtain the following for the first
two moments of the flux distribution:

hF i = ⌘
1

Npix

⇤ F⇤, (5)

h(F � hF i)2i = ⌘
2

Npix

⇤ F 2

max

✓
F⇤

F
max

◆↵�1

. (6)

Equivalently, the intensity I⌫ of the neutrino flux (also
often referred to as �⌫) and its Poisson angular power
spectrum CP

⌫ are, respectively,

I⌫ = ⌘
1

N⇤F⇤, (7)

CP
⌫ = ⌘

2

N⇤F
2

max

✓
F⇤

F
max

◆↵�1

. (8)

The middle and bottom panels of Fig. 1 show the flux
distribution multiplied by appropriate powers of F such
that the area below the curves is proportional to I⌫ and
of CP

⌫ , respectively.
In the following, expressions with an explicit index E,

such as I⌫(E) and C⌫(E), represent di↵erential quantities
with respect to energy, and those without the index are
the quantities integrated over the energy.
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Procedure: 
1. Pick N* as a parameter 
2. From measured intensity I, 

calculate F* 
3. Discuss what constraints we 

have on Fmax

F�↵+1



Flux limit from the angular power spectrum

• Particularly important for 
small N* 

• So far it is not very 
constraining 

• Given that there are only 
14 track events (HESE; 
1 deg angular 
resolution), this is not 
surprising 

• The sensitivity will 
however improve as 
exposure squared

4

Indeed, if F
max

is too large, only a few of the brightest
sources would be enough to make the distribution of neu-
trinos highly anisotropic by yielding clustered events, in
conflict with what is measured [5].

The number of neutrino counts per pixel Npix

⌫ is ob-
tained by multiplying the flux per pixel by the expo-
sure E , i.e., the product of the e↵ective area (taken from
Ref. [1]) and the live time of the telescope (taken accord-
ingly to be 1347 days). In this way, the expected number
of neutrinos is consistent with the results of the four-year
searches from Ref. [17]: For an energy spectrum pro-
portional to E�2, we find the total number of neutrinos
4⇡I⌫E = 26.1. The rest of the measured events should
be attributed to atmospheric backgrounds and statistical
fluctuations.

Then, the probability distribution of the number of
neutrinos per pixel Npix

⌫ is obtained by convolving P (F )
and the Poisson distribution with mean (F + F

atm

)E :

P (Npix

⌫ ) =

Z
P
�
Npix

⌫ |(F + F
atm

)E
�
P (F )dF, (11)

where F
atm

is the flux of the atmospheric backgrounds,
which are assumed to be isotropic. It is straightforward
to obtain the moments of the distribution of Npix

⌫ :

hNpix

⌫ i = (hF i+ F
atm

) E , (12)

h(Npix

⌫ � hNpix

⌫ i)2i = h(F � hF i)2iE2 + hNpix

⌫ i. (13)

The first term of Eq. (13) corresponds to the Poisson
angular power spectrum that originates from discreteness
of the sources CP

⌫ [Eq. (8)], and the second corresponds
to the shot-noise of the neutrinos CN

⌫ ⌘ I⌫/E +N
atm

/E2

(see, e.g., Refs [22–24] in the case of gamma rays), where
N

atm

⌘ F
atm

E/⌦
pix

is the surface density of atmospheric
background events.

The rms error for the angular power spectrum at mul-
tipole ` is

�C` =

s
2

(2`+ 1)f
sky

✓
CP

⌫ +
CN

⌫

W 2

`

◆
, (14)

where f
sky

is a fractional sky coverage and W` is a beam
window function corresponding to the angular resolution
of IceCube [22–24]. Since the purpose of this study is
to obtain a simple estimate of the current limits and fu-
ture sensitivity rather than accurate values, we assume
f
sky

= 1, W` = exp(�`2✓2
psf

/2), and adopt angular reso-
lutions of ✓

psf

= 1� and 20� for track and shower events,
respectively. We estimate CN

⌫ = N⌫/(4⇡E2) by using
N⌫ = 14 (39) and four years of IceCube exposure for the
muon (electron and tau) neutrinos for the tracks (show-
ers). Given the null results from the anisotropy analy-
sis [5], we estimate the upper limits on the Poisson an-
gular power spectrum with

CP
⌫ < �

 
X

`

1

�C2

`

!�1/2

, (15)

FIG. 3. Upper limits (90% CL) on the (all-flavor) flux of the
brightest source from the angular power spectrum, FAPS

max

, as
a function of the characteristic source number N⇤. The color
code and line style are the same as in Fig. 2. Only the regions
where FAPS

max

> F⇤ are valid as upper limits.

where � = 1.28 corresponds to the limits at 90% CL.
By solving this for CP

⌫ , we obtain CP
⌫ < CP

⌫,lim where

E4CP
⌫,lim(E) = 1.4 ⇥ 10�23 TeV2 cm�4 s�2 sr�1 for the

tracks and 5.8⇥10�22 TeV2 cm�4 s�2 sr�1 for the show-
ers. Since the track events provide tighter constraints by
more than one order of magnitude, in the following, we
will focus only on the limits due to the tracks.

Then, by using Eqs. (7) and (8), we obtain the upper
limits on F

max

as

FAPS

max

<
I⌫
N⇤

 
⌘↵�1

1

⌘
2

N⇤CP
⌫,lim

I2⌫

!
1/(3�↵)

. (16)

Here since we focus on the track events, the intensity I⌫
is that of the muon flavor. Figure 3 shows FAPS

max

as a
function of N⇤ for di↵erent values of ↵ and �. Values of
FAPS

max

larger than the solid or dotted lines are excluded,
as the term due to the flux variance in Eq. (13) would
have been detected in Ref. [5].
For small values of N⇤ (at most below ⇠100, in the case

with ↵ = 2.3 and � = 1) the upper limits obtained here
can be more stringent than those by the search for point-
like sources [4]. This tells us that, by studying the level
of anisotropies expected from the source distribution, we
can already infer properties (such as the flux of brightest
source) in a regime that is currently not probed by the
search for point-like sources. Note, however, that our dis-
cussions are based on the assumption that FAPS

max

> F⇤;
otherwise the source flux distribution would be propor-
tional to F�� with a truncation at F⇤ (see Appendix D).
We also note that, for small values of N⇤, the upper lim-
its derived here are stronger than the estimate for F 1s

max

obtained in the previous section.
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One-source limit

• If Fmax gets too large, the 
expected number of the 
source at this flux gets 
significantly smaller than 1 

• This one-source limit is 
much stronger than the 
point-source flux limit for 
N* >104

3

III. ONE-SOURCE CONSTRAINT

We are limited to observe a single universe, which
then limits our capability to constrain physical quanti-
ties. Specifically, we cannot probe arbitrarily large fluxes,
because once the number of sources expected at such
fluxes becomes smaller than one, it is unlikely to recon-
struct the distribution in the region. We define the one-
source limit on the flux of the brightest neutrino source,
F 1s

max

, such that only with a small probability p could we
find at least one source brighter than F

max

in the entire
sky.

The mean number of sources above F
max

is given by
Ns 1

(> F
max

), where  
1

(> F
max

) is the complementary
cumulative distribution function corresponding to P

1

(F ).
Using the Poisson distribution with this mean, the prob-
ability 1 � p of finding no source brighter than F

max

is
exp[�Ns 1

(> F
max

)]. By solving this for a power-law
P
1

(F ) / F�↵, we obtain

F
max

P
1

(F
max

) =
1� ↵

Ns
ln(1� p), (9)

which further translates into

F
max

=
I⌫

⌘
1

N⇤


4⇡N⇤

(1� ↵) ln(1� p)

�
1/(↵�1)

. (10)

In Eq. (9), F
max

depends only on the properties of the
source distribution function. In Eq. (10), on the other
hand, it is recast in terms of the measured intensity I⌫
and the free parameter N⇤. For the Euclidean case (↵ =

2.5), F
max

/ I⌫N�1/3
⇤ . We assume that the intensity

refers to neutrinos per flavor, and where necessary, that
flavor democracy holds, i.e., I⌫e = I⌫µ = I⌫⌧ . For an
assumed E�2 energy spectrum (in order to allow a direct
comparison with earlier results [4]), E2I⌫(E) = (0.84 ±
0.3) ⇥ 10�11 TeV cm�2 s�1 sr�1, even though a softer
spectrum E�2.58 provides a better fit [17].

Figure 2 shows the one-source limits at 90% confidence
level (CL; p = 0.1) on the flux of the brightest source,
F 1s

max

, as a function of N⇤ obtained with Eq. (10) for a
few values of ↵ and �. For ↵ = 2.5 and � = 1.5, Eq. (10)

yields E2F 1s

max

(E) = 9.0 ⇥ 10�11 TeV cm�2 s�1/N1/3
⇤ .

For comparison, we also show F⇤ from Eq. (7) with
its uncertainty from the estimated error on I⌫ (orange
band), and the upper limit from the search for point-like
sources [4] (horizontal dashed line). For derivation of the
latter, see Appendix A; see also Ref. [18] for an estimate
of the sensitivity when the source density is modeled to
follow the star-formation rate.

For source numbers N⇤ greater than around ⇠103, the
one-source limits reach below the upper limit from the
search for point-like sources [4]. In other words, finding
a source at the flux level close to the point-source upper
limits for a source population characterized with N⇤ �
103 (and ↵ = 2.5 and � = 1.5) is unlikely with a chance
probability of p ⇡ 0.0016(N⇤/107)�1/2.

FIG. 2. One-source upper limits (90% CL) on the neutrino
flux per flavor from the brightest neutrino source, as a func-
tion of the characteristic source number N⇤ from all sky, for
various values of ↵ and �. F 1s

max

is defined from Eq. (10) as
the flux for which there is a 90% probability of not finding any
brighter source (solid and dotted). The blue band represents
the region where the brightest source is located at 90% CL
for given N⇤, in the Euclidean case with (↵,�) = (2.5, 1.5).
The dashed horizontal line represents the upper limit from
the search for point-like source in Ref. [4] toward the South
Pole (see also Appendix A). The orange band shows the char-
acteristic flux F⇤ of a single source required for the population
from which it is drawn to explain the observed intensity I⌫
according to Eq. (7).

The flux cuto↵ is caused by either an intrinsic cuto↵
of the luminosity function or by the volume e↵ect, the
latter of which is the case for Euclidean sources (↵ =
2.5; see Appendix B). Then, Eq. (10) can be regarded
as a prediction of F

max

. For a given N⇤, F
max

has to
be located between the values of Eq. (10) evaluated with
p = 0.05 and p = 0.95, at 90% CL. This is shown as a
blue band in Fig. 2 for (↵,�) = (2.5, 1.5).
We note that it is possible for the modeled popula-

tion of sources to give only a subdominant contribution
to the di↵use neutrino intensity. Indeed, Refs. [19–21]
suggest that neither starbursts nor blazars can explain
the entirety of the observed neutrino flux. In that case,
the one-source constraints become even tighter, as I⌫ in
Eq. (10) should be replaced by kI⌫ , where k is the frac-
tion of the measured intensity explained by the source
class under investigation. Having k < 1 in Eq. (10) will
improve these limits considerably.

IV. ANGULAR POWER SPECTRUM

The maximum flux F
max

can also be constrained by
measuring the variance of the source flux distribution.
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Flux sensitivity from the angular power spectrum

• Assumption: 20 times 
exposure than 4-yr 
IceCube, and 0.5 deg 
angular resolution 

• The angular power 
spectrum can test blazar 
scenario

Ando, Feyereise, Fornasa, arXiv:1701.02165 [astro-ph.HE]
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FIG. 4. Projected 90% CL upper limits from angular power
spectrum (solid) and one-source limits (dotted) as a function
of N⇤, if the high-energy neutrino sky remains isotropic with
twenty times more exposure and the angular resolution of
✓
psf

= 0.5� for track events, assuming (↵,�) = (2.5, 1.5). The
dashed horizontal line represents the upper limit from the
search for point-like sources [4] after scaled down by a factor
of 1/

p
20. The dotted line represents the 90% CL one-source

upper limits, and the red region shows where the flux of the
brightest source is located at 90% CL in the case of Euclidean
sources.

V. PROSPECTS FOR THE FUTURE

The angular power spectrum will become much more
powerful for the next generation of neutrino telescopes
such as IceCube-Gen2 [6] and KM3NeT [7]. This is be-
cause of the strong dependence of FAPS

max

on CP
⌫,lim from

Eq. (16), and CP
⌫,lim improves with exposure [Eq. (14)].

For Euclidean sources (↵ = 2.5), the upper limit im-
proves quadratically with exposure: FAPS

max

/ E�2. Then,
the anticipated tenfold increase in volume expected for
IceCube-Gen2 with respect to IceCube will yield an im-
provement of roughly hundredfold on FAPS

max

if the ob-
served angular power spectrum remains consistent with
isotropy.

Figure 4 describes the scenario for an exposure that
is a factor of twenty larger than today and for an angu-
lar resolution that is twice as good as the current one
(✓

psf

= 0.5�) for the case of track events with ↵ = 2.5
and � = 1.5. We scale down the upper limit from the
search of point-like sources by a factor of 1/

p
20, assum-

ing that these analyses are already background limited.
The value of F 1s

max

from the one-source constraints re-
mains unchanged. The limits on F

max

from the angular
power spectrum performs better than those from point-
source searches at N⇤ . 6⇥103, assuming that the latter
yields a null result. This clearly shows that in the fu-
ture, the technique adopting the angular power spectrum

might provide much stronger prospects in this parame-
ter region. The sources will likely be discovered by the
statistical approach through the angular power spectrum
first rather than individually. In a complementary region
N⇤ & 105, the flux of the brightest source is bounded
by the one-source argument. Thus, the angular power
spectrum and one-source constraints are complementary
probes of F

max

, as the former becomes tighter in regions
of N⇤ where the latter is weaker.

VI. APPLICATION TO KNOWN SOURCE
POPULATIONS

Although we aim to make our discussion as generic as
possible such that it can be applied to any class of as-
trophysical sources including unknowns, it is certainly of
interest to discuss known source populations in this con-
text. The parameters for sources from the second cata-
log of hard Fermi sources (2FHL; mostly BL Lacs) and
starburst galaxies are (↵,�, N⇤) ⇡ (2.5, 1.7, 6⇥ 102) [25]
and (2.5, 1.0, 107) [13], respectively. These are estimated
from their gamma-ray observations (with help of infrared
observations in the case of the starbursts) and assum-
ing a linear correlation between the gamma-ray and neu-
trino luminosities, L⌫ / L� . This is well supported for
the case of starbursts, which emit neutrinos through pp
interaction [12, 26]. For the blazars emitting through
p� interaction, on the other hand, the relation between
the gamma-ray and neutrino luminosities is more com-
plicated and model dependent, but see, e.g., Ref. [27]
for a model of linear scaling. Other cases with stronger
dependence can also be accommodated with similar pa-
rameters: e.g., (↵,�, N⇤) ⇡ (2.5, 1.25, 4⇥102) for the BL
Lacs with L⌫ / L2

� scaling [28], and (2.3, 0.9, 1.5 ⇥ 102)
for the flat-spectrum radio quasars with L⌫ / L1.5

� [29].
See Appendix C for more discussions for these cases.

With these parameters, Figs. 2 and 3 show that the
most stringent limits at present on F

max

are ⇠ 7 ⇥
10�12 TeV cm�2 s�1 for the 2FHL sources and ⇠ 6 ⇥
10�13 TeV cm�2 s�1 for the starbursts. In the future,
with twenty times more exposure and twice as good an-
gular resolution for the track events (✓

psf

= 0.5�), one
can exclude nearly all the blazar cases (including even
extreme models) as the dominant source of the IceCube
neutrinos, since, for N⇤ ⇡ 500, values of F

max

greater
than F⇤ are above the sensitivity due to the angular
power spectrum as shown in Fig. 4. For the starbursts,
on the other hand, the one-source constraint will still be
the most stringent, suggesting that it will still be unlikely
for the neutrino telescopes to find them as a point source
(see also Refs. [13, 30]).

Up to this point, we considered ↵, � and N⇤ as free
parameters. Another complementary representation is
to use more physical quantities such as luminosity L⌫

and density ns of the sources, although the discussion
will be model dependent. The latter approach was taken
in, e.g., Refs. [18, 30, 31], where sources were assumed



Beyond variance: One-point fluctuation analysis

• Flux PDF is highly non-Gaussian, 
featuring long power-law tail 

• Power spectrum does not capture 
all the statistical information 

• One-point fluctuation analysis 
utilise all the information 
contained in full PDF 

• Benefit is slim for now, but in the 
future will be large 

• E.g., test of Galactic 
component in the future 
KM3NeT data
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Figure 3: top: Probability distribution P (I) of the SFG intensities as observable at 100 TeV.
These distributions take the form of a Gaussian peak with a power-law tail. Starbursts are
shown in blue (showers) and cyan (tracks), while SF-AGN (SB) are shown in red (showers)
and pink (tracks). In each subpopulation, these peaks are much thinner in showers than in
tracks as a consequence of the increased number of sources in larger pixels (cf. main text).
bottom: Probability distribution P (I) of 2FHL source intensities at 100 TeV, in showers (dark
green) and tracks (light green). These distributions are shown conditioned on there actually
being a blazar in the pixel, so the absolute and relative normalisations are not visible in this
figure. The cusp in tracks occurs at twice the minimum flux, it is the transition from one to
two sources per pixel.

to O(103) in both SB and SF-AGN (SB). A linear regression of the finesse of di↵use peaks
from the four P (F ) distributions of SB and SF-AGN (SB) in tracks and showers on their
respective

phN 0i yields a Pearson R2 = 0.999.
The locations of the peaks of these distributions are also slightly o↵set among each

other, the peak in showers is at slightly higher flux than the peak in tracks (again, as visible
in Fig. 3 or in Table 1). This is also a consequence of convergence in the central limit theorem.
Indeed, the single-source distribution is power-law like and hence very skewed, but the more
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Tomographic constraints on hadronuclear sources

• For (transparent) pp sources, we can use constraints from gamma rays in GeV 
energies (Fermi-LAT) 

• Cross correlation between Fermi data and 2MASS galaxies give stringent constraints 
on sources with soft spectrum and mild redshift evolution (galaxy clusters disfavoured)

Ando, Tamborra, Zandanel, Phys. Rev. Lett. 115, 221101 (2015)

E⌫ / E�↵(1 + z)�



Summary and prospects
• IceCube’s detection of TeV-PeV neutrinos launched high-energy 

neutrino astrophysics 

• The next question to be answered: What are the sources? 

• Given that there will be many more events (KM3NeT, IceCube-
Gen2, etc.), it is important to go beyond the mean of the flux 
PDF (i.e., intensity energy spectrum) 

• Simple discussions of the PDF such as the angular power spectrum 
already show good prospects; e.g., testing blazar contribution 

• Full usage of one-point PDF as well as information from gamma-
ray data will be important to further constrain neutrino sources


