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Lessons from gamma rays
4

FIG. 1. Intensity maps (in cm−2s−1sr−1) in Galactic coordinates for energies between 1.0 and 2.0 GeV, shown unmasked (top)
and after applying the default mask removing sources in 3FGL, as described in Sec. III B (bottom). Data used here follow the
default processing (see Sec. II), but they include both front- and back-converting events. Both maps have been smoothed with
a gaussian beam with σ = 0.5◦ and their projection scheme is Mollweide.

FIG. 2. Same as the bottom panel of Fig. 1 but with our model for the Galactic foreground subtracted (see Sec. IIIC). The
residuals have been smoothed with a gaussian beam with σ = 1◦. The projection scheme is Mollweide.
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Angular power spectrum: Observations with Fermi

• Analysis of Fermi data for the angular 
power spectrum of the diffuse gamma-
ray background in 2012 → Discovery 
of small-scale anisotropies 

• Reanalysed in 2016 

• Almost constant excess compared with 
shot noise of the photons at 50 < l < 
700 

• Data are more consistent with 
discrete point sources rather than 
diffuse component (blazars; Ando et 
al. 2007)
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FIG. 6. Auto-APS of the IGRB for 2 representative energy bins (between 1.38 and 1.99 GeV in the left panel and between 50.0
and 95.27 GeV in the right panel) and for the reference data set (P7REP ULTRACLEAN V15 front events) using the reference
mask which excludes |b| < 30◦ and 3FGL sources (red circles). The blue triangles show the same but masking the sources in
2FGL. Data have been binned as described in Sec. IVA. The solid red line shows the best-fit CP for the red data points, with
the pink band indicating its 68% CL error. The dashed blue line corresponds to the best-fit CP for the blue data points. Note
that only the results in our signal region (i.e. between ℓ = 49 and 706) are plotted and that the scale of the y-axis varies in
the two panels. Also, the blue triangles have been slightly shifted horizontally with respect to the red circles to increase the
readibility of the plots. This will happen also in many of the following plots.
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FIG. 7. Same as Fig. 6, but showing a wider range in multipole, going from ℓ = 10 to 2000. The two dashed grey vertical lines
indicate the lower and upper bounds of the multipole range used for the present analysis. Note the different scale of the y-axis
in each panel.

χ2 distribution with 1 degree of freedom and, thus, it
can be used to estimate the significance associated to
CP. For the default data set masking 3FGL sources, the
significance of the measured auto-APS CP is larger than
3σ for all energy bins up to 21.8 GeV, except between
5.00 and 10.45 GeV. The significance of the detection
is reported in italics in Tabs. I and II. In the case of
the mask around 3FGL sources, the highest significance
in the auto-APS is 6.3σ and it is reached in the second
energy bin, i.e. between 0.72 and 1.04 GeV.

The way the auto- and cross-APS depend on the energy
(i.e. the so-called “anisotropy energy spectrum”) is
an informative observable that can provide insight into
the emission causing the anisotropic signal. In fact,
in the case that the auto-APS is produced by a single
population of sources, the anisotropy energy spectrum
allows their energy spectrum to be reconstructed [28, 43,
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FIG. 8. Anisotropy energy spectra for the auto-APS using the
reference data set with the default 3FGL mask (red circles)
in comparison with the case in which we use the default mask
around 2FGL sources (blue triangles).

44]8. If more than one class of objects are responsible for
the signal, then, by detecting features in the anisotropy
energy spectrum, it may be possible to identify energy
regimes where the different classes dominate the signal.
The measured anisotropy energy spectrum for the

auto-APS is shown in Fig. 8. In the figure, the data
points are weighted by E4/∆E2 where E is the log-
center of the energy bin and ∆E is the width of the
bin. This weighting is introduced in order to compare
the anisotropy energy spectrum directly with the squared
intensity energy spectrum of the sources responsible for
the anisotropy signal. Fig. 8 compares the auto-APS
CP for the case of the mask excluding 3FGL sources (red
circles) to that of the mask excluding 2FGL sources (blue
triangles). As already mentioned, the amplitude of the
auto-APS is lower when we exclude the sources in 3FGL.
In both data sets, the low-energy part of the spectrum
appears generally consistent with a power law, while a
feature is apparent around 7 GeV. We comment further
on the structure of the anisotropy energy spectrum in
Sec. VI.

B. Cross-correlation angular power spectra

Two examples of the cross-APS between energy bins
are shown in Fig. 9. The left panel is for the cross-
APS between bins at low energies. A clear correlation
is detected in the multipole range of interest (bounded
by the vertical grey lines in the figure). Note the effect

8 The anisotropy energy spectrum traces the intensity energy
spectrum of the sources responsible for the anisotropy signal only
if the clustering of the source population is independent of energy.

of the beam window function on the error bars at high
multipoles, as in Fig. 7. The right panel shows the cross-
APS between two high-energy bins. This combination
does not correspond to a significant detection, as the
best-fit CP is compatible with zero at a 2σ level.
The best-fit CP for the cross-APS between the i-th

and the j-th energy bins are shown in Appendix C,
multiplied by E2

i E
2
j /∆Ei∆Ej and for all the possible

combinations of energy bins. Cross-APS CP is detected
in most combinations of energy bins, with the ones failing
to yield a detection mainly involving the two highest
energy bins. Tabs. I and II report the detected cross-APS
with their significance9 The largest detection significance
is 7.8σ for the case of the cross-APS between the energy
bin from 1.99 and 3.15 GeV and the energy bin between
3.15 and 5.0 GeV.
The tables also report in bold the χ2 associated with

the best-fit CP according to the definition in Eq. 9.
Fig. 10 shows the distribution of the 91 χ2 of best-fit CP

in the 91 independent combinations of the 13 energy bins.
The solid black line refers to the case when all sources
in the 3FGL are masked and the dashed blue line when
only sources in the 2FGL are masked. Both distributions
are compatible with that of a χ2 distribution with 9
degrees of freedom (i.e. the 10 data points inside the
signal region in multipole minus 1 fitted parameter). The
latter is represented by a solid red line in Fig. 10. Only
3 (4) combinations of energy bins have a χ2 larger than
16.9 (that would correspond to a p-value of 0.05) when
masking 3FGL (2FGL) sources.
Together with the auto-APS in Fig. 8, the cross-

APS provides an important handle to characterize the
emission responsible for the anisotropy signal. In
particular, if the latter is due to only one class of
unresolved sources, the auto-APS Ci,i

P allows us to
reconstruct their energy spectrum and the cross-APS can

be predicted as Ci,j
P =

√

Ci,i
P Cj,j

P . Alternatively, if we
define the so-called cross-correlation coefficients ri,j as

Ci,j
P /
√

Ci,i
P Cj,j

P , any deviation from 1 when i ̸= j can
be interpreted as an indication of multiple source classes
contributing to the signal. In Fig. 11, we show the
cross-correlation coefficients corresponding to the best-
fit Ci,j

P for the data set obtained masking 2FGL sources
(left panel) and masking 3FGL sources (right panel).
In the former case, it is clear that the cross-correlation
coefficients of low-energy bins are systematically smaller
than 1, when correlated with high-energy bins. This is
in qualitative agreement with the findings of Ref. [16], in
which the auto-APS measured in Ref. [1] was explained
by the sum of two different populations of unresolved
blazars at low energies, while, above ∼10 GeV, the signal
was compatible with only one source class. Figs. 33 and

9 Note that in some cases the best-fit CP is negative. However,
whenever that happens the estimated error is large and the
measurement is compatible with zero.

Fornasa et al. Phys. Rev. D 94, 123005 (2016) 
Ando et al. Phys. Rev. D 95, 123006 (2017)



Implications
• Anisotropy analyses have already been established for 

GeV gamma rays 

• Solid measurement of angular power spectrum 
implies (sub-threshold) point-source contribution 

• They can be identified, not individually but 
statistically 

• Same technique can be used for high-energy 
neutrinos, to identify source population



High-energy neutrinos: 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!
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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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IceCube, Astropart. Phys. 66, 39 (2015)

• 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 

• But it is assumed that all these sources have 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.

Ando, Feyereisen, Fornasa, Phys. Rev. D 95, 103003 (2017)

Procedure: 
1. Pick N* as a parameter 
2. From measured intensity I, 

calculate F* 
3. Discuss what constraints we 

have on Fmax

F�↵+1



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

Ando, Feyereisen, Fornasa, Phys. Rev. D 95, 103003 (2017)

Blazars

Radio galaxies

Starbursts



Flux limit from the angular power spectrum: HESE

• High-Energy Starting Events 
(HESE): 14 tracks, 39 
showers 

• 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

Ando, Feyereisen, Fornasa, Phys. Rev. D 95, 103003 (2017)

Blazars



Flux limit from the angular power spectrum: Upgoing νμ

• Projection for the current 
upgoing νμ events above 300 
TeV: ~60 astro, 10 
atmospheric 

• This doesn’t change much 
even for 50 TeV threshold 

• Constraints can already be 
very strong 

• Critical test of a scenario of 
blazar-domination for the 
diffuse flux 

• Thanks to much larger 
exposure and better angular 
resolution

Ando, Feyereisen, Fornasa, Phys. Rev. D 95, 103003 (2017)



Flux sensitivity for the next generation

• The angular power 
spectrum can test cases of 
any sources with N* < 
105−106 (blazars and radio 
galaxies) 

• Similar sensitivities 
expected for “KM3NeT” 
and “IceCube-Gen2”

7

C. Discussion

All these sources fall within the 90% region of F
max

predicted with the one-source argument with (↵,�) =
(2.5, 1.5) (shown as a red band in Fig. 4) and so a source
from any of these populations is plausibly the brightest
neutrino source. A slight tension exists for Mkn 421, but
Ref. [38] predicts several more BL Lacs with similar flux
such as PKS 2155-304, and the tension might go away
when using a fraction k < 1 for the blazars. The 90%
containment band for N⇤ ⇡ 107 is an order of magntidue
below the point-source constraint, suggesting it would be
unlikely to identify starburst galaxies amongst the bright-
est neutrino sources. This result is consistent with the
analyses in Refs. [14, 41].

The angular power spectrum is especially constrain-
ing for rare sources such as blazars. The upper limit,
Eq. (21), is nearly an order of magnitude lower than the
90% containment band forN⇤ ⇡ 6⇥102 and the predicted
neutrino flux of Mkn 421. The isotropy of the upgoing ⌫µ
flux, if confirmed with the current IceCube exposure, will
force us to abandon the assumption that they contribute
a fraction k = 1 of the high-energy neutrino flux. This
not only eases the aforementioned one-source tension for
Mkn 421, but furthermore is consistent with the analysis
in Ref. [21].

VI. PROSPECTS FOR THE FUTURE

In this section, we forecast the prospects for studying
the flux of the brightest source with the next genera-
tion of neutrino telescopes, under the assumption that
anisotropy searches will continue to yield null results in
the future.

The angular power spectrum will become much more
powerful for IceCube-Gen2 [7] and KM3NeT [8]. This
is because of the strong dependence of FAPS

max

on CP
⌫,lim

from Eq. (17), where CP
⌫,lim improves with exposure as

described by Eq. (15). For Euclidean sources (↵ = 2.5),
the upper limit improves quadratically with exposure:
FAPS

max

/ E�2. The anticipated tenfold increase in ex-
posure expected for IceCube-Gen2 with respect to the
current IceCube [7] will yield hundredfold improvement
on FAPS

max

if the observed angular power spectrum remains
consistent with isotropy, before even accounting for any
improvements in angular resolution.

Figures 5 and 6 summarize future prospects for upper
limits on the flux of the brightest source, drawn from a
population described by ↵ = 2.5 and � = 1.5, with an
improved track angular resolution and larger exposures
than acheived today (cf. Table I). For comparison, we
scale down the upper limit from the search of point-like
sources by a factor of 1/

p
10, assuming that these anal-

yses are already background limited; the value of F 1s

max

from the one-source constraints remains unchanged.
In future HESE-like analyses, the limits on F

max

from

FIG. 5. Projected 90% CL upper limits from angular power
spectrum (solid) and one-source limits (dotted) as a function
of N⇤, for contained track events, assuming (↵,�) = (2.5, 1.5).
Projections for both KM3NeT and IceCube-Gen2, being co-
incidently the same, are shown as a solid line. 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
10.

The dotted line represents the 90% CL one-source upper lim-
its, and the red region shows where the flux of the brightest
source is located at 90% CL in the case of Euclidean sources.

TABLE I. Parameters used in forecasts of FAPS

max

in the sce-
nario the astrophsyical flux remains consistent with isotropy.
Exposures are shown normalized to the current IceCube
searches in Refs. [1] (HESE) and [6] (upgoing ⌫µ). The equiv-
alent livetimes and the angular resolutions are estimated from
Refs. [7, 8].

Detector Strategy E/E
today

livetime ✓
psf

(tracks)
IceCube HESE 1 4 yr 1�

upgoing ⌫µ 1 6 yr 0.5�

IceCube-Gen2 HESE 10 8 yr 0.5�

upgoing ⌫µ 10 12 yr 0.3�

KM3NeT HESE 4 8 yr 0.2�

upgoing ⌫µ 4 12 yr 0.1�

the angular power spectrum from IceCube-Gen2 and
KM3NeT (summarized in Fig. 5) will outperform point-
source searches only if the isotropic flux is due to in-
dividually bright sources rarer than N⇤ . 103. In this
hypothetical nondetection scenario, the parameter space
associated to blazars would not be constrained much bet-
ter than it is today using upgoing events (cf. Fig. 4), due
to limited improvements in exposure, as well as in angu-
lar resolution.
Constraint prospects for future analyses of upgoing

(uncontained) tracks are summarized in Fig. 6. In the
pessimistic case studied here of a continued nondetection

Ando, Feyereisen, Fornasa, Phys. Rev. D 95, 103003 (2017)



Relation with physical representation

• Phenomenological, but model-independent 

• Contribution to the diffuse flux has to be 
assumed in advance 

• Power spectrum constraints nicely 
integrated

• Physical, but model dependent 

• No assumption needed for fraction to the 
diffuse flux 

• Power spectrum constraints not well 
integrated (so far)

Flux representation Luminosity representation

Conversion between the two straightforward 
(but model dependent)

5

where ξz is a dimensionless parameter that depends on
the redshift evolution of the sources: ξz ≈ 3 for m = 3
and ξz ≈ 0.6 for m = 0 [7] (ξz ≈ 2.8 for SFR evolu-
tion [71], ξz ≈ 8.4 for FSRQ evolution, and ξz ≈ 0.68 for
BL Lac evolution [72]). Combining Eqs. (5) and (6), we
find

(

EνLeff
Eνµ

1042erg s−1

)

! 1.4 q−2
L

(

ξz
3

)2

F 3
lim,−9

(

∆Ω

2π

)−2

,

(7)
and

neff
0 " 1.1× 10−7Mpc−3 q2L

(

ξz
3

)−3

F−3
lim,−9

(

∆Ω

2π

)2

.

(8)
Note that Eq. (8) gives a lower limit, which can be placed
because we require that the considered standard candle
sources produce the neutrino flux detected by IceCube.
Remarkably, the constraints are quite sensitive to the red-
shift evolution, and are more stringent for weaker evolu-
tion. This is simply because ξz in Eq. (6) comes via the
cubic term in Eq. (3). The background becomes more
important at lower energies or longer exposure time or
poorer angular resolution. If the false number of multi-
plet sources is Nb ∼ 2 − 3, the lower limit is relaxed by
a factor of 4 − 9. Instead, if Eq. (2) is used or m ≥ 3
multiplets are considered more conservatively, the lower
limit changes by a factor of ∼ 10. Also, its precise value
might be affected by details of the muon neutrino data
because of its dependence on Flim (that slightly varies
with zenith angle). However, in either case, our discus-
sion on implications and prospects is unaltered.
In Fig. 3 we show the limits obtained using numeri-

cal calculations. In order to estimate the sensitivity, we
evaluate the number of through-going muons for both the
signal and the background, taking into account the zenith
and energy dependence of the effective area of IceCube
and the absorption of neutrinos within the Earth (see Ap-
pendix A for details). Then, we calculate the probability
to find at least one medium- or high-energy multiplet,
and place upper limits on neff

0 for different redshift evo-
lution models. The limits obtained numerically are con-
sistent with those obtained analytically above. For SFR
evolution, we find neff

0 " 10−7 Mpc−3 and EνLeff
Eνµ

!

1042 erg s−1, consistent with the analytical estimates
given by Eqs. (8) and (7). For EνLeff

Eνµ
∼ 1044 erg s−1,

that corresponds to dN=1/(c/H0) = 0.1, we find qL ≈ 0.9
for no evolution and qL ≈ 2 for SFR evolution, consistent
with the analytic results.
As seen from Fig. 3 and Eq. (8), the lower limit on neff

0
is sensitive to redshift evolution models. As a result, for
nonevolving sources, m = 0 and ξz ≈ 0.6, the limits we
can achieve are neff

0 " 0.9× 10−5 Mpc−3 and EνLeff
Eνµ

!

9 × 1040 erg s−1, respectively. The former (latter) is
two orders (one order) of magnitude stronger than the
SFR case. Note that the absence of multiplets in the
two-year muon neutrino data (including the public high-
energy data set [6]) leads to the lower limit of neff
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FIG. 3: IceCube’s detection determines the local (z = 0)
neutrino emissivity of the Universe, neff

0 EνLeff
Eνµ

, up to un-

certainty related to the unknown redshift evolution of the
sources (see Eq. 6). The solid “IceCube lines” show the
value of neff

0 EνL
eff
Eνµ

implied by observations for no evolu-

tion (ns ∝ (1 + z)0, top thin), SFR evolution [71] (similar
to ns ∝ (1 + z)3 and AGN evolution [73], middle thick),
and rapid FSRQ evolution (bottom thin). Nondetection of
point sources excludes the shaded regions lying to the right of
the dashed and dash-dotted lines (see Eq. 5), corresponding
to the sensitivity obtained for a six-year observation period
with IceCube (dashed lines) and a ten-year observation pe-
riod with IceCube-Gen2 (dot-dashed lines). Thick dashed and
dash-dotted lines are for SFR evolution, whereas thin dashed
and dash-dotted lines are for no evolution (upper curves) and
FSRQ evolution (lower curves). The flat spectrum template
shown in Fig. 1 is used. Colored stars represent the density
and luminosity of various classes of candidate sources.

10−8−10−7 Mpc−3 (as in Ref. [54]), giving an interesting
constraint on BL Lac objects (see Section III).

The effective area of IceCube-Gen2 is expected to be
∼ 5 − 7 times larger than IceCube-86 [74], yielding
Flim ∼ 10−10 GeV cm−2 s−1 after ∼ 10 year obser-
vations at sufficiently high energies and improving the
source density lower limit to neff

0 " 0.4×10−4 Mpc−3 for
the m = 3 or SFR case (see Eq. 8).

The muon neutrino constraints depend not only on red-
shift evolution models but also on the assumed neutrino
spectra, since the limits depend on Flim, which in turn
is affected by the assumed source spectra. Although a
flat spectrum is a reasonable assumption for CR reser-
voirs, the neutrino spectrum may be more complicated,
as often predicted for blazar models (see Fig. 2). We
have expanded our numerical analysis to sources with
harder spectra (s < 2) using the three blazar spectral
templates shown in Fig. 2, and tested the applicability
of Eqs. (7) and (8) for these spectra. Our numerical re-
sults are shown in Fig. 4. As expected, the limits are
somewhat weaker for harder neutrino spectra.

Murase, Waxman, Phys. Rev. D 94, 103006 (2017)



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 (Feyereisen, 
Gaggero, Ando, in preparation)
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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

– 10 –
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Conclusions
• IceCube’s detection of TeV-PeV neutrinos has 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 will be important to further 
constrain neutrino sources


