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Abstract: Blazars, Active Galactic Nuclei whose relativistic jets are aligned with our line of sight, are promising
candidates for sources of high-energy cosmic rays. As a result, they are also theorized to emit high-energy
neutrinos from photo meson production or pp-interactions, in addition to emitting gamma rays that have already
been detected. To search for this high-energy neutrino emission, three classes of blazars were selected from gamma
ray measurements by the Fermi Large Area Telescope that have high potential to be neutrino sources: flat spectrum
radio quasars, low synchrotron-peaked BL Lac objects, and hard spectrum BL Lac objects. The analysis presented
here is based on three years of data collected by the IceCube detector when it was partially instrumented with
40, 59 and 79 strings, and tests these catalogues of sources for high-energy neutrino emission with an unbinned
likelihood stacking method.
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1 Introduction
IceCube is a cubic-kilometer neutrino detector installed in
the ice at the geographic South Pole [1] between depths of
1450 m and 2450 m. Detector construction started in 2005
and finished in 2010. The neutrino reconstruction relies
on the optical detection of Cherenkov radiation emitted by
secondary particles produced in neutrino interactions in the
surrounding ice or the nearby bedrock.

The detection of neutrino point sources would not only
shed light on the origin of high-energy cosmic rays, but can
also reveal intrinsic physical processes in detected astro-
physical objects. In the case of blazars, the lower energy
hump in the electromagnetic spectral energy distribution
(SED), as shown in figure 1, is believed to be created by
synchrotron radiation of ultra-relativistic electrons, while
the high-energy feature is still under discussion.

Figure 1: Broadband spectral energy distribution of 3C 66A
during the Oct. 2008 multiwavelength campaign from [2].
As an example, the EBL-absorbed EC+SSC model [2] for
z = 0.3 is plotted as the dashed line for reference.

Current models for the observed γ flux assume that either
hadrons, leptons or a mixture of both are accelerated (see
[3] for a blazar emission model overview). The detection of
a neutrino flux from blazars would directly point to hadronic
processes like photo meson production or pp-interactions
with subsequent π± decays into neutrinos:

pγ −→ ∆
+ −→ nπ

+ (1)
pp −→ π

±+N (2)
π
− −→ µ

−
ν̄µ −→ e−ν̄eνµ ν̄µ . (3)

Blazars are classified by emission features in the SED.
Flat spectrum radio quasars (FSRQs) show broad emis-
sion lines in the optical spectrum while these lines are lack-
ing for BL Lac objects. Further specification includes the
peak frequency of the low energy hump in the SED, di-
viding blazars into low- (νpeak < 1014 Hz), intermediate-
(1014 Hz < νpeak < 1015 Hz) and high- (νpeak > 1015 Hz)
synchrotron peaked objects referred to as LSP, ISP and
HSP [4]. In this work, three blazar catalogs (FSRQs, LSP
BL Lac objects, and BL Lac objects with hard gamma spec-
tra) are used to search for a possible high-energy neutrino
flux. While all FSRQ objects and per definition also the ob-
jects in our second catalogue are LSP, our third catalogue is
composed by mainly HSP with a few ISP and LSP objects.

Stacking multiple sources in neutrino astronomy can en-
hance the discovery potential and further constrain astro-
physical models for uniform populations of sources. The
stacking method is described in detail in [5], where an ex-
planation is provided on how signal and background can
be integrated over a set of sources using the same weight
for all sources or a model dependent weighting scheme for
specific tests. As shown in [5], the fractional flux needed for
discovery for stacked sources compared to single sources
at 5σ confidence level (C.L.) is close to the inverse of the
number of stacked sources.
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2 Analysis method and data samples
A recent search for astrophysical neutrinos originating from
galactic and extragalactic sources using a likelihood (LH)
method [5, 6] is reported in [7]. This method uses energy
and directional information to distinguish the relatively
soft backgrounds of atmospheric muons and neutrinos
from the harder astrophysical neutrinos. Such astrophysical
neutrinos, still to be associated to specific sources[8], could
originate from shocks (in jets) via Fermi acceleration. The
background is estimated by uniformly scrambling real
events in their arrival times (or right ascensions) in the LH
method. In this way, the p-value (the fraction of observations
from background with a test statistic value of at least the
observed value) can be derived solely from data and does
not depend on the accuracy of the simulation [5].

While [7] is focused on the LH search for steady emis-
sions from point sources across the whole sky and from
selected sources of interest, the work reported in [9] is fo-
cused on extending the likelihood method by utilizing the
time dependence of emission (GRBs and AGN flares). The
work presented here extends the LH method to the stacking
of sources belonging to one of three blazar classes. The
sensitivity and upper limits at a 90% C.L. are calculated ac-
cording to the classical (frequentist) construction of upper
limits by Neyman [10]. The median discovery potential is
the flux required for 50% of trials with simulated signal to
yield a p-value less than 2.87 ·10−7 (i.e. 5σ significance if
expressed as the one-sided tail of a Gaussian distribution).

We combine the data samples collected for 375.5 days
in the 40-string configuration of IceCube during the pe-
riod from April 5, 2008 to May 20, 2009 [5], with 348.1
days in the 59-string configuration collected from May 20,
2009 to May 30, 2010 [11] and for 316 days in the 79-
string(IC79) configuration collected from May 31, 2010 to
May 13, 2011 [12]. The IC79 data was later reprocessed
to introduce an improved angular reconstruction described
in section 2.1. Different data samples can be combined in
the LH approach as every single track carries its individual
angular uncertainty estimation. The total data sample con-
sists of 48904 (46499) events for 79 strings in the upgoing
(downgoing) hemisphere, 43,339 (64,230) events with 59
strings and 14,121 (22,779) for 40 strings. Hence the total
number of events on which this search is performed in the
whole sky is 239,932.

It is to be noted that the search for astrophysical sources
in IceCube extends to the entire sky but the sensitivity is dif-
ferent in the upgoing (Northern sky) and in the downgoing
(Southern sky) regions. As explained in more detail in [5],
the upgoing region is dominated by atmospheric neutrinos
since muons are filtered by the Earth. Astrophysical neutri-
nos are characterized by an energy spectrum that is harder
than that of atmospheric muons and neutrinos. By requiring
an energy threshold of O(1 PeV), also the downgoing re-
gion can be searched for a clustering of astrophysical events
amongst a relatively low atmospheric background.

In this report, we present preliminary sensitivities for the
blazar stacking. Only after addition of the data of the first
year from the completed IceCube detector [7] (May 2011
- May 2012), the searches will be unblinded and p-values
and corresponding fluxes will be provided.

2.1 Improved angular reconstruction
The angular reconstruction of neutrino induced muons in
IceCube is based on the distribution of detected Cherenkov
photons in space and time. Photon propagation is influenced
by scattering and absorption, which causes the photons to
arrive later at a photomultiplier (PMT) compared to the
straight geometrical path along the Cherenkov cone. The
probability density function (pdf) for the time delay (time
residual tres) of the first photon for a given muon track is
crucial for maximizing the track hypothesis likelihood

L = ∏n ·pdf(~θ , tres) ·
(

1− cdf(~θ , tres)
)n−1

. (4)

Here ~θ = (x0,y0,z0,θ ,φ) describes the track parameters
of an infinite track, n the number of photons detected in a
particular PMT and cdf=

∫ tres
0 dt ′pdf(~θ , t ′) is the cumulated

probability density function.
The pdf used in IceCube up to the IC79 configuration

is based on a parametrization assuming homogeneous ice.
However, the deep antarctic ice consists of a layered struc-
ture of scattering centers leading to a range of scattering
and absorption lengths. To include these layer effects into
the reconstruction, muons were simulated in the IceCube
simulation framework using a precise ice model [13] and
their light emission was propagated photon by photon on
graphical processing units (GPU’s) and recorded with re-
spect to muon declination, PMT-track distance, depth, PMT-
track orientation and time residual. Afterwards, the result-
ing fine-binned 5 dimensional table with in total two billion
entries was fitted by a multidimensional spline surface as
shown in figure 2, providing a smooth, continuous represen-
tation where pdf and cdf are connected analytically by the
gradient.

Figure 2: PDF of time residual distributions for a muon
with a zenith angle of 55◦ passing a PMT located at 2310 m
depth at a distance of 45 m. Circles represent the simulated
data while the lines display the fitted spline surfaces. PMT-
track configurations for 5 angles in a cylindrical coordinate
system around the muon track are shown. An angle of 0◦

identifies a PMT exactly above the track and 180◦ a PMT
below the muon track. As the PMTs in IceCube head to
the earth’s center, a PMT above the track can collect direct,
unscattered light with small time residuals while the light
has to be scattered around the PMT if it is located below
the track. Other parameters influencing these distributions
are distance, zenith angle and depth.
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Using this layered ice pdf representation results in a
significantly improved angular resolution, which leads to
a better discovery potential for the IC79 data as shown in
figure 3. This reconstruction method is also used for later
IceCube data [7]. The layered ice IC79 data will be used in
the stacking analysis shown in this work.

Figure 3: 5σ -discovery potential relative to an injected E−2

spectrum as function of declination for the IC79 configura-
tion of IceCube. The data sample based on the improved
layered ice reconstruction provides an improvement of 20%
to 35% in the northern sky and 15% to 25% in the southern
hemisphere.

3 Blazar stacking
We perform a stacking search for three different blazar
selections, composed from the 2 year Fermi LAT AGN
catalogue [4]:

1. Flat spectrum radio quasars (FSRQ): Luminous
FSRQs are thought to accelerate protons to ultra
high energies, while their strong broad emission lines
indicate the presence of the radiation field needed for
photo meson production. These conditions could lead
to a detectable neutrino flux. See [14].

2. LSP BL Lac objects: The spectrum of high-energy
neutrinos from BL Lac objects has been calculated
in [15] by applying the Synchrotron Proton blazar
Model [16]. It is stated that the high-energy contribu-
tion of pion photoproduction is higher for the brighter
LSP BL Lac objects than for HSP BL Lac objects,
where the high energetic hump is dominated by pro-
ton synchrotron radiation. Therefore neutrino produc-
tion is assumed to be more efficient in LSP BL Lacs.

3. BL Lac objects with hard gamma spectra: These
objects are less luminous, lacking background light
radiation and thus do not provide ideal neutrino pro-
duction conditions. However, the assumption of a
connection between the spectral shape of γ-rays and
neutrinos could allow IceCube, being most sensitive
above 1 TeV, to detect few but high energetic neutri-
nos [17]. Additionally, the high variability of some
TeV-blazars indicates a very small emission region,
where the intrinsic synchrotron radiation could pro-
vide a target for pion production itself [18].

3.1 Source weights
In this work, we use a γ-ray driven approach for source
selection and weighting. Under the assumption of hadronic
processes, the blazar neutrino flux should be directly con-
nected to the observed γ-emission. If the high-energy hump
in the blazar SEDs is mainly caused by π0 decays, the
neutrinos created in the accompanying charged pion de-
cays will exhibit a similar spectral shape. As described
in [5], one can associate a weight with every stacked source.
This value is the medium expected number of neutrinos
(Nν , see equation 5) for a certain neutrino flux. This incor-
porates the detector response at the source declination to
the assumed flux depending on the effective area shown
in figure 4 as well as a theoretical flux weight, which in
this work is chosen to be the integrated Fermi LAT γ flux
between 1 GeV and 100 GeV.

For each blazar catalogue we apply two weighting mod-
els by making different assumptions about the power law
spectrum index Γ for each source:

• variable Γ model: Here we consider the shape of
the neutrino spectrum of the sources to be unknown,
but equal. One overall spectral index Γ, will be
fitted in the likelihood optimization process and the
source’s weights will be based on the same spectral
index at a time. Besides on source declination, the
relative weights will therefore mainly depend on the
measured integral γ flux.

• fixed Γ model: As the experiment response heavily
depends on energy, sources with hard spectra are
more visible to IceCube. In this weighting method,
we assume the same spectral shape for the γ and
neutrino flux. In the likelihood optimization and
source weight calculation the power law index Γ will
be fixed to the individual value measured by Fermi
Lat for every source. Besides the source declination,
the relative weights will depend on the γ flux and
now heavily on the γ power law index measured by
Fermi LAT. As a result, sources with harder spectra
will enter with a higher weight.

Figure 4: Effective area A of the IC79 configuration of
IceCube as a function of declination δ and neutrino energy
En. The plot shows IceCube’s higher sensitivity to lower
energies in the northern (upgoing) sky compared to the
southern hemisphere (downgoing), while the sensitivity
worsens for very high energies due to ν absorption in the
earth [12].
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3.2 Blazar selection
Starting with the two-year Fermi LAT AGN catalogue, we
first require a minimum integrated γ flux between 1 and 100
GeV of 1.5 ·10−9photons · cm−2 s−1 to avoid faint sources
with large uncertainties on the power law index. A source is
then selected if either its γ flux or the expected number of
neutrinos Nν exceeds a certain limit. We calculate Nν under
the assumption that the neutrino flux has the same spectral
shape as the γ flux measured by Fermi. Compared to the γ-
flux selected sources, this adds sources with a slightly lower
flux but a hard γ-spectrum:

dNν = k ·
dΦγ

dE
·Aeff(δ ,E) ·T ·dE . (5)

Here k is a proportionality constant, Φγ is the γ flux, Aeff
is the effective area shown in figure 4 for IC79, δ is the
declination, E is the energy and T is the livetime. As Nν is
only used as a relative weight in the source selection, we can
set arbitrary values for k = 1 and T = 1y. The differential γ

flux can then be written as:

dΦγ

dE
= Fγ (1 GeV-100 GeV) · E−Γ∫ 100GeV

1GeV E−ΓdE
. (6)

Fγ is the integral gamma flux by Fermi and Γ represents
the power law spectral index. Hard spectrum BL Lac objects
additionally require an index Γ < 2.3 while FSRQs should
have a minimal luminosity between 100 MeV and 100 GeV
of > 1 ·1046 erg s−1 . Table 1 lists the criteria selecting 33
FSRQs, 27 LSP BL Lacs objects and 37 hard spectrum BL
Lac objects.

type Nν γ flux Γ

FSRQ > 1 > 8 ·10−9 -
LSP BL Lac > 1 > 3 ·10−9 -
hard spectr. BL Lac > 50 > 5 ·10−9 < 2.3

Table 1: Selection criteria for the three blazar catalogues de-
pending on the number of expected neutrinos Nν , the Fermi
LAT integrated γ flux in the unit of [photons cm−2s−1] be-
tween 1 GeV and 100 GeV and the power law index Γ.

3.3 Performance
The derived sensitivities and discovery potentials apply to
the overall flux sum from all sources of a given catalog.

For the variable Γ weighting, we inject an E−2 power
law spectrum for every source to calculate the performance
shown in table 2. Fit parameters are the spectral index Γ

and the summed number of signal events ns.

Type Sensitivity Discovery Pot.
FSRQ 3.6 ·10−9×E2 1.3 ·10−8×E2
LSP BL Lac 5.9 ·10−9×E2 2.1 ·10−8×E2
hard spectr. BL Lac 4.3 ·10−9×E2 2.0 ·10−8×E2

Table 2: Median discovery potential (p-value < 2.87 ·
10−7) and sensitivity (90% CL) for the three stackings
using the variable Γ weighting. E2 represents the unit of
E2dN/dE [GeVcm−2 s−1] valid from 1.5 TeV to 4 PeV.

For the fixed Γ weighting, we inject a neutrino flux with
the individual γ flux power law index of each source. The
sensitivities in table 3 are then given relative to the weighted

Type Sensitivity Discovery Pot.
FSRQ 3.0 ·10−8×F 1.2 ·10−7×F
LSP BL Lac 9.5 ·10−9×F 3.6 ·10−8×F
hard spectr. BL Lac 2.1 ·10−10×F 8.3 ·10−10×F

Table 3: Median discovery potential (p-value < 2.87 ·10−7)
and sensitivity (90% CL) for the three stackings using the
fixed Γ weighting. F represents the scaling factor to the
predicted flux profile in units of [GeV−1cm−2s−1].

sum of individual spectra, referred to as F. The fit parameter
is the total number of signal events ns.

With two weighting schemes for each of the three blazar
catalogues, the upcoming unblinding will then provide 6 p-
values for the null hypotheses and the discovery probability.

3.4 Summary
An improved likelihood prescription for a track fit in ice
with depth dependent scattering and absorption was devel-
oped. Depending on declination, the median discovery po-
tential could be improved by 15-35%. Three blazar cata-
logues, selected on basis of theoretical arguments to poten-
tially yield large neutrino fluxes, were prepared and will
be compared to the data. The discovery potential ranges
between (1.3−2.1)×10−8 GeV cm −2s−1 if an E−2 spec-
trum is assumed for all sources. After adding data taken
from May 2011- May 2012, the searches will be unblinded
and corresponding fluxes and the detailed catalogue compo-
sition will be reported.
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