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Search for astrophysical neutrinos from extended and stacked sources with IceCube

THE ICECUBE COLLABORATION1

1See special section in these proceedings

Abstract: The combined data of IceCube’s 40-string and 59-string configurations spanning over 700 days are used to
search for astrophysical neutrinos originating from sources listed in several catalogs. A stacking method which stacks
sources and searches for an integrated signal above the estimated background is employed. Very large scale sources such
as neutrino emission from the galactic plane and the Fermi bubble region are also used as extended source hypotheses. To
perform these searches, a likelihood method that tests the presence of signal using the shape of such sources, their energy
spectra and the angular distribution of events is employed.
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1 Introduction

A search for astrophysical neutrinos originating in galactic
and extragalactic sources using a likelihood (LH) method
extensively described in [1, 2] has been performed re-
cently on IceCube data and is reported in [3]. This method
uses energy and directional information that distinguish the
softer backgrounds of atmospheric muons and neutrinos
from the harder astrophysical neutrinos. Such neutrinos,
yet to be observed, could originate in jets and shocks via
Fermi acceleration. The background is estimated by scram-
bling real events in their arrival times (or right ascensions)
in the LH method. In this way, the p-value (the fraction of
randomized data sets with higher test-statistic values than
the real data) comes only from data and has no dependency
on the accuracy of the simulation [1]. While Ref. [3] is
focused on the LH search for steady emissions from point
sources from the whole sky and from selected sources of
interest, the work reported in [4] and [5] is focused on
extending the likelihood method by utilizing time depen-
dence of emissions (GRBs and AGN flares). The work
presented here extends the LH method to the stacking of
sources belonging to the same source class and to very ex-
tended sources that cover a large fraction of the sky. In
this work, as in [1, 3], the median sensitivity and upper
limits at a 90% confidence level (CL) are calculated ac-
cording to teh classical (frequentist) construction of upper
limits (Neyman 1937). The 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)
unless stated otherwise.
The data sample and its selection is described in [3]. For
the first time the LH method has been adapted to combine
data belonging to different configurations. We combine the
data sample collected for 375.5 d in the 40-string configu-
ration of IceCube during the period from 2008 April 5 to
2009 May 20 [1] and data collected during the 59-string
configuration for 348.1 d from May 20, 2009 to May 30,
2010 [3]. The total data sample consists of 43,339 (64,230)
events with 59 strings in the upgoing (downgoing) hemi-
sphere 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 144,469. As shown in [3], depending on the
declination the sensitivity of the 40+59-string sample with
respect to the 40-string sample published in [1] improves
by about a factor of 2.5. A factor of about 4 is achieved
in the downgoing vertical region where use of the IceTop
detector as a veto for muons leads to a more significant
improvement [3]. It is to be noted that the search for astro-
physical sources in IceCube extends to the entire sky but
the sensitivity is different in the upgoing (Northern sky)
and in the downgoing (Southern sky) regions. As a matter
of fact, as explained in [1], the upgoing region is domi-
nated by atmospheric neutrinos since muons are filtered by
the Earth, while we select high energy muons in the down-
going region since we look for a clustering of astrophysical
events characterized by a harder spectrum than atmospheric
events.

                                                                             DOI: 10.7529/ICRC2011/V04/0796

Vol. 4, 222



N. KURAHASHI et al. EXTENDED SOURCES WITH ICECUBE

All searches shown in this proceeding will be unblinded by
the time of the conference, hence here we indicate prelim-
inary sensitivities. P-values and corresponding fluxes will
be given at the conference.

2 Stacking searches

Stacking multiple sources in neutrino astronomy can en-
hance discovery potential and further constrain astrophysi-
cal models for uniform populations of sources. The stack-
ing method is described in detail in [1] where it is explained
how the signal and background are integrated over a set of
sources using the same weight for all sources or a weight-
ing scheme from models for specific tests. As shown in [1],
the fractional flux needed for discovery for stacked sources
compared to single sources at 5σ CL is very close to the in-
verse of number of stacked sources. The stacking searches
we perform were also performed in [1] on the 40-string
sample with the exception of one catalog. We perform:

1. A stacking search for 17 Milagro TeV gamma
ray sources, 9 of which have been reported as
high significance-detections and another 8 which are
lower in significance but also confirmed by Fermi[6,
7]. The sources include supernova remnants, pulsars,
pulsar wind nebulae, and one unconfirmed hot-spot;

2. It was noticed with an a posteriori search [1], that
some of the 6 supernova remnants (SNR) observed
by Milagro at energies > 1TeV and considered in
[8] as interesting potential neutrino emitters are the
most significant in the previous list above. When
these 6 sources are analyzed as a single sub-group,
an a posteriori p-value of 0.02 was found with best
fit parameters ns = number of signal events = 15.2
and γ = spectral index = 2.9. The true trial factor
is incalculable from this search with 40 strings since
this was done after unblinding. Hence we perform a
search for these 6 sources using only the sample of
59-strings in order not to bias the final result;

3. a stacking search for 127 local starburst galaxies [9];

4. a stacking search for five nearby galaxy clusters
(GCs), testing four different models for the CR spa-
tial distribution [10]. The GCs we considered are
Virgo, Centaurus, Perseus, Coma and Ophiuchus.
The parameterization of the models, taken from [10]
and described in detail in [1], consider scenarios
where CRs are uniformly distributed within the clus-
ter shock radius or the virial radius (Models A and B
respectively), an Isobaric Model in which CRs fol-
low the distribution of thermal gas, and a Central
AGN Model in which CRs are accelerated in a cen-
tral AGN. This last case is treated as a point source
while other models include the extension of sources
in the LH.

5. a stacking search of ultra-high energy cosmic rays
(UHECRs) assuming the sources of these UHECRs
are also neutrino sources. We include UHECRs ob-
served by the Auger Observatory [11] and the HiReS
[12] collaboration.

The UHECR search presented here looks for neutrinos
originating from the same direction as observed UHE-
CRs. However, for this search, we fit for the ‘extension’
of the sources in maximizing the LH. The ‘extension’ of
the sources here represent the possible deflection of the
UHECR from their sources which depends on the UHE-
CRs energy and the distance and magnetic field strength
they propagate through. The observation of a correlation
between UHECR and neutrinos is only possible in proton
dominated scenarios since heavy elements would be de-
flected too much by magnetic fields. This search fits for an
average deflection of all events stacked. The average can
still be insightful given the similar energies of the UHE-
CRs. Furthermore, the width of a Gaussian centered at the
UHECR directions is used as the fit variable, accounting for
the possible event-by-event directional variation between
the UHECRs and neutrinos. This search, like all other LH
searches performed, incorporates the neutrino event point
spread function of the IceCube detector as well. After fit-
ting for the ‘extension’ of sources, we test a model describ-
ing the deflections of UHECRs in extragalactic magnetic
fields [13] and constrain the degenerate parameter space
of distance and B-field intensity assuming that UHECRs
are protons. The Auger sample contains 69 events with
reconstructed energy above 55 EeV [11] with angular res-
olution better than 0.9◦ for events that trigger more than 6
stations, and the HiRes sample contains 13 events [12] in
the same energy range with angular resolution of 0.8◦ in
stereo mode. The energy scale for these events is known at
the level of 20%. In order to reduce the galactic magnetic
field contribution, expected to be larger than the intergalac-
tic one, UHECR events that cross the galactic plane are
removed so the fitted extension represents the intergalactic
magnetic deflection alone.
The sensitivities for these searches are shown in Tab. 1.

3 The Galactic plane

Neutrinos and photons are expected to be produced in the
galactic plane via interaction of cosmic rays with the inter-
stellar medium (ISM). Diffused cosmic rays are confined
for million years in the galaxy and their spectrum is hence
expected to approach E−2.7 with a composition that be-
comes heavier above the knee at a few PeVs. The low den-
sity of the ISM allows secondary mesons to decay before
reaching their interaction length, thus preserving the cos-
mic ray spectrum in their decay products and also fixing
the ratio of neutrinos to photons. The Milagro collabora-
tion have reported observation of TeV gamma-rays from
the galactic plane [19], showing good agreement with the
GALPROP model. The GALPROP code propagates cos-
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Catalog Data sample Fit par. Sensitivity Disc. Pot.
Milagro 17 I+II γ+ns 0.28 × E2 1.05 ×E2
Milagro 6 II γ+ns 0.66 × FM 3.20 ×FM

Starbursts 127 I+II γ+ns 0.96 × E2 3.44 ×E2
GC - Model A I+II γ+ns 1.39 × FM 4.85 ×FM
GC - Model B I+II γ+ns 2.58 × FM 8.98 ×FM
GC - Isobaric I+II γ+ns 1.26 × FM 4.84 ×FM
GC - AGN I+II γ+ns 0.63 × FM 2.36 ×FM
UHECR I+II γ+σ+ns 4.01 × E2 12.8 ×E2∗

Table 1: Median sensitivities of the stacking searches (90% CL) and the discovery potentials (p-value < 2.87 × 10−7)
given as a sum of flux required from the sources in each catalog. Data sample I (II) represents data taken with the 40-string
(59-string) configuration. Fit parameters are the spectral index γ, the extension of the sources σ, and the number of signal
events ns. E2 indicate units of E2dN/dE [10−11 TeV cm−2 s−1], while FM indicates the scaling to the predicted flux
profile. ∗For UHECR, p-value < 1.35 × 10−3 (3σ significance of one-sided Gaussian) is used for discovery potential
calculation.

mic rays in the galaxy with assumptions of the distribution
of cosmic ray sources [15]. The Fermi telescope has prod-
cued a detailed map of the observed gamma-ray emission
from the galactic plane region [17]. The GALPROP code
and a fit for the cosmic ray flux are then used to separate the
contribution from neutral pion decays, which the neutrino
emission map should closely follow. We use this Fermi
model of the relative flux of pion decays as the spacial
template in the LH analysis for neutrinos from the galac-
tic plane. Fig. 1 shows the relative neutrino signal strength
expected in the 59-string IceCube configuration assuming a
source emission pattern of the Fermi model. The strongest
emission is expected near the galactic center and extends
along the plane. However, because the center belongs to
the Southern (downgoing) hemisphere, the signal strength
is expected to be highest at the closest region on the plane
to the galactic center that belongs to the Northern (upgoing)
hemisphere, due to IceCube’s background and event selec-
tion as described in the Introduction section. The LH anal-
ysis will combine data from both the 40 and 59-string con-
figurations. One noteworthy issue is that while the Fermi
model used here provides a relative flux expected from dif-
ferent regions of the sky, it does not provide the absolute
scale of the predicted flux. Therefore, a detailed calcula-
tion of the neutrino flux must be made, or older flux predic-
tions [16] must be used to translate event counts in IceCube
into fluxes. The flux calculations of [16] predict 21 neu-
trino events in the combined 40-string and 59-string data.

4 The Fermi Bubbles

Recently evidence has emerged of enormous features in
the γ-ray sky observed by the Fermi-LAT instrument: bi-
lateral “bubbles” of emission centered on the core of the
Galaxy and extending to around 10 kpc from the Galactic
plane. These structures are coincident with a nonthermal
microwave “haze”’ and an extended region of X-ray emis-
sion [18]. The bubbles γ-ray emission is characterized by
a hard and relatively uniform spectrum, relatively uniform
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Figure 1: Relative signal strength from different parts of
the sky expected from the galactic plane to be seen with
the 59-string IceCube detector, plotted in galactic coordi-
nates (preliminary). The center belongs in the Southern
(downgoing) hemisphere, so the signal strength is highest
at the closest region on the plane to the galactic center that
belongs to the Northern (upgoing) hemisphere as expected.

intensity, and an overall luminosity of ∼ 4 × 1037 erg/s.
The γ-ray luminosity between 1-100 GeV is measured to
be around an order of magnitude larger than the microwave
luminosity and more than an order of magnitude lower than
the X-ray luminosity. In [20] the bubbles are explained as
due to a population of relic cosmic ray protons and heav-
ier ions in the energy range of 10 − 1000 GeV trapped for
timescales of about 1010 yrs undergoing pp collisions on
the bubbles low density plasma that produce secondaries
which in turn produce γ-rays and neutrinos. Accounting
for ionization losses by sub-relativistic protons and adia-
batic energy losses at all energies, bubble protons lose a
total of about 1039 erg/s in steady state, precisely account-
ing for the CR power injected at the galactic center. This
is compatible with observations in γ-rays around the galac-
tic center by Fermi and at higher energies by HESS [20].
While in the galactic plane diffusive confinement of the
CRs leads to a steepening of the steady-state spectrum to
∝ E−2.7, in the bubbles there is no energy-dependent con-
finement effect. So, given the almost energy-independent
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Figure 2: Relative signal strength expected from Fermi
bubbles with the 59-string IceCube detector, plotted in
galactic coordinates (preliminary). Most of the signal is
expected from the corner of the bubble that is in the North-
ern (upgoing) hemisphere when transformed to equatorial
coordinates.

pp loss time, the observed spectrum of the CRs is as at
the injection at their acceleration sites (evidently ∝ E−2.1)
mirrored by the bubble γ− rays. If the bubbles are a reser-
voir of CRs it is possible to think that the primary spectra
reach energies above the knee and with a very hard neutrino
spectrum. This makes these sources extremely interesting
for neutrino telescopes.
The bubbles are parameterized as circular regions of 25◦
radii emitting a uniform flux of neutrinos per steradian. In
Fig. 2, the relative signal strength expected from each re-
gion is simulated using the 59-string configuration of the
IceCube detector. As expected, a part of one bubble that
dips below the horizon in equatorial coordinates as seen
by IceCube (upgoing hemisphere) has the largest expected
signal. Thus the exact sensitivity of IceCube to the Fermi
bubbles depends on the characterization of the shape of the
bubbles. However, despite the extensive shape-fittings of
the gamma emission performed in [18], due to the intrin-
sic haziness of the structure, the dependence on the fit-
ting of other emission mechanisms contributing to the ob-
served gamma-ray structure, and the unknown energy de-
pendence of the shape at the high-energy region of our in-
terest, we conclude that using a simple model of two cir-
cular neutrino-emission regions is adequate for an initial
LH analysis. The LH analysis will combine data from
both the 40 and 59-string configurations. Using this cir-
cular parameterization and assuming a continuous flux of
3.5× E2dN/dE [10−10 TeV cm−2 s−1], motivated by an
optimistic gamma-ray flux calculation [20], 164 events are
expected in the combined 40 and 59-string configuration of
IceCube.
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