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Abstract

A source catalogue of potential neutrino sources in our galaxy from observed gamma rays
is created. The gamma data was taken from different gamma ray observatories: FERMI,
HESS, MAGIC, VERITAS. The expected neutrino flux is calculated by assuming hadronic
production of the gamma rays. Finally the expected event rate in two neutrino telescopes
(IceCube and KM3NeT) is computed with respect to the detector properties.
The results will be published in a online catalogue. The methods used in this project
follow the work done by Kappes et al.: “Potential neutrino signals from galactic γ-ray
sources” (Kappes et al. [2007]).

1 Introduction

The development of neutrino and gamma ray astroparticle physics in the last years was
quite impressive.
New telescopes and observation experiments were conceived and constructed. One of the
new telescopes is the IceCube neutrino detector. IceCube detects neutrinos in a wide
energy range and with its large detector volume, the possibility to see neutrinos from
individual sources increases.

The sources widely vary in their nature. They can be anything from extragalactic
phenomena like AGN1 to sources in the milky way. The sources in our own galaxy cover
again a wide range of different phenomena. There are High Mass Binaries, Supernova
remnants, pulsar wind nebulae and other sources of high energy particles. These sources
may produce high-energy neutrinos due to the interactions of high-energy protons. Large
detector volumes are necessary, because neutrinos are weakly interacting particles.
All of these source classes also emit high-energy gamma-rays which have been observed by
ground and satellite based gamma-ray telescopes. Ground based telescope like imaging at-
mospheric Cherenkov telescopes, e.g. HESS2, MAGIC3 or VERITAS4 observe Cherenkov
light from gamma-ray induced air showers.
Due to the fact that nearly all gamma rays are absorbed in the atmosphere, another im-
portant branch of gamma ray observations are satellite missions. One of these satellite
projects is the FERMI Gamma-ray Space Telescope5.

To learn something about the production and acceleration processes in the sources, it
is interesting to compare the ν- and γ-flux.
The target of this project is to determine the expected ν-flux for a known γ-flux assuming
that the underlying particle acceleration process is hadronic, i.e. that the gamma rays are
exclusively produced in the interactions of high-energy protons. For the expected ν-flux,
the detector characteristics were taken in consideration. For the source parametrization
of the high-energy proton spectrum in the source, a power law with exponential cutoff is
chosen(Kelner et al. [2006]).
The idea of this project is based on the work “Potential neutrino signals from galactic
gamma-ray sources” (Kappes et al. [2007]). It was realized during the DESY Summer
Student Program 2011.

1Active Galactic Nuclei
2High Energy Stereoscopic System
3Major Atmospheric Gamma-Ray Imaging Cherenkov Telescopes
4Very Energetic Radiation Imaging Telescope Array System
5former GLAST, Gamma-ray Large Area Space Telescope



2 2 FUNDAMENTALS

2 Fundamentals

2.1 Galactic gamma ray and potential neutrino sources

The Milky Way shows a variety of different gamma ray sources. The most important
sources for this work are:

• Supernova Remnants (SNR)

• High Mass Binaries (HMB)

• Pulsar Wind Nebulae (PWN)

SNRs are nebulae resulting from a supernova. A shockwave ejects material with ve-
locities around 105 m

s and creates mostly a shell like structure. The ambient medium slows
down the ejected gas and the plasma can reach temperatures in the range of 107 up to
108 K. The shell itself can be cooled down, encasing the hot material inside. The detection
of TeV γ-rays from the shell of SNRs provides evidence that effective particle acceleration
occurs within.
Accelerated electrons and protons emit gamma rays and neutrinos through inverse Comp-
ton scattering of relativistic electrons, bremsstrahlung and the production and decay of
pions. The inverse Compton scattering appears if TeV-electrons scatter on photon fields
like the cosmic microwave background (CMB). RX J1713.7–3946 is an example where
most of the high-energy gamma-ray emission is assumed to originate from IC. This SNR
has a flux comparable with the Crab nebulae around one TeV.

HMBs are binary systems of a massive star and a compact object like a neutron star or
a black hole. They are also called X-Ray HMB, because they emit light in the X-ray range.
If they only have a normal star as stellar component, they are called X-Ray Binaries. A
binary object with a strong and variable radio emission is called a microquasar. They
have relativistic jets which accelerates particles to energies up to TeV (Aharonian et al.
[2005b]). In those systems cooling of TeV electrons is very effective due to the high density
of the radiation, so the gamma ray emission might be of hadronic origin. This makes them
promising neutrino sources.
An example is the X-Ray binary LS 5039, which was identified as an TeV γ ray emitter
with HESS (Aharonian et al. [2005b]).

PWNs are nebulae with a pulsar6 in its centre. The emissions of the nebula are caused
by the pulsar wind which provoke shock waves in the nebula surrounding medium. They
represent some of the brightest sources in the TeV gamma ray range. The main emission
mechanism is considered to be inverse Compton Scattering of high energy electrons on γs,
for example on CMB photons, but high-energy nuclei may also be present and produce
non-negligible neutrino and gamma-ray fluxes through the decay of pions.
A good example for PWNs is the bright Crab PWN. This two kpc distant source was
created by the supernovae SN1054 and is powered by the Crab Pulsar.

As well as the cosmic ray spectrum there is a cosmic neutrino spectrum (see figure
2, with values from Frejus7 and AMANDA8) that originates from neutrinos produced by
cosmic processes. Here, the focus is mainly on neutrinos from galactic sources.

6Rotating magnetized neutron star.
7High-resolution iron calorimeter in France.
8Antarctic Muon and Neutrino Detector Array, 1997 - 2005, now integrated in IceCube



2 FUNDAMENTALS 3

Figure 1: Cosmic γ ray spectrum
(Berger [2008]), containing γ from all
production mechanism. Values belong to
different experiments.

Figure 2: Cosmic ν-spectrum (Berger
[2008]), containing ν of cosmological ori-
gin, sun, atmospheric, SN, AGN and
GZK ν. The dashed lines base on hy-
pothesis and the solid lines were shown
by measurements.

The main neutrino production process is the decay of pions, which are produced in
inelastic pp-interactions with the surrounding medium. The π can decay for example
into a muon and a muon neutrino, and the muons can afterwards decay again into an
electron or a positron and the associated neutrino. Another decay channel of the pion is
into two photons that can be detected as gamma rays. Yet another production process in
supernovae is: e− + p → n + νe or e + e → ν + ν̄ The spectra of the secondary particles
depend on the primary proton spectrum and the processes like diffraction that one must
take into account, which makes spectra for example harder (Kamae et al.[2006]). More
details on modelling used in this work are in section 3. There are also other source types
and sources with no counterpart in other wavelengths. So there are diffuse emissions from
galactic plane from unresolved sources. Also, giant molecular clouds seem to emit gamma
rays (Aharonian et al. [2006a]).
Furthermore, sources with a very hard spectrum exist. These sources are not detectable in
the energy range above ∼10 TeV with actual gamma ray telescopes, but they are promising
objects for the detection with neutrino telescopes, because the effective area rises steeply
with energy.

2.2 Observation missions

Most observational data used in this work originates from imaging Cherenkov air shower
telescopes.
HESS is an array of four of these telescopes, located in Namibia. It has an angular
resolution below 0.1◦ and can observe gamma rays of 100GeV and 100 TeV with an energy
resolution of about 15%. It consists of four telescopes from which each has a 12 m diameter.
The mirror is composed of 382 small mirrors and the 5◦ field of view camera consists of
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960 photon detectors.
MAGIC is also an array of two air shower telescopes. It is located on the Canary Islands
and has an active mirror surface of 2362 m. The sensitive energy range is 0.025 - 30TeV
and it has an angular resolution of also 0.1◦.
VERITAS is an array of 4 gamma ray telescopes and located in South Arizona. The
resolution is . 0.15◦ and the main sensitivity is between 100GeV and 10 TeV. The single
telescopes have a 12 m reflector constructed from 350 single mirrors and a 499 pixel camera.
It has an 3.5◦ field of view.

Other data belong to the FERMI satellite mission. The FERMI mission started in
2008. It carries two main instruments. The first one is the GLAST Burst Monitor, which
observes with a field of view of 4π with two scintillation detectors the energy range of
150 keV up to 30 MeV. The other instrument, which is the main FERMI instrument,
delivers the used data. The Large Area Telescope (LAT) energy range is between 20 MeV
and 300 GeV. It is an imaging instrument with an angular resolution highly dependent on
the energy: 3◦ at 100 MeV, 0.04◦ at 100 GeV. It also provides spectral information due to
the fact that it is not only constructed from a tracker (silicon strip detectors), but is also
a calorimeter (cesium iodide calorimeter). The LAT field of view is 2.4 sr.

The neutrino flux is calculated for two neutrino telescopes, the current generation Ice-
Cube and the next generation KM3NeT detectors. An example of how the sky looks like
for a neutrino observatory is shown in figure 3.

The neutrino flight direction can be computed from the three dimensional grid of de-

Figure 3: Neutrino sky for IceCube with 40 strings (Halzen & Klein [2010]). The figure
shows the point source probability for 0.1TeV - some 100 TeV operating for 1

2 year.

tectors, which provides together with the energy and flux the probability to compute an
image.
Another smaller current generation neutrino telescope is ANTARES9, a water Cerenkov
detector located in the Mediterranean Sea. The expected event rate was calculated by
A. Kappes et al. ([2007]). They found a very low event rate, so that a detection with
ANTARES is very unlikely. For this reason the calculations were not done for ANTARES
again.
The IceCube detector at the south pole offers a higher possibility for detection. It detects
the Cherenkov light emitted by charged particles, like electrons, muons or taus, which are
created by interactions of neutrinos. The detector uses a volume of 1 km3 and works with
a photomultiplier inside the so called DOMs (digital optical module). The 5160 DOMs are

9Astronomy with a Neutrino Telescope and Abyss environmental RESearch.
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up to 2450 m below the surface, where the ice is very clear, and distributed over 86 strings
and an area of 1 km2. The detectors are sensitive enough to detect single photon events
and provide a time resolution of 5 ns. The observable energy range goes from a 100GeV
threshold up to PeV and the angular resolution is better than 1◦ throughout most of the
energy range. On the surface above the detector is the IceTop experiment, which detects
Cherenkov air showers in the range of TeV up to EeV.
Future neutrino telescopes like KM3NeT can offer a higher possibility to find galactic
sources due to its position in the Northern Hemisphere. KM3NeT is planned in the
Mediterranean Sea with a km3 detector volume. The angular resolution is planned to be
better than 0.1◦ for energies above 10TeV. The detector will be able to observe all three
neutrino flavors and will have a few hundreds of GeV threshold. It will offer the possi-
bility to observe the larger part of our galaxy including the galactic centre. The design
study was published in 2009 and the technical design report was published in 2011. The
construction is expected to start in 2012 and when completed, KM3NeT will complete
IceCube observations.

3 Neutrino production model

High-energy neutrinos are produced in interactions of protons with ambient protons and
photons. In these interactions charged and neutral pions are produced which then decay
into gamma rays (neutral pion) or neutrinos and charged leptons (charged pions). As-
suming this is the dominant process for production of high-energy gamma-rays for a given
source , this makes it possible to derived from the used model (Kappes et al. [2007]) the
expected ν-spectra from the γ-spectra. For the energy range covered by neutrino tele-
scopes, one expects curved spectra. Here, as parametrization of the proton and secondary
particles spectra, a power law with an exponential cutoff is used. These parametrizations
yield the expected γ- and ν-spectra (Kelner et al. [2006]). The assumptions made are
that there is no appreciable absorption inside the source for γ- and ν, that the pions decay
without interacting before and that the source is distant enough for full neutrino mixing.
Those assumptions have been derived for energies above 100 GeV. So the resulting γ- and
ν-spectra are described by a power law with an exponential cutoff:

dNβ

dEβ
≈ kβ

(
Eβ

1TeV

)−Γβ

exp

(
−

√
Eβ

εβ

)
(1)

with β = {γ, ν}, Eα is the energy and:

kν ≈ (0.71− 0.16α) kγ (2)

Γν ≈ Γγ ≈ α− 0.1 (3)

εν ≈ 0.59 εγ ≈ εp

40
. (4)

α is here the power law index of the primary proton spectrum. This model assumes a
production ratio between electron- and µ-neutrinos of 1:2. It also considers a neutrino
mixing, so that only a fraction of 1

3 of the source flux can be measured. A pure power law
can also be calculated with this model with a cutoff energy εβ = ∞. Equation 1 gives the
spectra on Earth.
The properties of the detector that were taken into account are described in the next
section.
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4 Neutrino detector properties

The measurable event rate depends on the spectrum, the effective area of the detector,
the background rate and the visibility of the source for the detector. The visibility has an
especially great influence for IceCube if one tries to observe galactic sources.
A way to compare the different abilities of (neutrino) detectors is the effective area. The
number of detected events depends on the geometry of the detector, the energy of the
detected particle, the angle of the incoming neutrino and the properties of the detector
surrounding medium. The effective area is then the area a detector would have if one sees
the same fixed number of events compared with a beam hitting the detector area normal
and if the detector has a 100% efficiency. For a given number of detected events N , and
for a given flux F , the effective area Aeff is defined as:

N =
∫ ∫ ∫

dt dω dE F (t, E, ω) ·Aeff (E,ω) (5)

with the solid angle ω, the energy E and time t. From this equation it follows for a real
detector with the area AR and a number of incoming particles NR for the effective area:

Aeff =
N ·AR

NR
(6)

The muons from interactions of cosmic rays in the Earth’s atmosphere provide a dis-
ruptive background for the detector. The flux from these interactions of cosmic rays in the
atmosphere is orders of magnitude higher than the original neutrino flux. For that reason,
the Earth is used as a filter, which means that the neutrino telescopes observe through
the hemishpere of the sky which is shielded by the Earth. This implies the existence of
features like additional attenuation and conversion of neutrino flavours. These features
have an influence on the effective area.

The following calculations were adopted from Kappes et al. [2007].
For a given neutrino flux Fν it then follows for the event rate in the detector:

dNν

dt
=
∫

dEν Aeffν Fν (7)

The resulting effective area is energy and direction dependent and different for all detectors.
Both neutrino telescopes show an energy threshold similar to the threshold of the

imaging Cherenkov air shower telescopes.
The threshold and energy range of FERMI is for the most part below the threshold of the
neutrino telescopes.
The energy resolution and uncertainty of the neutrino telescopes is here neglected and the
data assumed to be the exact neutrino energy.

The point spread function (PSF) of the neutrino detectors and the PSF of the optical
determined position of an object gives the search window for the object in the neutrino
detector. If one deals with extended sources, one has to consider also the shape of the
source. Due to the effect that one loses neutrinos that are scattered outside the search
window, one assumes a correction factor of 0.72 that reduces the number of expected
events.

One can calculate the expected number of detected events with:

Nν = 0.72 ·
∫

dt
dNν

dt
(8)

The integration limits are given by the time when the source is below the horizon.
An example for the effective area for KM3NeT shown in figure 4.
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Figure 4: Effective area plot for KM3NeT for three different zenith angles: 90◦ (blue),
130◦ (magenta) and 180◦ (red).

5 Source catalogue

The source catalogue contains the data from the 3 imaging Cherenkov air shower tele-
scopes and from FERMI. For a short description of the observation missions see section
2.2.
It contains sources which are located in our galaxy and were classified as one of the three
source types described in section 2.1: HMB, PWN or SNR. Note that the source classifi-
cation also has an uncertainty.
The raw catalogue contains at the moment 107 sources, where sources can appear multi-
ple times if they were observed by more than one observation mission. 57 sources were
observed by HESS, 18 by MAGIC and 9 by VERITAS. The spectral data from FERMI
are taken from publications from the FERMI collaboration (#13) and from the FERMI
LAT 2-Year Source Catalog10 (2FGL) (#5). The spectral data from the 2FGL catalogue
give originally the integral photon flux derived from the likelihood analysis with a power
law. For our purpose, the differential flux is calculated from this values if no paper has
been published for this source.

All calculations and values are, if not given otherwise, given in: TeV (energy) and
1

TeV cm2s
. This is also valid for the online catalogue.

The complete source catalogue will be published in a online version together with
the calculation results. The web page will be a static HTML site, though the catalogue
and data sites are created with a program automatically if the catalogue is updated.
This method is chosen due to the fact that there is no high update frequency, making a
dynamically created page with database backend unnecessary. From the main catalogue
site one can go to a sub page with detailed results for a specific source. On the sub
page, one can find the results of the fit of the gamma spectrum, of the derived neutrino
spectrum, a figure of the fit with the data and comments. An example is displayed in
figure 5.

6 Results

The results for the sources contain several features. All calculations were performed for
all objects in the catalogue with spectral data (sometimes missing spectra). In the case
where the spectrum contains only upper limits, the calculation was done using the upper
limits as a hypothetical maximum flux to show the maximum allowed neutrino flux for

10Covering energies from 100MeV up to 100 GeV



8 6 RESULTS

Figure 5: Left: Example how the catalogue web page looks like. Right: Example how the
details web page for an object looks like.

this source.
The effective area has been plotted for three different zenith angles: 90◦, 130◦ and 180◦.
The effective area for KM3NeT is shown in plot 4. The effective area for KM3NeT is
a preliminary assumption. The effective area of IceCube is generated with Monte Carlo
simulations and considers additional effects like the ice quality, the photon efficiency or
quality of the triggered event.

The background spectrum and event rate is mainly caused by atmospheric neutrinos.
Atmospheric neutrinos are produced by the interaction of cosmic rays with the atmosphere
of the earth. The flux of atmospheric ν is also angle dependent.
The used parametrization of the atmospheric neutrino flux (Volkova [1980]) takes this
angle and an energy dependency into account and works well for energies below 100TeV.

6.1 Spectra

The calculation of the ν spectra is given in section 3. The data were taken from the
publications given in the reference list (see the web catalogue). If the data points for the
different γ ray telescopes do not fit smoothly enough, the expected fluxes were calculated
individually for the telescopes.
The plot of the spectrum for a source contains the measured values for the γ ray spectrum,
the fitted curve for it and for the ν-spectra the estimated curve. All values and curves
are given with errors or, for curves, error regions. If no error is given, the values are
upper limits or were generated from upper limit values. The error regions represent a 1σ
uncertainty.
The plots show the flux multiplied by E2 and show also the calculated atmospheric neu-
trino spectrum.
The values of spectral parameter εν , kν and Γν from equation 1 were given also in the
catalogue like the number of expected mean ν events for the source for KM3NeT and
IceCube.
One example for the spectra plot is shown in figure 6.
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Figure 6: Example (HESS J1809-193 with HESS data, calculated for KM3NeT) of the
resulting spectra plot, containing the atmospheric neutrino spectra, the data points from
the γ-spectrum, the fit of the γ spectrum and the calculated ν spectrum.

6.2 Expected neutrino fluxes

The expected neutrino rates were calculated as shown in section 3 and 4.
The plot of the detection rates contains the expected ν event rate for the source neutrinos
and the atmospheric neutrinos with respect to the detector properties as written in section
4. The event rates for the PWN HESS J1809-193 in a given observation time duration
is shown in figure 7. For energies up to several TeV, the atmospheric event rate will be
higher than the event rate generated by the object itself. A similar feature can be seen
for the integrated event rate above a certain energy threshold shown in figure 8. In this
plot, the number of events versus the energy threshold is visualized (see example figure
8). One can see that the number of events originating from the source increases with the
rising threshold. Figure 9 shows the average significance of the detection that would be
reached with the given signal and background event numbers.

Figure 7: Example (HESS J1809-193 with HESS data, calculated for KM3NeT) of the
resulting number of events during the observation time.

7 Discussion

With the resulting neutrino event rates of around several events during an observation
time of a couple of years, it seems to be in principle possible to detect these objects
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Figure 8: Example (HESS J1809-193 with HESS data, calculated for KM3NeT) of the
resulting event rate as a function of threshold energy.

Figure 9: Example (HESS J1809-193 with HESS data, calculated for KM3NeT) of the
resulting significance of source flux as a function of threshold energy.

with both ν telescopes, KM3NeT and IceCube. Together with the observations from the
ν telescopes, it will be possible to compare the estimated fluxes with the observed one.
With this comparison, there is a chance to measure if hadronic interaction processes are
responsible for the bulk of the high-energy emission. There will be also the possibility to
chose promising sources for the observation.

Due to the fact that the calculations were done with respect to detector and source
properties like effective area or search window for the source, one can see the influences of
several parameters on the observations. So for example the different numbers of expected
events for both ν observatories. One feature here is the difference in visibility of a source
for both detectors. This also shows how essential the future planned KM3NeT is as a
counterpart to IceCube.
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