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Abstract

Supernova remnants (SNR) are known as cosmic particle accelerators and sources
of highly energetic gamma-rays. This makes them an interesting object for astropar-
ticle physics to better understand the mechanisms of particle acceleration in cosmic
objects and the origin of cosmic rays. However, to be able to study SNRs and similar
objects in more detail new and more powerful detectors are needed. One planned
facility is the Southern Wide-field Gamma-ray Observatory (SWGO) which will be
sensitive for gamma-rays with energies ranging from 100 GeV up to a few 100s TeV.
In this thesis, the gamma-ray spectra produced by proton-proton interaction will be
modeled for a set of SNRs to determine which SNRs are bright enough so they could
possibly be detected by SWGO and which of these are located in the southern sky
and will actually be detectable by SWGO. Also a closer look on some of these SNRs
will be taken and the model used to predict their flux will be compared to actual
data to estimate the accuracy of the model.
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1 Introduction

After Henri Becquerel discovered radioactivity in 1896, people thought that ionizing ra-
diation is only emitted by rocks and soil. In 1904 Franz Linke published his results from
different atmospheric measurements he made using weather balloons [13]. He had found
that the ionization first drops but then starts to rise again between 1 and 3 km to finally
exceed the value measured at ground level. Unfortunately, regarding to his measurement
uncertainties, he still concluded that the origin of the ionisation has to be searched on
the ground and not in space. In 1912, though, Victor Hess published his results from
similar balloon flights, but he came to a different conclusion which had a greater impact
[12]. He recognized that since the radiation first drops with rising altitude, the influence
of radiation from the ground must decline. And the dramatic rise of ionization after a
few kilometers could therefor not be reasonably described by radioactive atoms in the
air. So he eventually came to the conclusion that this can only be described by radia-
tion that enters the earths atmosphere from above. After these discoveries many other
experiments were conducted to study this radiation which became known as Cosmic Rays.

2 1 Introduction
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Fig. 1.1 Energy flux of CRs observed at Earth. Figure reproduced from Gaisser et al. [125] with
permission of the Cambridge University Press through PLSclear

[1], the general opinion is that these particles come from extra-galactic sources. A
second feature, called the second knee, is visible around 2 × 1017 eV: interpreting the
knee as connected to the maximum energy reached in the accelerator and assuming
a rigidity-dependent maximum energy, then the second-knee would naturally arise
as a consequence of the acceleration of the heaviest nucleus, namely iron. Indeed, if
the maximum energy of protons could reach 3 × 1015 eV, then heavier nuclei with
charge Z would reach Z times larger energies: in this scenario, Fe would have an
energy of 26 × Eknee. Hence, the region between the knee and the second knee would
result from the superposition of cut-offs in the spectra of different chemical elements.
Finally, another break, the so-called ankle, is located around Eankle � 3 × 1018 eV,
where the CR spectrum flattens back to E−2.7: as discussed above, the ankle might
be connected with the introduction of an extra-galactic component of CRs, whose
origin is unknown [65], though this interpretation is still subject of active debate
[235].

Figure 1: The measured spectrum of Cosmic Rays (Source: [7])
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Cosmic rays consist of gamma-rays, electrons, protons and heavier nuclei. Their spec-
trum is well known today and follows a power-law ∝ E−2.7 until the so called "knee"
at E ≈ 1PeV, where the slope changes to be ∝ E−3.1. However, it is still not fully un-
derstood where the Cosmic rays exactly originate from, especially for the higher energy
regimes beyond the knee. Since they are deflected by magnetic fields, charged particles
aren’t suitable to determine their sources, but gamma-rays travel through the interstellar
medium (ISM) practically undisturbed. So by detecting highly energetic gamma-rays we
can tell that their sources can sufficiently accelerate particles that produce them.
One known kind of sources of gamma-rays are Supernova Remnants (SNR), the off-blown
shell of a star that has ended in a supernova. There are dozens of known SNRs and a lot of
suspected candidates. Because a supernova ejects energy in the order of E51 = 1051 erg,
SNRs are very good accelerators and thus are suggested to be PeVatrons, which means
they may able to accelerate particles up to the PeV range, but that still has to be proven.
The majority of known SNRs is located in the northern sky, which is apparently not due
to an non-isotropic distribution of SNRs, but due to the historical fact that most of the
astronomical science and observation happened in the northern hemisphere. So to learn
more about SNRs and their production of gamma-rays we need to install more powerful
detectors also in the southern hemisphere to further investigate SNRs that are located
there.
Gamma-rays can either be detected directly via orbiting satellites like Fermi or indirectly
via ground-based detectors. Ground-based experiments detect the Cherenkov light that
is emitted by secondary particles which are produced by cosmic gamma-rays hitting nu-
clei in the earths atmosphere, resulting in a extensive air shower [17]. There are two
types of ground-based detectors. One method uses telescopes to measure the Cherenkov
light in the atmosphere, like HESS in Namibia, the other method uses photomultipliers
in water-filled tanks to measure the Cherenkov light like HAWK in Mexico.
One future experiment that will be discussed in more detail is the Southern Wide-field
gamma-ray Observatory (SWGO). It is a particle detector that is planned to be build up
on a plateau in the mountains of Southern America at an altitude ≥ 4.4 km. Similar to
HAWK it will be an array of water-filled tanks that are distributed in circular areas with
decreasing density at larger distances from the center, as shown in figure 2. The total
area will be roughly 0.3 km2. It will be the first detector of this kind in the southern
hemisphere and will detect gamma-rays from 100GeV up to a few 100 TeV [5]. Because
of its architecture, SWGO has a field of view of 90° and can detect nearly without inter-
ruption, since it doesn’t need to be adjusted onto a desired spot in the sky and can also
collect data during the day. That makes it a perfect detector to survey the southern sky
and search for new SNRs.
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Figure 2: A schematic image of the SWGO detector array (Source: [16])

This thesis’ aim is to predict the gamma-ray spectra of a set of known SNRs to investigate
which of these could be detectable by SWGO according to its sensitivity and which of
them are indeed detectable by SWGO, i.e. are in the southern sky that will be covered by
SWGO. To achieve this, a reasonable model is needed to predict the gamma-ray spectra
of SNRs an compare them to the spectral range SWGO will be sensitive to.
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2 Model

To better understand how SNRs produce gamma-rays, a closer look into the shock mech-
anism will be taken, how this causes particle acceleration and eventually the production
of gamma-rays. After discussing the processes of gamma-ray production a closer look into
the evolution of SNRs and describing equations will be taken. And finally a description
of the proton spectrum of an SNR will be given.

2.1 Shock Mechanism and Particle Acceleration

When a star turns into a Supernova, it ejects an expanding shell of mass that creates a
shock wave propagating at supersonic speed ahead of the ejecta into the ISM. The ISM
then accelerates, compresses and heats up. This forward shock follows an inwards shock
that, in turn, decelerates, compresses and heats up the ejecta. Within the shock wave
expanding into the ISM particles can be accelerated via a process called first order Fermi
acceleration [19].
When a particle of the ISM crosses the shock front downstream, it encounters a turbulent
magnetic field carried by the outwards moving shocked plasma. There it scatters diffusely
at this field and gains energy through this head-on elastic collision. It then crosses the
shock upstream entering the ISM again which now moves towards the particle in its
frame of reference, hence it gets scattered again at the turbulent magnetic field in the
ISM and propagates back towards the shock. So the particle gradually gathers energy in
this process.

240 Acceleration

downstreamupstream

E2

E1

–u1 V = –u1+u2
→ → →→

Figure 12.2 Acceleration at a plane shock front.

For simplicity, Eqs. 12.10 and 12.11 are written for a particle that is already
sufficiently relativistic so that E « pc. Substituting Eq.12.10 into 12.11 now gives
the energy change for the particular encounter characterized by θ1 and θ2,

�E

E1
“ 1 ´ β cos θ1 ` β cos θ 1

2 ´ β2 cos θ1 cos θ 1
2

1 ´ β2
´ 1. (12.12)

The other physical situation that we want to consider is illustrated in Figure 12.2.
Here a large, plane shock front moves with velocity ´�u1. The shocked gas flows
away from the shock with a velocity �u2 relative to the shock front, and |u2| ă |u1|.
Thus in the lab frame the gas behind the shock moves to the left with velocity �V “
´�u1 ` �u2. Eq. 12.12 applies also to this situation with β “ V {c now interpreted
as the velocity of the shocked gas (“downstream”) relative to the unshocked gas
(“upstream”).

The crucial difference between the two cases comes when we take the angular
averages to obtain the average fractional energy gain per encounter, ξ , for Eqs. 12.4
to 12.9. The same steps will be followed in each case. In the equations that follow,
we indicate scattering from clouds as case (a) and encounters with a plane shock
front as (b). For plasma clouds

(a)
dn

d cos θ 1
2

“ constant, ´1 ď cos θ 1
2 ď 1, (12.13)

so that xcos θ 1
2ya “ 0.

For a plane shock,

(b)
dn

d cos θ 1
2

“ 2 cos θ 1
2, 0 ď cos θ 1

2 ď 1. (12.14)

The distribution for case (b) is the normalized projection of an isotropic flux onto
a plane, and xcos θ 1

2yb “ 2{3.

https://doi.org/10.1017/CBO9781139192194.014 Published online by Cambridge University Press

Figure 3: Scheme of the shock front moving with −u⃗1 into the ISM, the shocked matter
then has a smaller velocity u⃗2 with respect to the shock, so the gas behind
the shock moves with V⃗ in the lab frame. Thus, from the particles frame of
reference the gas on both sides flows towards the shock (Source: [19]).

Due to the random scattering it is an statistical progress where the probability of escaping
rises with the particles energy. The maximum Energy a particle can reach is limited by
the Hillas criterion, which takes the fact into account, that an accelerator of size L can
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only hold particles in its magnetic field that have a gyroradius rg < L [6]:

Emax = eZBLβc. (1)

Where e is the elementary charge, Z is the charge number of the particle, B is the
magnetic field and the particles speed given as βc with β ≃ 1. About 10 % of the energy
ejected by a SNR is consumed in this acceleration process.

2.2 Gamma-Ray Production

For the particles accelerated in the SNR there are four relevant processes of gamma-ray
production:

1. Bremsstrahlung:
When a charged particle gets deflected and thereby accelerated in the Coulomb
field of another charged particle, it emits Bremsstrahlung. Since the cross section
σB = e4

m2 declines with bigger masses, the spectrum of Bremsstrahlung is dominated
by electrons. In this interaction the electrons lose the majority of their energy by
emitting up to two photons.

2. Synchrotron Radiation:
As a charged particle gets accelerated along a magnetic field it propagates on a
helical trajectory and emits Synchrotron radiation in the directions perpendicular
to the magnetic field. This process is also dominated by electrons since they produce
Synchrotron radiation of much higher energies than protons.

3. Inverse Compton Scattering:
In this process, that is also dominated by electrons, a particle of high energy scatters
on a low-energy photon and transfers a part of its energy to it resulting in a photon
with an energy up to a few 10 TeV. The needed low-energy photons are mostly
provided by the cosmic microwave background.

4. Proton-Proton Interaction:
Highly energetic protons can produce other particles, mostly pions, via inelastic
collisions with other protons or hadronic particles in general. Although π+, π−

and π0 are produced with equal probability at high energies, only the π0 decays
into two photons that have around 10 % of the protons initial energy each.

Of these four processes, p-p interaction produces the gamma-rays of highest energies and
highest flux, so p-p interactions are dominant in the energies relevant for SWGO and so
it is sufficient to restrict the analysis in the following on this process.
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2.3 SNR Evolution

During its lifetime, a SNR undergoes four different phases that differ in the change of
the SNRs’ radius over time:

1. free-expansion or ejecta-dominated phase:
In this phase the SNR expands nearly unimpeded into the ISM at constant speed.
Its speed depends on the type of supernova and ranges from 5000 km s−1 for core
collapse supernovae to 104 km s−1 for type Ia, which occur in binary systems of
white dwarfs and red giants [15]. Since the SNR is freely expanding, its radius is
simply described as linear in time, i.e. R(t) = v · t. This state of expansion remains
until the SNR reaches the Sedov time [6]:

tSed = 1.6 · 103
(

E

E51

)− 1
2
(

Mej

10M⊙

) 5
6
(

ρ0
10−24g cm−3

)− 1
3

yr. (2)

2. Sedov-Taylor or energy-conservation phase:
The SNR has swept up so much mass from the interstellar medium that this now
exceeds the initially ejected mass. However, the energy of the SNR is still conserved
in thermal and kinetic energy. Due to the increasing mass, the velocity declines
and the radius is then described by the Sedov-Taylor equation [20]:

R(t) =

(
ξ0
Eej

ρ0

) 1
5

t
2
5 (3)

Where ξ0 = 2.026 is a constant factor, the ejected energy Eej of the SNR is in units
of E51, the age t is given in s and ρ0 = 10−24 g cm−3 is the density of the ambient
ISM.

3. snow-plough or pressure-driven phase:
Now the energy isn’t longer conserved since radiative losses aren’t longer negligible,
that’s why it’s also called the radiative phase. In this phase, however, the momen-
tum is conserved and the radius’ dependency on time goes down to R(t) ∝ t

1
4 . The

age at which the SNR transfers into this stage of its evolution is described by [21]:

trad = 1.4 · 1012
(
E51

ρ0

) 1
3

s ≈ 44600

(
E51

ρ0

) 1
3

yr (4)

Which are ≈96000 yr for typical values.

4. merging phase:
After around 10 million years the velocity of the shell has dropped to sound speed
and its radius remains practically constant at nearly 100 pc.

The theoretical evolution of the SNRs’ radius within the different phases is shown in
figure 4.
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Figure 4: The theoretical evolution of a typical SNRs radius during its lifetime separated
into the four phases of expansion

2.4 Proton Spectrum

To be able to calculate a gamma-ray spectrum for a given SNR, a proton energy spectrum
is needed first. The energy spectrum of protons in an SNR can be described by a power-
law with a cutoff at a highest energy E0,p [7]:

Jp ≡ dNp

dEpdV
= KpE

−αp
p exp

(
−
(

Ep

E0,p

)−βp
)
. (5)

The values of the exponents are typically chosen to be αp = 2 and βp = 1, Kp is a
normalization factor given by:

wp =

∞∫
100GeV

EpJp(Ep)dEp = 1 erg cm−3. (6)

. Substituting equation 5 gives an expression for Kp:

Kp =
1 erg cm−3∫∞

100GeV E
1−αp
p exp

(
−
(

Ep

E0,p

)−βp
)
dEp

. (7)
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The maximum possible energy E0,p in equation 5 is confined by the Hillas criterion and by
the fact, that in the transition between free-expansion phase and Sedov-Taylor phase the
shock decelerates and thus the most energetic particles are able to propagate upstream
[19]. So the highest energy is reached at tSed and the maximum energy for particles
escaping at t > tSed is described by [6]:

pmax,0(t) = pM

(
t

tSed

)−δ

≡ E0,p. (8)

Where pM is the maximal possible energy at t = tSed and the value of δ is usually between
1 and 4, so the average of 2.5 is often chosen. pM can be calculated using equation 1.
This also requires the size L of the region of acceleration at tSed, which can be obtained
via the fraction:

R(tSed)

R(t)
=

(
tSed
t

) 2
5

⇔ R(tSed) =R(t)

(
tSed
t

) 2
5

. (9)

This gives the radius at tSed depending on the actual size and age of the SNR and on
its Sedov time. This ultimately gives pmax,0 ∝ tδ+0.4

Sed via equations 1 and 9. Note that
equation 3 describes the radius in the Sedov-Taylor phase, thus the evaluation at tSed is
an approximation since tSed is the transition point between free-expansion and Sedov-
Taylor phase.
So by a given radius and age of an SNR, the ejected energy can be calculated via equation
3 and with that the Sedov time and ultimately pmax,0. Inserting this into equation 5 gives
the current distribution of protons. However, equation 5 gives a quantity per unit volume,
so it still has to be integrated over the SNRs volume which is a shell that is an estimated
10 % of its radius thick. After renormalisation of the particle spectrum considering that
the particles in sum take about 10 % of the ejected energy, the resulting power law can
be converted into a spectral energy distribution (SED) of gamma-rays.
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3 Results

In this section, gamma-ray spectra for a set of SNRs will be calculated under different
conditions to see which ones have a high enough flux to be possibly detected by SWGO
and which one of these it actually will detect.

3.1 Selecting a Set of Sources from SNRcat

To get a set of SNRs and their physical properties SNRcat was used. SNRcat is an online
catalogue containing 383 entries of known or possible SNRs and information like the age,
distance and angular size of them. So first, all of the uncertain entries must be excluded
to ensure only actual known SNRs remain. Then those entries where some information
about the physical properties is missing are also excluded. And since the most energetic
particles are produced at tSed, SNRs that are much younger can be excluded as well
as SNRs older than tRad, i.e. only SNRs with an age between 300 yr and 96000 yr are
chosen. Finally, as the ejected energy is assumed to be around E51, the ejected energy
will be restricted to be between 0.1 · E51 ≤ Eej ≤ 10 · E51. After applying these criteria
a set of 38 SNRs remains.
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Figure 5: All 38 SNRs together with the theoretical radius from equation 3 and the range
for the allowed Eej
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3.2 Calculation of Spectra and Flux Predictions

Applying the equations from section 2.4 gives the particle spectra in figure 6. The
three candidates that are shifted to higher energies, i.e. have a higher cutoff energy, are
described in table 1. It shows that the actual ages are smaller than tSed which causes that
the fraction t/tSed in equation 8 gets < 1 and thus pmax,0 > pM. In addition, equation
3 does not hold for an age smaller than the Sedov time. However, this has not much
influence on the overall result as it is shown later.
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Figure 6: Proton spectra for every SNR calculated at δ = 2.5, ρ0 = 1mpcm
−3, an ejected

mass of Mej = 10M⊙ and an ambient magnetic field of B = 3µG.
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Figure 7: The SEDs calculated from the spectra in figure 6.

Colour Name Age (yr) tSed (yr)
• Cas A ≈ 334 ≈ 4391
• Tycho 450 ≈ 2199
• Kes 73 ≈ 1425 ≈ 4414

Table 1: The three SNRs with the highest cutoff in figure 6 together with their age and
the Sedov times used to predict the spectra

The particle spectra can now be passed to GAMERA, which is a library that can process
data of particle and gamma-ray sources. It then will calculate the gamma-ray SEDs
resulting from the p-p interactions. Which produces the SEDs plotted in figure 7. Ac-
cording to the values used in figure 7 SWGO would be able to detect 8 SNRs after one
year and 13 after 5 years respectively. However, of these 13 candidates only 8 are in the
southern sky and thus detectable for SWGO as shown in table 2. HESS would be able
to detect 8 of these, but only 4 of them have been actually identified. In the case of
Puppis A HESS tried to detect it, but has measured less TeV emission than theoretically
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expected [11].
The other three sources that were missed by HESS:
G309.2-0.6 has been detected in X-rays and is said to be in the ejecta-dominated phase
[14]. That means that the particle acceleration has not yet reached the maximum possi-
ble energy and therefor isn’t able to emit gamma-rays up to the predicted cutoff, which
can be the reason why it is missed by HESS. This agrees with the model since the range
of possible ages is 700-4000 yr, but the predicted Sedov time is ≈ 1500 yr.
G332.5-05.6 has been detected in radio, X-rays and gamma-rays [18][2] but the gamma-
ray detection by Fermi was only classified to potentially be SNR related.
The predicted SED for G015.9+00.2 is rather low and also crosses the 5 yr sensitivity
curve of SWGO only within a few 10 TeV. That means that this source might not be
clearly detectable by SWGO too, since not enough data will be collected. In table 2 it
also says that Kes 73 has been detected by HESS, but only within a cluster of other
sources [4].
The list of all 38 SNRs can be found in table 3. Four of the sources below the dashed
line had been detected by HESS although they are predicted to be not detectable. How-
ever, these sources where detected by HESS within other sources and identified by their
known position, but the model treats them as isolated objects. Another four sources
were missed by HESS, although they are predicted to be detectable. However, they only
slightly exceed the sensitivity curve and it is therefor predicted that little if any data will
be detected.
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3.3 The sky of SNRs seen by SWGO

Another interesting aspect is the distribution of the different SNRs in the sky. Figure 8
shows four different plots of the SNRs’ galactic coordinates and their flux. According to
the model, SWGO will be able to see the eight SNRs in the lower right plot. So of all
38 considered SNRs only the few ones that are in the southern sky and that have a high
flux will be detected. The one SNR that is located nearly 15° above the galactic plane is
SN1006. This one together with a few other examples will be highlighted next.
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Figure 8: The galactic coordinates of all SNRs and only those predicted to be detectable
by SWGO respectively
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3.4 Examples of detectable SNRs

RX J1713.7-3946
230 F. Aharonian et al.: The γ-ray supernova remnant RX J1713.7−3946
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Fig. 7. Gamma-ray image of RX J1713.7−3946. The linear colour
scale is in units of excess counts (see Sect. 2.5.1 for a description of
image generation). The white contour lines indicate the significance
of the different features, the levels are linearly spaced and correspond
to 5, 10, and 15σ, respectively. The significance of each point has been
calculated assuming a point source at that position, integrating events
within a circle of 0.1◦ radius. In the lower left hand corner a simu-
lated point source is shown as it would appear in this particular data
set (taking the point-spread function and the smoothing into account)
along with a black circle of 2′ radius denoting the σ of the Gaussian
the image is smoothed with.

Figure 7 shows a 2◦ × 2◦ field of view around RX J1713.7–
3946. A cut on the image size at 200 photo-electrons was ap-
plied resulting in a superior resolution of 0.08◦ (see Fig. 2).
The corresponding energy range is ≈300 GeV to ≈40 TeV.
This image of RX J1713.7−3946 confirms with much higher
statistics the 2003 HESS measurement, shown for example
in Fig. 1 of Aharonian et al. (2004b). There is no evidence
for time variability, as expected for an object of the size of
RX J1713.7−3946. The overall gamma-ray appearance resem-
bles a shell morphology with bright emission regions in the
western and northwestern part where the SNR is believed to
impact molecular clouds (Fukui et al. 2003; Moriguchi et al.
2005). It is worth noting that there is a possible gamma-ray
void in the central-southeastern region. The cumulative signif-
icance for the whole SNR is about 39σ with these hard cuts,
which corresponds to an excess of ≈7700 events from the re-
gion of RX J1713.7−3946. Drawn as white lines in Fig. 7 are in
addition the contours of significance of the gamma-ray signal
(levels correspond to 5, 10, and 15σ). The significance has been
calculated considering events that fall within an angle of 0.1◦
of each trial source position. Thus, the contours quantify the
significance for each point as if there was a point source at that
position. The background estimate was derived from OFF runs
as described in Sect. 2.5.1. The brightest parts of the SNR ex-
ceed 20σ. Except for the void structure, where the significance
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Fig. 8. Shown is a simple geometrical model for the emission from
a thick sphere matched to the dimensions and relative fluxes of
RX J1713.7−3946. Left: 2D projection of a thick and spherical radiat-
ing shell, 1◦ in diameter, smoothed with the HESS point-spread func-
tion. Adapted empirically to match the radial shape of the HESS data
set, the dimensions of the geometrical sphere are 5.5 pc for the in-
ner and 10 pc for the outer boundary if one assumes a distance of
1 kpc to the source, the presumed distance to RX J1713.7−3946. The
emissivity in the northern, western, and southwestern part is a fac-
tor of two higher than in the southeast and east. Right: radial profile
from the geometrical model compared to the HESS data profile of
RX J1713.7−3946. The centre coordinates used for the data plot are
αJ2000 = 17h13m33.6s, δJ2000 = −39◦45′36′′ . The geometrical model
profile has been scaled to the same area as the data profile.

just exceeds 5σ, most of the remaining emission regions are
well above 10σ.

From the gamma-ray image presented here it is clear that
the emission regions cannot be distributed homogeneously in
the sphere RX J1713.7−3946. The image is neither rotational
symmetric nor does it exhibit a shallow peak towards the cen-
tre. Instead, a shell seems to be apparent in the northern, and
western to southwestern part. Apart from that, there is more or
less uniform emission found in the rest of the SNR with a slight
flux increase towards the southeastern boundary. This resem-
bles very much the image one would expect from a thick spher-
ical shell radiating gamma rays with enhanced emission on one
side, as is illustrated in Fig. 8 where a geometrical model of
a thick radiating sphere is presented. The good match in shape
between the data and the toy-model profile lends support to
the assumption that indeed it is the shell of RX J1713.7−3946
which radiates gamma rays.

Figure 9 shows three images of RX J1713.7−3946 in
three distinct energy bands, E < 0.6 TeV, 0.6 TeV < E <
1.4 TeV, and 1.4 TeV < E (left to right). The energy ranges
were chosen such that each band represents a third of the
data set. Note that the angular resolution of all three images
is roughly the same which makes them readily comparable.
The signal-to-noise ratio of the low-energy image is evidently
smaller. The shell-like morphology of the SNR is slightly
blurred by fluctuations. Correspondingly, the significance con-
tours indicate that only the bright northwestern half is signifi-
cant in this energy band. In contrast, the whole remnant sticks
out significantly in the two higher-energy bands. Most of the
northwestern parts exceed 10σ, the brightest spots even ex-
ceed 15σ for energies beyond 1.4 TeV.

From the visual impression the remnant does seem to emit
gamma rays more uniformly with increasing energy. However,

Figure 9: A gamma-ray image of RX J1713.7-3946 from HESS (Source: [3])

RX J1713.7-3946 is the SNR with the highest predicted flux. It has an age of ≈ 1350 yr,
a radius of ≈ 9.6 pc and is located at a distance of ≈ 1.1 kpc. What’s special about it is
that there are signs that it is surrounded by dust clouds which results in more particles
that can be accelerated via shock-cloud interactions and thus in a higher flux [9].

SN1006

SN1006 is 1016 years old, has a radius of ≈ 8.3 pc and a distance of ≈ 1.9 kpc. As it is
shown in figure 10 HESS has only taken data from a north-east and a south-west region
of SN1006, which can be explained by SN1006s’ magnetic field. Its suggested that it’s
oriented along these two regions and thus causes the particle acceleration along the shock
to be much more efficient there [1]. The model, however, assumes an isotropic magnetic
field and thus predicts a flux for the whole size of the SNR. So the modeled SED is
significantly higher than the measured data as it is shown later.

Vela Junior

Vela Junior has an age of ≈ 3750 yr, a radius of ≈ 13.1 pc and a distance of ≈ 0.75 kpc.
It overlaps with Vela itself and contains other sources as well, what probably could make
it difficult for SWGO to distinguish it from these nearby sources.
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F. Acero et al.: First detection of VHE γ-rays from SN 1006 by HESS

Fig. 1. HESS γ-ray significance map of SN 1006 using an integration
radius of 0.05◦. The linear colour scale is in units of standard deviations.
The white solid contours correspond to the regions which contain 80%
of the non-thermal X-ray emission from the XMM-Newton flux map in
the 2–4.5 keV energy range after smearing with the HESS PSF, shown
in the inset. The white dashed circles correspond to the regions that are
excluded from background determination.

Fig. 2. HESS γ-ray significance distribution over the full field-of-view
of SN 1006 (black histogram) and excluding the circular regions around
the NE and SW emission regions (red histogram). A normal distribution
(red dashed line) shows that the significance distribution over the rest
of the field-of-view is compatible with expectation from statistical noise
fluctuations.

Excess event counts and significances for both regions are
given in Table 1 for the two sets of cuts. The ON photons are
from the regions enclosed by the solid lines in Fig. 1, while the
OFF events are taken from regions of identical shape rotated in
the field-of-view of the instrument around the observation po-
sition and not intersecting the exclusion regions (enclosed by
dashed lines in Fig. 1). Due to varying observation positions,
the number of OFF regions varies from observation to obser-
vation. Individual observation values are combined into an av-
erage normalisation factor (α) quoted in Table 1. Similar ex-
cess event counts and significances are observed in both regions,
thus attesting to the bipolar morphology of the remnant in the
TeV energy range. This is a highly constraining result, because

Fig. 3. HESS sky area with γ-ray significance above some threshold as
a function of its value over the full field-of-view of SN 1006 (black
histogram) and excluding the circular regions around the NE and SW
emission regions (red histogram).

Table 1. HESS excess events and significances for the two regions de-
fined from X-ray observations.

Region ON OFF α # γ Significance
NE, Std Cuts 4306 25421 6.67 495 7.3

NE, Hard Cuts 619 2575 6.44 219 9.3
SW, Std Cuts 3798 26523 7.615 315 4.9

SW, Hard Cuts 548 2591 7.25 191 8.7

Notes. α is the normalisation factor between OFF and ON exposures.

due to the relatively uniform target density around the remnant
the HESS morphology directly reflects the distribution of high-
energy particles responsible for the γ-ray emission.

Figure 4 shows the γ-ray HESS excess map, produced with
hard cuts and the same integration radius of 0.05◦, overlaid with
the smoothed XMM-Newton flux contours. A striking similarity
between the γ-ray and X-ray emission regions is found. For a
quantitative analysis uncorrelated radial and azimuthal profiles
of the HESS excess events were derived and compared to the
XMM-Newton profiles (Figs. 5 and 6). Again the XMM-Newton
data were smoothed to match the HESS point spread function,
and the relative normalisation was adjusted to the maximum
value. Within error bars, the HESS and XMM-Newton emission
profiles are almost identical, thus possibly indicating a common
origin.

The geometrical X-ray centre of the SNR was derived from
the unsmoothed XMM-Newton data by fitting them with a
Gaussian radial profile convolved with an azimuthal profile with
two Gaussian components, yielding 15h2m51.1s, –41d55′32.2′′
as the centre of the SNR with a radius of R = 0.239◦ and a thick-
ness of dR = 0.013◦. Figure 5 shows the radial profiles of HESS
and smoothed XMM-Newton excess events from the centre of
the SNR. When a Gaussian is fit to the HESS profile (Fig. 5) the
shell radius is found to be 0.24◦ ± 0.01◦ and the width of the
radial distribution is 0.05◦ ± 0.01◦, which is consistent with
the HESS point spread function, thereby showing that the emis-
sion region is compatible with a thin rim.

The azimuthal profile, restricted to radii 0.12◦ ≤ r ≤ 0.36◦
from the centre of the SNR, is shown in Fig. 6 for HESS data
and smoothed XMM-Newton data in the 2–4.5 keV energy band.
The azimuth is defined clockwise with zero toward the East. The
HESS profile is compatible with a superposition of two Gaussian
emission regions almost at 180◦ from each other, respectively

Page 3 of 7

Figure 10: A gamma-ray image of SN1006 taken by HESS (Source: [1])H.E.S.S. Collaboration: RX J0852.0−4622: Morphology studies and resolved spectroscopy

Fig. 1. Left: exposure-corrected excess map for RX J0852.0−4622. The data were binned in bins of 0.01◦ on each coordinate and smoothed with
a Gaussian function of width 0.08◦. The white dashed line shows the position of the Galactic plane; the inset shows the PSF of the analysis at the
same scale for comparison. Right: same as in the left panel, but additionally the boundary of the ON region is shown as a white circle and the
significance contours at 3, 5, 7, 9, and 11σ are shown in black with increasing line width for increasing significance. In addition, X-ray contours
from the ROSAT All Sky Survey for energies larger than 1.3 keV are shown in red. The X-ray data were smoothed in the same way as the γ-ray
data to allow for a direct comparison. The X-ray contours were derived at 25, 50, 75, and 100 counts. The green star indicates the position of
PSR J0855−4644.
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Fig. 2. Left: smoothed and exposure-corrected excess map with ROSAT X-ray contours, as in Fig. 1. The white annulus denotes the region used for
extraction of the azimuthal profile; the white vertical line denotes the origin of the azimuthal angle (north), which increases in the counterclockwise
direction. The green star indicates the position of PSR J0855−4644. The white dot-dashed line indicates a point-like region around the position of
the southern enhancement. Right: azimuthal profile extracted from the annulus in the skymap on the left panel is shown in blue for the H.E.S.S.
γ-ray data (left scale) and in red for the ROSAT X-ray data (right scale). For better visibility, two periods separated by a dashed gray line are
shown. The azimuthal position of PSR J0855−4644 and the center of the region around the southern enhancement are indicated by green and black
vertical dashed lines, respectively. The vertical error bars represent 1σ statistical uncertainties; the horizontal bars represent the bin widths.

3.2. Gamma-ray spectrum of the whole supernova
remnant

The increased data set for RX J0852.0−4622 enables a deeper
study of the emission spectrum of the entire SNR. After data
quality selection, the available exposure only amounts to 21.0 h
since a sizable amount of the available observations is not usable
for spectrum determination because of the large extent of the ON
region and the exclusion region for Vela X. Many of the smaller
ON regions used in the spatially resolved spectroscopy analysis
in Sect. 3.3 achieve a better data efficiency. The statistics and
properties of the ON region encompassing the whole SNR are
shown in row 2 of Table 1. The spectrum was calculated in the
energy range from 0.3 TeV to 30 TeV with the forward-folding
technique assuming the three models listed in Table 2: a plain
power law, a curved power law, and a power law with exponen-
tial cutoff. In the latter model, the parameter λ = 1/Ecut is used

Table 2. Spectrum models.

Model Formula Parameters

PL dΦ/dE = Φ0(E/E0)−Γ Φ0, Γ

CPL dΦ/dE = Φ0(E/E0)−Γ−β log(E/E0) Φ0, Γ, β
ECPL dΦ/dE = Φ0(E/E0)−Γ exp(−E/Ecut) Φ0, Γ, 1/Ecut

Notes. For each model, the formula and the fit parameters are shown.
The models are power law (PL), curved power law (CPL, also known as
logarithmic parabola), and power law with exponential cutoff (ECPL).

in the fit because its error has a more Gaussian-like distribution
than that of Ecut.

The best parameters found for all three models are presented
in Table 3 (central section). A likelihood ratio test (based on the
Wilks theorem from Wilks 1938) is used to select the model that

A7, page 5 of 14

Figure 11: Image of Vela Junior taken by HESS (Source: [10])

19



Puppis A

Puppis A is ≈ 3800 yr old, has a radius of ≈ 14 pc and a distance of ≈ 1.75 kpc. As
mentioned above, HESS has measured a lack of TeV emission from Puppis A, although it
is a bright source in the X-ray spectrum [8]. But it is also surrounded by molecular clouds
that could have suppressed the acceleration of particles and caused a lower cutoff than
expected [11], what could explain why the detections don’t show the predicted behavior.

A&A 555, A9 (2013)

Fig. 2. Full view of Puppis A in X-rays obtained after combining two new XMM-Newton observations with 23 existing XMM-Newton and Chandra
pointings. In this representation, red, green, and blue correspond to (0.3−0.7), (0.7−1.0) and (1.0−8.0) keV bands, respectively. The data are
Gaussian-smoothed to an angular resolution of 10′′ . The intensity scale is square root.

From this X-ray image of Puppis A we can confirm that
the bluish (harder X-ray emission) central band that crosses the
remnant from northeast to southwest, previously noticed by dif-
ferent authors (Aschenbach 1993; Hwang et al. 2005; Katsuda
et al. 2010), extends into the newly observed southwestern re-
gion. This peculiar harder band was first attributed to absorb-
ing material related to the Vela SNR located between us and
Puppis A, which would absorb most of the soft X-ray pho-
tons (Aschenbach 1993; Hui & Becker 2006b). More recently,
Katsuda et al. (2010) proposed that it is more probably caused by
variations in the temperature and the ionization timescale than
by variations in the intervening column density. To explore in
more detail the question, we present in Fig. 3 a comparison of
the three-color X-ray image of Puppis A in Galactic coordinates
(using a color display that emphasizes the harder spectrum blue
band) with the HI column distribution as obtained from integrat-
ing the neutral hydrogen emission between 0 and 16.1 km s−1,
the systemic velocity of the SNR. The HI data were taken from

the study conducted by Reynoso et al. (2003) in the direction
to the central CCO, for which the authors combined interfer-
ometric HI observations performed using the Australian com-
pact array ATCA, and single-dish observations carried out with
Parkes 64-m telescope. There is a notable higher-density column
perpendicular to the Galactic plane direction, practically coinci-
dent in the plane of the sky with the blue strip, suggesting that
dense ISM might be responsible for absorbing soft X-ray pho-
tons. In addition, the wide-latitude CO survey of the third galac-
tic quadrant carried out by May et al. (1988) and the CO study by
Dame et al. (2001) confirm at large scale the abundant molecular
gas below the Galactic plane (interpreted as a warp in the molec-
ular disk), with small clouds along the line of sight to Puppis A
that appear to be roughly coincident with the HI observed band.
A detailed study of the atomic and molecular gas distribution
across the whole SNR would be highly desirable to verify if
differential absorption is responsible for the observed spectral
variations.

A9, page 4 of 9

Figure 12: X-ray image of Puppis A obtained from XMM-Newton and Chandra data
(Source: [8])

Given these individual features of the SNRs it is a justified question to ask how reasonable
the modeled spectra are in comparison to actual data. Because the model assumes for
every SNR a uniform expansion into a homogeneous ISM described by equation 3, which
is a simplification that not applies generally for all SNRs. However, the model produces
spectra that are comparable to the actual data as it is shown in the following.
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4 Discussion of the data and Conclusion

To see how well the model is able to predict data, the predicted curves of RX J1713.7-
3946, Vela Junior, Tycho and SN1006 will be compared to measured data under various
conditions.

4.1 Comparison of the Model with Data under Variation of specific Values

In figure 13 the model is compared using the standard values. The SEDs for RX J1713.7-
3946, Vela Junior and Tycho are on the same order of magnitude as the data. The lower
plot shows that the data may deviate by a factor of two, but the model is within the
error margins for the majority of data points. However, the predicted cutoff for RX
J1713.7-3946 is higher than the cutoff in the data. In addition, most of the data of Vela
Junior is higher than the model and shows a greater curvature, so it drops faster what
indicates a lower cutoff energy. It is also shown that the SED for SN1006 is higher than
the data by a factor of about 40. That is because the model predicts an emission from
a whole disc, but HESS only measured data for two small regions. So the measured flux
is much smaller than the modeled. The reason why also the data of Tycho is compared,
although it’s not in the southern sky and therefor not detectable, is to show that the
model is also able to predict reasonable values for fairly young SNRs.
Now by varying the values of δ, ρ0, Mej and B the SEDs will shift and come closer to
the data under some of the changes. For better visibility, the data of SN1006 is excluded
in the following plots, it would change similar to the other curves.
In the shaded area in figure 14 only the value of δ varies. Since δ is the cutoff exponent
in equation 8, the cutoff of the SEDs changes a lot. So a smaller δ results in a higher
cutoff and vice versa.
The ejected mass of a supernova can vary depending on the original stars mass and the
type of supernova. As shown in figure 15 the curves change significant within a range
of 10M⊙, because the ejected mass changes the Sedov time and thereby pM. So a lower
ejected mass results in a lower cutoff energy.
The effect of a varying density of the surrounding ISM is slightly different. There is the
change in Sedov time, because tSed ∝ ρ

−1/3
0 , which lowers pmax,0 with rising density. But

a higher density also means a higher ejected energy in equation 3 for a given age and
radius. In other words, in a denser ISM, the supernova had to eject the same mass with
greater energy to leave a SNR of same size. That reduces the cutoff in figure 16, but
enlarges the flux at lower energies in parallel.
The cutoff energy also changes under a varying magnetic field. A stronger magnetic field
causes a higher maximum energy in the Hillas Criterion as the SNR is able to confine
particles of higher energies. The histograms in figure 17 show that Emax can vary be-
tween a few PeV for B = 3µG and over 100PeV for B = 100µG.
So in figure 18 the cutoff rises with a stronger field. But B = 3µG seems more reasonable
since the cutoffs in the data tend to be lower as the model predicts.
The uncertainties on the given values that are depicted in figure 5 also need to be consid-
ered. For example, taken the uncertainty on the SNRs age into account varies the ejected
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Figure 13: The first plot contains the comparison of the model using standard values:
(ρ0 = 1mpcm

−3, δ = 2.5, Mej = 10M⊙, B = 3µG)
The second plot contains the percentage deviation of the data from the model

energy that is derived from equation 3 as well as the radius at Sedov time in equation
9. As a result, not just the cutoffs in figure 19 vary, but also the flux. Apparently the
curve of Tycho does not change, since its age is certain.
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Figure 14: Varying the value of δ.
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Figure 15: Varying the ejected mass
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Figure 16: Varying the density of the ISM
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Figure 18: Varying the magnetic field
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Figure 19: Taking the uncertainty on the SNRs age into account
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To summarize it, the spectra that are calculated from the standard values do not exactly
reflect the course of the data points, but slight changes that consider the individual
conditions of each SNR can bring them closer. However, the influence this change has
on the overall prediction of detectable SNRs can be neglected since the predicted SEDs
are on the same order of magnitude as the data and thus are the fluxes.
It should also be noted that although the cutoff energy is definitely overestimated for a
SNR that is younger than the predicted Sedov time, the predicted spectrum is comparable
to the data, at least concerning the overall order of magnitude of the SED. Thus, the
model and the resulting predictions are a good estimation of the group of SNRs that
eventually will be detected by SWGO.
But besides its ability to give a reasonable prediction of detectable SNRs, the model has
still limitations that need to be considered for more detailed studies on the detection of
SNRs by SWGO.

4.2 Limitations of the Model

The model treats all SNRs as to be of similar kind, undergoing an equal evolution and
expanding spherical into a homogeneus ISM. Thus it predicts a flux that is emitted
isotropically from the SNR. However, this can result in too optimistic predictions as
seen for SN1006, where there is only data for two spots of the SNRs whole extension.
Also features like dust clouds that surround the SNR can have a strong influence on its
evolution, e.g. Puppis A, where such clouds could have led to far less emission than
expected. The proximity of other gamma-ray sources like in the case of Vela Junior can
also be difficult since they might get indistinguishable for SWGO since it has a lower
angular resolution according to detectors like HESS [5]. In relation to that, a SNR of a
greater extent will be harder to detect since the detected gamma-rays are distributed over
a greater angle. And since SWGO is a static detector, meaning it can’t trace a source
on the sky, some sources are longer visible due to their declination and the orientation
of SWGO and therefor more data can be collected by SWGO than for other sources.
Another point is, that for the calculation of the gamma-ray spectra only p-p interactions
were considered. Neglecting the contributions of the other production processes may
not effect the prediction of detectable sources since p-p interactions are dominant over
the other processes in the relevant energy regime. Nevertheless, the true spectrum and
flux of each source is not represented. So the sources that clearly exceed the sensitivity
curve of SWGO in figure 7 are most likely to be seen by SWGO. But those who only
cross the sensitivity curve in a small region may not be definitely detectable because the
measurable flux is quite low.
When the set of SNRs was selected, it was ensured that only confirmed SNRs were
included. However, by detecting some of the sources of unclear origin, SWGO might
help to determine their true nature and decide whether they are SNRs or not. That
raises an interesting question: What can be expected and what can be learned from the
potential detection of SNRs by SWGO?
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5 Conclusion and Outlook

In this thesis a set of 38 SNRs was taken to predict the distribution of protons accelerated
by them. With these particle spectra the individual gamma-ray spectra were predicted
and compared to the sensitivity curves of SWGO. This allowed to decide for each SNR
whether it will be detectable under given conditions or not. According to the model and
the given standard values 8 SNRs were predicted to be detectable by SWGO.
To estimate how reasonable the predicted outcome is, the SEDs were compared to actual
data. That showed that the predicted curves are close to the course of the data, but
the cutoffs were overestimated. The deviations were attributed to the fact that the sim-
plification of treating all SNRs equally neglects the individual conditions of each SNR.
It was also shown that the model did not accurately apply to SNRs younger than the
Sedov time due to the fact that the model uses equations that describe the SNR in the
Sedov-Taylor phase.
But this mainly led to an overestimation of the cutoff energies, as the particle spectra
and comparison showed. So the results were still trustworthy regarding the ability to
detect these candidates with SWGO. However, for SNRs with fluxes close to the sen-
sitivity curve the prediction of detectability by SWGO may be overestimated since the
conditions that shift the SEDs have a stronger effect. The same applies to those SNRs
were the measured date drastically differs from the expected curves like in the case of
SN1006 or Puppis A.

By the detections of SWGO we will get a deeper insight into the SNRs in the south-
ern sky. In this thesis, uncertain candidates were excluded to ensure that only SNRs
were taken into account. However, SWGO might also help to determine whether some of
these are SNRs or not. SWGO will also give new insights into the SNRs’ structure and
which mechanisms may influence its ability to accelerate particles. SWGO can also help
to deeper understand the process of particle acceleration inside SNRs. And its sensibility
to gamma-rays with energies up to a few hundred TeV can help to determine whether
SNRs are PeVatrons or not and thus help to describe the origin of cosmic rays with ener-
gies beyond the knee in more detail. So with SWGO, we will get a better understanding
of the nature of SNRs and their contribution to the local cosmic ray spectrum.
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