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Abstract

In this work, a hydrodynamical (HD) model setup for the Galactic core-collapse supernova
remnant (SNR) Puppis A is developed, using the PLUTO code. Prior to the description
of the HD model setup, the existing X-ray, radio and infrared observations of Puppis A
are discussed to derive constraints for the model parameters and the structures of the
ambient interstellar medium (ISM). Since Puppis A is known to have a very peculiar
rectangular shape in X-rays, the main goal of the HD model is to reproduce the X-
ray morphology of the remnant to gain insights on the explosion parameters and the
structures in the ambient environment that are responsible for the appearance of Puppis
A. The chosen model geometry is a spherical ejecta region surrounded by a higher
density torus with an elliptical cross section representing an atomic/molecular cloud.
Several different model geometries are tested, first in two-dimensional (2D) cylindrical
geometry and subsequently in three-dimensional (3D) Cartesian geometry. The explored
parameters are the ejecta mass, the vertical extent of the cloud, as well as the explosion
energy, and the density of the ambient ISM. The simulations are directly compared to
the observations by means of synthetic X-ray maps in the 0.3-10 keV band, as well as
the distribution of emission measure with respect to ionisation timescale and electron
temperature to quantitatively describe the plasma conditions. The best results with
respect to reproducing the X-ray morphology, especially in the north-eastern part of
Puppis A, and the plasma conditions are obtained by assuming an ejecta mass of 5 M�
and a kinetic explosion energy of 1.5× 1051 erg in the initial ejecta region with a radius
of 2 pc. The cloud is described as a partial elliptical torus with an angular extent of
θ = 2

3π at a distance of 10 pc to the centre of the explosion, a vertical extent of 18 pc,
and a density of ∼ 200 cm−3. Additionally, density clumping is introduced in the cloud,
as well as in the ISM and ejecta. However, it has to be noted that the model is not able
to reproduce the exact plasma conditions. The emission measure of the plasma is about
two orders of magnitude lower compared to the observations, and a broader distribution
in both ionisation timescale and electron temperature is found. For further comparison,
the total X-ray spectrum of the remnant between 0.2-5 keV as seen with the eROSITA
X-ray telescope is synthesised. The spectrum shows remarkable resemblance to the shape
of the observed spectrum, especially at higher energies above 0.7 keV. Below 0.7 keV, an
excess in the model spectrum is determined compared to the real data, which is mainly
attributed to variations in the absorbing column density.
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1. Introduction

1. Introduction

"We are made of star stuff" - this famous quote by the American astronomer and science
communicator Carl Sagan is often used in a romantic and almost philosophical way to
describe the existence of human life in the entirety of the Universe. However, there is
more truth to this statement than might be realised at first glance. What Carl Sagan
tried to express in his popular science novel "Cosmos", published in 1980, is that all
elements making up organic matter, besides hydrogen and helium, were at some point
created within the interior of a dying star and would otherwise not exist.
The deaths of massive stars are among the most extreme and fascinating events in
the Universe. They are initiated when a star at least 8 times more massive than the
sun depletes the hydrogen it is burning in its core to produce energy and maintain
hydrostatic equilibrium. This leads to the onset of a chain of nuclear fusion reactions
and subsequently to the collapse of the star’s core. In the process, all heavier elements,
such as carbon, oxygen, and eventually iron are created. Ultimately, this results in a
catastrophic explosion of the star, widely known as core collapse supernova (SN) (Vink,
2020). It should be mentioned that not all SNe result from the core collapse of massive
stars. So-called thermonuclear SNe are believed to happen if a white dwarf, the final
stage of stars lighter than 8 M�, in a binary system accretes mass from its companion,
which leads to the disruption of the WD (Seward and Charles, 2010a). However, this
shall be discussed in further detail later on in this work.
Supernovae are highly energetic events, in which several solar masses (M�) of matter,
commonly referred to as ejecta, are expelled into the surrounding space. This includes
all the heavier elements that were previously generated by fusion reactions within the
star (Vink, 2020). In the explosion, not only matter but also radiation is released. For
a few days to weeks, the light emitted by one such event is so bright that it outshines
the entire host galaxy and if at close enough distances, is even visible to the naked eye
(Seward and Charles, 2010a).
SNe can not only be observed at optical wavelengths, but across the entire electromag-
netic spectrum. The same is true for what is left behind once the SN itself has faded:
a so-called supernova remnant (SNR). SNRs are observable over several thousands of
years and thereby allow to investigate the explosion mechanism of the preceding SN, the
interaction of the ejecta with the surrounding interstellar medium (ISM), and on a larger
scale the (chemical) enrichment of the ISM through SN feedback, which plays a crucial
role in the evolution of galaxies as a whole (Vink, 2020).
A powerful tool to explore the characteristics of the SN progenitor, the explosion itself,
and the ISM interacting with the remnant are numerical hydrodynamical simulations. If
the model is able to reproduce the observables, it is possible to draw conclusions about
parameters such as the initial ejecta mass, the explosion energy, and inhomogeneities in
the ambient ISM. A well known example is Tycho’s SNR, the remnant of a SN explosion
observed in 1572 by the Danish astronomer Tycho Brahe. Today, the shock-heated ejecta
are very bright in X-rays and show highly clumpy structures (see Fig. 1). Initially, it
was not clear how these structures developed (Chandra X-ray Center, 2019). From three-
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1. Introduction

dimensional hydrodynamical simulations, it was concluded that the clumps most likely
originate directly from the explosion and did not form during the remnant's evolution
(Sato et al., 2019).

Figure 1: Composite image of the Tycho's SNR. The X-ray data was taken with NASA's
Chandra X-ray observatory and the optical data of the stars is part of the
Digitized Sky Survey (Chandra X-ray Center, 2019).

Subject of the present study is a di�erent SNR showing a very peculiar morphology in
X-rays (Dubner, G. et al., 2013), whose origins yet remain unclear: the well-studied
Galactic SNR Puppis A. In this work, a hydrodynamical (HD) model of the SNR Puppis A
is developed, with the goal to reproduce the plasma conditions and the observed X-ray
morphology of the remnant as best as possible and gain insights about the structure
of the inhomogeneous ISM that Puppis A is interacting with. Section 2 provides the
astrophysical background about SNe, SNRs and the basics of astrophysical hydrodynamics.
In Section 3 the existing observations of Puppis A in X-rays, radio and infrared are
summarised, Section 4 serves as an introduction to the numerical code PLUTO, which is
used to carry out the hydrodynamical simulations in this work, and in Section 5, the
model setup and simulation results are presented. A discussion of the results and an
outlook are given in Section 6.
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2. Astrophysical background

2. Astrophysical background

This chapter serves as an overview of the basic astrophysical principles and processes that
this work is based on. Since the overall goal of this study is to develop a hydrodynamical
model of a supernova remnant expanding into a highly inhomogeneous interstellar medium
(ISM), it is important to understand how supernova remnants are created in the �rst
place, how they evolve over time, and how they interact with the surrounding ISM. Both
of these topics will be covered in Sects. 2.1 and 2.2. Moreover, a basic understanding of
�uid dynamics and shocks is required, which will be provided in Sect. 2.3.

2.1. The interstellar medium

The interstellar medium (ISM) is the general term for the gas and dust that exists in
the space between the stars within galaxies. Typically, it consists to99 % of gas and
less than 1 % of dust. In a normal star-forming galaxy like the Milky Way, the ISM
contributes approximately only 10� 20 % to the entire mass of the galaxy (Saintonge,
2025). The average ISM density in the Milky Way amounts to around 1atom cm� 3. The
element abundances are fairly similar to the cosmic abundances with90 % of hydrogen
(H), 10 % of helium (He) and 0:1 % of heavier elements (Seward and Charles, 2010a). By
mass, hydrogen makes up around70 % of the total ISM mass. The temperature and
density variations in the ISM are quite severe and range across at least six orders of
magnitude, which in turn means that it is not in thermal equilibrium but instead governed
by pressure equilibrium (Saintonge, 2025). More speci�cally, the ISM can be broken
down into three di�erent phases, as introduced by McKee and Ostriker (1977): the hot
ionised medium, the warm medium (neutral and ionised), and the cold neutral medium,
which also accounts for the formation of cold molecular clouds with high densities. To
give an example, the physical conditions in these �ve regimes are summarised in Table 1
for a galaxy like the Milky Way.

Phase T [K] n [cm � 3 ] Mass fraction [%] Observable in

Hot ionised
medium

106 0.004 3 X-rays, UV absorption lines

Warm medium
(ionised)

8 � 103 0.2 12 Optical emission lines, radio
emission (non-thermal)

Warm medium
(neutral)

6 � 103 0.4 35 H I 21 cm line

Cold neutral
medium

80 40 30 H I 21cm, UV/optical absorp-
tion lines, FIR �ne-structure
lines

Molecular
clouds

15 >100 20 Molecular lines (CO), FIR
continuum (dust)

Table 1: Typical physical conditions in the ISM for a galaxy similar to the Milky Way.
Adapted from Saintonge (2025).
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2. Astrophysical background

Hot ionised medium The hot ionised medium (HIM) accounts for the largest fraction
of the ISM not by mass but by volume because of the low density. In observations,
it is traced best by di�use X-ray emission or UV absorption lines with respect to
background sources such as stars or active galactic nuclei (AGN) (Saintonge, 2025).
The HIM is heated mainly by shocks created in supernova explosions and is often
found to form bubble-like structures within the colder ISM (Saintonge, 2025).

Warm medium The warm medium consists of both a neutral and an ionised component,
namely the warm neutral medium (WNM) and the warm ionised medium (WIM).
The WNM, similar to the CNM, is traced in observations by 21cm H I line emission.
However, it can be distinguished from the CNM by its larger extent (Saintonge,
2025).
The WIM is composed mostly of ionised hydrogen (H II ), which is created through
photoionisation by UV emission of hot stars. The WIM is distinguished from H II
regions and planetary nebulae, which are also ionised regions in the ISM with
similar temperatures to the WIM, mainly by its lower density and distribution
throughout a galaxy. Unlike H II regions and planetary nebulae, the WIM is not
restricted to a galaxy's disk but also extends into the halo (Saintonge, 2025).

Cold neutral medium The cold neutral medium (CNM) is the phase of the ISM with
the lowest temperature but due to its higher densities (see Table 1) accounts for
around half of the total mass of the ISM. The atomic hydrogen in the CNM is in
the ground state (H I), which is why the cold phase of the ISM is best observed
at radio wavelengths via the 21cm hydrogen line (Saintonge, 2025). The21cm
line corresponds to a spin �ip transition in the ground state of neutral atomic
hydrogen, meaning the spin state of proton and electron changes from parallel to
anti-parallel and a photon with an energy equivalent to that of the transition is
emitted (Seward and Charles, 2010b). By compression of the CNM, molecular
clouds can develop with even higher density and lower temperature. Similar to the
rest of the ISM, the largest mass fraction in molecular clouds is hydrogen, but in
its molecular form (H2). However, due to the symmetry of the molecule, emission
from H2 is only possible via a quadrupole transition, which requires temperatures
well above those found in molecular clouds. As a result, the direct observation of
H2 is not possible. Therefore, molecular clouds are most commonly traced by CO
line emission, which is the second most common molecule in the ISM (Saintonge,
2025). Usually, there is also on average 1% of dust present in the colder ISM,
which can be observed due to emission in the mid-infrared (MIR) and far-infrared
(FIR). Speci�cally polycyclic aromatic hydrocarbons (PAH), which are tiny grains
of carbon, are very well observable in the MIR (Saintonge, 2025).
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2. Astrophysical background

2.2. Supernovae and supernova remnants

A supernova (SN) is generally known as the catastrophic explosion of a star at the end
of its life cycle. They are highly energetic events, which typically release around1051 erg
of kinetic energy (Vink, 2020). The outer layers of the respective star are accelerated
into space, reaching initial velocities between10000� 15000km s� 1 and the surrounding
ISM as well as the ejecta are heated up to several million degrees, hot enough to emit
thermal X-rays (Seward and Charles, 2010a).
In general, a distinction between two types of SNe is made, namelycore collapse (type
II) and thermonuclear (type Ia) . Observationally, they can be identi�ed based on
their optical light curves and spectra. Figure 2 shows the light curves of four di�erent SNe
of both type Ia and type II to illustrate the di�erences. For type Ia events, the rise of the
intensity in the beginning is fairly steep, reaching its maximum within about two weeks.
Thereafter, the intensity decreases exponentially with a characteristic time of� 55days.
The light curves of many type Ia events are found to be similar, which indicates that
the underlying explosion mechanism and the progenitor stars are similar. Additionally,
the maximum brightness is usually nearly the same, which is why they can be used
as standard candles for astronomical distance measurements (Seward and Charles, 2010a).

Figure 2: Optical light curves of four di�erent SNe. The black line (SN 1994D) shows
the light curve of a typical Ia event, while the blue and red lines belong to type
IIP and type IIL, respectively. Additionally, a light curve from a type Ib event
is shown in green (Vink, 2020).

In contrast, the optical light curves of type II SNe show more variability between di�erent
events and the luminosity is usually lower by around two orders of magnitude compared
to type Ia. The initial rise to maximum brightness is less steep, the maximum itself
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is broader, and the subsequent decline happens on more irregular timescales. All in
all, for type II SNe the light curves are a lot more individual to the respective event,
which points at a broader range of progenitor stars and slight variations in the explosion
mechanism (Seward and Charles, 2010a). Most commonly, type II SNe are divided into
the sub-types IIP and IIL based on the shapes of their light curves (see Fig. 2). In type
IIP light curves a plateau is present following the maximum brightness, while in type
IIL light curves the luminosity declines linearly after the maximum. Generally, a faster
decline after the peak luminosity hints at a smaller amount of ejecta (Vink, 2020).
Regarding the optical spectra, the absence of hydrogen lines in type Ia spectra is the most
prominent di�erence to type II, while in type II spectra hydrogen lines are dominating,
suggesting young stars with hydrogen-rich envelopes as progenitors (Seward and Charles,
2010a). To understand where these di�erences in the light curves and spectra of the two
SNe types stem from, the evolution of the progenitor star to the explosion needs to be
considered.
On the main sequence, stars maintain hydrostatic equilibrium by fusion of hydrogen to
helium within the core. Once hydrogen is depleted, the star is compressed by gravity
and helium fusion is triggered, which results in the production of carbon and oxygen.
For stars with initial masses of the order of one to a few solar masses, fusion does not
continue at this stage. The star is stabilised by electron degeneracy pressure, halting
the gravitational collapse. What remains is a so-called white dwarf (WD), a very dense
star that has approximately the size of the Earth but the mass of the Sun and cannot
evolve any further unless it reaches the Chandrasekhar mass limit of1:44M � (Seward
and Charles, 2010a). If the star is part of a binary system, this is possible by mass
accretion from its companion. Once the star surpasses the Chandrasekhar limit, electron
degeneracy pressure can no longer withstand gravity and the collapse continues, which
raises pressure and temperature in the core (Seward and Charles, 2010a). If temperature
and density of the degenerate matter in the core become high enough (� � 3� 109 g cm� 3,
T � 2� 108 K), carbon and oxygen fusion is enabled and the heat produced in these fusion
reactions can no longer be compensated by neutrino cooling. As a result the nuclear
fusion process runs away. Around1052 ergs of energy are released in the subsequent
explosion and the star is destroyed entirely (Vink, 2020). This type of explosion is known
as a type Ia or thermonuclear SN. In the fusion reactions, a large amount of radioactive
56Ni is created. The slower decline of the type Ia light curve can be explained by the
delayed energy release through the decay of56Ni (Seward and Charles, 2010a).
In the case of high mass stars (M star > 10M � ), the nuclear fusion continues until an
iron core is created, at which point fusion processes are no longer energetically bene�cial.
Around the core of iron, the star is now made up of onion-like layers, starting with a
shell of silicon and sulphur, followed by neon and oxygen, carbon, helium, and �nally
hydrogen. The density in the core is comparable to that of a WD while the density in
the hydrogen envelope is rather low (Seward and Charles, 2010a). Since the iron core
cannot produce any more energy but its mass increases continuously by silicon fusion
in the surrounding layer, it is compressed further until the iron decomposes into lighter
nuclei and �nally protons. These protons then capture electrons to generate neutrons and
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2. Astrophysical background

neutrinos. Thereby the electron degeneracy pressure that has been stabilising the core
up to this point is reduced. Eventually, this results in a runaway process, in which the
core collapses within milliseconds until it reaches nuclear density (Seward and Charles,
2010a), forming a proto-neutron star (Vink, 2020). A shock wave is created by the energy
released from the in-falling matter (Seward and Charles, 2010a). This process is usually
referred to as core bounce (Vink, 2020). The shock then propagates through the outer
layers of the star until it reaches the surface and matter is ejected. At this point, light
can be observed from the explosion: a type II or core collapse SN (Seward and Charles,
2010a). The explosion mechanism for core collapse SNe is not very well understood
yet. In most numerical simulations, the shock wave is not powerful enough to reach the
surface of the star and stalls. One possible and frequently used explanation to how the
explosion still takes place is the revival of the shock by neutrinos, which escape from the
proto-neutron star, but even then not all models are successful (Vink, 2020). Depending
on the mass of the progenitor, type II SNe usually leave behind a neutron star, or for
very massive stars even a black hole (Vink, 2020).

Figure 3: Schematic showing the four phases of SNR evolution (Seward and Charles,
2010a).

For completeness, it should be added that not only type II SNe result from the core
collapse of a star, but also types Ib and Ic. Since no hydrogen lines are present in their
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2. Astrophysical background

spectra, these events are classi�ed as type I. However, the explosion mechanism is closer
to type II. The main di�erence to type II is that, judging from the lack of hydrogen lines
in the spectra, type Ib/c events were somehow stripped of the hydrogen envelope. This is
possible either by a strong stellar wind or by interaction with a stellar companion (Vink,
2020). The light curve of a type Ib event is shown in Fig. 2. Again, as the light curve
declines fairly quickly after maximum, this hints at a smaller amount of ejecta or in this
case a high mass loss prior to the SN (Vink, 2020).
In any SN explosion (type I or II) typically around 1051 erg of kinetic energy is released
into the ambient medium. The ejecta from the former star move supersonically outwards
and interact with the ISM, forming a shock wave that heats the plasma. Starting with
the �rst interaction of the ejecta with the ambient ISM, the former supernova transitions
to what is commonly referred to as a supernova remnant (SNR). The evolution of SNRs
can be divided into four di�erent phases (see Fig. 3), namely the ejecta-dominated phase,
the Sedov-Taylor phase, the snow-plough phase and the merging phase (Vink, 2020). The
characteristics of these four phases will be discussed in further detail in the following.

2.2.1. Ejecta-dominated phase

The ejecta-dominated (ED) phase is the �rst evolutionary stage of a SNR. As already
brie�y mentioned, the ejecta are accelerated outwards in the explosion to velocities
exceeding the sound velocity in the ambient medium. This means a shock wave forms, the
so-called forward shock, which accelerates, compresses, and heats the ambient medium.
In response, the shocked ambient medium pushes back on the ejecta in the same manner,
forming a reverse shock that moves back into the ejecta. Forward and reverse shock are
separated by a contact discontinuity (Truelove and McKee, 1999).

Figure 4: Schematic illustration showing the forward and the reverse shock propagating
outward/inwards. The ejecta in the interior expands freely until hit by the
reverse shock (Vink, 2020).
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The unshocked ejecta in the interior of the remnant expand freely until hit and decelerated
by the reverse shock (Truelove and McKee, 1999). This is shown schematically in Fig.
4. In the ED phase, the mass of the ejecta greatly exceeds the mass of the swept up
ISM (M ISM << M ej) and the majority of the energy from the explosion is carried in the
cold, freely expanding ejecta (Vink, 2020). Radiative losses in this phase are negligible
(Truelove and McKee, 1999).

2.2.2. Sedov-Taylor phase

The second stage in the evolution of a SNR is the Sedov-Taylor (ST) phase. In contrast
to the ED phase, the ISM mass swept up by the forward shock is now dominant over
the mass of the ejecta (M ISM >> M ej). The energy is contained as both internal and
kinetic energy in the expanding hot shell (Vink, 2020). The material between the forward
and reverse shock is compressed and heated enough to emit X-rays. As the reverse
shock travels further inwards, it reaches the centre and eventually disperses (Seward
and Charles, 2010a). Radiative losses in this phase do not play a role for the dynamical
evolution of the remnant and can again be neglected (Truelove and McKee, 1999). This
means that the expansion of the remnant is adiabatic for some time. In this case, the
Sedov-Taylor solution is applicable to describe the evolution, according to which the
radius R of the blast wave is given by

R = 14
�

E0

1051 erg

� 1
5
�

n
cm� 3

� � 1
5
�

t
104 yr

� 2
5

pc (1)

with the explosion energyE0, the particle number density n of the ambient medium and
the aget of the SNR. Evidently, the expansion of the remnant depends only on the initial
explosion energyE0 and the ambient density n (Seward and Charles, 2010a).

In reality, the explosion is unlikely to run symmetrically. Irregularities in the ISM
density and stellar winds can in�uence the remnants evolution and lead to asymmetries.
Additionally, hydrodynamical instabilities, speci�cally Rayleigh-Taylor instabilities ,
occurring at the contact discontinuity cause the ejecta to break into clumps (Seward and
Charles, 2010a). The so-called Rayleigh-Taylor instability is a type of hydrodynamical
instability, which emerges whenever a medium with low density is accelerated into a
medium with high density (Vink, 2020), meaning when the density gradient in the
medium and the acceleration point in opposite directions (LeVeque et al., 1998b). At the
interface between the two �uids, small perturbations are then ampli�ed, leading to the
formation of structures commonly referred to as Rayleigh-Taylor �ngers (Vink, 2020).
The top of these �nger-like structures is often described to be reminiscent of mushroom
caps (LeVeque et al., 1998b). Rayleigh-Taylor instabilities are the prominent type of
hydrodynamical instabilities to consider in the context of SNRs. They were suspected to
arise around the contact discontinuity due to the strong density gradients present there
and were later found to occur in decelerating SNR shells in hydrodynamical simulations
(Vink, 2020). At the contact discontinuity the higher density ejecta is decelerated by the
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2. Astrophysical background

lower density shocked ISM (see Sect. 2.2.1), so the acceleration in this case is pointed
inwards in the opposite direction of the density gradient. Due to the Rayleigh-Taylor
instabilities, the ejecta then forms the typical �nger-like structures, extending into the
shocked ISM ahead of the contact discontinuity (Seward and Charles, 2010b). Figure
5 displays Rayleigh-Taylor instabilities in 2D simulations of Type Ia SNRs with two
di�erent density pro�les of the surrounding medium. The Rayleigh-Taylor �ngers are
more pronounced when the ambient density follows a stellar wind pro�le, compared to
a uniform ambient density. In case of the stellar wind pro�le, the instabilities become
strong enough to even a�ect the reverse shock. Generally, Rayleigh-Taylor instabilities
play a role in enabling the mixing of the shocked ejecta from the SN explosion with the
shocked ambient medium, which was con�rmed for example in observations of SN 1987A
(Vink, 2020).
In addition to the Rayleigh-Taylor instability, the so-called Kelvin-Helmholtz instability
is commonly encountered in SNRs. This speci�c hydrodynamical instability occurs when
two layers of �uid move side by side, which is the case at the sides of the Rayleigh-Taylor
�ngers. The resulting shear is what triggers the Kelvin-Helmholtz instability and causes
the �uids to mix (Vink, 2020).

Figure 5: Rayleigh Taylor instabilities in 2D simulations of Type Ia SNRs (Vink, 2020).
In the left image, the density pro�le of the ambient medium is uniform, on the
right a stellar wind pro�le was used. The ejecta density pro�le is exponential
in both cases.

2.2.3. Snow-plough phase and merging phase

The third phase in the evolution of a SNR is called radiative phase (Seward and Charles,
2010a) or snow-plough phase (Vink, 2020). An increasing amount of cold ambient medium
is swept up by the remnant as it expands, which causes the temperature behind the
shock to drop. Once it has decreased to around2 � 105 K, recombination of electrons
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2. Astrophysical background

with carbon and oxygen ions is possible, which enables UV-line emission. This means
radiative losses are no longer negligible (Seward and Charles, 2010a). In fact, in this
stage the majority of the remnants energy is released through radiation, which means
energy conservation can no longer be assumed. The propagation of the forward shock is
instead dictated by radial momentum conservation (Vink, 2020). The radiative phase
usually lasts for around 105 yr (Seward and Charles, 2010a).
Eventually, the forward shock slows down enough to reach a velocity in the range of
the sound speed in the ISM. This means the remnant has entered its fourth and �nal
evolutionary stage, the so-called merging phase. The forward shock gradually dissipates
and the expansion of the shell now continues at subsonic speeds. The SNR begins to
fade and blends back into the surrounding ISM (Vink, 2020).

2.3. Basic principles of astrophysical hydrodynamics

In numerical astrophysics, the interstellar medium is generally described as a compressible
�uid. In this context, an overview over the fundamental equations such as the Euler- and
Navier Stokes equations will be provided in the following. Additionally, a mathematical
description of shocks will be discussed, as this is especially relevant for SNRs.

2.3.1. The Euler equations of classical hydrodynamics

The Euler equations of classical �uid dynamics are a set of partial di�erential equations
that describe inviscid �ows in ideal compressible �uids. They can be derived from the
conservation laws of mass, momentum and energy (Pringle and King, 2007). In general,
a conservation law is a time-dependent system of partial di�erential equations that
according to LeVeque et al. (1998a) can be written as

@
@t

q(x; t ) +
@

@x
f (q(x; t )) = 0 ; (2)

with a m-dimensional vector of conserved quantitiesq(x; t ) and the so called �ux function
f (q(x; t )) , a vector-valued function depending onq(x; t ). In other terms, each component
qj (x; t ) of q(x; t ) corresponds to the density function of thej th conserved physical quantity,
the total of which can be obtained at a time t by integrating qj (x; t ) over the considered
spatial interval:

Rx2
x1

qj (x; t ) dx. Since the quantities in q(x; t ) are conserved, this implies
that

R1
�1 qj (x; t ) dx is constant over time.

The j th component of the �ux function f (q(x; t )) contains the �ow rate (= �ux) of the
j th conserved quantity f j (q(x; t )) at a point (x; t ) (LeVeque et al., 1998a). It should be
noted that Eq. 2 describes a one dimensional problem but can be extended to more than
one spatial dimension (LeVeque et al., 1998a). In three dimensions, Eq. 2 becomes

@
@t

q(x ; t) +
@

@x
f (q(x ; t)) +

@
@y

g(q(x ; t)) +
@
@z

h(q(x ; t)) = 0 ; (3)

where f , g, and h describe the �uxes in the x, y, and z directions (LeVeque et al., 1998a).
In an arbitrary volume V the �ux through its surface S at a point x = ( x; y; z) is then

11
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calculated via F (q(x ; t)) � n, with F (q(x ; t)) = ( f; g; h ) and the normal vector to the
surfacen. In line with LeVeque et al. (1998a), Eq. 3 subsequently can be rewritten as

@
@t

q(x ; t) + r � F (q(x ; t)) = 0 : (4)

Based on the general approach described above, the derivation of the Euler equations in
their di�erential form from mass, momentum and energy conservation in three dimensions
will be summarised in the following. It has to be noted that in the di�erential form of
the equations, it is assumed thatq(x ; t) and the corresponding �ux functions are smooth
(LeVeque et al., 1998a). How discontinuities in the physical quantities are dealt with will
be discussed in Sec. 2.3.2.

Conservation of mass The conservation of mass dictates that any change of mass in an
arbitrary volume V has to be equal to the in- or out�ow of mass through the surface
S of the volume. According to Pringle and King (2007), this can be expressed as

d
dt

Z

V
� dV = �

Z

S
� u � dS; (5)

with the mass density � , the velocity u, and the vector element on the surface
dS = ndS, where n is the normal vector to the surface. The mass �ux is given by
f (x ; t) = � (x ; t)u(x ; t). Applying Gauss's theorem, Eq. 5 can be rewritten as

d
dt

Z

V
� dV = �

Z

V
r � (� u) dV: (6)

Equation 6 has to be valid for any volume V. This implies that the following
relation holds, which is commonly referred to as thecontinuity equation (Pringle
and King, 2007):

@
@t

� + r � (� u) = 0 : (7)

Conservation of momentum The total momentum in a given volume V can be calcu-
lated by integrating the momentum density, which corresponds to the mass �ux
f = � u over the volume V. Similar to the derivation of the continuity equation,
following Pringle and King (2007), the rate of change of the total momentum within
V is expressed as

d
dt

Z

V
� u dV: (8)

In addition to the momentum �ux across the surface S of the volume V , the surface
stress must be considered, which can be written in terms of the stress tensorT = Tij

(Pringle and King, 2007). The stress tensor is de�ned by taking into account force
Fij = Tij dSj exerted in this case by the pressurep of the medium surrounding V
onto the surfaceS. This means the stress tensor takes the formT = � p� ij (Pringle
and King, 2007) or in matrix form T = � pI , where I denotes the unit tensor, which
leads to the following equation (Dullemond and Springel, 2011):

d
dt

Z

V
� u dV = �

Z

S
� u(u � n)dS �

Z

S
pndS (9)
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Using Gauss's theorem, this can again be rewritten as

d
dt

Z
� u dV = �

Z

V
r � (� u 
 u + pI ) dV: (10)

This means for any volume V, the relation

@
@t

(� u) + r � (� u 
 u + pI ) = 0 ; (11)

holds, which is the di�erential form of the momentum conservation law in a
compressible �uid (Dullemond and Springel, 2011).

Conservation of energy The total energy in a volume V can be expressed as the volume
integral over the energy densityE t = � (e+ 1

2u2), which is composed of the kinetic
energy and the internal energye. According to energy conservation, the rate of
change of the total energy

d
dt

Z

V
�

�
e+

1
2

u2
�

dV (12)

is equal to the net energy �ux across the surfaceS of the volume (Dullemond and
Springel, 2011). Additionally, the work exerted on the volume by the pressure of
the surrounding gas needs to be taken into account (Dullemond and Springel, 2011),
which results in

d
dt

Z

V
�

�
e+

1
2

u2
�

dV = �
Z

S
�

�
e+

1
2

u2
�

u � dS �
Z

S
pu � dS: (13)

If Gauss's theorem is applied, Eq. 13 can be rewritten as

d
dt

Z

V
�

�
e+

1
2

u2
�

dV +
Z

V
r �

��
�e +

1
2

�u 2 + p
�

u
�

dV = 0 : (14)

Again, Eq. 14 has to be true for any volumeV , which yields the di�erential form of
the energy conservation equation for compressible �uids (Dullemond and Springel,
2011):

@
@t

�
�

e+
1
2

u2
�

+ r �
��

�e +
1
2

�u 2 + p
�

u
�

= 0 : (15)

If the de�nition of the total energy density E t is inserted, Eq. 16 can be written in
a condensed form as

@
@t

E t + r �
��

E t + p
�

u
�

= 0 : (16)

In three dimensions, Eqs. 7, 11, and 16 constitute a system of �ve partial di�erential
equations: the Euler equations of classical �uid dynamics. If the vectorq(x; t ) and the
�ux functions F (q(x ; t) are de�ned as
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q(x ; t) =

0

B
B
B
@

� (x ; t)

� (x ; t)u(x ; t)

E (x ; t)

1

C
C
C
A

; F (q(x ; t)) =

0

B
B
B
@

� u

� u 
 u + pI

u(E + p)

1

C
C
C
A

T

(17)

then the Euler equations can be written following the general structure of Eq. 3 (LeVeque
et al., 1998a):

@
@t

0

B
B
B
@

�

� u

E

1

C
C
C
A

+ r �

0

B
B
B
@

� u

� u 
 u + pI

(E + p)u

1

C
C
C
A

T

= 0 : (18)

Since there are �ve equations, but six variables (�; u 1; u2; u3; e; and p), the pressure needs
to be expressed as a function of the density� and the internal energy e to provide closure
to the system. This is done via an equation of state, which most commonly is the ideal
gas equation

p =
R
�

�T; (19)

where R is the gas constant,� is the mean molecular weight of the gas, andT is the
temperature (Pringle and King, 2007). By making use of a few additional relations,
equation 19 can be rewritten in terms of the internal energye and the adiabatic index
� = cp

cv
. Here, cv is the speci�c heat at constant volume and cp the speci�c heat at

constant pressure. Additionally, for an ideal gas

R
�

= cp � cv (20)

as well as
e = cvT (21)

are true (Pringle and King, 2007). Combining all of the above equations with Eq. 19
results in

p = �e (� � 1); (22)

which is the required expression forp as a function of � and e (Pringle and King, 2007).
It should be noted that in the derivation of the Euler equations presented here, e�ects
like viscosity, thermal conduction, radiative transfer, and external forces like gravity are
neglected, which is often a valid approximation in astrophysical hydrodynamics (Wolschin,
2021). Considering these e�ects would mean adding additional terms to the respective
conservation laws:

Source terms The basic assumption, that is made in the derivation of the Euler equations
is that the integral of the respective conserved quantity over the total volume changes
only due to the �ux through the surface of the volume. However, this is often
not accurate. In parts, the conserved quantity may also be created or destroyed
within the volume, which is also referred to as source or sink of the quantity. This
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introduces so called source termsS(q(x ; t)) into Eq. 3, which contain the increase
or decrease of the respective conserved quantity (LeVeque et al., 1998a):

@
@t

q(x ; t) + r � F (q(x ; t)) = S(q(x ; t)) : (23)

Examples of e�ects, that can be the cause of source terms are chemical reactions
within the �ow or ionisation (lead to a separate mass continuity equation for
each species), external forces like gravity (source term in momentum and energy
equations), radiative heat transfer (source term in the energy equation), and
geometric source terms as a result of the reduction of a problem to lower dimensions
by means of spherical or cylindrical symmetry (LeVeque et al., 1998a).

Dissipative �uxes Dissipative e�ects, like �uid viscosity or heat conduction, are also
not yet taken into account in the Euler equations. These e�ects usually depend on
the gradient of q(x ; t) and introduce additional �ux components in the conservation
law, so called dissipative �uxes (LeVeque et al., 1998a). If both �uid viscosity
and thermal conduction are added to the conservation laws, the result are the
Navier-Stokes equations of classical �uid dynamics (LeVeque et al., 1998a).

2.3.2. Shocks

A shock occurs, when a compressible medium moves faster than the local signal speed,
which in the adiabatic case is equal to the speed of soundcs within the medium and, as
discussed by Vink (2020), can be expressed as

cs =

s �
@p
@�

�
=

r
�

p
�

: (24)

As previously, p denotes the pressure,� the mass density, and� the adiabatic index of
the gas. As far as supernova remnants are concerned, most commonly a monoatomic,
non-relativistic gas can be assumed, which means� = 5

3 (Vink, 2020). In more technical
terms, a shock can be described as a transition layer in a medium, where the physical
properties, such as pressure, density, and velocity change abruptly (Vink, 2020). For
supernova remnants, the length scale of the transition layer is so small, that it can't be
resolved. In contrast, the mean free path of particle collisions is very large and on the
scale of the size of the SNR itself. Therefore, shocks in supernova remnants are referred
to as collisionless shocks (Vink, 2020). The consequences thereof will be discussed later
on in this chapter.

Mathematically, shocks can be treated as a discontinuity in the physical parameters of the
gas, which is known as the shock front (Sasaki, 2022). However, as already mentioned in
Sect. 2.3.1, in the di�erential form of the Euler equations, the density and �ux functions
of the conserved quantities are assumed to be smooth, which is not the case at the shock
front. Therefore, it is necessary to know how the physical quantities behave across the
discontinuity.
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The abrupt change of physical quantities over the transition layer, commonly referred
to as jump, are in general dictated by mass, momentum and energy conservation. The
so-calledRankine-Hugoniot jump conditions describe the physical conditions in
the pre-shock (upstream) and post-shock (downstream) region and are derived from
the above mentioned conservation laws. Usually, shocks can be approximated as plane
parallel and �xed in time in a reference frame moving with the shock itself. In that case,
the Rankine-Hugoniont jump conditions take the following form (Vink, 2020):

� 1v1 = � 2v2 (25)

p1 + � 1v2
1 = p2 + � 2v2 (26)

p1 + e1 +
1
2

� 1v2
1 = p2 + e2 +

1
2

� 2v2
2 (27)

As before, � stands for the density, p for the pressure ande for the internal energy of
the gas. The quantities indexed with 1 describe the upstream region, and the ones with
index 2 the downstream region. The solution to this set of equations can be expressed in
terms of the so-called sonic Mach numberM s, a dimensionless quantity that is de�ned
as the ratio of the gas velocity in the upstream regionv1 and the local sound speedcs

(Vink, 2020):

M s �
� 1v1

� p1
=

v1

cs
: (28)

For a supersonic �ow, M s > 1 and a �ow with M s � 5 or larger is usually denoted as
a strong shock, in which case the approximationM s ! 1 is applicable. Typical Mach
numbers in SNRs are very large and reach aboveM s � 100. For an ideal gas, the solution
takes the form

� =
(� + 1) M 2

s

(� � 1)M 2 + 2
; (29)

where the compression ratio is de�ned as� � � 2
� 1

= v1
v2

and and � is the adiabatic index
(Vink, 2020).
From a mathematical point of view, a shock can be treated as a so-calledRiemann
Problem . Very generally, the Riemann problem describes the conservation law@

@tq +
@

@xf (q) (see Eq. 2) in conjunction with two constant initial states ql and qr divided by a
discontinuity (LeVeque et al., 1998a):

q(x; 0) =

(
ql if x < 0

qr if x > 0:
(30)

The solution is dependent on how the left and right statesqr and ql are related, which in
this case is dictated by the Rankine-Hugoniot jump conditions (LeVeque et al., 1998a).
In numerical codes, like the one used later on in this work (see Sect. 4.1), the solution
to the Riemann problem is calculated in each numerical cell by means of a so-called
Riemann solver (PLUTO Team, 2024).
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As already brie�y mentioned above, the shocks encountered in SNRs are collisionless,
meaning the mean free path between particle-particle collisions resulting from Coulomb
interactions is on the scale of the the remnant itself. As an example, the mean free path
of proton collisions at an assumed shock velocity of1000km s� 1 is around 32pc (Vink,
2020). This implies that across the shock front thermalisation of the kinetic energy must
be conveyed by other processes, which are in general referred to as collective e�ects. The
incoming particles interact with plasma waves and electric �elds in the shock transition
layer and are thereby thermalised. However, the physical processes occurring across the
shock transition layer are complex and not very well understood yet (Vink, 2020).
Since the plasma conditions up- and downstream are given by the Rankine-Hugoniont
jump conditions anyway, at �rst it does not seem like the type of shock (collisional or
collisionless) makes a di�erence. However, this is not completely true. The Rankine-
Hugoniot jump conditions do not di�erentiate between particle species and only describe
the overall plasma conditions. Because of the large mean free path of the Coulomb colli-
sions, it cannot be assumed that all particle species thermalise equally across the shock
transition layer. If the post-shock temperature is calculated from the Rankine-Huginot
conditions separately for electrons (Te) and protons (Tp), the result are two very di�erent
temperatures with a ratio of Te

Tp
= me

mp
= 5 :5 � 10� 4 (Vink, 2020). Despite the fact that it

is not yet completely clari�ed, whether the heating processes across the shock front in
general produce approximately the same ion- and electron temperatures, there is evidence
from observations of young SNRs implying a lower electron temperature compared to
the proton temperature. In SNRs it is possible to measure temperatures downstream in
the vicinity of the shock from optical and UV spectroscopy. Further downstream, the
electron temperature is usually derived from continuum and line-ratio measurements in
X-rays. Ion temperatures can be estimated from X-ray Doppler line broadening (Vink,
2020).
Over time, the post-shock temperatures usually equilibrate between the di�erent species
via Coulomb collisions. However, the equilibration processes of electrons and protons
take a few thousand years, in many cases even longer than the age of the SNR itself. The
equilibration time is approximately proportional to the inverse of the electron density ne

(Vink, 2020). An important parameter in this context is the ionisation age � of the
remnant, which can be expressed as� = net, with the time t since the plasma has been
shocked. The ionisation age is also a measure of the ionisation state of the plasma. Due
to the low collision rates, the plasma in SNRs is usually not in ionisation equilibrium
but in a state referred to as non-ionisation equilibrium (NEI). The ionisation rates are
proportional to the electron density ne (Vink, 2020). The ionisation time scale can be
determined via X-ray spectroscopy and provides an estimate for whether temperature
equilibrium of the di�erent species is expected, for the ionisation state of the plasma,
and subsequently provides a possibility to also determine electron densities and the age
of the remnant. Figure 6 shows the temperatures of di�erent species as a function of the
ionisation age. Evidently, the electron temperature equilibrium of all species is reached
at an ionisation age ofnet � 1012cm� 3 s. Similarly, for young SNRs collisional ionisation
equilibrium is expected to be reached around the same ionisation age (Vink, 2020).
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Figure 6: Temperature equilibration of di�erent ions and electrons through Coulomb
collisions as a function of the ionisation time. The dotted line shows the
electron temperature, the dashed line the proton temperature and the solid
lines the temperature of di�erent ions. The initial post-shock temperature for
each species was calculated from the Rankine-Hugoniot jump conditions with
an assumed shock velocity of3000km s� 1. Evidently, the initial post-shock
temperature of the ions depends on the mass and is higher for heavier ions
(Vink, 2020).

However, the Rankine-Hugonoit conditions do not hold for all types of shocks. If the
shock becomes radiative, energy loss via radiation needs to be taken into account, which
for SNR plasmas it governed by line radiation and thermal continuum processes. If the
shock velocity is high, meaning above� 200km s� 1, and subsequently the temperature
T of the shocked plasma passes106 K, cooling processes are not very e�cient. Figure 7
shows an example of a cooling function�( T), which together with the electron density
ne and the proton density np can be used to calculated the emissivity� of the gas (Vink,
2020):

� = nenp� : (31)

The cooling function also depends on the chemical abundances of the gas (Sasaki, 2022).
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Figure 7: Cooling function of an optically thin plasma. The dashed blue line showcases
the carbon contribution, and the dotted red line the oxygen contribution to
the cooling (Vink, 2020).
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3. The supernova remnant Puppis A

3. The supernova remnant Puppis A

Puppis A is a Galactic core-collapse supernova remnant (SNR) in the southern hemisphere
of the sky, coincident with the well-known Vela SNR, but located at a much larger distance,
with estimates in the literature ranging from 1:3 � 0:3kpc (Reynoso et al., 2016) to
2:2 � 0:3kpc (Reynoso et al., 2003). Both studies mentioned here are mainly based on
H I radio observations. The angular diameter of the remnant's shell is around560 (Mayer
et al., 2022), which implies a diameter of approximately21:2pc at an assumed distance
of 1:3kpc. Puppis A is known to host the central compact object (COO) RX J0822-4300,
a high-velocity neutron star visible only in X-rays with an estimated proper motion of
� = 80:4mas yr� 1 (Mayer et al., 2020). At an assumed distance of1:3kpc, the projected
velocity corresponds tovproj = 496 km s� 1 (Mayer et al., 2020). From the proper motion
of the COO, it is possible to also derive an estimate for the kinematic age of Puppis A,
as was done, for example, by Mayer et al. (2020). In their work, an age of4000+700

� 600 yr is
proposed. A similar age estimate of3700� 300yr is found by Winkler et al. (1988) from
the proper motion of oxygen-rich clumps, which were assumed to consist largely of pure
ejecta from the SN. Puppis A is observable across a number of di�erent wavelengths,
ranging from radio to gamma rays. In the following, the focus will lie on the existing
X-ray, radio, infrared observations of the remnant to gather as much constraints for the
parameters of the model setup presented later on in this work as possible.

3.1. X-ray observations

Puppis A is one of the brightest sources in the X-ray sky with an unabsorbed X-ray
�ux of F = 2 :64� 10� 8 erg s� 1 cm� 2 in the 0.2-5 keV band (Mayer et al., 2022). At an
assumed distance of1:3kpc, this equates to a X-ray luminosity of L = 5 :3 � 1036 ergs s� 1

(Mayer et al., 2022).
The �rst full X-ray image of Puppis A was compiled by Dubner, G. et al. (2013) by
combining two new pointed XMM-Newton observations with 23 archival data sets taken
with both XMM-Newton and the Chandra X-ray Observatory. The resulting image is
shown in Fig. 8 and covers also the southern and southwestern part of Puppis A, which
previously had not been examined in X-ray observations. It is stated that Puppis A has
a very unique appearance in X-rays with the visible �laments resembling a 'honeycomb',
which is an implication of the remnant expanding in a complexly structured ISM. The
�lamentary pattern is found to be similar to younger Galactic SNRs such as Casssopeia
A, the Crab Nebula, or Kepler's SNR, which leads them to believe that the emission
shows the 'imprint' of the SN explosion on the surrounding ISM. Moreover, the X-ray
emission seems to be solely thermal and not governed by a Pulsar Wind Nebula (PWN)
in the centre, in which case non-thermal synchrotron emission would be expected. In
general, the X-ray emission decreases from east to west and is rather weak in the newly
covered southern part of the remnant.
The most prominent and brightest feature of Puppis A in X-rays is the bright eastern
knot (BEK), clearly visible in Fig. 8 at the southeastern edge of the remnant. The
BEK is suspected to be the most pronounced interaction site of the shock front with
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an interstellar cloud of higher density (Hwang et al., 2005). Striking is also the band of
harder X-ray emission that extends from the northeastern part across the SNR, shown in
blue in Fig. 8 (Dubner, G. et al., 2013). This characteristic was previously identi�ed in
other publications as well, such as Katsuda et al. (2010) or Hwang et al. (2005). Dubner,
G. et al. (2013) attributes this feature to a higher column density, which was derived
from H I radio observations, coinciding with the band of hard emission and absorbing
the softer part of the X-ray spectrum.

Figure 8: Full three-colour image of Puppis A in X-rays compiled by Dubner, G. et al.
(2013) from a total of 25 XMM-Newton and Chandra observations. Red
corresponds to the 0.3-0.7 keV band, green represents the 0.7-1.0 keV band and
blue the 1.0-8.0 keV band. The data are shown in square root intensity scale
and smoothed with a Gaussian. The blue point near the centre of the SNR is
the COO RX J0822-4300.

The �rst study of the shocked plasma in X-rays over the entire remnant with high-spacial-
resolution data from one single instrument was presented by Mayer et al. (2022), using
data from the eROSITA X-ray telescope. They con�rmed the results by Dubner, G.
et al. (2013) that strong foreground absorption is present in Puppis A, especially in
the southwestern part of the remnant. The absorbing column density over the whole
remnant is found to vary by at least a factor of �ve (Mayer et al., 2022). Additionally, a
temperature variation from east to west across the remnant by around a factor of two is
determined, which, combined with the stronger absorption in the south-west, is stated to
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be the reason for the belt of hard emission observed in Puppis A. Maps of the density
and temperature distributions across the SNR compiled by Mayer et al. (2022) are shown
in Fig. 9. Moreover, studies of the plasma ionization age and the emission measure

Figure 9: Density (left) and temperature (right) maps of Puppis A as presented by Mayer
et al. (2022).

distribution are carried out, and it is concluded that the prominent features in Puppis A,
such as the ejecta knot and the BEK have recently interacted with either the forward or
the reverse shock. Regarding the element abundances, it is revealed that solar or subsolar
abundances can be assumed for Puppis A. Elements, which are most commonly found in
core-collapse supernovae, are concentrated in a few speci�c locations, such as the ejecta
knot �rst discovered by Katsuda et al. (2008) in XMM-Newton observations. Mayer et al.
(2022) were also able to provide an estimate for the total mass of ISM swept up by the
forward shock, which contributes to the thermal X-ray emission:

M ISM = (78 � 87)
�

d
1:3 kpc

� 5
2

M � : (32)

In their calculation, a spherically symmetric shell at a distanced of 1:3kpc is assumed,
which implies a shockwave radius ofr = 10:6pc, as well as a radial density pro�le typical
for the Sedov-Taylor phase of SNRs. Additionally, it is stated that the X-ray emitting
plasma consists predominantly of swept-up ISM, with only a negligible contribution from
the ejecta and an estimated average pre-explosion ISM density of1:1 � 10� 24 g

cm� 3 is
given. From the Sedov-Taylor blast wave solution (Sedov, 1959), they also estimated the
explosion energyE at an assumed age of Puppis A oft = 4000 yr:

E = (1 :22� 1:36)
�

r
10:6 pc

� 9
2
�

t
4000 yr

� � 2

� 1051 erg: (33)

At a distance of 1:3kpc, this would imply an explosion energy on the order of magnitude
of the canonical value ofE = 1051 erg.
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Mayer et al. (2022) also extracted the X-ray spectrum of the entire remnant between 0.2
and 5 keV and identi�ed prominent emission lines. The spectrum is shown in Fig. 10.

Figure 10: X-ray spectrum of the entire Puppis A SNR taken with the eROSITA X-ray
telescope between 0.2 and 5 keV. The emission lines with a question mark do
not dominate over the continuum. Figure taken from Mayer et al. (2022).

3.2. Radio observations

At radio wavelengths, Puppis A is observable as a shell with a diameter of around
50' (Reynoso et al. (2016), Aruga et al. (2022)). The1:4GHz radio continuum image
compiled by Aruga et al. (2022) is displayed in Fig. 11, for which they used the same
data as Reynoso et al. (2016) obtained with ATCA and the Parkes 64 m radio telescope.
It is noted that the emission in the northeastern side of the shell is comparably strong
and forms a �at edge, which is consistent with the distribution of X-ray emission (see
Sect. 3.1) . Additionally, there are some brighter areas in the western part of the
remnant. The thermal X-ray emission from Puppis A is found to be mostly con�ned
to the region within the radio shell. Aruga et al. (2022) also analysed NANTEN CO
and ATCA H I data to investigate molecular and atomic clouds linked to Puppis A.
Figure 12 shows the integrated intensity maps of CO andH I in the velocity range
from 8 � 20km s� 1. It is evident that H I and CO clouds are distributed all along the
northeastern edge of the remnant, where both in X-rays and in the radio continuum
emission map Puppis A shows a �at border. By comparing the radio continuum and
X-ray emission to the distribution of the 8 � 20km s� 1 CO cloud, they �nd that the
hot ionised gas and the CO cloud tend to be anti-correlated, which is interpreted as a
sign of interaction between the SNR and the8 � 20km s� 1 cloud. Furthermore, the line
intensity ratio RCO = 12 CO(J = 2 � 1)=12CO(J = 1 � 0) is enhanced in the north east
of Puppis A (RCO � 0:8 � 1:1), which, for lack of any other source of heating, indicates
that the gas was shock-heated by the SNR (Aruga et al., 2022). They observe the same
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3. The supernova remnant Puppis A

Figure 11: Map of the 1:4GHz radio continuum emission from Puppis A (Aruga et al.,
2022). The data was taken with ATCA and Parkes (Reynoso et al., 2016).
The contours show the gamma ray emission at di�erent levels.

anti-correlation in H� emission, which supports the hypothesis.
They pinpoint the peak velocity of the 8 � 20km s� 1 cloud to � 10� 11km s� 1, which
agrees with the results obtained by Reynoso et al. (2016) fromH I absorption studies.
A kinematic distance of d � 1:4 � 0:1kpc to the cloud is derived. Additionally, the
averaged particle number densities of atomic and molecular hydrogen are estimated
within the radio shell. For atomic hydrogen, n(H I) � 220cm� 3 and for molecular
hydrogen, n(H2) � 10cm� 3. These results lead to a total interstellar proton density of
n(p) = 230 cm � 3 (Aruga et al., 2022).
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3. The supernova remnant Puppis A

Figure 12: Distribution of H I (left) and CO (right) around Puppis A presented by Aruga
et al. (2022). The images show the integrated intensity maps in the velocity
range from 8� 20km s� 1. The contours display the radio continuum emission.

3.3. Infrared observations

Puppis A was �rst discovered in infrared (IR) during the Infrared Space Observatory
(IRAS) all-sky survey, which was launched in 1983 (Neugebauer et al., 1984). Later,
observations with the Spitzer Space Telescope were carried out to obtain higher-resolution
data and gain insights about the ISM that Puppis A is interacting with (Arendt et al.,
2010). Figure 13 shows the IR emission as observed with Spitzer (green), as well as the
X-ray emission in the 0.7-1.0 keV band to be able to compare the two wavelength ranges
with each other, which is done in Dubner, G. et al. (2013) and Arendt et al. (2010),
respectively. Arendt et al. (2010) �nd that the remnant is bright and has a complex
structure with many �laments at 24� m and 70� m and measures an angular diameter of
approximately 500. The BEK is the brightest feature also in IR. The overall brightness is
found to decrease from north-east to south-west and the integrated IR �ux results in
9 � 10� 8 erg s� 1 cm� 2, which corresponds to a luminosity of1:4 � 104 L � at an assumed
distance of 2:2kpc. The emission at both above-mentioned wavelengths correlates very
well with the observed X-ray emission across all spatial scales, although the correlation
is somewhat less pronounced in the southern part of Puppis A (Dubner, G. et al., 2013).
However, Arendt et al. (2010) note that the IR data do not correlate very well with the
radio emission, particularly when looking at small spatial scales. Arendt et al. (2010)
and Dubner, G. et al. (2013) also compared the X-ray emission from Puppis A to Spitzer
IR data at 160� m. Figure 14 again shows the X-ray emission in the 0.7-1.0 keV band
in red and the IR emission at 160� m in blue. From the remnant itself, no emission at
160� m is detected. Instead, most of the emission originates from the region adjacent to
the northeastern edge of the SNR. Dubner, G. et al. (2013) believe that this emission

25




	Introduction
	Astrophysical background
	The interstellar medium
	Supernovae and supernova remnants
	Ejecta-dominated phase
	Sedov-Taylor phase
	Snow-plough phase and merging phase

	Basic principles of astrophysical hydrodynamics
	The Euler equations of classical hydrodynamics
	Shocks


	The supernova remnant Puppis A
	X-ray observations
	Radio observations
	Infrared observations

	Hydrodynamic simulations with PLUTO
	The PLUTO code
	The HD module
	Radiative cooling

	Problem setup in PLUTO
	Configuring PLUTO
	A simple blastwave problem


	Hydrodynamic simulations of Puppis A
	Observational constraints constraints and first model outline
	Preliminary 2D simulations
	Cloud extent
	Ejecta mass

	3D simulations and synthetic X-ray maps
	Model 1
	Model 2
	Model 3

	Synthetic X-ray spectra

	Summary and outlook
	Acknowledgements
	Appendix
	3D Model 1
	3D Model 2
	3D Model 3

	Eigenständigkeitserklärung

