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Abstract

Supernova remnants (SNRs) are the aftermath of massive stellar explosions, repre-
senting critical phases in the life cycle of stars and playing an important role in galactic
evolution. This study delves into the properties and evolution of Galactic SNRs through
a comprehensive statistical analysis of shock velocity, electron density and age data. Our
study provides, for the first time, a picture of the statistics of 62 Galactic SNRs both as a
population and as regions within individual objects and offers insights into their diverse
properties and evolutionary paths. Diverse shock velocity data (including upper and lower
limits) and the ages of the SNRs, processed using a Monte Carlo sampling approach, are
compared with the theoretical evolution model of Cioffi et al. We find good agreement
between the data and the model. Analysis of electron density and shock velocity distri-
butions for the entire sample of SNRs shows that they are consistent with a log-normal
distribution and a skewed log-normal distribution, respectively. Within individual rem-
nants, our study reveals that electron density and shock velocity show larger scatter in
younger objects, reflecting the varying conditions of the ambient medium immediately
surrounding the explosion epicenter and their impact on SNR evolution.
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1| Introduction

Supernova explosions are one of the most interesting and energetic phenomena ob-
served in the universe. These explosive events signify the dramatic conclusion of a massive
star’s life cycle, unleashing enormous amounts of energy. During a supernova explosion,
a shock wave is produced, propelling stellar content outward into the interstellar medium
(ISM) at supersonic speeds. This violent ejection causes the ISM to condense and heat
up, resulting in the emission of radiation across a significant portion of the electromag-
netic spectrum. The bright shell-like structure that remains, extending outward from the
original location of the star, is appropriately termed a supernova remnant. Observing
and studying supernova remnants provides valuable insights into the life cycles of mas-
sive stars, the dynamics of interstellar matter, and the processes responsible for cosmic
nucleosynthesis. They also serve as laboratories for understanding shock physics, particle
acceleration, and magnetic field amplification in extreme environments.

1.1 Classification of Supernovae

Supernovae are classified by the appearance or absence of specific emission lines (hy-
drogen, helium and silicon) in their spectra as well as the morphology of their light curves.
They can be broadly categorized into two main types. Type I supernovae are distinguished
by the absence of hydrogen lines in their spectra, while Type II supernovae feature the
presence of these hydrogen lines. Furthermore, each of these main types can be classified
into further subtypes, which are described below. All types, apart from Ia, come from the
core collapse of massive stars. As these stars exhaust their nuclear fuel, the core contracts
and eventually reaches a point where it can no longer withstand its own gravity, leading
to a sudden collapse and a catastrophic explosion which rips the star apart.

Type Ia

Type Ia supernovae are characterized by the absence of hydrogen lines and the ap-
pearance of helium and silicon lines in their spectra. They occur in binary star systems
where one of the stars is a white dwarf and the companion star can be anything from a
giant star to an even smaller white dwarf. The white dwarf accretes mass from its com-
panion until it reaches a critical mass (the Chandrasekhar limit), beyond which it cannot
support its own gravity. This triggers rapid nuclear fusion of carbon and oxygen, leading
to a runaway thermonuclear explosion.

Type Ib

Type Ib supernovae are similar to Type Ia supernovae, but they lack silicon lines in
their spectra. They are believed to occur when a massive star loses its outer hydrogen
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envelope through stellar winds or interactions with a companion star, leaving behind a
helium-rich core that undergoes a core-collapse.

Type Ic

Type Ic supernovae lack all hydrogen, helium and silicon lines in their spectra. Like
Type Ib, they likely result from the loss of their outer envelopes, leaving behind a bare
core of heavier elements, such as carbon and oxygen.

Type IIb

These are transitional supernovae that initially display hydrogen lines (like Type II)
but later lose their hydrogen lines and show evidence of helium lines, resulting in a Type
Ib supernova.

Type II-P (Plateau)

These supernovae show a plateau phase in their light curves, where the luminosity
remains relatively constant for a period before declining.

Type II-L (Linear)

Type II-L supernovae do not display the plateau phase, and their light curves follow
a linear decline.
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Figure 1.1: Light curves of different types of supernovae. Figure taken from Filippenko
(1997) [40].
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1.2 What is a Supernova Remnant?

When a massive star reaches the end of its life cycle or, a white dwarf in a binary
system accretes enough mass from its moderately massive companion until it is no longer
able to withstand its own gravitational pull, it undergoes a catastrophic collapse, leading
to an incredibly powerful and luminous explosion. This explosion expels the star’s outer
layers into the surrounding space at extremely high velocities. The ejected material,
consisting of newly synthesized elements, interacts with the ISM and creates a shockwave
that propagates outward from the explosion’s epicenter.

As the shockwave expands, it sweeps up and compresses the surrounding ISM, leading
to the formation of a shock front that is seen as a bright shell of hot gas. This shell of
shocked material as well as the material it contains is what we refer to as a supernova
remnant (SNR). SNRs can span tens to hundreds of light years in size and emit radiation
across the electromagnetic spectrum through various emission mechanisms as well as high
energy particles.

1.2.1 Structure

SNRs consist of a multi-layered composition characterized by distinct regions that
play integral roles in the evolution of the remnant as well as its interactions with the
surrounding interstellar medium. At the core lies the compact, highly energetic neutron
star or black hole resulting from the stellar core collapse. In the case of Type la supernovae
no compact object is left behind. The runaway thermonuclear explosion unbinds the star
entirely. If a neutron star is left behind, it often emits intense radiation, powering the
entire SNR. Surrounding this central region is the innermost layer composed of high-
velocity ejecta, comprising heavy elements synthesized within the stellar core during its
fusion processes. When these ejecta encounter the ambient medium, they form clumps
and filaments such as those seen in Fig. 1.2.

Moving outward, the intermediate layer represents the reverse shock. As the explo-
sion blast wave sweeps up mass in a forward shock, the latter decelerates, allowing for
supernova ejecta to catch up and for a reverse shock to be formed. This reverse shock
heats the supernova ejecta as it loses energy and decelerates. Reverse shocks also form
when ejecta encounter the slower-moving material expelled from the progenitor star as a
stellar wind during its life. Reverse shocks contribute to the formation of filaments.

The outermost layer, known as the forward shock, marks the interface between the
SNR and the surrounding ISM. This shock front is associated with particle acceleration to
high energies and production of strong emission across the electromagnetic spectrum. The
departure from uniformity of the shape of many SNRs is attributed to the distribution of
the ISM density, including the presence or absence of HII regions or other objects (e.g.
molecular clouds) contributing to the ambient density.

1.2.2 Types of SNRs
Based on their morphology, there are three types of SNRs:

e Shell-type remnants, as their name suggests, emit most of their radiation from a
shell of shocked material. We view this as a bright ring, since when we look at the
edges of the three-dimensional shell, there is more shocked material along our line
of sight than if we look elsewhere in the shell. This is known as limb brightening.
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Figure 1.2: Visual structure of supernova remnants. From left to right: The Medusa
Nebula in the constellation of Gemini, Simeis 147 in the constellation of Taurus, and the
Crab Nebula in the same constellation. The first two images were taken at the Skinakas
Observatory and the last one from Hester (2008) [53].

e Plerions or pulsar wind nebulae (PWN) are powered by a pulsar located at their
centre and, in constrast to shell-type remnants, they emit most of their radiation
from within the expanding shell. This means that they appear as a filled region of
emission rather than a ring of emission.

e Composite remnants are a cross between the other two remnant types, and appear
either shell-like or plerion-like, depending on the wavelength of the observations. In
general, thermal composites appear shell-like at radio wavelengths and plerion-like
in X-rays, while plerionic composites appear plerion-like at both radio and X-ray
wavelengths, but also show shell structures. Another major difference between ple-
rionic and thermal composites is the radiation mechanism. In plerionic composites
the emission from the center is non-thermal (radio, X-rays, optical) while in thermal
composites the X-ray emission is thermal.

Based on their spectral characteristics, there are two more types of SNRs:

e Balmer dominated remnants, are determined based on the intense hydrogen
Balmer lines and weak or absent forbidden lines of [O III], [S II] and [N II] in
the optical band. The intense emission from Balmer lines arises from the neutral
hydrogen of the surrounding ISM that is being swept up and ionized by the SNR’s
shock wave. These types of remnants are thought to originate from Type la su-
pernovae, which, unlike Type II (core-collapse) supernovae, do not produce enough
energy to ionize large volumes of surrounding ISM, leaving most hydrogen in its
neutral form, to be ionized by the shock wave.

¢ Oxygen-rich remnants, are determined based on the intense emission of forbidden
oxygen lines (e.g. [O III]) in the optical band as well as X-rays. They are believed
to originate from Type Ib supernovae, where massive stars lose their outer hydrogen
envelopes through intense stellar winds right before exploding. This is why these
supernova remnants display absence of hydrogen lines and abundance in oxygen
that originates from the interior of the star.
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1.2.3 Evolution of SNRs

Throughout its evolution, an SNR goes through four different phases.

1. Initially, the SNR is in the free expansion phase, where the blast wave from
the explosion overtakes the rapidly expanding ejected material and sweeps up and
compresses the surrounding interstellar or circumstellar medium creating a shock
front. In this phase the mass of the swept up material is much less than the mass of
the ejecta and the shell’s expansion velocity remains constant. Assuming a uniform
ambient medium, this phase typically lasts a few hundred years and in that time
the SNR reaches a radius of a few parsecs.

2. As the SNR interacts with this ambient medium, it eventually enters the adiabatic
or Sedov-Taylor phase. In this phase the mass of the material swept up by the blast
wave becomes larger than the mass of the ejecta and the dynamics are described by
the adiabatic blast wave similarity solution of Taylor and Sedov, which is determined
by the total mass of expanding gas (mostly swept up interstellar or circumstellar gas)
and the energy released in the initial explosion. Radiative losses are unimportant
in this phase; there is no exchange of heat with the surroundings (hence the term
adiabatic). However, in earlier phases such as this, as the shock wave starts to
decelerate and transfer enormous amounts of kinetic energy to the swept up material,
it heats it up to millions of degrees, enabling it to emit intense X-rays, cosmic rays
and synchrotron radiation among other wavelengths. This shell continues to grow
as the shock wave progresses outward. This phase typically lasts a few thousand
years and the shell reaches a radius of a few tens of parsecs in this time.

3. Subsequently, the remnant transitions into the radiative phase. In this phase,
as the shell continues to decelerate and lose its kinetic energy, thermal radiation
losses become significant. The SNR begins to cool down to a few tens of thousands
of degrees, allowing for optical emission to arise. This phase typically lasts a few
hundred thousand years and during that time the SNR’s radius increases a few more
tens of parsecs.

4. Finally, over time, the object loses its identity as an SNR as it dissipates its energy
and merges with the interstellar medium, enriching it with heavy elements and
providing a fertile environment for the formation of new stars. This is known as the
dissipation or fade-out phase.

During these phases, which are also shown in Fig. 1.3, the SNR gradually loses its
initial kinetic energy and begins to cool and fade, interacting with its surroundings and
enriching the ISM with heavy elements and energy. These remnants play a crucial role
in the evolution of galaxies by recycling stellar material and influencing the formation
of new stars and planetary systems. Understanding the evolution of SNRs is therefore
crucial for comprehending the complex interplay between stellar life cycles and galactic
ecosystems, making it a fundamental area of research in astrophysics and cosmology.

Cioffi et al. [23] have developed a model for the evolution of SNRs. Since in this work
we are interested in the optical emission of SNRs, we focus on the adiabatic and radiative
phases of the model, as most SNRs that emit in optical wavelengths are in either of those
two phases. We will later use this model to study the relation between the shock velocity
and age of SNRs. According to Cioffi et al., the transition from the Sedov-Taylor to the
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Figure 1.3: The plot shows the radius of the SNR as a function of time, indicating
characteristic timescales for the different phases of SNR evolution. The final phase refers
to the merging of the SNR with the ISM and its subsequent dissipation, what we call
fade-out phase in this work. Figure taken from Arribas et al. (2017) [86].

radiative phase takes place near the shell-formation time ¢,¢, when the temperature of
the first element of gas becomes zero. In this case

3/14

E
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tss = 3.61 x 10 P U7 (1.1)

where E5; = Ey(erg)/10°! is the total energy of the explosion in units of 10°! erg, n(cm™3)
is the pre-shock density, and (,, is the metallicity factor which is 1 for solar abundances.
Hence, the transition time is given by the relation:

ts
tr = —Lyr (1.2)
e

where e is the base of the natural logarithm.
The shock velocity in each of these two phases as a function of the pre-shock density
n and the SNR age ¢ are given by:

ver = 0.4(610° F5)) Y2 p1/5(3.3 x 107t (yrs)) /> km s~! (1.3)

for the adiabatic phase, and:
4t 1

o 1) = . = 77/101{: -1 1.4
traa(n£) = () (s = ) Tk s (14)
for the radiative phase, where

vir(n) = 413n1/7C§{14E51{14 km s (1.5)
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is the velocity at the beginning of the radiative phase. In the above relations, £ = 2.026
a numerical constant, (,, is the metallicity factor as mentioned earlier, p = ugnmyg =
2.3 x 10724 gr em~3 the total mass density, g the mean mass per hydrogen nucleus, and
my the hydrogen-atom mass.

1.3 Information from Optical Spectra

Optical emission from SNRs arises from radiative cooling of shocked gas. SNR spectra
reveal the chemical composition of the ejecta and the surrounding ISM as well as their
excitation state. More specifically, they show strong emission lines from a variety of
ionization states, including H I, [O II], [O I1I], [S II] and [N II] as well as weaker emission
lines from ions such as He I, He II, [O 1], [N I, [Ne III], [Fe II}, [Fe III], [Ca II} and [Ar
I1I} (Fesen et al., 1985) [32]. Optical emission lines can be used as diagnostic tools, firstly
for the detection and identification of SNRs and, secondly, for the extraction of useful
information for these objects, such as their temperature, electron density, metallicity and
shock velocity.

Electron Temperature

Temperature can be calculated from the intensity ratio of specific emission lines. Ap-
propriate lines are those of the same ion which arise from collisionally excited states of
considerable energy difference. It is clear that the excitation rates and, therefore, the
intensities of the corresponding emission lines will depend strongly on temperature. Con-
sequently, the intensities of emission lines arising from these states can be used to calculate
electron temperature as shown in Fig. 1.4. Some of these ions are [O III], [N II], [Ne III]
and [S III].

Shock Velocity

Knowing the electron temperature of the SNR, we can estimate the velocity of the
shock waves. The velocity and strength of the shock waves in SNRs is reflected in the
temperature-sensitive emission line of [O TIT] at 5007 A. The greater the shock velocity,
the greater the electron temperature of the medium behind the shock front, which, in
turn, results in a more prominent emission of the temperature-sensitive [O III] line. It
has been observed that the absence of the [O III] line from SNR spectra is associated with
shock waves < 100 km s~! (Hartigan et al., 1987) [51]. The immediate deduction of shock
velocity from the [O III] line is challenging as other parameters, such as density, magnetic
field strength, ionization state and metallicity also affect shock velocity. However, there
are models (Baldwin et al., 1981 [4] & Allen et al., 2008 [2]) which take these parameters
into account and are able to estimate shock velocities in SNRs based on the [O III] emission
line. Across the publications we considered in this study, shock velocity measurements
were obtained using mostly three methods among a few other, less common ones. These
include the one just described as well as:

1. Doppler shift. We recognize the emission lines that we observe in spectra and
from their wavelength shift, we are able to estimate the velocity at which the gas
emitting these lines is moving. Therefore, obtaining spectra from the shock front
allows us to measure its velocity using this method. However, it should be noted
that this method gives only the radial velocity component.
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2. Emission line broadening. The hotter the emitting medium, the greater the
line broadening observed in its spectra. Line broadening allows us to estimate the
temperature in shock fronts, which is related to the velocity at which the gas is
expanding. There are models that relate the shock temperature to its velocity,
similar to those described earlier.
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Figure 1.4: Electron temperature and density diagnostics. Left: Electron temperature as
a function of the intensity ratio of various forbidden emission lines. The plot refers to an
electron density of n, = 1 em™3. Right: Electron density as functions of intensity ratios
of [O TI]A3729/3726 and [S II]A6716/6731. The plot refers to a temperature of 7' = 10*
K. For other temperatures, the curves are approximately correct if the x-axis is scaled
according to n,(10%/T)¥/2. Figures taken from Osterbrock & Ferland (2006) [84].

Electron Density

The mean electron density can be calculated from observing the outcomes of colli-
sional excitation. This is possible by comparing the intensities of two forbidden emission
lines of the same ion, emitted from slighlty different energy states (small energy difference
between the states). The most common examples of ions used to measure electron density
are those of oxygen [O II]A3729/3726 and sulfur [S IIJA6716/6731. These emission line
pairs are very close to each other, energetically speaking, which gives them approximately
the same probability to be occupied by collisionally excited electrons. The intensity of
the emission resulting from these two levels is driven by two main factors. One is the
statistical weight, that is how many electrons each level can occupy. This plays a role
in the intensity of the lines: the greater the number of electrons occupying the energy
level, the greater the number of photons that can potentially be emitted by spontaneous
de-excitation. The other is the lifetime of electrons at these levels, i.e. the time an elec-
tron spends at this level before spontaneously de-exciting at the ground state, emitting
a photon of analogous wavelength. The energy state with the longer lifetime is more
vulnerable to higher densities (where collisional de-excitations are increased), therefore
it will have different de-excitation rates compared to the energy state with the smaller
lifetime. Therefore, the relative population of electrons in these energy states and, sub-
sequently, the intensity of the corresponding emission lines depends on electron density,
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which controls the number of collisional de-excitations and, subsequently, the number of
spontaneous de-excitations, i.e. emissions of photons, that occur. Osterbrock & Ferland
(2006) [84] have constructed models that take these dynamics (and those described earlier
in Electron Temperature) into account and can be used to estimate electron density (and
temperature) from intensity ratios of various emission lines. Examples of their work are
shown in Figure 1.4.

1.4 Motivation

So far, there has not been any systematic analysis on SNR properties. However, thanks
to a large body of works presenting information on individual objects or regions within
them, we are able to perform a systematic meta-analysis of these data in order to obtain a
picture of the SNRs properties (e.g. shock velocity and density). In this study, we will be
focusing on SNRs emitting radiation in the visible part of the electromagnetic spectrum.
SNRs emitting such radiation are typically at the end of their adiabatic phase or within
their radiative phase of evolution, as described earlier. We will, for the first time, quantify
the variability of the physical parameters within these celestial objects and present the
correlation between their shock velocities, electron densities and ages. Additionally, by
analyzing data from numerous remnants of varying ages, we will investigate their evolu-
tionary patterns and compare them to the theoretical model of Cioffi et al., hoping to
mature our understanding of these extraordinary phenomena.

10
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2.1 Sample Selection & Dataset Construction

Our literature survey is based on the Galactic SNR catalogue of Green (2022) [48].
We thoroughly examined all available publications of the entire SNR sample, with specific
emphasis on observations conducted within the optical waveband, focusing on measure-
ments of the remnants’ shock or expansion velocities, densities and temperatures, based
on a variety of methods and tracers. Among the 294 SNRs listed in Green’s catalogue
at the beginning of this project, we ended up focusing on 62 (21%) that possessed docu-
mented data derived from optical observations. For the remaining objects there is either
no information on their optical emission or no information on their physical properties.

To aid our data mining process, we created a Python script that searched for tracers
within the abstracts of the publications and retained the ones with at least one of the
tracers we looked for. These tracers included spectroscopic observations in the optical
band or optical emission line ratios (e.g. [N II]/He, [S II]/He, [O III]/Hp, etc. due to their
significance as temperature, density and shock velocity diagnostics), keywords associated
with optical emission, such as 'H-alpha’, 'Balmer’ and ’optical’, and measurements of
physical parameters, namely shock velocity, electron density and temperature. Certainly,
there is a chance that a paper presents measurements of physical parameters in the body
of the text and the tracer is not listed in the abstract. However, from examining a small
number of publications not retained by our script, we are confident that the search was
adequately exhaustive.

After applying this filtering process, we conducted a manual search within the re-
maining publications to identify these tracers in the body of the text, and we carefully
documented any valuable information we found. If measurements of physical properties
were reported, we ensured that the values of a property (e.g. velocity) were measured in
the same regions of SNRs or using the same method. To facilitate a comprehensive anal-
ysis, we then aggregated the data extracted from these publications into a consolidated
dataset.

Age and distance information was obtained from the database of high-energy obser-
vations of Galactic SNRs (Ferrand & Safi-Harb, 2012) [29]. Our final sample of optically-
selected SNRs that made it to our dataset along with the number of publications from
optical observations kept for each object is presented in Table 2.1. Our dataset not only
allowed for a unified analysis of the available measurements but also enabled us to explore
the correlations between the physical parameters of SNRs (such as velocity and density)
as a function of their age, providing for the first time a picture of the overall trends of the
properties of the SNR population within our Galaxy. While temperature data were also
obtained, they were not enough to draw any reliable conclusions on their relationship to
other parameters.

11
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Table 2.1: Basic properties of the SNRs used in our study. The number of publications
from optical observations per remnant used in this work are also shown. Multiple age and
distance estimates are given from different studies and measurement methods used.

No. | SNR Name(s) Age (yrs) Distance (kpc) No. of Publications
1 G4.5+46.8 Kepler 416 2.9+0.4 2
2 G6.4-0.1 W28 33000-36000 2, 1.8-3.55 2
3 G13.3-1.3 G13.3-1.3 - 3.3+1.3 1
4 G15.1-1.6 G15.1-1.6 - 2.1-2.2 1
5 G17.4-2.3 G17.4-2.3 - - 1
6 G32.8-0.1 Kes 78 5700-22000 6-8.5 1
7 G34.7-0.4 W44 6400-7500 2.1-3.3, 2.5 2
8 G38.7-1.3 G38.7-1.3 3800-14700 - 1
9 G39.7-2.0 W50 30000-100000, 18000-210000 5, 2-6 2
10 G49.2-0.7 W51C ~30000 ~6 5
11 G53.6-2.2 3C 400.2 15000-50700, 110000 6.7+0.6, 6.7-7.8 1
12 G54.4-0.3 HC40 61000 3 1
13 G59.5+0.1 G59.5+0.1 - 11 1
14 | G59.8+1.2 G59.8+1.2 - - 1
15 | G64.5+0.9 G64.5+0.9 - ~11 5
16 | G65.3+5.7 G65.3+5.7 20000-30000 ~1.2, 0.6-1.5, 1 1
17 | G66.0-0.0 G66.0-0.0 - 2.3-3.96 1
18 G67.64+0.9 G67.6+0.9 - - 2
19 | G67.7+1.8 G67.7+1.8 1500-13000 7-17, 16.7 1
20 | G67.840.5 G67.8+0.5 - - 4
21 G69.0+2.7 CTB 80 ~10000, 60000, 30000 2.5, 1.5-4.6 2
22 G70.0-21.5 G70.0-21.5 - 1-2 1
23 G73.940.9 G73.9+0.9 11000-12000 - 7
24 G74.0-8.5 Cygnus Loop 18000, ~10000 ~0.89 3
25 | G78.242.1 DR4, vy Cygni SNR 8000-16000, ~7000 - 2
26 G82.2+5.3 W63 13500-26700 1.6-3.3 1
27 | G85.9-0.6 (G85.9-0.6 6400-49000 5 1
28 | G89.0+4.7 HB21 4300-18000 0.8-1.7 2
29 G109.1-1.0 CTB 109 8800-14000, 9000-9200 3.6-5.2, 3.1+0.2 1
30 G111.7-2.1 Cas A 340 3.3£0.1, 3.4 3
31 G114.340.3 | G114.34+0.3 ~41000 2-3 1
32 | G116.5+1.1 | G116.5+1.1 15000-50000 ~3 3
33 | G116.9+0.2 | CTB 1 7500-18100, 7500-11000, 16000 | 1-4.7, 0.9-4.7, 2-3.5 2
34 G119.5+10.2 | CTA 1 13000 1.4, 1.1-1.7 2
35 G120.14+1.4 | Tycho 451 - 2
36 G126.2+1.6 | G126.2+1.6 270000 4.5, 2-5 2
37 | G130.7+3.1 | 3C58 839 2.6+0.2 2
38 | G132.7+1.3 | HB3 25000-72000 2-2.2 2
39 G156.245.7 | G156.2+5.7 7000-36600, 20000 0.68-3, 1.7 1
40 | G159.64+7.3 | G159.6+7.3 - <2.5 2
41 G166.0+4.3 | VRO 42.05.01 9000-20100, 60000 2-3.6 1
42 G179.04+2.6 | G179.0+2.6 >10000 ~3.5 3
43 | G180.0-1.7 S147 26000-34000 0.8-0.9, 0.6-1.9 2
44 | G184.6-5.8 Crab Nebula 966 - 2
45 | G189.14+3.0 | IC443, 3C157 9000, ~10000 0.5-2.5 2
46 G205.54+0.5 | Monoceros Nebula 30000-150000 - 3
47 G206.9+2.3 | PKS 0646406 64000 3-6.5, 1-2.3, ~2.2 1
48 G213.0-0.6 G213.0-0.6 - ~2.4 1
49 | G260.4-34 Puppis A, MSH 08-44 2200-5400 2-4 2
50 | G263.9-3.3 Vela 9000-27000 0.25 1
51 (G284.3-1.8 MSH 10-53 ~10000, 2930-3050 1-2.9, 3.7-5.4, 6-6.2, 6.2+0.9 | 3
52 G296.1-0.5 G296.1-0.5 2800-28000 3-5 1
53 | G296.5+10.0 | Milne 23, PKS 1209-51/52 | 7000-10000 1.3-3.9 1
54 (G299.2-2.9 G299.2-2.9 ~8700 ~5 1
55 G315.142.7 | G315.1+2.7 - 1.7 1
56 | G315.4-2.3 RCW 86, MSH 14-63 2000-12400 2.5+0.5, 2.34+0.2, 3.2 5
57 | G320.4-1.2 MSH 15-52, RCW 89 1700-1900 4 1
58 | G326.3-1.8 MSH 15-56 9800-16500 3.2 1
59 G327.6+14.6 | SN1006, PKS 1459-41 1017 2.1 5
60 G332.4-0.4 RCW 103 2000, 2000-4400, 1200-3200 3.3, 3.2, 2.7-3.3 4
61 G332.5-5.6 G332.5-5.6 7000-12100 2.2-3.8 1
62 | G343.0-6.0 RCW 114 ~20000 0.2-1.5 1
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3| Data Analysis

3.1 Handling Special Data Types

Unlike traditional lab data, which often consist of well-behaved values and associated
errors, our dataset comprised various data types, each with its unique characteristics and
uncertainties. Dealing with this diverse range of data types presented a significant chal-
lenge, as we couldn’t simply ignore or treat them uniformly. Discarding any of these data
would have resulted in a substantial loss of valuable information, which is particularly
critical considering our already limited sample and dataset size. It was, therefore, im-
perative to develop a methodology that effectively incorporated all the available data,
allowing us to extract as much information as we could in order to derive meaningful
insights and draw reliable conclusions.

A/A | Shock Velocity (km s™!) | Data Type

1 >90 Lower limit

2 <110 Upper limit

3 90£20 Value with error

4 90-110 Value range

5 ~100 Approximate value

Table 3.1: Example of different types of indicative shock velocity measurements in a single
region of an SNR.

In Table 3.1 we present indicative shock velocity measurements for a single region of an
SNR. We would like to obtain a final mean or median value as well as an error estimation
for the shock velocity in this region, by combining all available measurements. Because
of the different nature of the uncertainties in each indicative measurement we cannot use
traditional methods of error propagation. Therefore, to address the complexity of our
dataset and achieve this, we adopted a probabilistic approach. More specifically, we used
a Monte Carlo sampling method to sample values from relevant distributions. In other
words, we draw values from appropriate distributions for each one of the measurements
in Table 3.1, depending on their type.

For instance, to handle value ranges, we made a thousand draws from a chosen Gaus-
sian distribution. A Gaussian function is given by the formula:

G(z) = Ae” 207, (3.1)

where A is the height of the curve’s peak, b the position of the center of the peak and o
the standard deviation.

There’s a special relationship between the full width at half maximum (FWHM) of the
curve and its standard deviation. The half of the maximum is located at the point where

13



3.1. HANDLING SPECIAL DATA TYPES DATA ANALYSIS

G(z) = A/2. Assuming a Gaussian function centered at zero (i.e. b = 0), substituting
into equation 3.1 and solving for z yields:

ZL‘FWHMZZEV21H20 (32)

The FWHM is then 2v/21n2 0, and so

FWHM
o= —F.
2v2In2

The center of our chosen Gaussian distribution was set to the midpoint of the value range,
and the standard deviation was determined, according to equation 3.3, based on a FWHM
that was set equal to the difference of the value range.

To quantify the uncertainty associated with the value range, we derived a represen-
tative value using either the mean or the median of the random sample drawn from the
distribution and we calculated the error estimation based on its standard deviation.

(3.3)

120 A

110 I T
100 I ®
90 1 ®

80 1

Shock velocity (km s~1)

70 1

Figure 3.1: Plot representation of the shock velocity measurements in Table 3.1.

Approximate values, where uncertainties are not reported, were handled in a similar
way, using a Gaussian distribution centered at the approximate value. To account for
the uncertainty associated with an approximate value, we introduced a 25% error. To
determine the appropriate standard deviation for this Gaussian, we employed, again,
equation 3.3, equating the FWHM to the difference of the value range induced by the
25% error. This choice for sigma ensures that the drawn samples appropriately reflect the
approximate value’s uncertainty.

To address upper and lower limits, we applied a similar probabilistic method. For
lower limits, we employed a Heaviside step function that extends up to five times the
lower limit. This step function allowed us to sample from within the specified range,
effectively incorporating the constraint while accounting for uncertainties in the data.

To visualise the sampling process, we provide an example. Table 3.1 shows a set of
hypothetical shock velocity measurements of various data types in a single region of an
SNR and Figure 3.1 their representations on a plot. Value ranges are represented with
a central value equal to the average of the upper and lower limits of the range and an
error bar corresponding to their half difference. For approximate values a 25% error is
introduced. Finally, upper and lower limits are represented with arrows pointing down
and up, respectively.

In Figure 3.2 we show histograms of a thousand draws for each measurement. In Figure
3.3, the left panel shows the histograms combined into a single plot, while the right panel
combines the draws into a single histogram. We calculate the mean or median value,

14
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>90 <110 90+20 90-110 =100
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N
o
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0 0+ 0 0
0 25 50 75 100 60 80 100 90 100 110 60 80 100 120

Shock velocity (km s™%) Shock velocity (km s™%) Shock velocity (km s~1) Shock velocity (km s™%) Shock velocity (km s7%)

100 200 300 400

Figure 3.2: Visualisation of the Monte Carlo sampling method used in this work. Each
histogram represents a sample of a thousand draws from appropriate distributions relative
to the data type of each indicative shock velocity measurement of Table 3.1 which is shown

at the top in units of km s

depending on the case, as well as the standard deviation of the combined distribution to
get a measurement for this region representing all available information. It’s needless to
say that in our case, we also had errors and special data types in the x-axis. The process
remains the same, only this time it is performed twice.

Overall, this probabilistic methodology allowed us to effectively deal with various
types of special data, taking into account their inherent uncertainties and constraints.
The approach presented here provides a robust framework for handling and analyzing all
available data from complex datasets, enabling more accurate and reliable results.

Data Type 300
60 - >90
s <110
501 = 90+20 250
N 90-110 p=100 km 51_1
3 40 1 . =100 2200 1 0=90 km s
= =
g g
@ 301 g 150
i find
20 100
101 50
04 0l AT U PR R I TR
0 100 200 300 400 0 100 200 300 400
Shock velocity (km s1) Shock velocity (km s71)

Figure 3.3: Visualisation of the Monte Carlo sampling method used in this work. Left:
The histograms of Figure 3.2 combined into a single plot. Right: Combining the drawn
samples for each shock velocity measurement into a single histogram and calculating the
median value and standard deviation of the final sample.
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4| Results

4.1 Distribution of Physical Parameters

In this section, we present distributions of the physical parameters (electron density
and shock velocity) in our sample of SNRs. To get a first image of the scatter in the
values, in Figures 4.1 and 4.2 we present multiple electron density and shock velocity
measurements per object, for each of the 62 Galactic SNRs we examined. Data in these
figures are in their raw form, that is we have not applied the Monte Carlo sampling
approach and we have represented upper and lower limits with arrows pointing down and
up, respectively. Additionally, errors correspond to those reported in the publications and
values lacking errors correspond to data for which errors are not reported in the relevant
publications. The measurements in these figures refer to different regions within each
remnant or, in the case of shock velocity, different measuring methods used in each case.
In Fig. 4.2 data points are color-coded with respect to these methods.
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Figure 4.1: Electron density measurements for the different objects in our sample.
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4.1. DISTRIBUTION OF PHYSICAL PARAMETERS RESULTS

4.1.1 Individual Objects

We performed a statistical analysis of the measurements within different regions of a
given remnant. Here, we consider histograms of remnants with a total of 10 or more elec-
tron density and shock velocity measurements across the remnant. Measurements from
the same region were averaged, so histogram frequencies add up to the total number of
distinct regions observed in each remnant. Additionally, from our literature review [83],
we found an object, SN1006, with shock velocity measurements for 133 distinct regions.
Unfortunately, not many objects have been studied extensively, so these histograms are
not well sampled, yet they still give a first image of the variability of the physical param-
eters within an object, reflecting the variability of the medium itself surrounding SNR
sites. The insights that can be gained from these results are further discussed in Chapter
5.

17.5 -

u=2209 km s~1
0=246 km s™1

15.0 -

= =

© N

o ul
1 1

Frequency

N
ol
1

5.0 1

2.5 1

0.0 -
1600 1800 2000 2200 2400 2600 2800 3000 3200

Shock velocity (km s1)
Figure 4.3: The shock velocity distribution within the supernova remnant SN1006 for

which we have measurements for 133 distinct regions [83]. All measurements are robust
and none are excluded from the statistical analysis.
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4.1. DISTRIBUTION OF PHYSICAL PARAMETERS RESULTS

4.1.2 Overall Properties of the SNR Sample

For the entire Galactic SNR sample we studied, we took the mean electron density and
shock velocity for each object and we created the histogram of each physical parameter,
which can be seen in Figure 4.6. To do this, all available measurements retrieved from
publications were grouped by object (regardless of region), according to the methodology
described in Chapter 3, to obtain combined mean values for each object. We found that
the electron density distribution can be modeled with a log-normal distribution with a
mean log(n,) = 2.34 (cm™?) and a standard deviation of 0.58 (cm™3), whereas the shock
velocity distribution with a skew log-normal distribution located at log(vs, ) = 1.55 (km
s71) with a scale of w = 0.88 and a skewness of o = 8.57.

——=- Fitted Gaussian

(=)
H
1

p=2.34
0=0.58

2.3
0.5

= =
o N
1 1

Frequency
[e0]

0.5 1.0 15 2.0 2.5 3.0 3.5 4.0
log(ne) (cm~3)

(a) Electron density distribution.

12 A ——=~ Fitted Skew Normal
£=1.55
10 A w=0.88

a=8.57

Frequency
(o)}

1.50 1.75 2.00 2.25 2,50 2.75 3.00 3.25 3.50
log(vsy) (km s™1)

(b) Shock velocity distribution.

Figure 4.6: Physical parameter measurements for the enitre sample of Galactic SNRs.
Top: The electron density distribution of the population fitted by a log-normal distri-
bution with a mean log(n.) = 2.34 (cm™3) and a standard deviation of 0.58. Bottom:
The shock velocity distribution of the population fitted by a skew log-normal distribution
located at log(vg,.) = 1.55 (km s™!) with a scale of 0.88 and a skewness of 8.57.
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4.2. SNR EVOLUTION MODEL RESULTS

Skewness is a measure of the asymmetry of the distribution about its mean, the lo-
cation parameter determines the ”location” or shift of the distribution and the scale pa-
rameter determines its spread. More specifically, the probability density function (PDF)
of a skew log-normal distribution with location &, scale w, and parameter « is given by

e

where ¢(x) = \/%6_7 is the standard normal PDF, ®(z) = [*_ #(t)dt = 3 [1 +erf (%)},
where "erf” is the error function, is the cumulative distribution function (CDF) and the
scale of the x-axis is logarithmic. To obtain the frequency function of the distribution (i.e.
the one shown in Figure 4.6b), we denormalize the PDF by multiplying by the histogram

bin width and the total number of data points.

(S

4.2 SNR Evolution Model

In Fig. 4.7 we present raw (i.e. unprocessed) shock velocity vs. age data, along with
their corresponding errors and upper and lower limits. The points on the plot are color-
coded with respect to the common (i.e. decimal) logarithm of the electron density. Grey
points represent data lacking a measurement of electron density. The upper right and
lower left corners of the plot are vacant, indicating a potential anticorrelation between
the shock velocity and age, which is discussed in Chapter 5.
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] e No Density Data
‘! - 3.5
]
Y p L4
~ ®
« 103 - . o ! - 3.0
g ;
> | 2.5 &
3 i | =
v  JE— 2.0 5
< 1075 | * IS
9 ]
= i 1.5
L
* 1.0
101':
103 104 10°

Age (years)
Figure 4.7: The relationship between shock velocity and age in the raw data.

In an attempt to highlight the anticorrelation that seems to be present in Fig. 4.7, we
performed our sampling approach described earlier. The result of the synthesis of these
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4.2. SNR EVOLUTION MODEL RESULTS

data is presented in Figures 4.8 and 4.9. On the left plots of the figures we have taken the
mean values of the drawn samples and on the right plots the median values. In Fig. 4.9
we also grouped our drawn samples depending on the velocity measurement methods, as
some methods tend to give systematically higher velocities and others lower. The trend is
present and it seems that the presence of younger objects in our SNR sample is decisive
in its existence. This will be further discussed in Chapter 5.
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Figure 4.8: The relationship between shock velocity and age. The data have been pro-
cessed according to a Monte Carlo sampling approach described in the text. On the left
plot we have taken the mean value of the samples drawn and on the right the median

value. This is the form of the processed data before grouping by velocity measurement
method.
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Figure 4.9: The same plot as in Figure 4.8, but for each SNR the samples drawn have
been grouped by the method of velocity measurement before performing our statistical
analysis.

In Figure 4.10a each point represents a shock velocity measurement for an SNR of a
certain age. The measurements are grouped by the method that was used in each case
to measure the shock velocity and the data has been processed using the Monte Carlo
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4.2. SNR EVOLUTION MODEL RESULTS

sampling approach described in Section 3.1. For instance, if we have 5 total velocity
measurements for an object, two of which were measured using method A and the rest
with method B, the sampling approach as described in Section 3.1 is applied twice, once
for method A and once for method B. This leaves us with 2000 combined draws for method
A and 3000 combined draws for method B. The calculation of their ”aggregated” mean
values and standard deviations are used as the final values and errors, respectively, for
each method. In the end, we have as many points per object as the number of different
velocity measurement methods used in that object; in this case, two points. The points
on the plot are color-coded with respect to the logarithm of the average electron density
of each SNR.

In order to assess the agreement between the evolutionary model of Cioffi et al. [23]
and the data, we superimposed the theoretical curves onto our shock velocity vs. age
data. To do this, we took a range of age values ranging from the smallest to the largest
age in our dataset and, for distinct values within this range, we check if ¢ < t;., where
ty- is the transition time from the Sedov-Taylor to the radiative phase. In this case, the
SNR is in the adiabatic phase, so we use eq. 1.3 to get the theoretical shock velocity at
that time. Otherwise, the shock velocity is given by the radiative phase equation (Eq.
1.4). These calculations were performed for three different values of ambient/pre-shock
density, covering the range of densities in the SNRs. It should be emphasised here that the
models use the pre-shock density as opposed to the post-shock density. In cases where
the pre-shock density was not reported in our publications, we adopted a correlation
wherein the pre-shock density is defined as one-fourth of the post-shock density (the
electron density we measure), as imposed by the shock jump conditions, which are a set
of physical principles that describe the behavior of a fluid as it encounters a shock front.
These conditions are based on the conservation of mass, momentum, and energy. The
selection of this relation is relatively inconsequential, as equations 1.1, 1.3, 1.4 and 1.5
governing shock velocity depend on the pre-shock density with small exponents. Thus,
variations in the choice of the relation have a limited impact. The results are shown in
Figure 4.10a, where the green lines represent the model predictions for the three different
ambient densities. More specifically, the nearly vertical lines represent the transition
from the adiabatic (Sedov-Taylor) phase of evolution to the radiative phase. Remarkable
agreement is observed between the data and the theoretical model.

In Figure 4.10b we show a one-to-one comparison between the data and the model pre-
dictions. To create the plot, we grouped our dataset by individual objects and performed
the Monte Carlo sampling approach that was described in earlier chapters. Therefore,
each data point on the plot represents the average shock velocity measurement for an
entire SNR of a certain average age. Additionally, the data points were color-coded with
respect to the logarithm of the average density of each SNR, as before. Grey points rep-
resent the values predicted by the model of Cioffi et al. based on the age and pre-shock
density derived by our sampling approach. Again, we observe a very good agreement.

25



4.2. SNR EVOLUTION MODEL RESULTS

10% - A
1 Doppler
Vv Line Broadening 4.0
B Line Ratios
® Other
* * ® No Density Data 3.5
== nfM=10cm™3
= nM =100 cm~3
| nisM =1000 cm3 fo
(7)) 10°1 3.0 |
~ ] O
> O
b= c
O ~
O 20 ©
) (@)
() -
> 102 4
1.5
1.0

103

Age (years)

(a) Shock velocity against age and theoretical lines based on the model of
Cioffi et al. for different ISM densities.
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shown with grey points, based on the actual density and age of each object.

Figure 4.10: The measured shock velocity plotted against the SNR age. The lines and
grey points correspond to predictions from the SNR evolution models of Cioffi et al. The
agreement between the observations and the expected velocities is remarkable.
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4.2. SNR EVOLUTION MODEL RESULTS

We also examined the relationship between the shock velocity and electron density in

Figure 4.11, where each data point is the mean value for each Galactic SNR. We observe
a weak positive trend.
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Figure 4.11: The relationship between shock velocity and electron density color-coded
with respect to age. A weak positive trend is observed.
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5/ Discussion

In this chapter we interpret the results of this work. The aim of this project was to
provide a picture of the statistics of a sample of 62 supernova remnants in our Galaxy.
One of our most important findings is that the electron density follows a log-normal
distribution, as can be seen in Fig. 4.6a. This is reasonable, since there’s a lower limit to
the density set by the density of the interstellar medium and an upper limit associated
with the mass of the progenitor star and, therefore, the amount of stellar content being
propelled outward into the interstellar medium. At any given time, we have remnants that
have only recently exploded and old remnants that have faded out. Observing only one or
the other case is statistically improbable. Therefore, most remnants will be somewhere in
the middle, their shocks having swept up enough interstellar and circumstellar material,
but not having had enough time to dissipate. According to Figure 4.6a this middle point
falls at log(n.)=2.3440.58 (cm™3).

When it comes to the distribution of the shock velocity values across the Galactic
population, we expect that since most of the objects we have examined are more than ~
10* years old, the shock will have significantly slowed down for most of them. Indeed, this
behaviour is also observed in Figure 4.6b, where greater shock velocities are less frequent.
This is also expected from the fact that it is statistically improbable for multiple stellar
systems to undergo supernova explosions simultaneously, resulting in higher frequency of
larger shock velocities. Therefore, we naturally expect the probability density function of
the shock velocity to dampen for greater values, as is observed in the skewed log-normal
distribution of the shock velocity measurements.

Distributions of physical parameters within individual remnants show significant vari-
ability, especially in younger objects. More specifically, we observe that there is significant
spread in both electron density and shock velocity across different regions of each rem-
nant, except for a few remnants, namely G6.4-0.1, G65.3+5.7 and G74.0-8.5, which show
relatively self-consistent values of shock velocity compared to the rest of the objects for
which we have multiple measurements across different regions, as we can see from the
small values of standard deviation in Fig. 4.4. This can also be observed in Fig. 4.2,
where shock velocity measurements for G6.4-0.1, G65.345.7 and G74.0-8.5 are more con-
gregated compared to other objects.

We would expect for the spread of these distributions to be dependent on age, as
objects that are older have had more time to interact with the environment surround-
ing the supernova site, and therefore would be expected to be affected in different ways
along different directions of the SNR, following the structure of the ISM and potential
neighbouring HII regions and molecular clouds, resulting in greater values of standard
deviation. We find that younger objects show significant spread in their physical param-
eters compared to their older counterparts. This indicates that the effects the immediate
surroundings of an SNR have on its evolution are important. The departures from unifor-
mity introduced by the circumstellar and interstellar material immediately surrounding
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the explosion epicenter seem to be significant. Additionally, older remnants, having had
enough time to expand into the ISM seem to incorporate systematically lower density gas.
The gradual dissipation of the shock combined with the mixing of the initially clumpy
circumstellar material with the more uniform interstellar material implies that the rem-
nant becomes more uniform as it fades out; inhomogeneities encountered in the earlier
phases are smoothed out by the passing shock wave, gradually leading up to the dissipa-
tion phase.

Finally, for one object, SN1006, we have shock velocity measurements for 133 distinct
regions of the remnant. The mean value and standard deviation of these measurements
are 2209 km s™! and 246 km s™!, respectively, as can be seen from the corresponding
histogram in Figure 4.3. This object can’t be correlated to the previous ones, because it
outnumbers the number of measurements by one order of magnitude; its shock velocity
distribution is much more robust compared to that of the other objects. However, along
with the other objects, these distributions do provide valuable constraints for theoretical
models of SNR evolution and particle acceleration.

We notice that for most objects in Figures 4.1 and 4.2 shock velocities lie around 100
km s~! and electron densities well below 1000 cm 3. Shock velocities measured via line
broadening and Doppler shift tend to be higher, whereas those measured via emission line
ratio models yield lower shock velocity values. The first two methods are usually preferred
in young X-ray emitting objects, where the shocked gas is heated to millions of degrees
and expanding rapidly and, thus, broadening and Doppler effects are significant. This
is why these methods are biased in favor of greater shock velocity measurements; shocks
are faster in younger objects. However, emission line ratios, particularly those involving
emission lines of [O III], [N II] and [S II] are independent of density for density ranges
typical of those of the ISM (Allen et al., 2018 [2]), deeming them useful as temperature
and, therefore, shock velocity diagnostics for older, cooler objects that have expanded
into the ISM. So, for older objects (i.e. the majority of our sample) in which the shock
front has expanded into the ISM and therefore slowed down, this method is preferred and
therefore consistent with lower values of shock velocity.

The reason why measurements across a single object are not particularly self-consistent
is because the departure from uniformity of the ambient medium causes the shock to
propagate with different velocity depending on the density of the medium. So, decelerating
faster in denser regions of the SNR, such as knotty and filamentary structures, compared
to less dense regions. Additionally, if enough time has passed for reverse shocks to be
produced by the supernova ejecta catching up with the shock front, they become yet
another factor that contributes to the variability of our measurements of shock velocities
within an SNR. This is because reverse shocks are less energetic than forward shocks
which are powered by the supernova explosion.

Regarding the comparison with the evolutionary models of Cioffi et al., we see that the
data avoid the lower left part of the plot in Figure 4.10a, in agreement with the models,
while they also follow the downward trend. Additionally, it is expected for young objects
to be associated with higher densities, because of the larger density of the circumstellar
material, and older objects to be associated with lower densities. This is because older
objects have had time to expand into the ISM, which is of much lower density and more
uniform than the vicinity of the supernova progenitor system.

Earlier we mentioned that the presence of younger objects in our SNR sample seems
to be decisive in the existence of an anti-correlation between shock velocity and age.
That is, if we were to remove young objects from our sample, we would not observe a
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clear anti-correlation between shock velocity and age. Since the dependence on time of
the Sedov-Taylor and radiative phases is very similar (see Eq. 1.3 and 1.4), we propose
that the main driver for this behavior is the density. More specifically, we theorize that
the difference in density between the circumstellar material, which is denser and has a
stronger density gradient, and the ISM, which is thinner and smoother, results in faster
velocity evolution and a more gradual evolution, respectively. However, there is a wide
range of densities, resulting in the scatter we see.

The temporal trajectory of a single object in this plot would start from the upper
left edge following a theoretical line of high ambient density and would steadily progress
into lines of lower ambient density, as the shock front surpasses the supernova ejecta and
circumstellar material and expands into the ISM. The wide range of the ISM densities
is reflected in the fact that older objects are spread out over lines of multiple ambient
densities.

In Figure 4.11 we observe a weak upward trend of the shock velocity with respect to
electron density. We would expect an inversely proportional relation of shock velocity
to electron density, as dense environments contribute to the deceleration of the shock.
We theorize that the reason behind this trend is the fact that objects in the upper right
corner are significantly younger than the rest of the sample, as can be seen from the
color bar, and in such objects the shock front has not yet had enough time to decelerate.
Furthermore, in these earlier stages the shock front is still interacting with dense regions
immediately surrounding the SNR site, such as circumstellar material. This explains why
younger objects exhibit greater electron densities and shock velocities simultaneously.
This further supports the claim that age is the driving factor of shock velocity for optically
emitting remnants.
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6| Conclusions

Supernova remnants (SNRs) are the testament of the final act in the life of a mas-
sive star. They are important for enriching and heating the interstellar medium, and for
providing information on the latest stages of stellar evolution. SNRs are characterized
by complex physical processes resulting in a multi-phase gas radiating across the elec-
tromagnetic spectrum. Over 300 SNRs are known in our Galaxy, however, so far there
have not been any systematic studies of their population (mostly in the optical band). We
present an investigation of the physical properties of Galactic SNRs based on an extensive
literature survey. We explore the correlations between the physical parameters of SNRs
(such as velocit and density) as a function of their age and type, providing for the first
time a picture of the overall trends of the properties of the SNR population within our
Galaxy.

Our literature survey is based on the Galactic SNR catalogue of Green (2022). We
thoroughly examined all available publications of the entire SNR sample focusing on
measurements of their shock or expansion velocity, density and temperature, based on a
variety of methods and tracers. We found data for 62 SNRs with published information.
For 34 objects, we also have information on multiple regions within the SNR, but we only
present results for 9 of those with a statistically sufficient number of regions sampled,
providing a picture of the variation of the physical parameters within an object. Age and
distance information is obtained from the database of high-energy observations of Galactic
SNRs (Ferrand & Safi-Harb, 2012). In order to account for upper/lower limits, and value
ranges reported in these publications, we followed an approach where we draw values
from a Heaviside step function or a Gaussian distribution respectively. We then calculate
the mean and standard deviation from these draws. For objects with multiple available
measurements, we first calculate the mean of these measurements before including them
in our statistical analysis.

We conclude that the density of the SNR population follows a log-normal distribution
with a mean log(n.) = 2.34 (cm™3) and a standard deviation of 0.58. The shock velocity
of the population follows a skew log-normal distribution located at log(vs,.) = 1.42 (km
s71), with a skewness of 8.57 and a scale of 0.88. We also explore the relation between
shock velocity and density or age. We see that there is no strong correlation between
velocity and density. However, there is a clear anticorrelation between velocity and age
(as expected from SNR evolution models). This indicates that age is the driving factor
of the SNR shock velocity for optically emitting SNRs. Comparison with evolutionary
models shows remarkable agreement, affirming the accuracy of our understanding of shock
formation and propagation.

The work presented in this study is quite valuable as it offers a first glimpse into the
properties of Galactic SNRs as a population, and a systematic comparison with theo-
retical models. For instance, the statistical distributions of parameters such as density
and shock velocity derived here can be used as inputs in theoretical models that can be
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constructed to predict other parameters, providing a roadmap for understanding the be-
havior of individual remnants and their collective impact within our Galaxy.

While our study effectively provides a first picture of the overall trends of the properties
of the optical SNR population within our Galaxy and supports our current understand-
ing of shock formation and propagation, it should also be noted that this depiction is
somewhat rudimentary. The primary challenge we encountered was the scarcity and lim-
ited robustness of available data. Notably, temperature data largely relied on theoretical
shock models rather than direct measurements, which constrained our ability to explore
its correlations with other parameters. As a result, our study refrained from investigating
potential relationships between temperature and other SNR characteristics. Additionally,
age estimates were often highly uncertain. Future research endeavors should prioritize the
construction of a more extensive and precise dataset, complemented by firsthand spectro-
scopic observations across multiple regions of SNRs. While this approach may demand
additional time and resources for deducing physical properties directly from observations,
it opens the door to comprehensive cross-correlations involving shock velocity, electron
density, temperature, excitation parameters (e.g. emission line ratios), and supernova
types. Such investigations could yield valuable insights into the nature of these phenom-
ena, including variations in density and shock velocity associated with different supernova

types.
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