1 Results of SNR Simulations

1.1 General Properties of the SNR Simulations

This section describes the simulation results with respect to the typical phases an evolution
of SRN passes through.

All existing models of a SNR exhibit qualitatively similar evolution. We illustrate this
evolution in Figure 11. The three panels show (from left to right, respectively) the simulation
beginning, the Sedov-Taylor phase, and the Pressure-Driven-Shell phase. We see how the
initial small sphere of the extremely hot gas evolves to the swept-up shell of hot ISM, with
density, temperature and pressure following the typical Sedov profiles, which later collapses

into a thin shell.
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about 2 to 5 parsecs isl’;‘mgﬁﬁé?ée; | lSedov-Taylor solution shown in Fig 3 in
Chapter 3. The Mf shows the remnant shortly after the shell collapse,during the
Pressure-Driven-Shell phase. Especially interesting 1s the abrupt change in density at the
shock front. It changes by a factor of <4 in the Sedov-Taylor phase, which is a fundamental
property of the adiabatic shock. At the same time, the density jump is much higher in the
Pressure-Driven-Shell phase in the third graph, because the shock is losing the energy through

radiation, 1.e. it 1s a radiative shock and not an adiabatic shock.
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Also of interest is the function describu J the radius of the shock front a;/it varies with

time, F by the output-ef-the code. Fig 12 illustrates this lé“'ﬂ%‘i)ﬂ‘bhl-p wiffrthe - (ov
same [SM density as in the-previons-Fig 11. Notably, the change in the growth rate appears at

approximately 6 kyr, which marks the transition from the Sedov-Taylor phase to the Pressure-

Driven-Shell phase.
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g 2 The radius of the shock front as a function of e of the same SNR ax the one showwoin Fig 11

1.2 {Comparison Between_the|Simulations with the Schure vs. Chemistry
Cooling modules

Both simulations generally follow the expected development of a SNR evolution. At the
same time, differences between the two simulations were observed starting with the shell
collapse, 1.e. the transition from the Sedov-Taylor to the Pressure-Driven-Shell phase. This
critical comparison is displayed in Fig. 13 which shows the time of the shell collapse, as a
function of the ISM density for the simulation with the Schure cooling module (blue) and the
chemistry module (red). The dots represent the observed shell collapses in simulations, while
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As evident in Fig. 13, there are discernible differences between the Schure cooling module

and the chemistry cooling module between how fast their shell collapseXThe SNR simulated
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The red and blue triangles represent the points of shell collapses of chemistry and Schure
cooling respectively. The first observation is that the evolution of the SNRs simulated using
the two cooling modules remains peartyt identical until the shell collapse as detected in the
Schure cooling module simulations (the blue and the red lines overlap up to the blue
triangles). However, our predictions suggested that the evolution should diverge earlier,
specifically at the earlier of the two collapses, in this case the collapse of the chemistry
cooling module (red triangles).

Upon further investigation, it became apparent that before the shell of the chemistry
cooling module collapses (red triangle), the density at the shock front begins to spike and
surpasses the threshold of the < 4 times of the ISM density. This is demonstrated in detail in Ve ~

Fig. 15- the spike is the top of the red curve representing the simulation with the chemistry v

3‘900[ v
module. The density spike appears prior to the actual collapse, causing the observed
discrepancy between our predictions and the simulations results [t also explains the
differences observed in the shell collapses between the Schure and chemistry modules, as

depicted in Fig. 13 and Fig, 14. '
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Figure 15 shows how the cooling modules treat the increase of mass at the shock front,

right before their collapse, in comparison. As explained above, the chemistry module stays
true to the shape of the Sedov-Taylor Solution by increasing the density at the shock front.
However, by doing so, it surpasses the threshold of the <4 times of the ISM density and thus
deviates from the ideal Sedov-Taylor solution in this aspect. Because it surpasses this
threshold, the code used to detect the shell collapse returns a true statement, even though the
shell did not collapse ye‘&.} | it donsi g*j roc s
On the other hand, the simulation with the Schure cooling module selves the same 7[“ Ahen
problem—by_addime—the-mass; behind the shock front causing it to bulge out. The Schure
cooling thus deviates from the ideal shape of the Sedov-Taylor solution shown in Fig. 3.
However, it does not cross the critical threshold of the <4 times of the ISM density at the
shock front.

Fig. 14 demonstrates also another difference between the simulations with the two cooling
modules. It can be observed during the later stages of the Pressure-Driven-Shell phase of the
SNRs simulated using low density ISM (top right). There the Schure cooling module
simulation exhibits occasional abrupt changes in its radius. Further investigation focused on

explanation of these irregularities (see Fig. 16).
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The cause for the irregularities observed in F ig..-.i'4-¢_;_1_rned out to be the density spike of the
Schure cooling module that appears at about 570 par;étm -as displayed in Fig. 16. This
additional first spike was sometimes detected by the code and intér;{reted as the radius of the
SNR since it occasionally surpassed the actual shock front in density\,\ The chemistry module
does not produce additional density spikes, since its density distribution is shaped like a cone.

Barring these two differnces, the two cooling modules exhibit surprisinely similar
behaviour. reu i~ ('ﬂ[; /:7

Comparison to the Catalogue data

The catalogue “Galactic SNRs: Summary Data” is used in this work to assess basic
information about various SNRs. It was used alongside data reported by other researchers to
be compared with the simulations results. Out of the 303 SNRs in the catalogue, only ten
contain the complete set of required information for this study, including age, size, and
distance. However, even within these ten SNRs, not all data necessarily has to be accurate.
For example, in the case of Cassiopeia A, it is unclear whether it can be attributed to the
specific SN explosion in the late 17th century, or not.

When available, the catalogue provides the year of the explosion, the SNR diameter (1), in
arcminutes, and the estimated distance to the SNR (d) in kiloparsecs (kpc). The age of the
SNR s calculated as the time difference between the SN and 2022, the year of the catalogue’s

most recent update. The radius of the SNR in centimetres is computed using the formula:
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Here, d represents the distance #v-#pe and I represents the’diameter of the SNR in-aremin-

The-multipherof—0:145 pe-was-derived-from_the units kpc and-aremin. To note is also the

substantial uncertainty associated with most distance measurements. In this work, the average

of all distances given by the catalogue were used. The following Table 1 presents the relevant
properties of the 10 SNRs from the catalogue that fulfilled the criteria, as well as parameters

calculated using them.

correspondi | sizein | distance | location in alternate agein | radius
ng SN arcmin | in kpc galactic names years in pc
coordinates

AD 0185 35 4,1 G320,4-1,2 RCW 86 1837 20,8
AD 0185 42 21 G315,4-2,3 RCW 89 1837 13,7
AD 0386 22 4,6 G11,2-0,3 / 1636 14,7
AD 1006 30 1,9 G327,6+14,6 / 1016 8,3
AD 1052 6 2,0 G184.6-5,8 Crab Nebula 970 1,7
AD 1181 7 2,0 G130,7+3,1 / 841 2,0
AD 1408 80 3.1 G69,0+2,7 CTB 80 614 36,0
AD 1572 8 2,5 G120,1+1,4 Tycho 450 2,9
AD 1604 3 3,9 G4,5+6,8 Kepler 418 1,7
~AD 1690 5 31 G111,7-2,1 Cassiopeia A ~332 2,2

/ 7 6,1 G74,9+1,2 CTB 87 9000 6,2

/ 8 3,8 G63,7+1,1 / 4,4pc

Table | The SNe. as well ax the data recerved from the catalogue of all the SNe, where a size, distance and age were
aiven,

Table 2 comprises the density @, of the ISM of five of the 10 SNRs that were available for

looking up in additional literature.

SNR density Literature
AD 0185 0,001 Broersen et al. 2018
AD 1006 0,05 Acero et al. 2017
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AD 1052 2,5 Wallace et al. 1999
AD 1690 2,1 Fesen et al. 2016
G74,9+1,2 0,2 Matheson et al. 2013
Table 2 The SNe of Table [where theo ISM density could be fonnel as well as their density and the liierature it was
fonnd in N ( _é .
Simuloleoy s

For a comprehensive comparison between the epoline—medules.and the catalogue data, the
graph presented in Fig. 17 displays the evolution of the Schure cooling, alongside SNRs listed

in the catalogue. The x-axis represents time, the y-axis represents radius, and the color-coding

Both SNR AD 0185 and AD 1006 exhibit a strong correlation with the simulation results.
However, SNR AD 1698 appears to deviate slightly, roughly by about half a dex from the
simulation data. In contrast, SNR AD 1052 and G74.9+1.2 show a significant discrepancy
when compared to the fin;utf_tlig}l'szvl:f‘nfgnunately, due to limited available data, particularly
concerning ISM density, Eisure-S is restricted to only five SNRs.

The limited external data and the large uncertainty associated with it make it impossible to

arrive at a definitive assessment of the results. This challenge is compounded by the fact that

the SNRs examined in the literature data represent unique cases with-intercstime-propesties
and do ot necessarily-eorrespond-to-typreal-SNRs-as-they-otherwise would-not-bes exammed
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in the articles (see Table 2). For example, AD 0185 evolved within a progenitor's wind
bubble, resulting in a reduced ISM density in the vicinity of the initial SN. However, this
density then experiences a sudden increase after a certain distance. These variations in the

ISM were not factored into the simulations conducted in this study.

Summary and Conclusion

First summary the whole work — briefly repeat its aims and purpose. As a purpose, also add
that the intention also was to get insights in how simulations in astronomy work in general
and which research methods are used.

Then briefly repeat what exactly you did.
Regarding the conclusions you can write something like the following:

The work contributed to better understanding to how the two modules take into account
different properties and affect the simulations of the SRN evolution. The results revealed that,
as expected, the differences start to appear only at the later stage of SRN evolution,
specifically around the transition between the Sedov-Taylor to the Pressure-Driven-Shell
phase. The analyses of the simulations have shown that the effect of the two modules
manifests itself as a difference in how they treat the high increase of mass preceding the shell
collapse. While Schure cooling module adds the mass behind the shock front, the chemistry
cooling module adds the mass onto the shock front.

Both simulations also treat differently the final stages of the SRN evolution. The chemistry
cooling module simulates it in a cone shape, while the Schure cooling module simulates it in a
form of two density spikes with an area of lower density in between. The difference manifests
itself in size irregularities in the simulation with the Schure cooling module, because the code
sometimes mistakes the first spike for the shock front and thus the actual size of the SNR

It was not possible to make conclusions about which of the simulations using the two
cooling modules better fits reality due to the lack of sufficient amount of representative data
about existing SRNs. However, since new data in astronomy accumulates very fast due to the
advances in technology, it can be assumed that a continuation research might be possible at

later time.




