DEPARTMENT OF PHYSICS

Ph

D THESIS

A multi-wavelength Study of
Extragalactic Supernova Remnants

Maria Kopsacheili







UNIVERSITY OF CRETE

DEPARTMENT or PHYSICS
Institute of Astrophysics

PaD THESIS

DOCTOR OF PHILOSOPHY
OF
- ASTROPHYSICS -

Defended by
MARIA KOPSACHEILI

A multi-wavelength Study of
Extragalactic Supernova

Remnants

COMMITTEE

Professor Andreas Zezas - UNIVERSITY OF CRETE
Professor  lossif Papadakis - UNIVERSITY OF CRETE
Associate Professor Vassiliki Pavlidou - UNIVERSITY OF CRETE
Professor  Vassilis Charmandaris UNIVERSITY OF CRETE

Research Director
Research Director
Professor

Pablo Reig
Panayotis Boumis
Despina Hatzidimitriou

UNIVERSITY OF CRETE

NATIONAL OBSERVATORY OF ATHENS
NATIONAL AND KAPODISTRIAN

UNIVERSITY OF ATHENS



Date of the defense:
22/04/2021




[Teplindn

To Yrolelppora Yrepxawvogpovav (YY) naillouv onuavuxd pdro 610 daoteixd péoo
(AM). ITogéyouv peydha tood evépyetag xou eunhoutilouy to AM pe Bopld otowyeio. H
HEAETN TV TuENVXTS xatdppeuone T umopel vo pag dMoeL TANEOPOopleg CYETIXG UE TOV
TeEyovTa puduo dnuiovpyloc oo Tépwy Ueyding palac, Wac xou omoTeAolY To TEAEUTHLO
otddlo Lwhg aoTépwv peydine wdloag. Xvotnuatixn erétn mivinouwy TY umoget vo
HaG OWoEL TANEOYORIES VLol TNY avateo(odotnon oto AM.

Ye autn ) dteBy), oxomog pag elvon var top€youpe véa epyalela, tou Yo emitpédouy
N MEAETN BlapopeTixwy TANduoudy TY, xadwg xou ) oUyxplon YeTady BLUPOPETIXDY
HEAETAOV xou poviéhwy. Emnlong nopovoidlouvpe véo vmodigia TT oe xovivois yohadieg,
AUEAVOVTAC ONUAVTLXE ToV aptdud TwV YvwoToy T,

Kotaoxevdloupe véa oy vwotixd yio tnv tawtonoinon TY oto ontxd pépog tou @d-
opatog, mo anoteheopatind oe TY younhvic diéyepong, oe aviideon pe to olvnieg xpLth-
eto tou [SII] ()\)\6717,6731AA) J/Ha. Ta véa diryveotixd cuvdudlouv Adyoug amayo-
PELUEVLV YRUUUOVY ExTTOUTNC o€ 2 xou 3 dlactdoelc. Enlong npoteivoupe éva Sy vwo Tixd
lac Sudotaone mou yenowwonotel ) yeauur [O I) xou pmopel va au€rioer tov apriud twyv
Toawtonomuévey T péyel ~ 30% oe olUyxplon ye to daryvwotixd tou [SII] /Ha.

Emniéov tawtonootpe TY otoug yohatiec NGC 45, NGC 55, NGC 1313 kat NGC 7793
axohoudwvtag évay tekeing autopatonomuévo teorno. Ilupouvcidlovue 97 vnodhgia YT
(84 ex twv onolwv eivon véeg Towtonooels). H avtopatonomuévn npocéyyion yia tny
Tavtonolon twv YT, pog emtpénet vo utoloyicoupe TNy TAnedtnTa Tou delypotog (dnho-
0% 1o moo0 TAfpES i un TAfpec elvon To Belypa pag) xou vo xotoxevdoouue tnv Ho xou
v dVo dwotdoewy [SII] - Ha cuvaptioeic Aaunpdtnrag anahhoypéves and e@é emhoyhc.
Ewdryouye enfong tn ocuvdptnon diéyepong Bdoetl tng opdoyhviag anéotaong twv T and
™ yeopur [SII] /Ha= 0.4. Bploxouye éti undpyel wa tdon yio to mo Aouned TY va
Tapovctdlouy younidteprn Oyepon. Autd ouufaiver mboavede yiotl ta mo Aoumpd YT
Beloxovtar ot meployée avinuévou Ha, 1 uéoo oe meployés loviouévou udpoydvou.

Iopaxvoipevol and TNy ENAeLdn Fewpnuixdy LOVTEAWY Yo TNV XUTAVOUT NUTEOTHTWY
Twv TY, avantdoGouUE VOV QOPUAAICHUO YLOL TNV XATACXEUT] YEWENTIXWY CUVIPTHOEWY
hounpotntag. Autég Bacilovton oe cox povtéia Tou TEOBAETOLY T AAUTEOTNTA YROUUUWDY
EXTIOUTAC COX YLOL VAl UEYEAO EVPOC TopoéTpwy (Tary dTNTaL, TUXVOTNTAL, Moy VITLixd Tediar),
AofBdvovtag untddm Tic ToyUTNTES TwV cox Tou Beioxovto ot Sedov—Taylor @dor. ‘Etot
xataoxevdlouvpe Tic Vewpntixée Ha xou [SII] - Ha cuvapthoeic hapnpdtntoc. H obdyxpion

HETAED VEWENTIXWY X0l TUEATNENOLAXWY CUVIPTACENY BelYVEL TOAD XY CUUPWVIAL.

&
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Abstract

Supernova Remnants (SNRs) play an important role in the interstellar medium (ISM)
and consequently in the entire galaxy. They provide large amounts of mechanical energy
and they enrich the ISM with heavy elements. The study of core-collapse SNRs can
give us information on the on-going massive-star formation, since they are the last stage
of massive stars’ life. Systematic study of populations of SNRs can give us information
on their physical properties and on their feedback to the ISM.

In this thesis, we aim to provide new tools, which will allow the study of different
populations of SNRs, as well as, the comparison between different studies and models.
We also present new candidate SNRs in nearby galaxies, increasing significantly the
number of known SNRs.

We construct new diagnostics for the optical identification of SNRs which are more
efficient in low excitation SNRs, unlike the commonly used [S ITJ(AN6717,6731 AA) /Ha
diagnostic. These new diagnostics combine emission-line ratios of strong forbidden
lines, in 2 and 3 dimensions. We also propose a 1-dimension diagnostic that uses the
[O TJ(A6300A) line and can increase the number of identified SNRs up to ~ 30%,
compared to the [S II]/Ha diagnostic.

In addition, we identify SNRs in the galaxies NGC 45, NGC 55, NGC 1313, and
NGC 7793 following a totally automated method. We present 97 candidate SNRs (84
of which, are new identifications). The automated approach for the SNR identification,
allows us to calculate the incompleteness and construct the Ha and the joint Ha -
[S IT] luminosity functions, free of selection effects. We also introduce the excitation
function based on the orthogonal distance of SNRs from the [S II]/Ha = 0.4 line. We
find that there is a trend for more luminous SNRs to exhibit lower excitation. This is
probably due to the fact that the more luminous SNRs are in regions with increased
Ha background, or embedded in H II regions.

Motivated by the lack of theoretical models for the luminosity distribution of SNR
populations, we develop a formalism for the construction of theoretical luminosity func-
tions. These are based on shock models that predict the emerging emission-line lumi-
nosity of shocks for a wide range of parameters (velocity, density, magnetic fields)
coupled with the velocity of shocks in the Sedov-Taylor phase. This way, we construct
theoretical Ha and the joint (Ha - [S II]) luminosity functions. The comparison be-
tween theoretical luminosity functions and the observational ones, shows very good

agreement.
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Introduction

Supernova Remnants (SNRs) are objects of great importance for the Interstellar Medium
(ISM) and by extension for galaxies. They provide large amounts of mechanical en-
ergy into the ISM and they enrich it with heavy elements. They are related to the
star-formation process within a galaxy, since under appropriate conditions of the local
ISM the compression caused by the shock wave can trigger new-star formation. In
addition, a complete census of the SNRs in a galaxy can give us information about the
recent massive star formation rate (SFR) since they depict the last stage of the life in

core-collapse massive stars (M > 8 M®).

In our Galaxy there are ~ 295 known SNRs (Green|2019). The study of SNRs
in our Galaxy has the significant advantage of resolving their structure, enabling the
detailed investigation of the nebula, the evolution processes, and its interaction with the
surrounding ISM. Systematic studies of Galactic SNRs in different wavelengths (e.g.
Milisavljevic & Fesen|2013; Boumis et al. 2009) have yielded important information
on the physics and kinematics of the shock. However, Galactic SNRs are affected by
extinction within the Galaxy, which can obscure them especially in optical and the soft
X-ray wavebands. In addition, the study of Galactic SNRs is limited by the difficulty
in determining their distances,

Some of these limitations can be relieved by studies of extragalactic SNRs. They
offer the opportunity of examining SNRs in different environments (different densities,

galaxies with different metallicities etc.) giving a more complete image of their feedback
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with ISM with different properties. Moreover, the uncertainty in the distance of extra-
galactic SNRs is minimized, since their distances (the distance of the host galaxy) is
known. Studies of other galaxies have revealed a large number of SNRs and properties
of their populations (i.e. luminosity distribution, size distribution, e.g. |Asvarov[2014;
Leonidaki, Boumis, & Zezas [2013; Blair et al. 2013} Blair & Long|1997)).

In addition to the study of Galactic and extra-galactic SNRs, what can give us
a more complete picture of their properties, is the multi-wavelength study. Different
wavelengths give information on different evolutionary stages of SNRs, different physical
mechanisms, and different regions of the shock. Also, models (i.e. shock models,
morphokinematic simulations etc.) can reveal the physical properties of SNRs that
cannot be obtained in other way. The combination of all of them, especially with new,
higher resolution observing techniques, can give a more global image of their physical
properties and their feedback to the ISM.

In the following sections we present a basic introduction on SNRs. More specifically,
in § we discuss the different types of supernovae and their physical mechanism. In
and § § the SNR types and the evolutionary stages of SNRs are described. In
§ the different radiation mechanisms of SNRs are presented and in § we briefly
discuss the feedback of the SNRs to the ISM. In § we present the motivation for

this work.

1.1 Supernovae

Supernova result from the gravitational collapse of a stellar object. Depending on the
presence or absence of different optical emission lines in their spectra, they are classified

in two main categories.

1.1.1 Types of supernova

Type I Supernova

Type I supernovae are characterized by lack of hydrogen-Balmer lines in their spectra.
This category can be divided into more subcategories: supernova of type Ia, Ib and
Ic. Type Ia supernovae present silicon absorption-lines and sometimes weak helium
absorption-lines in their spectra, while type Ib supernova show only helium lines. In
the spectra of Type-Ic supernovae both helium and silicon lines are absent. The light
curve of type Ia supernovae is characterized by a sharp peak and a steep decline. In

the light curves of type Ib and Ic supernovae the peak luminosity is usually lower and
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the decline shallower. These light curves can be seen in Type I SN come

from stars that have lost their outer envelope of hydrogen.

Type II Supernova

The spectra of type II supernova (SN) are characterized by hydrogen-emission lines.
These supernova can be further categorized in supernova type IIb, II-L, II-P and IIn,
based on their spectra and the shape of their light curves. Type IIb supernovae (SNe)
begin having strong hydrogen lines but they lose them ending up to type Ib. Type
IIb supernova probably come from a progenitor that has lost part of its hydrogen
envelope. Their light curve is similar to this of type Ib. Type II-P and II-L supernovae
present broad hydrogen lines in their spectra. They usually come from the collapse of
single stars. Type II-P present a constant brightness for many years which results in
a plateau in their light curve, while in type II-L the luminosity declines linearly after
the peak. Type IIn supernovae are characterized by narrow hydrogen lines. This type
comes more likely from luminous blue variables that before the final explosion have
undergone outbursts, loosing part of their outer atmosphere. The light curves of type
IT supernovae are shown also in

1.1.2 Supernova explosion mechanism

From the spectra of SNe, we can derive information on the explosion mechanisms. Two
basic categories of SN, indicate two explosion mechanisms. These are the thermonu-

clear and the core-collapse SNe.

Thermonuclear Supernovae

These result in type Ia supernovae. The lack of H and He lines in their spectra indicates
a common progenitor, that it has lost its outer envelope, suggesting a white dwarf. A
carbon-oxygen white dwarf, which belongs to a binary system, accretes mass from a
donor companion and when it reaches the Chandrasekhar limit (~ 1.4Mg), the elec-
tron degeneracy pressure cannot resist gravity and the collapse begins. The collapse
increases the temperature of carbon and oxygen and they undergo fusion. The fusion
takes place explosively since the thermal conductivity of the single degenerate star is
high and the energy production rate has a very strong dependence on temperature.
Type Ia SNe can come up via two ways: i) the single-degenerate model where a white
dwarf receives mass from a main-sequence star; ii) the double-degenerate model where
two white dwarfs are in the same binary system losing energy due to gravitational waves

and the white dwarfs finally collide. A representation of the type Ia formation-process
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Figure 1.1: Light curves for the different supernova types.
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The progenitor of a Type la supernova
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Figure 1.2: Formation process of type Ia supernova. (Credit: NASA, ESA and A. Feild
(STScI))

is shown in [Figure 1.2] Type Ia supernovae can take place in galaxies of all types. The
fact that they come from white dwarfs (~ 15 billion years), makes them rare compared
to other types of SNRs.

Core-collapse Supernovae

Massive stars (> 8Mg) can fuse heavier elements than Sun-like stars. The stellar equi-
librium is maintained from the energy generated by fusion reactions that acts against
gravity. The fusion starts from hydrogen and helium and progresses up with the fusion
of higher atomic number elements. Following this process, the star is layered in shells as
is shown and the core consists of iron and nickel. No further fusion can take
place to resist against gravity. The temperature in the core increases and hence part of
the core breaks down to lighter elements releasing free protons that are combined with
free electrons forming neutrons and neutrinos. Finally, gravity dominates, the core
implodes, and the outer layers collapses inwards. The representation of a core-collapse
supernova is presented in The energy that is released from a such explosion
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Figure 1.3: Onion-like structure of massive star before supernova explosion. (Credit: R.
J. Hall)

can reach ~ 10%3erg. This type of SN is more common in spiral galaxies, and more

specifically, in star forming regions, where massive stars are located.

1.2 Evolution Phases of Supernova
Remnants

During the SN explosion a significant amount of mass is ejected and propagates with
supersonic velocities sweeping up material of the surrounding medium creating a shock
wave. When the mass of the swept up material becomes comparable with the ejected
mass, the shock wave decelerates, cools down and finally dissipates in the ISM and
fades away. The evolution of a SNR is divided in four stages: a) Free-expansion Phase,

b) Sedov-Taylor or Adiabatic Phase, ¢c) Snowplow Phase and d) Dissipation Phase.

a) Free — expansion Phase
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Figure 1.4: Formation process of type II supernova. (2011 Pearson education Inc.)

A supernova explosion ejects mass (Me;) with energy Eg =~ 10°! erg. The velocity
of the ejected mass is ~ 10*km/s, much higher than the sound speed in the ISM,
creating a shock wave. The shock wave propagates outward heating up the surrounding
medium to ~ 107 K and sweeping up material. In this phase, the mass of the swept up
material is negligible compared to the ejecta mass and hence the shock wave expands
almost with constant velocity. That is why this phase is called "free-expansion phase".

Since most of the explosion energy appears as kinetic energy, the mean velocity of

the ejecta v.; is given by the relation:

2E,
M.,

(1.1)

The radius R of the shock that propagates with constant velocity as function of

Vej =

the time t is:

RS = vejt (1.2)

When the mass of the swept up material (M) becomes equal to the ejected mass

the shock decelerates and the free-expansion phase end. At this point:

4
My = M,; = gwa3 (1.3)

where p is the density of the local ISM. The free-expansion phases lasts 100-1000
years.

b) Adiabatic or Sedov — Taylor Phase
The Sedov-Taylor phase begins when the mass of the swept-up material (Mg) becomes
comparable to the ejected mass (Mgj). The density of the swept up material is higher

than that of the ejected material creating a contact-discontinuity between the two
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materials. Then a reverse shock is created and propagates inwards heating up the
interior of the SNR. The reverse shock moves slower than the first shock since the kinetic
energy has been converted to thermal energy. The temperature of the interior of the
SNR is so high that to first approximation all the atoms are ionized, no recombination
takes place and hence the energy losses by the emitted radiation are very small. In
order to describe this phase we use the self-similar solution of Sedov-Taylor (Sedov
1959; [Taylor||1950). The motion equation is:

4 vy O =
dt 9t

where p; the pressure of the material in the interior of the SNR.

= 47 R2p; (1.4)

In the adiabatic expansion the pressure can be written as a function of the explosion

energy and the volume of the SNR as:

pi=(v— 1)7 (1.5)
So finally,
d /R dR(t) FEy
dt< dt ) ~ 27R, (16)
We can consider the radius Rs as Ry = Ct". Inserting in we obtain
2 25F)\ 1/5
n=y and C = <47rp0> (1.7)
Thus: o5 o 1/5
R= 0 7 2/ 1.8
()t (18)
and 25 F 1/5
0 -3/5 1
vs = ¢ (477,00) (1.9)

In order to calculate the temperature of the shock we use the Rankine-Hugoniot
conditions for the limit between the front and the post-shock and the ideal gas law. So

finally,

Ry = 1.54 x 10 E°ng 1582 (em)
us = 1950 s EPng P53 (km) (1.10)

T, = 5.25 x 107E2/"ng */%4;9/° (k)
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where ng is the hydrogen density in ISM in units of em ™3, E5 = Ey/10%%erg,
t3 = t/103 years (Draine|2011)).

c) Snowplow Phase
The shock wave keeps expanding sweeping up more and more material: that is why
this phase is called the snowplow phase. The density just behind the shock increases
and the temperature decreases. However, the interior of the SNR is still hot and the
pressure forces the SNR to expand more. Thus the SNR consists of a cool dense shell
that encloses hot material. We consider the interior as adiabatic. Hence the pressure

pi in the interior is:

pi = pf (1.11)

From mass conservation in the interior the density is:

3M,;
| = 1.12
From [I.11] and [T.12] the pressure can be written as:
3Me;
pi = (TQJ)WRS_?W (1.13)
7r

The pressure forces the SNR to expand more. The motion equation of the shock is:

d dRg
G Me—) = 4R Zp; (1.14)
Replacing the Mg; from and p; from
d dRs 3 3My; 9_3
RIS = Ry (115)

Let us suppose that Rg(t) = Ct". Replacing Ry in we obtain:

3 ,3Me;
4 o n-2 _ 2 e \y(2—37+(2—3y)n
n(n— Dt e (1.16)
For v=15/3
_2 _ [63Mej 5/371/7 _ [0 3Mej 5317 57
n= - and 0_7[p( ) ] :>Rs(t)_7[p( ) | (1.17)

At this point, the shock velocity can be obtained by the derivative of R(t):

_ o[6,3Mej 5317 57
vs_z[p( ) | (1.18)
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d) Dissipation Phase After the snowplow phase, the velocity of the shock wave
is very low (~ 150km/s) and keeps decreasing until it becomes comparable with the
velocity of the surrounding ISM. The SNR dissipates within the ISM. This is the last

stage of its evolution.

1.3 Supernova Remnant Type

The morphology of SNRs is determined by the progenitor, the explosion mechanisms,
and the local ISM properties. Thus, we have three main categories of SNRs, based on

their morphology:

a) Shell — like SNRs
These are the SNRs, the radiation of which comes mainly from the outer edge of the ex-
panding shell and they are viewed as rings. This is the result of a 3D shell-like structure
projected in 2 dimensions. This is because we see more excited material along the line
of sight at the edges, compared to more central regions. This effect is known as limb
brightening. The shell-like structure is observed in X-rays and in optical wavelengths.

However, the ejecta in the interior of the SNR cause also X-ray emission.

b) Plerion or Crab — like SNRs
In this type of SNRs, the radiation comes mostly from the central region of the SNR
and not from the edges. Responsible for this radiation, is the pulsar wind from a pulsar
at the center of the SNR, where relativistic electrons emit synchrotron radiation under
the effect of the strong pulsar magnetic field. This radiation spans a broad energy range

from X-ray or even ~-rays . For this reason, plerions SNRs are also known as planetary
wind nebulae (PWN). A typical example of a such SNR, is the Crab nebula.

c) Composite SNRs
These SNRs are viewed either as shell-like or like plerions, depending on the wavelength
that we observe them. The plerionic-composite SNRs appear like plerionic SNRs in non-
thermal radio and X-ray radiation. The non-thermal radiation comes from the PWN.
However, the shell emits thermal radiation and hence in optical and the thermal X-ray
wavelengths they appear like shell-like.

Another sub-category is the mixed-morphology SNRs. These SNRs present non-
thermal emission from their shell, and thermal emission from their center. This thermal

emission indicates that it does not come from a pulsar wind, but from hot plasma in
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the interior of the SNR.

1.4 Radiation from Supernova Remnants

The emission of an SNR in different wavelengths, depends on its interaction with the
ISM. This depends on the explosion energy, the properties of the medium in which the
SNR evolves, and the evolutionary stage of the SNR.

Optical emission

Optical SNRs are dominated by Balmer and forbidden emission lines (of oxygen, ni-
trogen, sulfur etc.). Photons with energies > 13.6 keV ionize hydrogen atoms creating
hydrogen ions and free electrons. These electrons are captured by ions (hydrogen nu-
cleus) emitting photons and creating excited hydrogen atoms. These captured electrons
go to lower and lower energy levels until they reach the ground state. Those that reach
at the state n = 2 cause the Balmer emission lines. The most intense Balmer lines are
the Ha line, that is created by the electrons that go from the state n = 3 to the state
n = 2 and HpS line by electrons that go from the state n = 4 to the state n = 2.

Forbidden lines are the result of the collision of electrons with atoms like nitrogen,
oxygen, and sulphur exciting them to metastable energy states. Since the density is very
low, the de-excitation happens spontaneously, resulting in the emission of forbidden
lines.

The aforementioned mechanisms that produce these emission lines are dominant in
evolved SNRs where the shock velocity is low. However, there are young SNRs which
also present optical emission. In such SNRs, there are high-density regions (clumps)
which decelerate the forward or the reverse shock to velocities 200kms~!. Such SNR
is Cas A which presents optically emitting clumps bright in [S1]AN6716,6731 (Vink
2020). Another type of young SNRs that present optical emission, is the Balmer domi-
nated SNRs. In these SNRs there is a neutral hydrogen region which interacts with the
surrounding shock-excited ions and electrons, creating atoms excited to higher energy
levels. The de-excitation of these electrons results in Balmer-lines emission. Since,
this process requires the presence of neutral hydrogen in the circumstellar region, these

SNRs are usually Type Ia.
X — ray emission

X-ray emission in SNRs can be thermal or non-thermal (synchrotron). The thermal

X-ray radiation consists of thermal continuum emission and line emission. The ther-

11
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mal continuum comes from collisions between electrons and ions. If the ion captures
an electron (recombination) the emission is called free-bound emission, while if it is
not captured but the two particles simple interact, the emission is called free-free or
Bremsstrahlung. The line emission in X-rays is caused by collisional excitation (by the
electrons that cause the continuum emission) and by recombination. The high tem-
peratures in the shells, and thus the thermal X-ray emission, is caused by the SNR
shock. For high shock velocities (uspock = 10 Csound) the relation between temperature

and shock velocity is:

2(y - 1)

BT = e = 29( oo Tt )? eV (1.19)
where v = 5/3 is the adiabatic index of the plasma, m, the proton mass and p the
average mass of the particles in units of the proton mass (Vink|2017)). However, some-
times the predicted and the observed values of the temperature can be quite different.
This can happen for two reasons: i) X-ray spectra give the electron temperature, while
eq. the temperature of the whole plasma, which is not in thermal equilibrium
yet; ii) Eq. is based on conservation of thermodynamic quantities and does not
account for the possible energy that is used to accelerate particles to very high energies
(Vink |2017)).

X-ray spectra of SNRs can be indicative of the type of the SN explosion (Type Ia or
Type II) from which they come. Usually, spectra dominated by Fe lines, are indicative
of Type Ia SNRs, while SNR with spectra dominated by O, Mg, and Ne emission lines,
are associated with Type II SN (Vink 2017)).

The non-thermal X-ray emission in SNRs results from synchrotron radiation. This
emission is dominant in pulsar wind nebulae (PWNe). However, more rarely, non-
thermal emission has been observed also in the shells of SNRs, from particles that are
accelerated by the shock waves. More specifically, from the few SNRs in which non-
thermal X-ray emission from shocks has been observed, only 5 can be characterized as
synchrotron dominated SNRs (Williams et al.[2018).

X-ray emission is observed more often in young SNRs, where shock velocities are
very high and heat the ISM to temperatures of ~ 107 K producing thermal X-ray emis-
sion. High shock velocities are also required for particle acceleration, which results in
the production of non-thermal emission at the shock region. As the remnants evolve
and pass to the radiative phase, the temperature of the plasma decreases, as the shock
slows down, and the X-ray emission is softer until the shock velocity becomes very low
(~ 200kms~! and the temperature is < 10° K) where no X-ray emission is observed.

Hence, the X-ray emission of SNRs in that phase, comes from regions of the SNRs

12
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with shock velocities > 200kms™! or from regions that are still hot from the shock
that heated them in the past (Vink |2017). There is also a category of old SNRs, the
mixed-morphology SNRs, that in the X-rays are observed as non-shell SNRs, as the
emission comes only from the central region, while in radio are observed as shell-like
SNRs. The explanation for this, is, that as discussed before, the shell is too cool to pro-

duce X-ray emission, while the interior is still hot from the effect of the shock in the past.

Radio emission

Radio study of SNRs is of high importance since it can reveal SNRs that cannot be
detected in optical or X-ray wavelengths due to Galactic extinction. In our Galaxy 295
SNRs have been discovered (Green 2019)) and only 5% of them have not been identified
in radio or are very radio faint (Dubner & Giacani 2015)). Radio emission is the result

of synchrotron radiation from relativistic electrons.

The spectra of radio SNRs are characterized by a power-law, the spectral index
of which depends on the index of the energy spectrum and consequently on the age
of the SNR. According to Bell (1978all b), old SNRs (i.e. low shock velocities) give
steeper spectral indices (> 0.5) because the relativistic electrons have lost a fraction of
their energy and particle acceleration is less efficient. However, observations show the
opposite behaviour, i.e. young SNRs present steeper spectral indices (around 0.7). The
explanation for this behavior was given by Bell, Schure, & Reville/[2011] who showed
that if the orientation of magnetic field is quasi-perpendicular to the shock wave, the
spectral index will be steeper in young SNRs, while in the original model of Bell| (1978a,

b) the magnetic field was assumed to be parallel to the shock wave.

Infrared emission

Infrared observations can reveal SNRs obscured by dust. The infrared emission from
SNRs can be thermal and less often non-thermal. The continuum component of the
thermal emission comes from the emission of warm dust grains, while the emission lines
from atomic or molecular gas. The non-thermal emission, is the result of synchrotron
emission from relativistic electrons in the shock. The infrared emission-line mechanism
is dominant in lower temperature shocks, resulting in recombination lines. This is
the case for older SNRs or shocks that encounter dense regions. In young SNRs, the
dominant mechanism for IR emission is the thermal continuum emission from dust
grains that are heated by collisions with electrons and ions, responsible also for the
X-ray emission of SNRs. This is the reason for the similarity of the SNR morphology
in infrared and X-rays in this phase (Williams et al./2006).

13



1. Introduction

1.5 Feedback by Supernova Remnants

The explosion of a supernova releases large amounts of energy to ISM (~ 10%lergs)
mainly in the form of kinetic energy from the ejected material which expands in the
ISM at very high velocities. Among the feedback mechanisms, SNRs are the the most
important dynamical ones, in terms of momentum and energy and in duration of feed-
back. According to numerical studies, the momentum by a single SN with explosion
energy E = 10! ergs is 1 — 5Mgkms™! (Koo et al.|2020). The ejecta sweep up the
surrounding material, creating a shock wave which expands super-sonically into the
ISM heating it up to temperatures of ~ 10°K. Therefore, SNRs (along with stellar
winds from massive stars) are responsible for the hot component of the ISM (e.g. (Cox
& Smith |1974])

SNRs also enrich the ISM with heavy elements that have been created during the
evolution of the progenitor star or during the explosion, and are delivered to the ISM
during the explosion. The expelled material from the SN explosion can play an impor-
tant role in the formation of dust, by the heavy elements of the expelled material that
condense into dust grains (Edmunds|[2017, |Williams & Temim|2017)).

The role of the SNRs in star-forming processes is more complex. Although in
general it is considered that SNRs are fundamentally related to the star formation in a
galaxy, studies have shown the most time of their lives act catastrophically, destroying
molecular clouds in which stars can be formed. Only very old SNRs with velocities
< 45kms~! can compress the ISM such as to trigger star formation (e.g. Desai et al.
2010; [Vanhala & Cameron[1998)).

The effect of SNRs to the ISM depends mainly on their explosion energy, and the
medium in which the SNR is expanding (metallicity, density, inhomogeneities, etc.)
Although in most cases the explosion energy of the SNR is assumed to be 10°!, that
is not always true and even a small difference in explosion energy (i.e. half order of
magnitude), can affect significantly the output results (Cioffi, McKee, & Bertschinger
1988).

Density plays a very important role in the evolution of SNR, since the cooling
rate is a function of the density. An SNR expanding in a low-density environment,
has slower evolution, the cooling rates are lower and consequently, the SNR retain a
larger fraction of the explosion energy. Similar is the impact of metallicity. For higher
metallicities, the presence of more metals make the cooling more efficient. Thus the

SNRs lose their energy faster. In other words, the available energy to be converted to
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thermal and kinetic energy is higher for lower density and metallicity. As the density
and metallicity increase, the fraction of energy lost by radiation increases too (Cioffi,
McKee, & Bertschinger|1988]).

What can also affect the evolution of the SNR is possible turbulence in the sur-
rounding ISM. These can affect the dynamical evolution of SNRs, and also the cooling
rates, since they can cause the mixing of the shock with more metals (Ciofti, McKee,
& Bertschinger|[1988). Inhomogeneities in the ISM can also affect the SNR evolution.
According to Martizzi, Faucher-Giguere, & Quataert|[2015] although the evolution is
qualitatively similar for uniform and non-uniform media, quantitatively there are dif-
ferences that have to do with the cooling mechanisms affected by the density of the

medium.

1.6 Motivation

Despite the significant number of SNR studies discovering new sources and providing
detailed information on their physical properties, we still do not have a complete image
of their physics, but also of their feedback to the ISM. In this thesis, we present an
investigation of SNRs in nearby galaxies based on new methods, which will give us
a more reliable picture of their population, which is important for addressing their
properties and their feedback to the ISM.

The most commonly used diagnostic for optical identification of SNRs up to now,
is the [S II}/Ha criterion. Sources with [S II]/Ha > 0.4 are considered as SNRs. This
is an empirical diagnostic for SNRs in Small and Large Magellanic Clouds (MCs),
suggested by Mathewson & Clarke (1973)). However, this diagnostic is biased against
low excitation SNRs, i.e. SNRs with low shock velocities or SNRs evolving in media too
dense for efficient de-excitation. This means, that by using the [S II]/Ha criterion, we
systematically miss the low excitation SNRs of a galaxy. This led us to examine new
diagnostics, that account also for the low excitation SNRs. The results of this study are
presented in Chapter 2. We suggest new diagnostics that combine emission-line ratios
in 2 and 3 dimensions, but also a new 1D diagnostic, that can increase the number of
the detected SNRs by ~ 30%.

Although the [S II]/Ha criterion cannot be used as indicator of the total population
of SNRs, it is useful for comparative studies between different galaxies, when the same
selection criteria are considered. However, in order to do this kind of comparisons,
the different samples must be free of selection effect. In Chapter 3, we present a

systematic study of SNRs in 4 nearby galaxies. We follow an automated method for
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the identification of SNRs, which allows us to calculate incompleteness effects, and
finally construct luminosity functions free of selection effects. Based on this method,
we calculate the Ha and joint [S II]-Ha luminosity functions of the SNR populations
in the sample of the galaxies.

The lack of theoretical predictions of physical parameters of SNR populations, mo-
tivated us to construct basic models which can be used for comparison with the obser-
vational data. In Chapter 4, we present a basic model for the calculation of theoretical
luminosity functions for a wide range of physical parameters, and we compare them

with the observed SNR populations.
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A diagnostic tool for the
identification of Supernova
Remnants

2.1 Introduction

Study of SNR demographics and their physical properties (density, temperature, shock
velocities) is very important in order to understand their role in galaxies. Their feedback
to the Interstellar Medium (ISM), and consequently to the entire galaxy, is of high
importance since they provide significant amounts of energy that heat the ISM and
they enrich it with heavy elements. They are fundamentally related to the star-forming
process in a galaxy, inasmuch as the compression of the ISM by the shock wave, under
appropriate conditions, can lead to the formation of new stars. Having a complete
census of SNR populations can also give us a picture of the on-going massive star
formation rate (SFR) since they depict the end points of massive stars (M > 8M®).
Many photometric and spectroscopic studies of SNRs, have been carried out in
our Galaxy (e.g. Milisavljevic & Fesen|2013; Boumis et al. 2009) but also in extra-
galactic environments (e.g. Vuceti¢ et al.|[2015; |Leonidaki, Boumis, & Zezas|[2013;
Leonidaki, Zezas, & Boumis [2010| ; Blair & Long||1997). These studies increase the
number of known SNRs, and also provide significant information about their physical

and kinematic properties, as well as information on their interaction with their local
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ISM. According to|Green| (2019; 2017)) the known number of the optical Galactic SNRs
is 295, while most of the studies on extragalactic environments present a few dozen
SNRs per galaxy, except for a handfull of extreme cases: e.g. M83 with 225 photo-
metric SNRs; (Blair et al.|[2013; Blair et al.|2012)), M33 with 220 (Long et al|2018),
M31 with 150 (Lee & Lee 2014a). The small number of observed extragalactic SNRs
compared to those in our Galaxy, is the result of different sensitivity limits and also
different selection criteria. The identification of SNRs in our Galaxy or the Magel-
lanic clouds is generally based on the detection of extended non-thermal radio sources,
or X-ray sources, while studies in other galaxies rely on photometric or spectroscopic

measurements of diagnostic spectral lines.

The most common means of identifying SNRs in the optical regime, is the use
of the flux ratio of the [S II] (AA6717,6731) to Ha (A6563) emission lines, as first
suggested by Mathewson & Clarke| (1973) based on studies of SNR population in the
Large Magellanic Cloud (LMC). Usually, nebulae with [S II]/Ha ratio higher than 0.4
are considered as SNRs. Indeed, we expect SNRs to give higher values of [S II] than
HII regions since collisionally excited ST behind the shock front gives strong [S II]
emission, while in HII regions sulphur is mostly in the form of S™*. However, within
the years, this low limit for the [S II]/Ha ratio has been slightly modified in order to
take into account different interstellar densities for the [S II]/Ha ratio (Daltabuit et al.
1976)), different galaxy metallicities (Leonidaki, Boumis, & Zezas|2013; D’Odorico et al.
1978), difficulties in distinguishing SNRs from HII regions on the borderline between
them (Fesen, Blair, & Kirshner |1985) or strong emission from [N II] (Dopita et al.
2010)). Consequently, a more robust diagnostic tool seems to be necessary. Fesen,
Blair, & Kirshner| 1985 recognizing this need, suggested the line ratios of [O I]/HfS and
[O II]/Hp that seem to efficiently differentiate SNRs from HII regions.

Advanced observing techniques (multi-slit spectroscopy) give us the ability to obtain
full spectral information for large numbers of sources. This, in combination with the
development of advanced photoionization and shock models (Kewley et al.|2001; Allen
et al.[|2008) allows us to examine more accurately spectral features of nebulae and
compare data with theory. Several studies have used diagnostic diagrams to separate
objects based on their excitation mechanisms, like HII regions and active galactic nuclei
(AGN) using 2D or multi-D diagnostics (e.g. [Stampoulis et al|2019; |de Souza et al.
2017; Vogt et al.|2014; Kewley et al.|[2001)).

Our study focuses on diagnostic diagrams that separate SNRs from HII regions.
We present a set of new diagnostic tools for the identification of optical SNRs. These

models allow us to derive theory-driven diagnostics that overcome the limitation of the

18



2.2 Models

empirical diagnostics employed so far.

The outline of this paper is as follows. In Section 2, we describe the models we used,
in Section 3, we talk about the emission line ratios that we examined, the classification
method and the most accurate line ratio combination and in Section 4, we discuss our

results.

2.2 Models

In order to generate an emission-line diagnostic tool that is able to separate SNRs from
HII regions, we used the results from MAPPINGS III, a photoionization code
et al.|[2004; Dopita et al|2002; Sutherland & Dopital |1993; Binette et al.[1985) that

predicts emission-line spectra of a medium that is subject to photoionization or shock

excitation (Allen et al|2008). We obtained the line ratios from the compilation of
photoionization and shock excitation model grids available in the ITERA (IDL Tool
for Emission-line Ratio Analysis) tool (Groves & Allen||2010; Groves & Allen|2013).

Starburst models
ITERA includes two sets of starburst models, i.e. emission-line spectra emerging from
gas photo-ionized by two different sets of stellar population models. These correspond

to the spectra expected from HII regions or star-forming galaxies.

(i) Kewley2000: The first set of models are from [Kewley et al. (2001). These are
photoionizaton models based on stellar ionizing spectra created either by the
PEGASE-2 (Fioc & Rocca-Volmerange, [1997)) or the Starburst99
stellar population synthesis codes and under two star-formation scenar-
ios: continuous and instantaneous. The ITERA library contains MAPPINGS IIT
models for various values of the ionization parameter (ranging from 2 x 10° to
4 x 10%cm s™1) and metallicities (from 0.01 to 3 Ze for PEGASE-2, and from 0.05
to 2Zg for Starburst99).

(ii) Levesque09: The second set of models is from |Levesque et al.| (2010). These

are stellar photoionization models with an updated version of Starburst99 code

(Vazquez & Leitherer [2005) with continuous star formation and instantaneous

burst models, extending to a wider range of ages (0-10 Myr) and examining

not only the case of standard but also of high mass-loss tracks, which better

approximate the mass loss of massive stars (Levesque et al.2010)).
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2. A diagnostic tool for the identification of Supernova Remnants

Shock models

Allen et al.| (2008) provide a library of spectral line intensities for shock models of
different velocities, magnetic parameters, abundances and densities, with and without
a photoionizing precursor. From these models we used these that combine the emis-
sion from the pre and post-shocked regions which better represent the observation of
unresolved sources. They cover velocity ranges from 100-1000 kms~! and magnetic
parameters (B /nl/ 2 where B is the transverse components of the preshock magnetic
field and n is the preshock particle number density) from 10~ to 1014 G cm®/2. They
also consider different abundances (LMC, SMC, solar, twice solar and Dopita et al.
2005| solar abundance) and densities (n = 0.01,0.1,1.0, 10, 100, 1000 cm—3).

From these models, we have two sets of line ratios involving the most prominent optical
lines for the different abundance and ISM conditions considered. Omne set applies to
SNRs (resulting from the shock models) and another one refers to HII regions (result-
ing from the starburst models). In the case of shock models, each point of the set is
characterized by a shock velocity, a magnetic parameter, a density and an abundance,
while for starburst models it is described by the ionization parameter, age, abundance

and density.

2.3 Optimal combination of lines

In order to find the optimal emission line ratios that best distinguish SNRs from HII
regions, we examined two and three-dimensional diagnostics involving different lines
for the full range of abundances and densities. The emission lines we opted to use are
various forbidden lines, which tend to be stronger in shock-excited than in photoion-
ized regions: [N II]J(A6583), [S II](AN6716,6731), [O I](A6300), [O IIJ(AA3727,3729), [O
III](A5008).

For example [Figure 2.1] presents a 3D diagram of the line ratios [S IIJ/Ha - [O
I]/Ha - [O 111 /Hp for shock models (representing SNRs; green triangles) and starburst
models (representing HII regions; red circles). As we can see shock models are quite

well separated from starburst models, although there is some overlap.

2.3.1 Definition of the diagnostic

Aiming to quantify this separation, we construct a 2D-curve (using 2 line ratios) or

a 3D-surface (using 3 line ratios) that optimally distinguishes SNRs from HII regions.
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Figure 2.1: A 3D diagram for the [S II}/Ha - [O I]/Ha - [O III]/HS line ratios. The
points show the expected line ratios for starburst models (red) and shock models (green)
for different ISM parameters based on the ITERA library of MAPPINGS III model.

In order to find the most appropriate separating surface, we used the support vector
machine (SVM) models. Specifically we used the python module scikit-learn EL a set
of supervised learning algorithms for classification, that separates a set of data in two
or more classes. SVM can classify different classes of objects on the basis of separating
surfaces in the multi-dimensional space defined by characteristic parameters of these
objects (here the line ratios). This boundary can be described by a function of two or
more variables, depending on the dimensionality of the input data (here, the number
of line ratios which are used). The function of this boundary (decision function) has

the following form (e.g. Ivezi¢ et al.[2014]):
n
YK (x" ) +p
i=1

where n is the number of the support vectors, (i.e. the points nearest to the distance of
the closest point from either class), y is the class, « is the lagrangian multiplier vector,
p is the intercept term and K (27, z;) is the kernel function. The general form of the
kernel function is K (27, ;) = (y < z,2; > +r)?, where 7 is the kernel width parameter,
x; are the support vectors, r is a constant coefficient, which in our case equals to 1, and
d is the degree of the polynomial. We explored various values of v, from 0.2-1.0, and
we selected the ones that better discriminate between different classes, as we explain
next. We examined two cases of kernel functions, linear (d=1) and polynomial (d=3),

the latter giving more flexibility in the case of complex separating lines/surfaces, for

"https:/ /scikit-learn.org/stable/modules/svm.html
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2. A diagnostic tool for the identification of Supernova Remnants

all combinations of two or three of the line ratios [N II]/He, [S II]/He, [O I]/Hea, [O
I1]/Hp, [O I11)/8.

Since we are interested in the definition of a diagnostic tool for SNRs we consider:
(a) the completeness of shock models (i.e. SNRs) defined as the number of true positives
over the sum of true positives and false negatives (i.e. the total number of shock models)
and (b) their contamination by starburst models (i.e. HII regions) that is the number
of false positives over the sum of true and false positives. The line ratios that maximize
the completeness and minimize the contamination are those that we consider as the
best diagnostics for distinguishing SNRs from HII regions. In (top) we
see the completeness versus the contamination for each line combination and kernel of
different functional form (linear or polynomial). The line combinations with the highest
completeness and lowest contamination (i.e. the bottom right region of are
shown in the bottom panel of

2.3.2 Optimal diagnostics

From these results it is clear that the polynomial kernel is more efficient than the linear
kernel and hence all the diagnostics we present use a polynomial kernel in their decision
function. As we see in (bottom panel), the most effective line combination
is the ([O I]/Ha - [O II]/HB - [O III]/HB) with v = 0.8 (diagnostic A). At the same
time, the combination ([S II]/Ha - [O I]/Ha - [O III]/HS) with v = 1.0 (diagnostic B)
works very well and it can be used in cases where the wavelength range of the spectra
(or narrow band imaging) is limited to redder wavelengths. We obtain similar results
with the line ratios ([N II]/Ha - [O I]/Ha - [O III}/HpB) with v = 1.0 (diagnostic C).

In two dimensions the most effective diagnostic is the combination of line ratios ([O
I]/Ha - [O III)/HB) with v = 0.4 (diagnostic D). If we are restricted in the red and the
blue parts of the spectrum, the most powerful diagnostics are ([N II]/Ha - [O I]/Ha)
with v = 1.0 (diagnostic E) and ([O II]/Hp - [O III}/HS) with v = 0.2 (diagnostic F)
respectively.

shows the completeness (CP) and the contamination (CT) for each one
of these diagnostics. CPs and CTs show that in general 3D give more accurate results
that 2D diagnostics. The rest of the diagnostics we examined are presented in the
Appendix.

Figure 2.3| shows the separation surfaces for the cases of the ([O IJ/Ha - [O II]/5 -
[O III]/Hp; Diagnostic A), ([S II]/He - [O I}/Ha - [O III]/HpB; Diagnostic B) and ([N
I1]/Hea - [O I}/Ha - [O III]/HB; Diagnostic C) diagnostics. The general form of these
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Figure 2.2: Completeness versus contamination for each diagnostic. Different colors and shapes

correspond to different kernel of the decision function: the red squares refer to 2D diagnostics

with polynomial kernel in the decision function (poly_2d), the green circles to 3D diagnostics with

polynomial kernel (poly_3d), the blue triangles-down to 3D diagnostics with linear kernel (lin_3d)

and the purple triangles-up to 2D diagnostics with linear kernel (lin_ 2d). The bottom panel shows

more clearly the high completeness - low contamination region of the top panel. Each point is labeled

as v_kernel_lines, where v is the kernel width parameter (e.g v = 0.2 corresponds to 02 kernel),

poly refers to polynomial kernel of the decision function and then follow the emission lines ratio used

in each diagnostic indicated by the forbidden line involved, e.g. with SII we refer to [S II]/Ha etc.
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2. A diagnostic tool for the identification of Supernova Remnants

Table 2.1: Completeness and contamination for the diagnostics described in §3.2.

Diagnostics: | A B C D E F
Compl. 0.990 | 0.990 | 0.989 | 0.988 | 0.983 | 0.901
Cont. 0.012 | 0.016 | 0.012| 0.012 | 0.023 | 0.058

A: [0 1]/Ha - [0 11]/HB - [O I11]/HB
B: [S 11 /Ha - [O 1]/Ha - [O 111]/HB
C: [N 1I]/He - [O 1)/Ha - [O 111]/HR
D: [0 1)/Ha - [O I11]/HA

E: [N II]/He - [O I]/He

F: [0 11]/Hp - [0 111]/HB

surfaces is:

3
F(z,y,z) = Zaijkxiyjzk =0
i=0
and the coefficients for each diagnostic are shown in According to these
criteria, sources with F(a, b, ¢) > 0, where a, b and ¢ are the line ratios of the examined
source, are shock-excited regions (SNRs). In we present the optimal 2D
diagnostic tools for the line ratios ([O I]/Ha - [O III]/Hf; Diagnostic D), ([N II]/Ha
- [O IJ/Hp; Diagnostic E) and ([O II]/Ha - [O III)/HpB; Diagnostic F). These lines are

described by the function:

3
G(z,y) =) bya'y’ =0
i=0
and the respective coefficients are shown in Similarly to the 3D case, sources

with G(a, b) > 0, where a and b are the line ratios of the examined source, are considered
to be shock-excited regions (SNRs).
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2.3 Optimal combination of lines

Table 2.2: Coefficients of the decision

function (3rd-order polynomial kernel) Table 2.3: Coefficients of the decision

for the 3D diagnostics. function (3rd-order polynomial kernel)

for the 2D diagnostics.

ijk A B C

000 3.070 | 0.303 | 0.567 = D 5 T
010 2228 | -1.357 | -0.862 00 I 2710 1955 | 2904
020 0554 | 0.815 | 0.386 o1 | 2006 | 0382 5356
030 0.452 0.696 | 0.590 02 |l 1610 | 1.963 1.344
001 0.824 1.197 1.400 03 I 0.049 L 162 0.347
011 2.248 | 1854 1 2307 | )y | 0701 | -0.0007 | 4.591
021 0.185 1.356 | 0.477 1 osst | 4330 | 1133
002 1476 | -1.495 | -1.213 o | 1067 | ooer | 0616
012 0771 | 2.312 1.837 o0 | -0432 | 0874 | 1os0
003 0.964 1.874 1.842 o1 || —0245 | 4940 | 0416
100 0871 | -1.227 | -1.752 20 | o465 | 2150 | -0.008
110 0.932 0.285 2.433 D [0 1/ - [0 11055

120 -1.075 1.766 1.281 E: [N II]/Ha - [O I]/Ha

101 -0.174 1.687 | -0.428 F: [0 TM/H - O I1)/HA

111 2,650 | -3.664 | -3.680

102 1.842 | -1.329 | 2.230

200 0.166 | 0.873 | 0.027

210 1.134 | -0.896 | 1.873

201 0419 | 0403 | 0.195

300 0.768 | -0.598 | -1.082

A: [0 1]/Ha - [O II)/HB - [O III)/HB
B: [S I1]/Ha - [O I}/Ha - [O III]/HB
C: [N II]/Ha - [0 1)/Ha - [O III]/HB
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Figure 2.3: The surfaces separating
shock models (SNRs, green) from star-
burst models (HII regions, red) for the
diagnostics A ([O I]/Ha - [O IIJ/HS - [O
IIT]/HB3), B ([S II]/He - [O IJ/Hea - [O
IIT]/HB) and C ([N IIJ/Ha - [O I}/Ha
- [0 IIIJ/Hp), from top to bottom re-
spectively. The data points are drawn
from the ITERA compilation of MAP-
PINGS III models for representative den-

sities and metallicities (§2).
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2.4 Discussion

Table 2.4: Dependence of the completeness (CP) and contamination (CT) for the different

diagnostics on the metallicity

Subsolar metallicities - 0.25 — 0.5 Ze (LMC-SMC metallicities) ‘

Diagnostics: A B C D E F
CPp 0.995 | 0.996 | 0.987 | 0.998 | 0.974 | 0.835
CT 0.078 | 0.102 | 0.081 | 0.075 | 0.144 | 0.317
Solar metallicities
Diagnostics: A B C D E F
CP 0.995 | 0.994 | 0.955 | 0.992 | 0.991 | 0.911
CT 0.017 | 0.023 | 0.017 | 0.016 | 0.032 | 0.087
Supersolar metallicities - 2 Zq
Diagnostics: A B C D E F
CPp 0.922 | 0.922 | 0.916 | 0.919 | 0.916 | 0.838
CT 0.155 | 0.185 | 0.158 | 0.139 | 0.247 | 0.460

2.4 Discussion

2.4.1 Effect of Metallicity

The diagnostics presented in section 3 are based on photo-ionization and shock models
for a wide range of metallicities, from 0.25 Z, —2 Z . Since metallicity is directly linked
to the strength of the forbidden lines (Leonidaki, Boumis, & Zezas|/2013; D’Odorico
et al||1978), we explore the efficiency of the diagnostics described in §3.2 in differ-
ent metallicity regimes. Hence, we calculate completeness and contamination for the
SNRs with subsolar, solar, and supersolar metallicities. These results are shown in
We see that for the cases of subsolar and solar metallicities the diagnostics
work quite well while for supersolar metallicities less good. This happens because high-
metallicity nebulae have strong temperature gradient (Stasinka/|[2005; Stasinka, (1980;
Stasinka||1978b)) resulting in a wider range of intensities for the oxygen lines. Actually,
for supersolar metallicities the intensities of the oxygen lines extend to lower values,
compared to solar or subsolar metallicities, and thus shifting the lower-excitation shock

excited sources in the HII region locus.
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2. A diagnostic tool for the identification of Supernova Remnants

Table 2.5: Completeness - Contamination for the [S II]/Ha > 0.4 criterion

Metallicities:| Total Subsolar Solar Supersolar
Cp 0.658 0.317 0.682 0.764
CT 0.019 0.217 0.026 0.175

2.4.2 Comparison with [S II]/Ha > 0.4 criterion

The standard diagnostic for identifying SNRs is the [S II]/Ha > 0.4 criterion. Here we
investigate the efficiency of this diagnostic in the light of the 2D and 3D diagnostics
presented in §3.2. shows the [S II]/Ha = 0.4 line on the [S II]/Ha - [O I]/Ha
diagram (top left panel) along with histograms of starburst and shock models for each
of the two line ratios ([S II]/Ha bottom; [O I]/Ha right). In the case of the [S II]/Ha
line ratio we also indicate the 0.4 line. As we can see, there is a significant fraction of
shock models with [S IT]/Ha lower than 0.4 (on the left of the 0.4 line) but also a small
number of starburst models that have ratios higher than 0.4. This means that by using
the [S II]/Ha > 0.4 criterion as selection criterion, we may miss many shock excited
sources or identify as SNRs photoionized sources, like HII regions. In we give
a summary of the completeness and the contamination for the [S II]/Ha > 0.4 criterion
for all the metallicities together and for the subsolar, solar and supersolar metallicities
separately. The effect is more dramatic in the case of subsolar metallicities where we
may miss even up to ~70% of the SNR population. In higher metallicities the effect is
weaker but it still may result up to 25% incompleteness and ~15-20% contamination
by HII-regions.

Therefore, the full 2D and 3D diagnostics, give us the possibility to detect up to
~30% more SNRs than we did up to now.

Most importantly the application of the [S IT] /Ha > 0.4 criterion, leads to a selection
effect against slow-shock objects. shows a cumulative histogram of the shock
velocities of all shock models (i.e any [S II]/Ha ratio) and those with [S II]/Ha < 0.4.
As we can see, SNRs with lower velocities have predominantly [S II]/Ha < 0.4. This
selection effect in turn results in a bias against older SNRs which have weaker shocks. In
addition, there are SNRs with high velocities that are not detected with the 0.4 criterion.
These SNRs are characterized by lower values of magnetic parameters (usually high
preshock densities 100 — 1000 cm ™ or more rarely low magnetic field ~ 14 G). In
these cases, the density close to the photoionized zone of the shock becomes high and
hence the spontaneous de-excitation of forbidden lines becomes less important (Allen
et al.[2008), leading to a relatively lower [S II]/Ha ratio.
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Figure 2.5: Behaviour of the [S II]/Ha and [O I]/Ha diagnostics in separating SNRs (green) from
HII regions (red). Top left: 2D [S II]/Ha - [O I}/Ha diagnostic. The black line indicates the standard
[S II]/Ha > 0.4 diagnostic. Top right panel: the histogram of the [O I]/Ha ratio for SNRs and HII
regions along with the 0.017 line (see §4.4). This line ratio minimizes the overlap between SNRs and
HII regions. Bottom left: histogram of the [S II]/Ha ratio for SNRs and HII-regions along with the
0.4 line. We see that there are many SNRs with [S II]/Ha < 0.4 that are not identified as such, and a
few HII regions that have [S II]/Ha > 0.4 and thus are identified as SNRs using the [S II]/Ha > 0.4
criterion. In both histograms, N is the number of the points of the shock and starburst models.
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Figure 2.6:  Shock velocity cumulative distribution for shock models of every [S

II]/Ha < 0.4 ratio (red color) and for shock models with [S II]/Ha < 0.4 (blue color).

N is the number of the points of the shock and starburst models.

In order to find a 1D diagnostic with which we can recover these slow-shock regions,
we constructed histograms for photoionized and shock-excited regions for each line ratio
we considered. The line ratio that minimizes the overlap between the two populations
is the [O I]/Ha with 171 (out of 8080) overlapping models top right panel)
and recovers the vast majority of the SNRs that were Missed by the [S II] /He criterion
(~ 97% of the total number of the points of the shock models), while keeping the
contamination by photoionized regions at a minimum. Of course, the 2D and 3D
diagnostics have even higher completeness and lower contamination (c.f. .

2.4.3 Comparison with data

In order to test the accuracy of the diagnostic tools, we compare our models with
observational data. We have divided our data sample into two categories. A sample
which refers to Galactic SNRs and SNRs of nearby galaxies (LMC, SMC), the SNR
nature of which is confirmed by their morphology and/or their radio properties and
consequently we can consider it as a more secure sample. We also consider a second

sample which consists of SNRs in more distant galaxies that are identified on the basis
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of the [S II] /Ha criterion. In the same way we use Galactic HII regions and HII regions
from the LMC and SMC as a more secure sample and extragalactic HII regions in more
distant galaxies as less secure. lists individual Galactic sources and the host
galaxies for the extragalactic sources, as well as the relevant publications. From these
studies, we use objects for which [N IIJ(A6583), [S IIJ(AX6716,6731), [O I](A6300), [O
IT}(AA3727,3729), [O IIIJ(A5008), Hae and Hf line fluxes are provided.

We begin with the more secure sample of SNRs which consists of 15 objects. For
the diagnostics B ([S II]/Ha - [O I]/Ha - [O III]/HB) and C ([N II}J/Ha - [O I]/Ha -
[O III]/Hp) all sources except for two fall in the region of SNRs (given their line ratio
uncertainties). In the case of diagnostic D (][O I]/Ha - [O III]/HS) only one source
does not agree while we have full agreement in the case of diagnostic E
([N II]/He - [O III]/HB) (Figure 2.8). We note that the two sources that do not agree
with the diagnostics are the same for all the diagnostics and have large uncertainties
in the [O I]/Ha and [O III]/Hf ratios.

We find between 88.5% and 99.2% agreement between the diagnostics and the prior
classification of the less secure sample of SNRs. The best agreement is for diagnostic
E, while the worse agreement is for diagnostic F. Figs 9, 10, 11 show these data for
the diagnostics D, E and F respectively. Most of the sources that are not found in
the expected loci in the diagrams, seem to have very low signal to noise in the [O I]
and [O III] lines indicating large uncertainties for [O I]/Ha and [O III]/HS line ratios
(Leonidaki, Boumis, & Zezas||2013; Matonick & Fesen! |1997)).

The more secure sample of HII regions consists of 18 sources. For the diagnostics
B and C two out of the 18 sources are found outside of the HII-region locus. One and
2 additional sources are marginally consistent with their respective loci in diagnostics
D and E, taking into account the uncertainties when they are available
Figure 2.§]).

For the less secure sample of HII regions we have 100% agreement for diagnostics
A and F (7 out of 7 sources). For the rest of diagnostics (B, C, D and E) ~ 13% for

the sources fall out of the HIl-region locus.
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2. A diagnostic tool for the identification of Supernova Remnants

Table 2.6: Samples of observational data for SNRs and HII regions

SNRs

Fesen, Blair, & Kirshner||1985

|Russel & Dopita| |1990|

Matonick & Fesen|(1997

|Le0nidaki, Boumis, & Zezas||2013|

Lee et al.[[2015

Galaxy: S147_ 1%,

S147 2%, S147 3*, S147 _4*,
S147 5%, ML1t, ML2T,
G65.3+5.7_1, G65.3+5.7_2
SMC, LMC

NGC 5204, NGC 5585, NGC 6946
MS81, M101

NGC 2403, NGC 3077, NGC 4214
NGC 4395, NGC 4449, NGC 5204
MS81, M82

Vilchez & Esteban|{1996
Bresolin||2007

Castellanos, Diaz, & Terlevich|2002

Fich & Silkey|[1991
Berg et al.|2015

Long, Winkler, & Blair|[2019 NGC 6946
‘ HII regions

Zurita & Bresolin|2012 Ma31
Esteban et al.[2009) M31, M33
Kwitter & Aller|[1980 Ma33
Dufour{|1975 LMC
Russel & Dopita {1990 LMC, SMC
Tsamis et a1.||2003| LMC, SMC

Galaxy: S283, S266A, S266B
M101

NGC 628, NGC 925,

NGC 1637, NGC 1232
Galaxy: S128, S212

NGC 628

*These are the positions 1-5 for the SNR S147. tThese are the

positions 1 and 2 of Monocerus Loop.
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log (O I11] /HB)
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Figure 2.7: Diagnostic D ([O IJ/Ha
- [O IIIJ/Hp) for the more secure sam-
ple. As we see only 1 out of 15 SNRs is
not located in the locus of SNRs and it
has large uncertainties in the [O IJ/Ha
and [O III]/HQ line ratios. For the HII
regions only 1 out of the 18 sources is
not found in the HIl-region locus. This
source, as well as the other sources with-
out errorbars did not have available un-

certainties in the respective publications.
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Figure 2.9: Diagnostic D ([O IJ/Ha
- [O III)/HPB) for the less secure sam-
ple. As we see 6 out of 127 SNRs are
not located in the locus defined by the
shock regions. These sources have low
signal to noise ratio in the [O I] and [O
IT1] lines indicating large uncertainties in
the respective line ratio. The errorbars
are presented when the line-intensity un-
certainties are available in the respective
works.
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Figure 2.10: Diagnostic E ([N II]/Ha
- [O I]/Ha) for the less secure sample.
As we see only 1 out of 127 SNRs is not
located in the locus defined by the shock
regions. This source has low signal to
noise ratio in the [O I] line indicating
large uncertainties in the respective line
ratio. The errorbars are presented when
the line-intensity uncertainties are avail-

able in the respective works.
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Figure 2.11: Diagnostic F ([O II|J/HpS

- [O III]/Hp) for the less secure sample.

In this case 23 out of 26 SNRs fall in the

SNR locus, while all the HII regions are

located in the HII-region locus.



2.4 Discussion

In summary, we find very good agreement between the diagnostics and the morpho-

logically selected SNRs (Figure 2.7 |[Figure 2.8). In addition, even though we do not

expect 100% agreement between our diagnostics and the less secure sample, since they
have been selected based on the [S IT]/Ha > 0.4 criterion, we find that they agree very
well.

The same holds in the case of HII regions. Observed HII regions are clearly sepa-
rated from the SNRs resulting in minimal or no contamination of the SNR population
by HII regions.

Furthermore, when emission-line uncertainties are available, we can account for
those and derive the probability of a source to belong to shock-excited or photoionized
region locus (indicating SNR and HII regions respectively; e.g. by means of Monte
Carlo sampling, e.g. Maragkoudakis et al.[2018]).

One complication in the identification of SNRs on the basis of their line ratios is
objects that are embedded in HII regions. In this case, the generally weaker higher
excitation linesof the HII region would shift the location of the SNRs away from their
locus on the diagnostic diagram. Determining a diagnostic that accounts for the con-
tamination by the surrounding HII regions, is beyond the scope of this paper and will
be presented in a forthcoming paper.

As we can see, in some cases there are contradicting classifications. Sources that
have been classified as SNRs according to a specific diagnostic, are classified as HII
regions using other diagnostic. For example, While almost all of the observed SNRs
are classified as shock-excited regions using diagnostic E (Figs 8, 10) a few of them
are classified as photoionized (HII) regions based on diagnostic D (Figs 7, 9). This is
expected since these diagnostics are simply projections of the multidimensional mani-
fold of the distribution of the shock-excited (SNR) and photoionized (HII regions) in
the parameter space defined by the spectral line ratios (e.g. [Stampoulis et al.|[2019).
Obviously higher dimensionality diagnostics (e.g. diagnostics A, B, and C) offer much
better consistency since all available lines are used simultaneously. However, this comes

at the cost of requiring measurements of multiple lines, some of which are rather weak.

2.4.4 Possible biases and comparison with other object

classes

The diagnostics presented here are based on the comparison of the ratio between dif-
ferent forbidden lines and their corresponding (closest) Balmer lines. They are an

extension of the commonly used [S II]/Ha diagnostic to include other diagnostically
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2. A diagnostic tool for the identification of Supernova Remnants

powerful line ratios combined with a quantitative definition of the diagnostic. Since
they also employ forbidden lines they suffer from the same bias against Balmer dom-
inated SNR inherent in the traditional [S IIJ/Ha diagnostic. This class of SNRs is
characterized by weak or absent, forbidden lines and they are traditionally recognized
on the basis of their strong and broad Balmer lines (e.g. Heng [2010)). However, this is
not a strong bias for studies of the overall population of SNRs, since Balmer dominated
SNRs are only a small subset of the optically emitting SNR, population.

Other types of objects that also produce high excitation lines are planetary nebulae
and Herbig-Haro objects. However planetary nebulae are characterized by strong [O
III] emission and weak [S II], [O I] or [N II] emission which would discriminate them
from the locus of SNRs in our diagnostic diagrams and place them in the high-excitation
end of the HIl-region locus (e.g. Baldwin et al.||[1981, |Sabbadin et al.[[1977).

On the other hand although Herbig-Haro objects are excited by the shock of the
jets of young stellar objects, their total luminosity (~ 0.1L® ; e.g. Riaz et al./[2017)
renders them unobservable in SNR surveys of nearby galaxies. In our Galaxy they can

be easily discriminated from SNRs on the basis of their morphology.

2.4.5 Suggested tool for photometric selection of SNRs

The results presented in section §3.2 show that the ideal diagnostic combines the [O 1],
[O III], [O II], or [S II] forbidden lines along with their corresponding Balmer lines (Ho
and Hf3). However this requires observations in five narrow-band filters which greatly
increases the required telescope time.

In we compare the distributions of the [S II]/Ha and [O I]/Hea line ratios
for the SNRs and HII regions. As is clearly seen, the [O I]/Ha line ratio separates
more effectively the HII regions from SNRs (see also |Lee et al.|[2015, Fesen, Blair, &
Kirshner||1985). This is because the [O I] line is produced in the interface between the
photoionized HII region and the surrounding material. In HII region, this interface
tends to be quite narrow, since almost all the oxygen is ionized (Evans & Dopital|1985),
resulting in weaker [O I] emission. On the other hand, in SNRs because of the different
excitation mechanism and the presence of the photoionizing precursor, the size of this
region is wider resulting in stronger [O I] emission. Consequently, Ha and [O 1](6300)
narrow-band filters can be used for SNR selection. In this case SNR candidates are
sources with [O I]/Ha ratio higher than 0.017 (or log([O IJ/Ha) > —1.76) (Figure 2.5
top right). The completeness for SNR selection using this diagnostic is 97.2% and the

contamination only 2.4%.

36



2.5 Other Diagnostics

Table 2.7: Completeness, contamination and v parameter for 3D and 2D diagnostics

Diagnostics Completeness Contamination v
[NII]/Ha — [OI]/Ha — [O1I]/HB 0.984 0.019 1.0
[NII]/Ha — [OIT]/HS — [OII1] /HS 0.937 0.034 1.0
[NII]/Ha — [S1I]/Ha — [O 1] /Hex 0.984 0.024 0.2
[NII]/Ho — [STI]/Ha — [O IT] /HS 0.926 0.086 0.2
[NII]/Ho — [SII]/Ha — [OIIT] /HS 0.973 0.015 1.0
[SII]/Ha — [OI)/Ha — [O1I]/HB 0.988 0.025 1.0
[S1I]/Ha — [O1I]/HB — [OI1I]/Hp 0.965 0.012 1.0
[NII]/Ha — [O1I]/HB 0.827 0.102 all (0.2 - 1.0)
[NII|/Ha — [OIII]/Hp 0.898 0.027 all (0.2 - 1.0)
[OI]/Ha — [O1I]/HpB 0.985 0.022 1.0
[SII]/Ha — [OI]/Ha 0.983 0.026 1.0
[SII]/Ha — [OIIT]/Hp 0.959 0.013 0.4
[STI]/Ha — [O11]/Hf 0.941 0.142 0.4
[S1I]/Ha — [N1I}/Ha 0.926 0.104 0.2

2.5 Other Diagnostics

Here we present the rest of the diagnostics we examined and are not included in §3. In
we show the completeness, the contamination and the v perameters of the
decision function of the 3D and 2D diagnostics. Figures[2.12]-[2.25 show the separating
surfaces and lines for these 3D (2.1242.18)) and 2D diagnostics. Animations
that show the rotation of the surfaces are available in the on-line version. As discussed
in §3.2 the surfaces are described by the function F(x,y,2) = 33, aijprty’ 2F =0 and
the 2D lines by G(z,y) = 2;”:0 bijz'y? = 0. The coefficients of these functions are
given in [Table 2.8 and [Table 2.9| respectively. For both cases, sources with F > 0 or G
> 0 are SNRs.

In all cases, polynomial kernels seem to work better, except for the line-ratio combi-
nations [NII]/Ha — [OII]/HS and [NII]/Ha — [OIII]/HS for which linear kernel gives

better results.
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Table 2.8: Coefficients of the decision function for the 3D diagnostics.

ijk NII-OI-OII | NII-OII-OIII | NII-SII-OI | NII-SII-OIT | NII-SII-OIII | SII-OI-OII | SII-OII-OIII
000 3.734 3.478 2.382 1.520 2.413 4.108 4.974
010 1.578 -1.199 -1.822 2.202 1.267 1.213 -3.676
020 -2.053 2.729 0.151 -0.038 0.770 -1.274 1.467
030 0.326 0.576 -0.002 -0.055 -1.585 0.826 2.269
001 -1.437 5.176 0.214 1.626 4.377 -1.758 4.722
011 1.608 -1.968 0.658 -1.050 -2.697 2.587 1.088
021 4.849 1.264 -0.021 0.098 1.823 5.000 1.078
002 -0.768 -2.798 -0.804 0.283 -2.732 -0.747 -3.318
012 -0.459 -2.641 0.014 0.141 -1.325 -0.094 -0.354
003 0.139 3.011 0.223 0.361 1.463 0.266 2.156
100 -3.186 7.034 -1.821 -0.610 0.001 -2.305 3.761
110 6.108 3.313 -0.795 -2.699 -6.913 2.439 2.946
120 0.609 -0.372 0.127 0.283 1.753 -0.096 -1.869
101 3.889 0.788 0.149 2.639 1.508 1.342 -0.421
111 -2.792 -0.877 0.379 -0.460 -2.264 -2.236 1.194
102 4.071 -3.772 0.196 0.067 -0.866 0.762 -0.304
200 0.863 -1.549 -0.350 1.460 0.407 -0.172 -3.181
210 3.986 8.080 0.250 0.231 1.568 0.359 0.713
201 -0.268 -0.879 0.253 -0.388 -0.638 -1.707 -0.501
300 -1.085 -1.704 0.025 -0.140 -2.913 0.042 -0.151

The line-ratio combinations are presented without the respective Hydrogen lines. In every case:
SII = [SII]/Ha, NII = [NII]/Ha, OI = [OI]/Ha, OII = [O1I]/HB and OIII = [OIII]/HS .
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Table 2.9: Coefficients of the decision function for the 2D diagnostics.

ij NII-OII NII-OIII OI-0OII SII-O1 SII-OIII SII-OI1 SII-NII
00 0.581 0.469 5.017 1.218 3.403 2777 2.763
01 1.000 1.000 -2.274 0.145 4.433 -0.283 1.116
02 0 0 -1.170 1.371 -0.479 0.981 1.388
03 0 0 0.432 1.446 0.255 1.185 -0.217
10 1.262 0.939 0.719 -0.449 4.660 4.283 2.244
11 0 0 3.095 1.932 -0.781 -0.332 -2.452
12 0 0 0.124 -1.036 -0.318 -0.225 0.029
20 0 0 -0.842 -0.089 -1.821 -0.575 -0.257
21 0 0 4.291 2.197 0.148 -0.511 0.175
30 0 0 0.701 0.461 0.079 -0.403 -0.043

The line-ratio combinations are presented without the respective Hydrogen lines. In every case:

STI = [STI]/Ha, NII = [N1I]/Ha, OI = [O1]/Ha, OII = [OTI]/HB and OIII = [OIII]/HB .
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Figure 2.24: The line that separates
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2.6 Conclusions

2.0 Conclusions

In this paper we presented theory-driven line-ratio diagnostics for the identification
of SNRs. These diagnostics are very promising in reducing the bias against lower
excitation SNRs in comparison to the traditional [S IIJ/Ha diagnostic and they can
increase the number of identified SNRs by ~ 30% at least. We explore six line-ratios
combined in 3D or 2D diagnostics involving [O I], [O II], [O III], [S II] and [N II] lines
and their corresponding Ha and HS lines. We find that the best 3D and 2D diagnostics
in terms of their completeness and low contamination by HII regions are [O I|/Ha -
[O II)/Hp - [O III]/HB and [O IJ/Ha -[O III]/HPB respectively. We also find that the
[O I]/Ha diagnostic is very efficient for selecting SNRs, in agreement with previous
reports. Here we define the selection criterion ([O I]/Ha > 0.017) and we quantify its
completeness (97.2%) and contamination (2.4%). This efficiency is significantly higher
than the one of 65.8% for the [S II]/Ha > 0.4 diagnostic that has been used up to now.

This work has been based on MAPPINGS III shock and starburst models. The use
of other shock and starburst models would give probably different diagnostics (differ-
ent separating lines and surfaces), however, the capabilities of the different line-ratio
combinations in distinguishing SNRs from HII regions should be the same or at least

very similar.
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The Supernova Remnant
Populations of the galaxies
NGC45, NGC 55, NGC 1313,

NGC 7793: Luminosity and
Excitation Functions

3.1 Introduction

Supernova Remnants (SNRs) are an integral component of the interstellar medium
(ISM), since they provide large amounts of mechanical energy, while they enrich it with
heavy elements. They are related to the star-forming process within a galaxy, since
under appropriate conditions, their shock waves compress the ISM, triggering new-star
formation. In addition, core-collapse SNRs, are tracers of the on-going massive star
formation since they are the last stage in the life of massive stars (M > 8 M®; |(Condon
& Yin/[1990).

In our Galaxy, 294 SNRs have been identified so far, based on the systematic study
in radio bands (Green|2019). Many of them have been studied in various wavelengths
(e.g. Milisavljevic & Fesen|2013} |Boumis et al.|2009; [Slane et al.[2002) yielding detailed
information on their physical and morphological properties, as well as, their interaction

with their local ISM. Studying SNRs in different wavelengths gives us the opportunity
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NGC 1313, NGC 7793: Luminosity and Excitation Functions

to examine different gas phases of SNRs, from million to thousands degree gas and dif-
ferent evolution stages. However, the study of Galactic SNRs has some disadvantages:
optical and X-ray bands are suffering from significant extinction, leading sometimes
to incomplete samples. In addition, the study of Galactic SNRs does not allow us to
examine SNR populations that evolve in a wide range of ISM parameters (e.g. different
density distributions, metallicities). Another important limitation of studies in Galactic
SNRs is that it is very difficult to estimate their distances. The study of extragalactic
SNRs remedies these limitations. They give us the opportunity to explore larger and
more diverse samples that can be correlated to different ISM and galaxy properties.
In addition, extragalactic sources overcome the problems of Galactic absorption and
distance uncertainties, since they are considered to be at the distance of their host
galaxy. Taking advantage of these benefits, many studies of SNRs in nearby galaxies
have been carried out (e.g. Long, Winkler, & Blair||2019; Lee et al.2015; Leonidaki,
Boumis, & Zezas| 2013} [Leonidaki, Zezas, & Boumis 2010; Blair & Long|1997). These
studies increase the number of known SNRs and thus provide significant information
on their nature not only on individual objects, but also on their overall population and

their effect on their host galaxy.

A significant limitation of these surveys is that they do not account for the effect of
incompleteness. During the detection process, there is a fraction of SNRs that we do
not detect because of their faintness, the detection process, and the method we have
followed for the selection and identification of SNRs. These effects make our samples
incomplete. Incompleteness is a fundamental problem that can affect significantly our
results. For example, we can see features in luminosity functions which are not real
and they are simply artefacts of the detection and selection process. This problem
is exacerbate by the commonly used practice of SNR identification based on visual
inspection of Hea, [S II], and [S II]/Ho maps. Visual inspection, being a subjective
method, does not allow the reliable quantification of the selection effects. The effect of
incompleteness does not allow us to exploit the full extent of the available data. This
is particularly important for studying the low luminosity end of the SNR population
and hence obtaining a more complete picture of their population and their feedback to
ISM.

In this work, we present a systematic study of SNRs in 4 nearby galaxies: NGC 45,
NGC55, NGC 1313, and NGC7793. We present a new way for the detection and
characterization of the SNR population that bypasses the commonly used practice of
visual inspection. This has the advantage of allowing the calculation of incompleteness,

which in turn, enables the derivation of luminosity functions and more reliable statistics
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on the SNR populations. We do not restrict this analysis only to Ha luminosity but we
also construct the joint incompleteness-corrected luminosity functions (LFs) for Ha and
[S I1], the two parameters that we use for the detection. This has the additional benefit
of allowing the simultaneous calculation of the SNR excitation (i.e. the [S II]/Ha ratio)
as a function of the Ha luminosity.

In Section [3.2] we describe the sample of the galaxies and their characteristics.
In Section and Section we present the observations, the data reduction, the
detection of SNRs and the photometric analysis. We also describe how we calculate the
incompleteness corrections. The luminosity function and the excitation as a function
of the Ha luminosity are presented in Section [£.3] and in Section .4 we discuss our
results in the context of extragalactic SNR populations. In Section [3.8| we summarize

our results.

3.2 Sample

Our sample consists of four southern galaxies: NGC45, NGC55, NGC1313, and
NGC7793. Their basic properties are given in These galaxies were se-
lected on the basis of the following criteria: (1) They are nearby galaxies, (D<7Mpc)

in order to allow identification of individual objects; (2) There are publicly available
X-ray data allowing the multi-wavelength comparison of the optical SNR population
and the identification of young, X-ray emitting SNRs; (3) They are face on in order to
minimize the effects of internal extinction (only NGC55 is edge-on but it is character-
ized by very low extinction); (4) They are all spiral galaxies. They also have similar
metallicities, limiting metallicity effects in the characterization of SNRs. The [O/H]
metallicities given in are calculated using the [N IIJAN6548,6583/Ha line
ratios from the work of Kennicutt et al. (2008), which were converted to metallicities
using the (12 4 log(O/H) = 8.9 + 0.59log([N1I]/Ha)) calibration of |Pettini & Pagel
(2004]).

This work supplements our previous multi-wavelength study of SNRs in nearby
galaxies, which showed evidence for differences in SNRs between spiral and irregular
galaxies. More specifically, it is seen that more luminous X-ray emitting SNRs tend
to be preferentially associated with irregular galaxies (see Fig.12 of Leonidaki, Zezas,
& Boumis|2010) which is attributed to different ISM density between the two types of
galaxies.

All four galaxies are known to host SNRs identified in optical, radio, or X-ray

wavelengths. However, the available studies are not systematic, not allowing the in-
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Table 3.1: Galaxies Properties.

Galaxy Distance*  Size™* RA Dec [O/H]
(J2000)  (J2000)
(Mpc) (arcmin)  hh:mm:ss  dd:mm:ss
NGC45 6.79 8.5,5.9 00:14:03.99 -23:10:55.5  8.51
NGC55 1.99 32.4,5.6 00:14:53.60 -39:11:47.9  8.54
NGC1313 4.15 9.1,6.9 03:18:16.05 -66:29:53.7  8.62

NGC 7793 3.70 9.3,6.3 23:57:49.83 -32:35:27.7  8.54

Col (1): The name of the galaxies; col (2) the distance of the galaxies; col (3)
the size of the galaxies; col (4) and col (5): the RA and Dec of the galaxies; col (6):
the metallicity of the galaxies.

*The median distance and the size characteristics are taken from NED
(NASA/TPAC Extragalactic Database; http://ned.ipac.caltech.edu/).
**Major and minor axis.

vestigation of their populations in detail. From our sample, only NGC 7793 has been
studied in optical wavelengths. Blair & Long| (1997)) detected and spectroscopically con-
firmed 27 SNRs, with Ha fluxes ranging from 6.7 x 10716 to0 3.6 x 10~ ergem =257 1.
In the radio, [Pannuti et al.| (2002) added to those, 5 new radio SNRs and identified 2
optically known SNRs in radio and 2 in X-rays. Pannuti et al.| (2011) identified X-ray
counterparts for two previously detected SNRs and Della Bruna et al.| (2020)) confirmed

in optical wavelengths two previously detected SNRs.

NGC 45 hosts a candidate SNR in radio with no X-ray counterpart and a candidate
one in X-rays (Pannuti et al. 2015). NGC 55 has given 6 radio candidate SNRs that
are reported to have also X-ray emission (O’Brien et al.|[2013)). Five SNRs have been
detected in the X-ray band (Stobbart, Roberts, & Warwick|2006) and 2 of them have
also emission in radio (Hummel et al|/1986). In addition, 13 more X-ray SNRs have
been reported in the study of Binder et al. (2015). In NGC 1313, a probable young
SNR around the supernova SN 1978K has been identified in the X-rays (Smith et al.
2007, |Colbert et al. |[1995; Schlegel, Petre, & Colbert||1996; Petre et al./[1994) and in
radio (Achterberg & Ball||1994)). |Colbert et al. (1995) presents also 4 probable SNRs

in X-rays.
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Table 3.2: Observation details

Filters RA Dec Exposure Time Exposures PSF Date
(J2000) (J2000) (sec) (arcsec™)
NGC45
Ha + [N II] 00:14:03.48 -23:10:56.20 3600 X 720s 0.95 17 Nov 2011
[S I1] 00:14:04.11 -23:10:37.80 7200 x 1440s 1.30 17 Nov 2011
R 00:14:05.10 -23:10:07.70 600 x 120s 1.30 17 Nov 2011
NGC55
Ha + [N II] 00:14:53.95 -39:11:46.39 3600 x '720s 1.03 16 Nov 2011
[S I1] 00:14:53.53 -39:11:47.60 7200 x 1440s 1.22 16 Nov 2011
R 00:14:53.67 -39:11:48.50 600 x 120s 1.32 16 Nov 2011
NGC1313
Ha + [N II]  03:18:16.75 -66:29:52.00 3600 5 x 720s 0.95 15 Nov 2011
[S 1] 03:18:17.60 -66:29:54.49 5760 4 x 1440s 1.30 16 Nov 2011
R 03:18:16.01 -66:29:53.99 600 5 x 120s 0.92 15 Nov 2011
NGC 7793
Ha + [N II] 23:57:49.82 -32:35:28.10 3600 5 x T720s 0.95 15 Nov 2011
[S I1] 23:57:49.83 -32:35:28.20 7200 5 x 1440s 0.97 15 Nov 2011
R 23:57:49.78 -32:35:28.20 600 5 x 120s 1.05 15 Nov 2011

Col (1): The filters that were used; col (2) and col (3): the RA and Dec of each exposure; col
(4) the exposure time: col (5): the number of the exposures; col (6): the PSF of the obtained

images; col (7): the date of each observation.
* It is the FWHM of the PSF.
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3.3 Observations and Data reduction

The data used in this work were obtained with the 4-m Blanco telescope at CTIO
(Chile) on November 15-17, 2011. We used the 36” x 36” Mosaic II CCD imager which
consists of 8 CCDs (2048 x 2048 SITe each) with a pixel scale of 0.27”/pixel. We used
the narrow band Ha + [N II] and [S II] filters and a broadband continuum R filter.
For the Ha + [N TI] filter, the central wavelength is 6563A with a FWHM of 80 A, for
the [S T1] filter the central wavelength is 6725 A with a FWHM of 80 A, and for the R
continuum, the central wavelength is 6440 A with a FWHM of 1510 A.

The total exposure time for each galaxy was 3600 sec for the Ha + [N II], 7200
for the [S II], and 600 sec for the R-continuum filters. The integration time for each
observation was split into 5 shorter exposures. For the larger galaxies, the pointing for
each of the 5 observations was shifted slightly in order to cover the chip gaps. This
dither procedure ensures uniform coverage of the galaxy and efficient removal of cosmic
rays. Detailed information on the observations for each galaxy is given on

For the reduction of the mosaic images, we used the mscred package of IRAFH (Im-
age Reduction and Analysis Facility; [Tody 1993, [1986). Bias and flat-field corrections
were performed on all images; astrometric calibrations were applied on the reduced
CCD images using the 2MASS catalog and a fourth order polynomial to account for
distortions at the edges of the images. The individual exposures for each object and

each filter were registered and median combined with SWarIﬂ

3.4 Detection and Photometry

The first step in our analysis was the detection of discrete sources in each galaxy. In
order to do this, we used the program SEXtI"aCtOIﬂ (Bertin & Arnouts|1996). SExractor
was selected because in comparison to similar tools, it is more effective in the detection
of fainter objects and in dense, stellar fields, and spatially varying backgrounds, with
significant structure (Annunziatella et al[2013). We ran SExtractor setting the follow-
ing parameters: a) detection threshold at 2.50 above the background, b) the minimum
number of source pixels equal to 5, and ¢) the background mesh size at 5 pixels in order

to account for small-scale background variations. From the detected sources in each

"http://ast.noao.edu/data/software
https://www.astromatic.net/software/swarp
3https://www.astromatic.net/software/sextractor
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image, we kept only those within the optical outline of the galaxy in Ha. This region

is defined as the region for which the intensity in Ha is 30 above the background.

The next step was the photometric analysis of the sources which was performed
using the package phot of IRAF. The intensity of the detected sources was measured
by means of a curve of growth analysis (i.e. we measure the source intensity in apertures
of increasing radius and adopting the one maximising the signal to noise ratio). The

optimal aperture radius for the majority of sources is 4.0 pixels.

In order to subtract the star-light continuum from the detected sources, for each
galaxy we selected stars of moderate intensity and for each of them we calculated the
intensity ratios (Ha + [NII])/R and [SII]/R where Ha, [S II], and R are the measured
intensities in the Ha, [S II] and R-continuum images respectively. The mode of these
ratios was used as a scaling factor for the R-continuum intensity before subtracting
it from the measured Ho + [NII] and [S II] intensities. In the case of the Ha + [NII]
intensities, since we need the net Ha flux, we also must remove the contamination
of the [N I]AN6548,6584A emission lines. We adopted a ([NII]AN6548, 6584) /Ha flux
ratio of 0.3, based on emission-line measurements of spectroscopically identified SNRs
of galaxies with similar metallicities of our sample (Long et al. 2018, [Leonidaki, Boumis,
& Zezas 2013, |Blair & Long||[1997).

Aiming to examine possible contamination by H II regions resulting from over-
subtraction of the [N II] contamination, we considered the spectroscopic [N II]/Ha
ratio of H IT regions in NGC 628, NGC 925, NGC 1232, NGC 1637 (Castellanos, Diaz,
& Terlevich/2002), NGC 1232 (Lima-Costa et al.[[2020), NGC 300 and NGC 7793 (Blair,
& Long1997), NGC 7793 (Bibby & Crowther||2010)), M31 (Zurita & Bresolin/2012) and
M33 (Lin et al.[2017). From the average values of the ratios reported in each of those
works, the lowest is 0.19. If we had adopted the minimum ratio [N II}/Ha = 0.19, we
would have a 12% contamination by H II regions in our reliable sample (candidate
SNRs). However, all sources with [N II]/Ha between 0.19 and 0.3, would be included
in the less reliable sample, i.e. the possible candidate SNRs, as we define at the end of

this section.

In order to flux calibrate the detected sources, we used observations of standard
stars from the catalogue of Massey et al (1988]). We obtained photometry for these
stars at different airmasses and we performed a linear fit of their instrumental magni-
tude against the airmass x: m = my,s; — kx + b where m is the calibrated magnitude,

and k and b the slope and the intercept that are to be calculated. Hence we have:

m, = —2.5log(f,) — 48.9 = —2.5log(count rate) — kx + b
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where v is the central frequency of the filter that we use. Finally, in order to convert
flux density to flux, we also multiply with the FWHM (Full Width at Half Maximum)
of the filter.

At this point, we have the continuum subtracted Ho and [S I1] flux of every detected
source. In order to find which of them are SNRs, we followed a totally automated
method. From the full sample of sources, we first consider those with Ha flux above the
30 level with respect to the local background. Then, the SNRs are identified by applying
the standard [S II]/Ha > 0.4 criterion (Mathewson & Clarke||[1973), considering sources
with [S IT]/Ha > 0.4 at the 30 level (candidate SNRs) and at the 20 (possible candidate
SNRs). These sources were visually inspected, and some of them found to be parts
of larger structures, for example rings, large bubbles and filaments. These extended
sources are not considered for further analysis. All other candidate SNRs are reliable
identifications, based on their appearance on the [S II] and Ha images, ensuring the

reliability of the automated method.

3.4.1 Calculation of Incompleteness

During the detection process, a fraction of the sources is not detected due to their
faintness in combination to their environment and stochastic effects. For this reason,
our sample (as any observational sample) is characterized by incompleteness which de-
pends on the Ha local background, the detection method, and sample selection effects.
In order to evaluate this incompleteness, we followed the standard approach of placing
artificial objects on our images (with the IRAF task addstar) using their measured
PSF (determined with the IRAF package PSF) and in a wide range of magnitudes,
covering the full brightness range of the observed objects in each filter.

Then we perform the detection exactly as we did for the actual data. The process of
adding and recovering artificial sources is repeated multiple times in order to improve
our statistics. In every iteration we took special care to include at most as many
artificial sources as objects observed in the actual data, in order to avoid increasing the
source confusion. Then, we performed aperture photometry on the artificial objects,
the same way as in the actual data, keeping only the sources that are 30 above the
background in Hey, then the sources with [S II]/Ha > 0.4, and finally the sources for
which the ratio is 30 above 0.4. This results in three samples: an Ha sample, a [S I1]/Ha
selected sample, and a "secure" [S II]/Ha sample ([S II]/Ha > 0.4 at 30 significance).

In order to create a 2D incompleteness map, we divide the input artificial star

magnitude range of the (Ha, S II) plane, in 2 dimensional bins, and we calculate the

52



3.5 Results

fraction of input and detected objects (after applying all relevant selection criteria)
for each (Lua, Lygty) bin. This comparison is performed on the continuum-subtracted
fluxes: the continuum subtraction is achieved by subtracting the R-band continuum
flux using the same scaling factor as for the real data, since the artificial objects are
placed on the same background as the actual data. So now, we have the fraction of
detected /input objects (incompleteness) as a function of their Ha and [S II] intensities.

Because of the varying diffuse emission surface brightness, the incompleteness varies
within each galaxy. In order to account for this variation, we calculate the incomplete-
ness for four different background regimes for each galaxy. These are selected to trace
the full range of backgrounds in which sources are detected in each galaxy. Indicatively,
in we show the different regions with contours for NGC 7793.

In order to estimate the false positives (the sources that have been measured to have
[S II]/Ha > 0.4 at the 30 level while in reality they do not), from the initial artificial
objects we created two sub-samples, one for sources with input [S IT]/Ha ratio between
0.2 and 0.3, and one for input ratio between 0.3 and 0.4. Then, we examined what

fraction of sources detected with ratio > 0.4 belongs to these two sub-samples.

3.5 Results

3.5.1 Candidate SNRs

In total, we detected 43 candidate SNRs (with [S II]/Ha ratio 3¢ above the 0.4 thresh-
old, 30 of which are new identifications) and 54 new possible candidate SNRs (with [S
II]/Ha ratio 20 above the 0.4 threshold). In addition, some of the knots that present
high excitation ([S II]/Ha > 0.4), in both 30 and 20 samples, are part of larger struc-
tures (i.e shells, bubbles etc, with sizes from ~ 40 pc — ~ 320 pc). In total, we identify
21 such structures, with those with small radii (i.e. < 100 pc) probably being SNRs.
These objects are not considered in our candidate SNR samples, but they are reported
for completeness and follow-up observations.

In we present the candidate SNRs (> 30). The first column gives the ID
of the source, the second and the third columns give the RA and Dec coordinates (in
J2000), the fourth and fifth columns give the Hor and [S II] fluxes with their uncertain-
ties, and the sixth column gives the [S II}/Ha ratio with its uncertainty. Figures -
show the location of the candidate SNRs (yellow circles) overlaid on the Ho images
for each galaxy.

We see that SNRs are generally located in star-forming regions as demonstrated by
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their strong Ha emission. In the case of NGC 45, NGC 1313 and NGC 7793 we see a
deficit of sources in their central region. This is the result of high background in these
regions, resulting in significant incompleteness. The possible candidate SNRs (> 20)
are presented in the Section [3.7]

The white circles in figures - are the larger structures, with their size indi-
cating their physical size. These structures along with the respective detected knots
are presented in where we also give their size. We show some of them in

igure 3.5
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Table 3.3: Candidate SNRs

ID  RA Dec Fii % 0F 14 Fiom £ 6Fsmy ol (6450)
(J2000)  (J2000)
hh:mm:ss  ddmm:ss (1070 ergs™tem™2) (1070 ergs™! em™2)
NGC 45 (30)
1 00:14:06.2 -23:11:17.0 5.91 £ 0.34 4.23 + 0.41 0.72 = 0.08
2 00:14:00.4 -23:11:21.6 19.20 £ 0.55 12.70 £ 0.54 0.66 = 0.03
3 00:14:07.3 -23:10:54.8 3.84 £ 0.24 3.04 £ 0.26 0.79 £ 0.08
4 00:14:03.8 -23:10:01.0 53.70 £ 0.60 27.00 £ 0.52 0.50 + 0.01
5 00:14:03.3 -23:08:22.1 11.90 £ 0.59 8.14 + 0.52 0.68 = 0.06
6 00:14:11.8 -23:12:57.4 4.29 + 0.28 2.85 £ 0.26 0.66 £ 0.07
7 00:14:05.1 -23:11:50.0 5.50 £ 0.32 2.99 £ 0.29 0.54 £ 0.06
8 00:13:58.9 -23:08:29.7 4.66 =+ 0.28 2,77 £0.28 0.59 £ 0.07
NGC 55 (30)
1 00:15:43.2 -39:16:03.0 7.59 £ 0.48 6.65 £ 0.54 0.88 = 0.09
2 00:15:01.7 -39:13:03.1 10.9 £ 0.62 6.94 £ 0.65 0.63 £ 0.07
3 00:14:48.2 -39:11:26.1 60.4 £ 1.9 42.6 £ 2.0 0.71 £ 0.04
4  00:14:37.3 -39:11:09.8 19.1 + 0.83 12.2 £ 0.8 0.64 £ 0.05
NGC 1313 (30)
1 03:17:37.1 -66:31:13.9 9.51 £ 0.37 5.30 £ 0.30 0.56 £ 0.04
2 03:18:01.5 -66:29:13.6 12.2 £ 0.91 8.64 + 0.75 0.71 £ 0.08
3 03:18:40.3 -66:29:14.3 99.9 £ 0.57 32.3 £ 0.56 0.54 £ 0.01
4 03:18:20.3 -66:29:00.9 6.82 = 0.64 5.06 £ 0.54 0.74 £ 0.10
5 03:18:21.0 -66:29:00.3 15.1 + 0.89 10.1 £+ 0.64 0.67 £ 0.06
6 03:18:26.1 -66:27:41.8 15.8 £ 0.42 11.3 £ 0.44 0.71 + 0.03
NGC 7793 (30)
1 23:57:45.0 -32:37:40.2 16.0 £ 0.63 16.0 £ 0.51 0.98 £ 0.05
2 23:57:37.0 -32:36:14.9 8.8 &+ 0.54 7.1 £ 0.55 0.81 £ 0.08
3 23:58:06.5 -32:35:37.0 11.0 £ 0.33 9.9 £ 041 0.88 = 0.05
4 23:57:38.7 -32:34:38.5 6.4 £ 0.48 8.1+ 0.6 1.30 £ 0.10
5 23:57:52.2 -32:34:13.4 10.0 £ 0.32 6.6 + 0.43 0.66 £ 0.05
6 23:57:52.6 -32:33:54.4 5.0 £ 0.4 5.7 £ 0.39 1.10 = 0.10
7 23:57:48.6 -32:33:45.4 3.4 +£0.38 3.1 £0.39 0.90 = 0.10
8 23:57:48.2 -32:33:37.7 5.4 £ 0.49 5.4 £ 047 0.99 £ 0.10
9 23:57:41.1 -32:37:02.1 240+£1.2 21.0 £ 0.93 0.88 £ 0.06
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

23:57:44.3
23:57:44.0
23:57:43.8
23:57:54.5
23:57:57.2
23:57:46.0
23:57:57.5
23:58:00.3
23:57:56.1
23:57:48.3
23:57:51.2
23:57:59.2
23:57:47.3
23:57:45.8
23:57:44.0

-32:35:32.1
-32:35:31.7
-32:35:27.8
-32:35:12.2
-32:34:55.9
-32:34:30.1
-32:34:21.9
-32:34:12.2
-32:37:18.5
-32:36:55.2
-32:36:31.7
-32:36:06.0
-32:35:23.9
-32:35:01.7
-32:34:41.3

6.2 £0.44
6.6 £ 0.48
24.0 £ 0.89
16.0 £ 1.0
4.9 £ 0.45
6.9 £ 0.92
270 £ 1.6
100.0 £ 2.5
56.0 £ 1.9
73.0 £ 2.3
38.0 £ 1.9
140.0 &+ 2.4
110.0 £ 3.0
33.0 £ 0.77
50.0 £ 1.8

7.3 £047
6.1 £0.5
23.0 £ 1.3
18.0 £ 14
5.9 £ 0.56
6.7 £0.72
220+ 1.2
53.0 £ 2.5
36.0 + 2.2
52.0 £ 1.7
48.0 £ 2.2
83.0 £ 2.5
88.0 = 3.0
33.0 £ 0.84
27.0 £ 1.8

1.20 £ 0.10
0.94 + 0.10
0.95 £ 0.06
1.20 £ 0.10
1.20 £ 0.20
0.97 £ 0.20
0.82 £ 0.07
0.51 = 0.03
0.64 £ 0.05
0.70 £ 0.03
1.30 £ 0.09
0.61 £ 0.02
0.82 + 0.04
1.00 £ 0.03
0.54 =+ 0.04

(The entire sample is available in the on-line version; see [Table 3.7))
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Table 3.4: Candidate SNRs - Large structures

D RA (J2000) Dec (J2000) Frq =+ 6Fuq Flsm & 6F s ML (5E1)  Sige

hh:mm:ss dd:mm:ss (107 ergs™ cm™2) (107 *Cergs™' ecm™?) (pc)

NGC 7793
0 23:57:44.1 -32:36:39.1 131.5 £ 4.1 93.5 + 4.5 0.71 + 0.02 101
Oa 23:57:44.0 -32:36:38.5 7.1 £ 0.56 5.2 £ 0.69 0.74 £ 0.1
1 23:57:45.4 -32:36:03.4 374.9 £ 13.5 119.7 £ 17.5 0.32 + 0.01 218
la 23:57:45.4 -32:35:58.3 5.7 £0.5 4.7 £ 0.75 0.82 £0.1
2 23:57:55.3 -32:34:34.4 214.0 £ 4.7 125.3 + 4.7 0.59 £+ 0.01 93
2a 23:57:55.4 -32:34:32.9 12 £ 1.7 12 £ 1.7 0.97 £ 0.2
2b 23:57:55.4 -32:34:36.2  31+£13 26 + 2 0.83 £ 0.07
3 23:57:47.5 -32:34:08.2 68.3 £ 3.5 23.8 £ 3.0 0.35 £ 0.02 89
3a 23:57:47.4 -32:34:084 6.8+ 1.6 7.8 £ 1.3 1.1 £03
4 23:57:38.8 -32:33:20.8 99.8 £ 1.8 42.7 + 2.0 0.43 £+ 0.01 101
4a 23:57:38.8 -32:33:18.5 12+ 1.3 8.4 £ 0.76 0.73 £0.1
5 23:57:39.2 -32:35:38.1 58.6 £ 1.1 524 £ 1.1 0.89 £+ 0.02 71
5a 23:57:39.2 -32:35:36.7 16 £ 1.1 91+1.1 0.59 £ 0.08
5b 23:57:39.2 -32:35:39.2 9.8 £ 0.69 11 + 0.54 1.1 £+ 0.09
6 23:57:59.8 -32:33:20.5 1199.0 + 8.7 786.9 =+ 9.9 0.66 = 0.00 322
6a 23:57:59.8 -32:33:15.4 3384 £ 7.8 213.3 £ 6.0 0.63 £ 0.01 151
6a_ i 23:57:59.7 -32:33:17.1 16.0 £ 1.0 11 £ 0.75 0.73 £ 0.07
6a_ ii 23:58:00.0 -32:33:17.9  31.0 £ 23 24+ 1.8 0.8 £ 0.08
6a__iii 23:58:00.0 -32:33:15.2 320+ 18 22+ 14 0.7 £ 0.06
6a_iv 23:57:59.8 -32:33:12.3  10.0 £ 0.8 6.2 + 0.39 0.6 £+ 0.06
6a_ v 23:57:59.6 -32:33:13.6 14.0 £ 1.1 11+ 1.1 0.81 £ 0.1
6b 23:58:00.1 -32:33:23.0  690.3 + 4.3 485.0 + 4.1 0.70 £ 0.00 135
6b_ i 23:58:00.2 -32:33:22.1 100 + 3.7 66 + 3.2 0.65 £ 0.04
6b_ii 23:58:00.1 -32:33:25.2 130 + 5.6 120 + 4.3 0.9 £ 0.05
6b_iii = 23:57:59.7 -32:33:23.2 4.8 £ 0.68 4 + 0.62 0.83 £0.2
7 23:58:01.1 -32:34:03.8 242.6 = 13.8 36.5 + 9.6 0.15 + 0.01 169
Ta 23:58:01.3 -32:34:05.6 9.3+ 1.3 7.2+ 0.72 0.78 £ 0.1
8 23:57:59.5 -32:33:52.2 171.4 £+ 11.6 52.1 £ 11.2 0.30 £ 0.02 222
8a 23:57:59.7 -32:33:49.3 54 £ 0.78 5.8 + 0.85 1.1 £0.2
8b 23:57:59.8 -32:33:54.5 5.6 £ 0.46 5.1 +0.41 092 £0.1
8c 23:57:59.4 -32:33:56.7 5.2 £ 0.59 5.4 + 0.59 1+02
8d 23:57:59.0 -32:33:52.9 2.6 £ 0.43 2.8 £ 0.41 1.1 +0.2
NGC 55

0 00:15:47.3 -39:16:28.1 987.1 + 40.4 507.0 + 49.3 0.51 £+ 0.02 124
Oa 00:15:54.6 -39:15:10.2 6.19 £ 0.67 4.21 £ 0.57 0.68 £ 0.1
0b 00:15:54.0 -39:15:19.7 193 £ 1.1 13.7 £ 0.96 0.71 £ 0.06
Oc 00:15:54.5 -39:15:29.8  4.18 £ 0.59 3.49 £ 0.49 0.83 £0.2
1 00:15:54.9 -39:15:21.6 368.5 + 11.6 147.9 £ 13.0 0.40 £+ 0.01 257
la 00:15:46.8 -39:16:28.6  5.39 £ 0.83 5.87 £ 0.72 1.1 £0.2
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2 00:15:42.3 -39:16:19.5 5.1 £1.2 4.7 £ 1.4 0.91 £+ 0.21 41
2a 00:15:42.5 -39:16:19.2 2.1 £ 0.33 2.48 £ 041 1.2 £0.3
2b 00:15:42.3 -39:16:18.9 1.88 £ 0.29 1.95 + 0.39 1+02
3 00:15:39.8 -39:15:21.4 269.5 £ 7.3 65.2 + 6.3 0.24 £+ 0.01 97
3a 00:15:41.0 -39:15:38.8 10.1 £ 1.5 7.97 £ 0.85 0.79 £ 0.1
4 00:15:01.9 -39:13:17.7 22.3 £ 11.9 26.2 £ 13.0 1.18 £ 0.74 89
4a 00:15:39.6 -39:15:18.6  3.63 £ 0.47 2.79 £ 0.51 0.77 £ 0.2
5 00:14:53.9 -39:10:56.6 145.0 £+ 14.7 63.5 + 17.2 0.44 £+ 0.04 126
5a 00:15:01.9 -39:13:13.3  2.87 £ 0.54 2.46 £ 047 0.86 + 0.2
6 00:14:35.7 -39:10:02.2 179.7 £ 25.8 134.8 £+ 34.1 0.75 £ 0.11 81
6a 00:14:53.3 -39:10:55.7  1.91 £ 0.59 2.97 £ 0.48 1.6 £ 0.5
7 00:14:24.4 -39:10:28.3 112.1 £+ 10.1 86.3 =+ 12.8 0.77 £ 0.07 52
Ta 00:14:35.6 -39:09:59.5  5.23 £ 0.48 3.31 £0.49 0.63 £0.1
8 00:15:41.0 -39:15:38.5 26.2 £ 1.4 15.0 £ 1.6 0.57 £ 0.03 79
8a 00:14:24.2 -39:10:28.6  3.86 £ 0.35 2.50 £ 0.38 0.65 £ 0.1

NGC 1313
0 03:18:16.8 -66:34:38.4 153.0 = 2.8 117.3 £ 2.8 0.77 £ 0.01 157
Oa 03:18:17.1 -66:34:35.2  5.49 £ 0.82 4.80 £ 0.62 0.88 £0.2

last column gives the physical size of the structures.
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3.5 Results

Figure 3.1: NGC45: The candidate SNRs (yellow circles) and the larger structures
(white circles) overlaid on the Ha + [N II] image. In this galaxy we identified 8 candi-
date SNRs with [S II]/Ha ratio 30 above 0.4. The flux of the faintest source in He is
3.8x107 ergem 2571,

Figure 3.2: NGC55: The candidate SNRs (yellow circles) and the larger structures
(white circles) overlaid on the Ha + [N II] image. In this galaxy we identified 4 candi-
date SNRs with [S II]/Ha ratio 30 above 0.4. The flux of the faintest source in Ho is
7.59%x10" Yergem =251,
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3. The Supernova Remnant Populations of the galaxies NGC 45, NGC 55,

NGC 1313, NGC 7793: Luminosity and Excitation Functions

Figure 3.3: NGC 1313: The candidate SNRs (yellow circles) and the larger structures
(white circles) overlaid on the Ha + [N II] image. In this galaxy we identified 6 candi-
date SNRs with [S II]/Ha ratio 30 above 0.4. The flux of the faintest source in Ha is
6.8x10 10ergem 257!

Figure 3.4: NGC 7793: The candidate SNRs (yellow circles) and the larger structures
(white circles) overlaid on the Ha + [N II] image. In this galaxy we identified 24 can-
didate SNRs with [S II]/Ha ratio 30 above 0.4. The flux of the faintest source in He is
3.4x107%ergem =2 s~ 1. The contours show the different background regions for which we
calculated the incompleteness. Cyan color is for regions with background 500-600 counts,
pink color is for background 600-800 counts, grey color is for background 800-1100 counts,
and blue color is for background 1100-3000 counts.
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Figure 3.5: Indicative postage-stamp continuum subtracted Hoa + [N II] images of some
of the larger structures presented in The white circles indicate the outline of
the structures, while the green circles show the location of the detected knots.
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Figure 3.6: Two dimensional Ha - [S II] incompleteness maps for the candidate SNRs
(with [S II]/Ha ratio 30 and 20 above 0.4 respectively) in NGC 7793, for 4 different
backgrounds. Darker colors indicate lower incompleteness (more complete samples). The
points show the location of the candidate SNRs (yellow circles) and possible candidate
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3. The Supernova Remnant Populations of the galaxies NGC 45, NGC 55,
NGC 1313, NGC 7793: Luminosity and Excitation Functions

3.5.2 Luminosity functions (LFs)

3.5.2.1 Ha luminosity function

In order to measure the Ha luminosity function (Ha — LF) free of selection effects,
we need to apply the incompleteness function. The incompleteness-corrected num-
ber of sources is calculated by defining the quantity 1/I; where I is the completeness
corresponding to each source, given their [S II], Ha luminosity (see §. The com-
pleteness of each source depends on its local background. As described in § we
derive completeness maps for four different background regimes.

Indicatively, in we present the incompleteness maps for NGC 7793 for
the different backgrounds. The x and y axis correspond to the logarithm of the Ha
and [S II] luminosities respectively, and the degradation of the blue scale indicates the
completeness for each combination of [S II] and Ha luminosity. On these maps, we also
show the detected candidate SNRs (> 30; yellow circles) and the possible candidate
SNRs (> 20; red squares). As we see, the highest completeness is close to 100%.

For the calculation of Ha LF we consider only the candidate SNRs (and not the
possible candidate SNRs), and we also exclude any sources associated with larger struc-
tures (Table 3.4) since they could be knots in larger filaments or super-bubbles. The
incompleteness maps that we use in order to correct these sources, have been con-
structed using artificial objects that satisfy exactly the same criteria used to select the
candidate SNRs (i.e. [S II]/Ha ratio, 30 above 0.4). The larger structures are not
included in this analysis, since our detection method is not optimized for extended ob-
jects and we cannot apply the incompleteness correction, which is based on point-like
sources (§3.4.1)).

shows the binned differential incompleteness-corrected Ha luminosity
functions for the candidate SNRs in all galaxies (gray histogram). The incompleteness
corrected number of sources for each luminosity bin is given by the sum >;(1/I;) for all
sources within each Ha bin. For reference, the solid-line histogram shows the observed
(uncorrected) binned Ha luminosity distribution. We see, that as expected, in general,
the effect of incompleteness is more significant for the lower luminosity sources. How-
ever, even in the bright end the completeness is never 100% because of the selection in
the [S II] emission lines and the high background in which we find the more luminous
SNRs.

We fit the LFy,, by performing a maximum likelihood fit on the un-binned data. We
fit a model described by a skewed Gaussian function (in the log(L)) in order to account
for the asymmetric shape of the LFs . The skewed-Gaussian distribution is
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3.5 Results

given by the function:

A *(logL w? (logL — u)
f(logl) = ——— 1+ erf[ 282 1)

where p is the mean of the distribution, o the standard deviation, and « the skewness

I} (3.1)

parameter which describes the asymmetry of the LF and potential selection effects.
The incompleteness is included as a weight term in the likelihood function.

The amplitude (A), of the function reflects the total number of SNRs (Nrota). The
number of incompleteness corrected objects down to our faintest limit is calculated by
K = >N ,(1/I;), where N is the total number of observed sources in each galaxy. Since
the function used to model the luminosity function is normalized, the total number
of incompleteness corrected objects (even beyond the faintest limit) and hence the
amplitude factor A in eq. is given by A = Nppta1 = K/ fllsgg Ii:ix) f(log(L))d(log(L)),
where Lyin and Lpax are the minimum and maximum luminosity (in this case Ha
luminosity) of our sample.

For the determination of the best fit model parameters we used a Markov Chain
Monte Carlo method implemented in the python package pymcﬂ We assume flat priors
for all the parameters of interest (u, o, and &) and we perform 40000 iterations (ex-
cluding 500 burn-in iterations). The best-fit parameters and their uncertainties (at the
68% percentile) as derived by the posterior distribution of the model parameters are
given in The best-fit model to the un-binned data is shown as the solid line
in

In we also give the number of the detected SNRs (N) and the total
number of SNRs (A; i.e. after accounting for incompleteness) of the overall sample of
the 4 galaxies, and we calculate the detection fraction, which is the ratio of the number
of the detected sources over the total number of SNRs (N/A). As we see, the detected
SNRs can be ~ 30% less than the total number of SNRs in a galaxy.

If we take into account also the possible candidate SNRs ([S II]/Ha ratio 20 above
the 0.4 threshold) we find for the Ha LF p = —0.3710% o = 0.6170:57 and a =
1.091020.

3.5.2.2 The joint [S II] - Ha luminosity function

Since we have measurements of both the Ha and [S II] luminosities of the SNRs in

our sample, we can also calculate their joint luminosity function (LF) which yields

"https://pyme-devs.github.io/pymc/modelfitting.html
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3. The Supernova Remnant Populations of the galaxies NGC 45, NGC 55,
NGC 1313, NGC 7793: Luminosity and Excitation Functions

Table 3.5: Ha Luminosity Function parameters for candidate SNRs (>30)

N  p(log(L*)) o (log(L¥)) ! Niax A Detection Fraction
43 0.071083 0587008 1.70(>0.48) 8.62+1.32 59.83 £+ 9.17 0.72 + 0.11

Col (1): the number of candidate SNRs (> 30) of all galaxies; col (2) and col (3): the mean
and sigma of the Hoar luminosity function respectively; col (4): the skewness parameter of the
Ha luminosity function; col (5): the model-based number of sources at the bin corresponding
to the peak of the distribution; col (6): the total number of SNRs; col (7): the ratio of the
number of the detected sources over the total number of SNRs (N/A).

*Luminosity in units of 1036 ergs™!

All galaxies
10 === Ha Luminosity — Function
I 7] Inc.non — corrected Data
Inc. corrected Data
]l

Number of sources

/

~05 0.0 0.5 1.0 15
log(Lua/10%¢) ergs™1

Figure 3.7: The incompleteness-corrected Ha luminosity function of the candidate SNRs
(with ([S II]/Ha - 0.4) > 30; gray histogram), plotted along with the observed luminosity
function without any incompleteness correction (black-line histogram). The blue curve

shows the best-fit LFy, fitted to the incompleteness-corrected data.
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3.5 Results

information on the luminosity and excitation of the SNR populations. The location of
the sources on the Ha - [S II] luminosity plane is shown in [Figure 3.8

To quantify the shape of the [S II]-Ha joint distribution for the candidate SNRs
(and not the possible candidate SNRs), we adopt the following approach. We first
calculate the relation between the log(Ligry) and log(Lya) luminosity for the detected
sources. The best-fit relation is log([S II]) = 0.88log(Ha) - 0.06. This is the "spine" of
the distribution of the candidate SNRs on the [S II]-Ha plane, shown by the blue line
in

Then, we project all the points on the best-fit line (i.e. for each Ha we calculate
the log([S II]) - y = log([S II]) - (0.88log(Ha) - 0.06)). We then fit a skewed Gaussian
to the distribution of these points along the best-fit line, applying the incompleteness
correction for each source (considering each source i as 1/Ii; § . As for the
Ha LF, we use a Markov Chain Monte Carlo method, assuming flat priors for all the
parameters of interest (u, o, and ) and performing 40000 iterations (excluding 500
burn-in iterations). The best-fit parameters of the 2D LF, are presented in
If we take into account also the possible candidate SNRs ([S II]/Ha ratio 20 above the
0.4 threshold) the the parameters u, o and « parameters of the 2D [S II] - Ha LF are
—0.3419:08 0531533 and 0.577057 respectively.

In order to obtain a full picture of the 2D Ha - [S II], we also need to measure the
scatter of the candidate SNRs around the "spine" of the [S II] - Ha distribution (the
best-fit line derived above). In order to do so, we calculate the distance of each source
from the best-fit [S II] - Ha line, on the [S II] axis. The distribution of these distances
is described by a truncated Gaussian the fit parameters of which have been calculated
using the same approach as above. The p and ¢ values of the truncated Gaussian are
0.02417092% and 0.1470035 respectively. The sigma is considered as the width of the 2D

LF. The joint [S II}-Ha LF is presented in [Figure 3.9

The total number of SNRs may be affected by the number of false positives: i.e.
sources which satisfy the [S II]/Ha > 0.4 criterion even at the 3o level, while in reality
they have lower [S II]/Ha ratios. Such sources could be H II regions, with [N II]/Ha
ratio different than the one that we have adopted for our analysis. However, based on
the analysis presented in we calculate that the fraction of sources with intrinsic
[S II}/Ha ratios between 0.2-0.3 and 0.3-0.4, that are found to satisfy our [S II]/Ha
> 0.4 criterion at the 3¢ level, is only 0.3% - 1.0% for the different galaxies in our
sample and for the different backgrounds in each galaxy. Therefore, we consider the

contamination by lower excitation sources negligible.
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3. The Supernova Remnant Populations of the galaxies NGC 45, NGC 55,
NGC 1313, NGC 7793: Luminosity and Excitation Functions

Table 3.6: [S 11| - Ha Luminosity Function parameters for candidate SNRs (>30)

Axis N u(log(L*)) o (log(L*)) @ Ninax A Detection fraction
L = 0.88log(Lia) — 0.06 43 —0.037005  0.4870-82  1.73(>1.69) 7.62 + 1.17 59.38 + 9.10 0.72 + 0.01
log(Ls117,/10%) - 002475037 0.1475:03 - - - -

Col (1): the number of candidate SNRs (>3c) of all galaxies; col (2) and col (3): the mean and sigma values of the joint
[S II] - Ha luminosity function respectively (for the skewed Gaussian along the line y = 0.88x — 0.06 which shows the
shape of the LF; first row, and for the truncated Gaussian on the [S II] axes, i.e the distance of the [S II] from the line
y = 0.88x — 0.06, which shows the width of the LF; second row); col (4): the skewness parameter of the joint [S II] - Ha
luminosity function; col (5): the model-number of the sources at the bin that corresponds to the peak of the distribution;
col (6): the total number of candidate SNRs (even beyond the lower limit); col (7): the ratio of the number of the detected
sources over the total number of candidate SNRs (N/A).

* L = 0.88log(Lyq) — 0.06 (first row), and L = Ligyyj (second row), in units of 10%® ergs™!

3.5.3 Excitation Function

An alternative way to view the 2D luminosity function, is in terms of the excitation of
the SNRs, which is described by their [S II]/ Ha ratio. For this reason, we calculate
the number density of SNRs, as function of their distance from the limiting [S II]/ Ha
= (0.4 line, which is the threshold for SNR classification.

In this distance corresponds to different [S II]/Ha ratios (i.e. different
excitation). As we can see, there is a trend for SNRs with higher Ha luminosity, to
present increasingly lower excitation. In order to quantify this trend, we fit a linear
relation to the orthogonal distances from the 0.4 line, as function of the Ha luminosity:
D = alog(Ha) + B (Figure 3.10). We find @ = —0.09 and 8 = 0.26, indicating a
sub-linear relation, i.e. more luminous objects tend to have lower excitation.

We introduce the excitation function as the vertical distribution of the candidate
SNRs with respect to D = —0.09log(Her) + 0.26 (Figure 3.10). Then, we calculate the
distance of each source from this line, in order to quantify the spread around the exci-
tation function. The difference between the excitation function and the 2D [S II] - Ha
LF, is that in the latter, the y-dimension corresponds to the [S II] luminosity. While one
can derive the excitation function from the 2D [S II] - Ha LF, for simplicity and more
direct assessment of the excitation of SNRs, we also introduce the excitation function.
The distribution of these distances are presented in (blue histogram).

This distribution is described by a truncated Gaussian, the best parameters of
which are: p = —0.014708 ando = 0.11709]. The fitted truncated Gaussian has
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been calculated for the incompleteness-corrected candidate SNRs and it is presented
in (black line). If we take into account also the possible candidate SNRs
([S II]/He ratio 20 above the 0.4 threshold) the parameters u, and o of the excitation
function are —0.0047090%, and 0.1075:%8 respectively. In this case the sub-linearity is

characterized by a slope -0.10.

3.6 Discussion

3.6.1 Comparison with other surveys

In our survey we have detected in total 43 candidate SNRs (30 of which are new
identifications) and 54 new possible candidate SNRs. This is a significant contribution
to the number of known optical extragalactic SNRs. In addition, we find 21 sources with
[S II]/Hae > 0.4 at both 30 and 20 levels, which are associated with larger structures.
The size of these structures ranges from ~ 40 to ~ 320 pc. Those with size < 100
pc could be evolved SNRs (Franchetti et al.|2012). If the size of an SNR is 100 pc,
its surrounding ISM has density 10 cm ™3 and the explosion energy was 10°! erg, then,
according to Sedov-Taylor solution (Draine|2011)), its age is ~ 100000 years, i.e. an old
SNR.

In this study we present for the first time optical SNR candidates in NGC 45, NGC
55, and NGC 1313. NGC 7793 has been studied before by Blair & Long| (1997) who
presented 27 SNRs. Almost all these SNRs have been also identified in our deeper
survey which yields 24 candidate SNRs (13 of which coincide with those of Blair &
Long (1997)) and 31 possible candidate SNRs. Five of the SNRs that are reported in
the work of Blair & Long| (1997) (s2, s3, s7, s18, s2, s26ext) coincide with 5 (out of 8)
larger structures that we detected in this galaxy. Some SNRs of the study of Blair &
Long||1997 have [S II] /Ha ratio less than 20 above the 0.4 limit in our study so they are
not discussed in this paper (89, s17, s21, s22, s27). We do not identify as SNRs sources
s4, s19, 23, s15 in the catalogue of Blair & Long| (1997). Sources s4, s19 and s15 have
[S II]/Ha ratio 0.31, 0.36, and 0.17 respectively, i.e. below our 0.4 limit. Source s23
instead, is resolved into multiple sources in our images none of which gives high [S
I1]/Ha ratio.

Large samples of extragalactic SNRs have been presented in many surveys. In
M31 (Lee & Lee 2014a) and M33 (Lee & Lee|2014b) have been detected 156 and 199
photometric SNRs respectively. Matonick & Fesen (1997) identified 93 SNRs in M101
and 41 SNRs in M81. Surveys led by Blair et al. (2014), Dopita et al.| (2010 and
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Figure 3.8: A scatter plot of the [S
IT] and He luminosity of the candidate
SNRs. The black line shows the [S IT]/Ha
= 0.4 threshold. The blue line shows the
best-fit log(Ls 1) - log(Ljna) relation for
the sample of candidate SNRs.
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Figure 3.10: The points show the dis-
tance of each source from the [S II]/Ha =
0.4 line. The black line is the best fit line
that describes the distance of the candi-
date SNRs from the [S II]/Ha = 0.4 line

as function of their Ha luminosity.
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Figure 3.9: The joint [S II] - Ha lu-
minosity function along the best-fit line:
1og(L[SH]/1O36) = O.8810g(L[Ha/1036) —
0.06. The parameters of the joint LF are
presented in In order to ob-
tain the 3D interpretation, we multiply
the skewed Gaussian that describes the
shape of the joint LF along the best-fit
line, with the truncated Gaussian that
describes the width of the joint LF on
the [S II] dimension.
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3.6 Discussion

Blair & Long| (2004) have given 296 SNRs in M83. Leonidaki, Boumis, & Zezas| (2013),
in a survey of 6 galaxies presented 149 photometric SNRs in NGC 2403, 92 in NGC
4214, 70 in NGC 4449, 47 in NGC 4395, 36 in NGC 5204 and 24 in NGC 3077. The
most recent work on NGC 6946, gave 147 photometric SNRs (Long, Winkler, & Blair|
. The number of detected SNRs depends on various characteristics of a galaxy

(e.g. star formation rate; SFR etc.) but also on the sensitivity of the observations and

the distance of the galaxy.

3.6.2 Multi - wavelength comparison

In NGC 45, we find that none of the optically detected SNRs has any counterpart in
radio or X-ray wavelengths (Pannuti et al.|2015). In NGC 55, only source 1 from the

possible candidate SNRs has also emission in X-rays (source 131 in Binder et al.[2015| or
source 85 in |[Stobbart, Roberts, & Warwick 2006)). The fact that in the optical band we
detect only 1 source out of the 18 X-ray SNRs, is probably an age effect. The blast waves

of very young SNRs heat the material behind the shock front to very high temperatures
(~ 10" K) producing thermal X-rays (e.g. Leonidaki, Zezas, & Boumis|2010; Maggi et|
al|[2016; [Ramakrishnan & Dwarkadas|[2020). Most SNRs that produce X-ray emission
are in the phase of free expansion or in the early adiabatic phase (e.g.
where we do not expect strong optical emission. Moreover, the SNR, J001514-391246 in

\O’Brien et al.| (2013), which emits in radio and X-rays, presents a shell-like structure

(~ 44 pc) in our Ha image. Such SNRs would not be detected efficiently in our survey,
which focuses on point-like sources. However, we find that this specific SNR does not
show strong [S II] emission indicating that it could be embedded in H II region.

In NGC 1313, we do not detect any of the young X-ray emitting SNRs reported in
(Colbert et al. (1995). We see strong Ha emission at the position of SN 1978K which
emits in the X-rays (Colbert et al.|1995; Petre et al.|[1994; Schlegel, Petre, & Colbert|
11996; Smith et al.|[2007) and in radio (Achterberg & Ball||[1994), but its low [S II]

emission indicates that the shock may have not excited enough material to make it

visible as an optical SNR.

In NGC 7793, the larger structure 6 and the candidate SNR 22 coincide with radio
SNRs (Pannuti et al.[2002)), and the structure 6 coincides also with X-ray SNR
. Since in the latter case, the X-ray emission is associated with a larger
region, the X-ray emission may come from super-bubbles with several shock-excited

regions. This is supported by the size of this region (~ 320 pc; source 6 in [Table 3.4
and |[Figure 3.5)), which places it in the regime of super-bubbles.
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3.6.3 The Ha Luminosity Function of SNRs

In we compare the Ha luminosity distribution of our candidate SNRs (black
solid line) and the possible candidate SNRs (black dashed line), with the spectroscopic
SNR population in the study of Leonidaki, Boumis, & Zezas| (2013; NGC 2403, NGC
4212, NGC 3077, NGC 4395, NGC 4449, NGC 5204), and photometric SNRs in the
studies of Matonick & Fesen (1997, NGC 5585, NGC 6946, M81, M101), |Lee & Lee
(2014a; M31) and Lee & Lee| (2014b; M33).

Our candidate SNRs, which is the more secure sample of the two, seem to more
closely follow the distribution of the spectroscopic SNRs of |Leonidaki, Boumis, & Zezas
while the distribution of the possible candidate SNRs agree with the distribution of the
photometric SNRs of the other studies. This is expected since our sample of candidate
SNRs consists of brighter objects (since they have higher signal to noise ratio in the [S

IT]/Ha ratio), and by necessity, spectroscopic surveys also target brighter objects.

In general, the distribution of the Ha luminosity of our candidate SNRs appear
to be flatter compared to the other studies. This is the result of the strict selection
criterion, [S II]/Ha ratio to be 30 above the 0.4 threshold. Indeed, we see that the less
accurate sample ([S II]/Ha ratio 20 above the 0.4 threshold; black dashed line), agrees

more with the other studies.

What distinguishes our work from the previous efforts is that: (a) we account for
the effects of incompleteness, which allows us to study more accurately the faint end
of their distribution and (b) we provide a quantitative description of the LFs, which
can be used for comparison between different samples and theoretical models for the

population of SNRs in different environments.

In we see the incompleteness-corrected luminosity distribution (gray
histogram) and the best fit function (blue line) along with the initial, uncorrected data
(black-line histogram). We see that apart from the different amplitudes, the mean value
of a function that would describe the incompleteness uncorrected data would be shifted
to the higher luminosities (since the incompleteness correction affects less the brighter

sources) and the skewness would be different.

The skewness at the faint end of the LFs is due to incompleteness. In principle,
the limited sensitivity of our survey and the selection of SNRs based on the [S II]/Ha
criterion may prevent us from observing the peak of the Ha LF of the overall SNR
population, even for the nearest galaxies. In order to compare our results with the
published photometric SNR samples, which do not impose any threshold on the signif-

icance of the [S II]/Ha ratio, we use our less secure sample (> 20), and we compare it
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Figure 3.12: Comparison of the Ha luminosity distribution of our candidate SNRs (black
solid line), our possible candidate SNRs (black dashed line) and the studies of spectroscopic
SNRs from [Leonidaki, Boumis, & Zezas 2013| (green line), and photometric SNRs from
Matonick & Fesen|[1997| (blue line), M31 (Lee & Lee|2014a; purple line), and M33

red line).

with the luminosity distribution of SNRs in the Local Group M31 and M33 galaxies.
We see that both show a peak at Ly, ~ 1036 ergs™1.

Taking into account the fact that the two surveys have similar flux sensitivity limits,
while our objects lie at much larger distances, this strongly suggests that the peak in
the Ha LF of SNRs, selected on the basis of the [S II]/Ha criterion (at signal to noise
ratio > 2 sigma resulting in small contamination by H II regions), is ~ 1036 ergs=!
as measured from our quantitative analysis (Table 3.5). Focus on results, e.g. by
integrating the LF, we find that we are missing ~ 30% of the SNR population down to

our detection limit.

Vuceti¢ et al.| (2015) following a similar approach for calculating the overall popu-
lation of SNRs, by integrating a Gaussian distribution fitted to the bright-end of the

Ha luminosity distribution of the photometric SNR populations in nearby galaxies.

However this approach does not account for the effects of incompleteness which may
impact even the higher luminosity objects.

Since SNRs depict the end-point of massive-stars life, they can be used as star for-
mation rate (SFR) indicators. However, because of selection effects and incompleteness
biases it cannot be used directly to derive the relation between SNRs and SFR, unless
we correct for the incompleteness. The approach we have used in this work, can be

used also to calculate a more reliable relation between the number of SNRs and SFR.
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3.6.4 The bivariate LF and the degree of excitation

Observationally, because of the weakness of the [S TI]AN6717,6731A lines, the [S II]/Ha
criterion generally poses a higher threshold in the SNR luminosity than the sensitivity
of the Ha data. In fact, the [S II]/Ha selection could be the main source of the skewness
observed in the Ha LF (Figure 3.7). Similarly, this selection also results in the skewness
observed in the ([S II]-He) bivariate LF along the main axis ([S 1I]/Ha; [Figure 3.9).
The truncation observed along the perpendicular (excitation) axis (Figure 3.11)) is the
result of the sharp [S II]/Ha > 0.4 threshold.

Regarding the excitation function, as we see in there is a trend for
sources with higher Ha luminosities to have increasingly lower [S II]/Ha ratios (i.e.
lower excitation) as is indicated by the sub-linear (o = —0.09) slope of the log(Lgy) —
log(Lp,) relation in [Figure 3.10] This effect would indicate that more luminous objects
have lower excitation, which is counter-intuitive since these are expected to be the
younger SNRs, and hence the ones with faster shocks and higher excitation. On the
other hand, it is more likely that this is an observational effect: luminous SNRs are more
likely to be in regions with high ISM density and possibly embedded in H II regions
(e.g. |Arbutina & Urosevi¢|2005). Indeed, this is a trend that we see in
where more luminous SNRs are located in regions with higher backgrounds. We note
that this cannot be a selection bias, since brighter objects should be detectable in lower
backgrounds as well. This is also one of the reasons (along with the incompleteness
due to the [S II] and the strict selection criterion for the [S IIJ/Ha at 30), that the
completeness is not 100% even for the brighter sources, while is low at the faint end
of the Ha LF (Figure 3.7)), where the sources are found in lower background regions.
The contamination by the underlying emission from the H II regions would result in
higher Ha luminosities but disproportionally lower [S II] luminosities due to the lower
[S II]/Ha ratios of the H II regions.

At first glance this may sound at odds with our expectations that more luminous
SNRs are expected to energise more efficiently their surrounding medium. However,
this could also be a result of the [S II]/Ha selection criterion which biases against lower
excitation objects. Only including a more complete population of objects (e.g. based
also on the [O I]/Ha criterion e.g. Kopsacheili, Zezas, & Leonidaki|2020; Fesen, Blair,
& Kirshner|1985)) we may draw more robust conclusions on the excitation function and

the degree of energization of the local ISM.

In [Figure 3.13], we compare the distribution of the [S II]/Ha ratios of the candidate
SNRs (black solid line) and the possible candidate SNRs (black dashed line) detected
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Figure 3.13: Histograms of the distribution of the [S II]/Ha ratios for the SNRs in our
sample (black solid line for the candidate SNRs; black dashed line for the total sample, i.e.
the candidate and the possible candidate SNRs), Leonidaki, Boumis, & Zezas| (2013 green
line), [Matonick & Fesen| (1997} blue line), M31 (Lee & Lee|[2014a; purple line), and M33
(Lee & Lee 2014b; red line).

in our survey and those reported in the surveys of Leonidaki, Boumis, & Zezas (2013),
Matonick & Fesen| (1997), and [Lee & Le¢| (2014alb)), aiming to examine the SNR ex-

citation between different galaxies. The range of the [S II]/Ha values of our possible

candidate SNRs is more similar to the values of the SNRs of the other surveys, although
the distributions are not the same, while the [S II] /Ha ratios of our candidate SNRs is
quite different.

The difference, between our sample and the other studies in the faint, end has to do
with the different adopted [S II]/Ha ratio to identify SNRs (for our possible candidate
SNRs), and with the fact that our selection criterion in the [S II]/Ha ratio (30 above 0.4)
is satisfied only for sources with high [S II]/Ha ratios (for our candidate SNRs). The
general difference in the [S II]/Ha ratio distributions, between our possible candidate
SNRs and the other surveys (that do not impose any threshold at the significance level
of the [S II] /Ha ratio), may have to do with the different ISM conditions of the galaxies,
but also with the different sensitivity between the studies. This emphasises the need

for incompleteness corrections also in the [S II]/Ha ratio distributions.
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3.6.5 The effect of [S 11]/Ha > 0.4 criterion

Correcting our data for incompleteness, gives us the possibility to recover a number of
SNRs that we did not detect (due to their faintness, their galactic environment etc.)
down to our faintest detection limit. However, there is a number of SNRs that we do
not detect due to selection criteria: for example, the [S II]/Ha > 0.4 criterion which is
biased against low velocity SNRs.

If the SNRs with [S II]/Ha < 0.4 follow the extension of the distribution that we
derived from those with [S II]/Ha > 0.4, we can have an estimation of the fraction
of SNRs that we miss because of the [S II]/Ha selection criterion. Then, the missing
population is given by the extrapolation of the best-fit truncated Gaussian (Figure 3.11])
to lower [S II]/Ha ratios, after removing the truncation term. Applying this method
on the best fit truncated Gaussian to the excitation function of SNRs, we find that
almost 47% of the overall SNR population is not accounted for, under the assumption
that the distribution of [S II]/Ha > 0.4 extends to lower [S II]/Ha flux ratios.

However, the [S II]/Ha > 0.4 criterion is an empirical diagnostic that comes from
studies of SNRs in the SMC and the LMC (Mathewson & Clarke||1973)). As discussed
in Kopsacheili, Zezas, & Leonidaki (2020)), such a criterion may miss legitimate SNRs
with relatively low shock velocities which result in lower [S II]/Ha ratios (Allen et al.
2008]). Such low velocities are characteristic of older SNRs (e.g. Draine|2011)) or they
may reflect their local ISM conditions (e.g. SNRs expanding in dense environments
lose quickly their momentum and they slow down faster; e.g. |Jiménez, Tenorio-Tagle,
& Silich| [2019; (Cioffi, McKee, & Bertschinger| |[1988). Therefore, in order to have a
more reliable picture of the overall SNR population one would need to combine fast-
shock sensitive (such as [S II]/Ha) with a slow-shock indicator (such as the [O I]/He;
Kopsacheili, Zezas, & Leonidaki| 2020; Fesen, Blair, & Kirshner|/1985).
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3.7 Appendix: Possible candidate SNRs

Table 3.7: Candidate SNRs

1D

RA

Dec

Fua £ 6Fna

Fism £ 0F st

F[SH]:I: (51*[511])

FHa Fra
(J2000)  (J2000)
hh:mm:ss  ddmm:ss (10790 ergs™tem=2) (1070 ergs=!em=2)
NGC 45 (20)
00:14:02.3 -23:10:27.5 6.3 £ 0.54 4.21 + 0.64 0.67 =+ 0.10
00:14:12.4 -23:10:27.1 16.5 £ 04 7.31 £ 0.30 0.44 £ 0.02
00:14:09.8 -23:09:52.4 2.79 £ 0.22 1.85 £ 0.24 0.66 £ 0.10
NGC 55 (20)
1 00:15:43.5 -39:16:41.3 7.48 £ 0.46 4.01 £ 04 0.54 + 0.06
2 00:15:56.9 -39:15:45.3 1.84 £ 0.6 2.76 £ 0.45 1.5 £ 0.5
3 00:15:29.9 -39:14:15.0 2.8 £0.61 3.54 £ 0.7 1.3+04
4 00:15:06.9 -39:12:24.4 3.45 + 0.63 3.47 + 0.64 1+0.3
5 00:14:54.0 -39:11:51.5 114 £ 3.3 16.1 £ 2.3 1.4 +£ 0.5
6 00:14:20.2 -39:10:09.0 1.3 £0.19 1.15 £ 0.22 0.88 £ 0.2
7 00:14:01.5 -39:10:21.0 3.15 £ 0.24 2.05 £ 0.29 0.65 £ 0.1
8 00:14:40.5 -39:08:53.6 3.13 £ 0.27 2.13 £ 0.34 0.68 £ 0.1
9 00:13:51.4 -39:08:46.7 0.702 £ 0.18 0.975 £ 0.2 1.4 +£ 0.5
NGC 1313 (20)
1 03:18:01.6 -66:31:30.5 0.87 £ 0.24 1.77 £ 0.3 2+0.7
2 03:18:09.3 -66:31:12.4 3.19 £ 0.46 2.42 £ 0.35 0.76 £ 0.2
3 03:18:17.5 -66:30:20.4 5.53 £ 0.98 5.58 £ 1.1 1+0.3
4 03:17:38.0 -66:30:01.5 6.81 + 0.33 3.66 + 0.32 0.54 + 0.05
o5 03:17:47.5 -66:29:48.5 129 £ 04 6.56 + 0.43 0.51 + 0.04
6 03:18:39.5 -66:29:12.1 13.6 £ 1.2 8.47 £ 0.95 0.62 £ 0.09
7 03:18:33.1 -66:28:50.0 7.22 £ 0.81 5.35 £ 0.66 0.74 £ 0.1
8 03:18:36.3 -66:27:58.6 4.03 + 0.43 2.97 £ 0.38 0.74 £ 0.1
NGC 7793 (20)
1 23:58:08.2 -32:36:41.2 4.3 £ 0.5 3.2 +£0.34 0.74 £ 0.1
2 23:57:37.2 -32:36:32.1 3.6 £ 0.33 2.4+ 0.36 0.67 £ 0.1
3 23:57:31.3 -32:34:50.9 1.5 £0.25 1.8 £0.32 1.2 £0.3
4 23:57:54.2 -32:37:17.3 4.1 £0.61 4.2 £0.83 1.0 £0.2
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23:57:44.6
23:57:41.0
23:57:38.6
23:57:59.3
23:57:59.8
23:57:37.9
23:57:50.6
23:57:48.4
23:57:58.0
23:57:52.2
23:57:58.3
23:57:46.0
23:57:58.2
23:57:58.7
23:57:55.0
23:57:43.9
23:57:44.2
23:58:00.4
23:57:44.1
23:57:50.1
23:57:58.4
23:57:41.0
23:57:51.0
23:57:54.2
23:57:54.7
23:57:58.9
23:57:47.2

-32:37:03.4
-32:36:54.9
-32:34:49.1
-32:34:37.3
-32:34:26.4
-32:33:53.2
-32:33:13.8
-32:36:42.8
-32:36:37.7
-32:36:15.5
-32:36:08.3
-32:36:06.1
-32:36:02.1
-32:35:56.4
-32:35:51.3
-32:35:33.1
-32:35:19.4
-32:35:14.3
-32:34:55.4
-32:34:44.4
-32:34:41.3
-32:34:35.7
-32:34:28.9
-32:34:16.4
-32:35:35.5
-32:35:32.2
-32:34:28.3

74+ 0.6
5.5 £ 0.52
1.1 £0.33
4.4 £ 0.54
7.8 £ 0.87
3.1 £0.32
4.5 £ 0.58
3.9 £0.79
6.1 £ 0.55
11.0 £ 0.7
9.0+ 0.7
5.1 £0.73
24 +£042
22+041
2.1 £0.53
2.3 £ 0.65
5.5 £ 0.81
4.9 £ 044
5.3 £ 0.86
4.0 £ 0.57
5.1 £0.42
2.6 £0.38
9.2 £ 0.63
1.5 £0.31
2.4 £ 0.66
74 +£0.71
13.0 £ 1.6

4.5 £ 0.62
3.7 £0.54
3.6 £ 0.45
3.2 £ 0.59
5.5 £ 0.59
2.5 £ 048
3.3 £0.52
3.8 £ 0.76
4.3 £ 0.66
7.6 +£1.1
5.5 £ 0.73
6.5 £ 1.2
2.5 £ 0.57
2.6 £0.44
3.0 £ 0.61
5.5 £0.71
4.5 £ 0.75
3.3 £0.45
4.7 £ 0.99
4.5 £ 0.75
3.3 £05
25+£05
6.6 £ 0.91
1.8 £0.39
3.3 £ 0.61
5.4 £ 094
8.2 £ 0.97

0.61 £0.1
0.66 + 0.1
3.3 £10
0.74 + 0.2
0.71 £ 0.1
0.79 £ 0.2
0.73 £ 0.1
0.96 = 0.3
0.7 £ 0.1
0.69 + 0.1
0.61 = 0.09
1.3 £0.3
1.0 £ 0.3
1.2 +£ 0.3
1.5 £0.5
2.4 £0.7
0.81 £0.2
0.67 £ 0.1
0.89 £ 0.2
1.1 £ 0.2
0.64 + 0.1
0.95 £ 0.2
0.72 £ 0.1
1.2+ 04
14+ 04
0.73 £ 0.1
0.62 £ 0.1

3.8 Conclusions

In this work, we present the systematic study of optical SNR populations in 4 nearby
spiral galaxies: NGC 45, NGC 55, NGC 1313, and NGC 7793. We identify 43 candidate
and 54 possible candidate SNRs (84 of which are new identifications) detected at the 3o
level in deep Hor images and selected on the basis of their [S II]/Hea flux ratios (higher

than 0.4 at the 30 and 20 level respectively) following a fully automated procedure.
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3.9 Acknowledgements

Based on this sample, we calculate the Ha luminosity function and the joint Ha-[S
I1] luminosity function after accounting for incompleteness effects. The latter presents
a new way to encode the luminosity and excitation of the SNR populations. We model
the luminosity function with a skewed Gaussian distribution. We find that the Ha
luminosity at the peak (mean) of the distribution of the overall sample (candidate and
possible candidate SNRs) is ~ 1036 ergs™!. This is consistent with the peak of the Ha
luminosity distribution in SNRs detected in the M31 and M33 spiral galaxies for the

same quality of data (also less accurate sample).

We also find that SNRs with higher Ha luminosity, tend to have lower excitation
(i.e. lower [S II]/Ha ratio), although this could be an environmental effect. This is
something that can be seen directly by our data, where brighter sources are located in
regions with higher backgrounds. The excitation function of the overall SNR population
is modeled by a truncated Gaussian with the truncation accounting for the [S II]/Ho
selection effect. We find that the width of the Gaussian is 0.11 in terms of distance
(from the line y = —0.09x + 0.26).
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Models for populations of
Supernova Remnants

4.1 Introduction

Supernova Remnants (SNRs) play significant role in shaping the interstellar medium
(ISM). They enrich the ISM with heavy elements and they provide large amounts of
mechanical energy to the ISM which in turn, can play significant role in the evolution of
the host galaxy. The propagating shock wave, compresses the ISM and under appropri-
ate conditions it can trigger star formation. Moreover, since core-collapse SNRs trace
the last stage of a massive stars’ life, they trace the on-going massive star formation
rate.

Study of SNR populations and their physical properties is very important in order
to understand their feedback to the ISM and their role in the host galaxy. Systematic
studies of Galactic SNRs provide more detailed information about the physical param-
eters of SNRs and their interaction with their surrounding ISM (Williams et al.|[2020;
Milisavljevic & Fesen 2013; Boumis et al.|2009; Fesen, Blair, & Kirshner||1985). On
the other hand, the study of extra-galactic SNRs, give us the opportunity to examine
larger samples of SNRs, in different environments (i.e. different metallicities; (Long,
Winkler, & Blair|[2019; [Leonidaki, Boumis, & Zezas|[2013; Matonick et al.|[1997} [Blair
& Long)(1997)). This is the only way to understand their evolution and their feedback
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to the ISM in conditions representing typical galactic environments.

Despite the increasing number of SNRs and SNR populations, we still lack a frame-
work that can describe the SNR populations in terms of their observational characteris-
tics but also in the context of expectations from theoretical models for their evolution.
A first step in this direction was made in [Kopsacheili et al.| 2021, who developed a
method for the calculation of luminosity functions of SNRs, free of selection effects,
and introduced the joint Ha- [S II] luminosity function (LF), as well as, their excita-
tion function. While the Ha LF provides information on their overall population and
energetics, the joint Ha- [S II] LF and the excitation function, reflect their interaction
with the ISM. The latter in particular, bears the imprint of the shock velocity distri-
bution of the SNRs, in their optical emitting phase. However, what is missing, is a
theoretical framework that can predict the different metrics of SNR populations based
on models for their evolution.

In this work, we present a basic population synthesis model for SNRs. We develop
a toy model, based on the shock models of |Allen et al.|2008, in order to construct the
Ha and Ha - [SII] luminosity functions (LFs) and examine their dependence on different
parameters, such as pre-shock density, shock velocity, and magnetic field. This work is
the first step for construction of population synthesis models of optical SNRs.

In § [4.2) we describe the models that we used and the analysis that we followed for
the calculation of luminosity functions. In § we present the theoretical Ha and the
joint [SII]- Haderived from this analysis and in § we discuss our results. In § 4.5

we summarize our results.

4.2 Population models

Our goal is to calculate the Haand the joint Ha- [SII]luminosity functions for a
theoretical population of SNRs. We assume that SNRs are in the adiabatic (Sedov-
Taylor) phase, for which we have an analytic expression for the time evolution of their
radius and shock velocity, as a function of their age, pre-shock density, and initial

energy. These are given by the Sedov-Taylor relations (Draine |2011)):

R(n,t) = 1.54 x 10" em EYPng */°(¢/10%)2/5 (4.1)

v(n, t) = 1950 km s~ EPng M/ (t/10%) 7% = (4.2)
1/5

— 103 (™M \-5/3 4.3

H(v,n) = 10”5 (—g-) (4.3)
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Figure 4.1: Here we present the initial models of |Allen et al.[2008| (indicatively we present

the w —n — Ly, space; blue squares), and the interpolated models (red circles).

where n is the ambient ISM density (cm™3), v the shock velocity in (kms™!), E5; the
kinetic energy of the mass ejected by the SN explosion in units of 10°! erg. The age ¢
is calculated by solving the equation of the velocity.

The luminosity of an SNR is given by the luminosity per unit area calculated from

the shock models and their surface:

L = 47 R?Ly(v, B,n) (4.4)

where Lg(v, B,n) is the luminosity per unit area, provided by the shock models for
a given magnetic field B, ambient density n and shock velocity v. In order to calculate
the radius R, we use the eq.

In order to construct theoretical luminosity functions, we used the shock models of
[Allen et al|[2008 These models predict the luminosity of different emission lines for
shocks with velocities v = 100 to 1000 kms~!, expanding in media with densities n =
0.01 to 1000 cm ™3, and magnetic parameters = 10~%to 10 G cm?/2. Although there
are available models for sub-solar, solar, and super-solar abundances, in this work we
focus on solar abundance models, which are calculated for the widest range of pre-shock

densities (n = 0.01 — 1000 cm™3).
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4.2.1 Calculation of luminosity functions

Our first goal is to calculate the theoretical Hoa luminosity function (LFy,). The LF

can be considered as a probability distribution. In this case, the LF has the form:

P(L) = / / P(L|n, v) P(v|n, t) P(n) P(t) dndt (4.5)

where P(L|n,v) is the probability to obtain a specific luminosity L from a given density
n and shock velocity v, P(v|n,t) is the probability to obtain a specific shock velocity,
which under the Sedov-Taylor model, depends on the ISM density and the SNR age (eq.
[4.2), and P(n) and P(t) are the probability distributions of density and age respectively.

In order to work on a denser parameter grid than the one provided in [Allen et al.
2008|, for each category of models (based on B), we use linear interpolation between the
densities and velocities of the original set, to calculate the Haand [SII] luminosities.
In we present the interpolated models (blue circles), in a finer grid of shock
velocity and density. In order to calculate the Haand [SII]luminosities, we use the
eq. (&),

The calculation of the probabilities of each model is presented below:

o P(L|n,v)
The luminosity of a shock as a function of their velocity and ISM density is
adopted from the models of |Allen et al. (2008; . The dependence of
the shock velocity on ISM density and age is given by eq.

o P(v|n,t)
The probability distribution of the shock velocity, as a function of the density n

and age t (eq. .

e P(n)
We consider a log-normal ISM distribution with 1 = log(n/cm?®) = 1em™ and
o =10 em=3:
P(log(n)) = L o) -w?/(20%) (4.6)
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« P (t)
For the age of the SNRs we consider a uniform distribution, between ¢ = 1000
and t = 30000 years

P(t) = constant (4.7)

Magnetic fields also play an important role in the emerging luminosity from a shock
front (Allen et al.2008). Since we do not have any information on the distribution of
the magnetic fields in SNRs, we perform our analysis for eight different magnetic-field
ranges: i) 1076 — 1073; ii) 1073 — 1072; iii) 1072 — 0.1; iv) 0.1 — 1; v) 1 — 10; vi)
10 — 100; vii) 100 — 1000  G; viii) 1000 — 10* 2 G. This way we can assess the effect of
the magnetic field on the resulting luminosity function.

In order to compare these models with observational samples of SNRs, we have to
apply the same selection criteria, as the ones that were used in the observational studies.
The most typical criterion for the identification of SNRs is their [SII] /Ha > 0.4 ratio
(Mathewson & Clarke |1973)). Although this can bias the SNR samples against slower
velocity or older SNRs (Kopsacheili, Zezas, & Leonidaki2020), most SNR samples have
been selected on this basis, so in the following analysis we only consider systems with

[SII] /Ha luminosity ratios greater than 0.4.

4.3 Results

4.3.1 Haluminosity function

In we show indicatively the Ha LFs, for magnetic fields from 0.1 to 1000 uG

. As we see, they can be described by a skewed Gaussian the form of which is:

log(r) = e LDy )

where u, o, and «, are the mean values, the sigma value and the skewness respectively.

However, the peak of the LF is for luminosities up to 2 order of magnitudes higher
than the expected ones. This happens because in the calculation of the luminosities, we
assumed a filling factor f = 1 for the SNRs. Although it is difficult to measure directly
the filling factor, especially for the extragalactic SNRs, simulations give values from 3%
to 23% (e.g. |Slavin et al. 2017). Indeed we find that we can match the observed and
model LFs by shifting the latter to lower luminosities by 0.65 to 2.06 dex depending on
the model (Table 4.1)). These correspond to filling factors of 22.3% and 9% respectively,

in excellent agreement with the aforementioned simulations. We note that since we are
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Figure 4.2: The model Haluminosity function for magnetic fields between 0.1 and

1000 #G. The luminosity is in units 1036 ergs—!

interested in a qualitative comparison of the model and observed LFs, the exact value
of the shift is not important.

The results of the shifted Ha LF are presented in (red points). The
different panels give the resulting Ha luminosity functions for the different regimes of
magnetic fields.

In order to obtain the best fit parameters of the skewed Gaussian, we apply a least
squares method. In we present these parameters for the different magnetic
fields. At first glance, we see no specific correlation between the intensity of magnetic
field and the shape of the Ha LF. The best fit model is shown by the red line

4.3.2 Joint [S 1] - Ha Luminosity Function

The joint [SII]- Ha luminosity function, is presented as probability distribution on the
Ha- [SII] plane, in figures and The grayscale corresponds to the probability
for each model to have a particular combination of Haand [S II] luminosity, given the
physical parameters of the shock. Darker gray colors mean higher probabilities. Again,
different panels correspond to different regimes of magnetic fields. The circles in figures
and show the models on the [SII]- Ha plane. The color of these circles indicate
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Figure 4.3: The model Haluminosity function (red points) for different magnetic field
ranges. The red line shows the best-fit skewed Gaussian to the model points, and the blue

dashed line shows the Ha luminosity function of SNRs of nearby galaxies from the work of
1

Kopsacheili et a1.||2021l The luminosity is in units 1036 ergs™
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Table 4.1: Ha Luminosity functions

B*(uG) Shift  p o e
1076 —-10"% -0.65 0.19 0.54 5.38
1073 —-0.01 -0.94 0.07 0.55 5.66
0.01 — 0.1 -0.84 0.06 0.91 5.75

01-1 -0.94 0.07 0.64 2.08
1-10 -1.14 0.07 0.59 1.65
10 — 100 -1.50 0.07 0.60 1.72

100 — 1000 -1.73 0.17 0.52 5.07
1000 — 10*  -2.06 0.27 0.24 1.68

Col (1): The magnetic-field range; col (2): The shift of the theoretical Ha LF

in units of log(L/1036) ergs™'; col (3): The mean of the skewed Gaussian

after the shift in units of log(L/103¢) ergs™?; col (4): The sigma of the

skewed Gaussian in units of log(L/103¢) ergs™!; col (5): The skeweness of the skewed

Gaussian.

the pre-shock density (in logarithmic scale), while the size, the pre-shock velocity.
The distribution of these points on the [SII]- Haplane provide information on the
contribution of SNRs of different physical conditions in different regions of the [SII]-
Ha plane.

4.4 Discussion

In this work, we presented a first attempt in building a population synthesis models for
the luminosity distribution of SNRs. Based on these models and assumptions on the
density, magnetic field, and age distribution of SNR populations, we can predict the
luminosity distribution of SNRs in different spectral lines. Next we discuss the quali-
tative comparison of these models, with the observed Haoand (Ha, [SII]) luminosity
distribution of SNRs.

4.4.1 Luminosity Functions - Comparison with data

In|Figure 4.3 we present the theoretical Ha LF, derived for the shock models (red color)
for the different magnetic fields. The blue dashed line is the Ha luminosity function

derived from SNRs of nearby galaxies (Kopsacheili et al.|2021) where we have corrected
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Figure 4.4: The joint [SII]- Haluminosity function shown as probability distribution

(gray colorbar; right column) for the magnetic fields between 10~6 and 1 uG. Darker colour

indicates higher probability. Different rows of panels correspond to different magnetic field

ranges. The circles show the distribution of the models on the Ha-[SII] plane (left column).

Their colorbars indicate their density and their size the velocity. The magenta triangles
are the candidate SNRs in nearby galaxies from the work of |Kopsacheili et a1.| 2021
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Figure 4.5: The joint [SII]- Haluminosity function shown as probability distribution
(gray colorbar; right column) for the magnetic fields between 1 and 10* 4G. Darker colour
indicates higher probability. Different rows of panels correspond to different magnetic field
ranges. The circles show the distribution of the models on the Ha-[SII] plane (left column).
Their colorbars indicate their density and their size the velocity. The magenta triangles
are the candidate SNRs in nearby galaxies from the work of [Kopsacheili et al.”m
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for incompleteness, making the sample free of selection effects.

By comparing the observational and the model LFs comparison between
red and blue dashed lines), we see that the models that present agreement with the
observational Ha LF are those with magnetic fields 0.001 — 0.01 uG, 0.1 — 1 G, 1 —
10 4G, and 10—100 uG, with the magnetic fields between 1—10 G to almost completely
match the observational Ha LF. Magnetic fields between 1—10 G are expected for older
SNRs, as the SNRs of the study of Kopsacheili et al. 2021| (e.g. |Raymond et al.|2020
predict for the mature SNR Cygnus Loop a magnetic field B = 4 uG).

In the figures and we present the probability maps for the 2D ([SII]- Ha)
LF for the different magnetic fields. The magenta triangles are the candidate SNRs
from the study of |[Kopsacheili et al.|2021] In order to compare them with models, they
must be free of selection effects. The incompleteness correction (that makes the sample
free of selection effects) cannot be applied on the scatter plot of the candidate SNRs
in the figures and Instead, we can calculate a model of the Ha- [STI| LF that
we would observe under the same incompleteness conditions. Therefore, on each (Hao -
[SII]) bin we apply the incompleteness function in order to calculate the probability
distribution for the SNR populations expected to be observed under our model.

It is clear from the figures and that the observed (L, L[SII]) distribution
cannot be described by a single model. Models with high magnetic fields dominate in
the upper right part of the diagram (high luminosities), while low magnetic fields result
in lower luminosities. Therefore, in order to reproduce the full distribution of observed

luminosities, we have to consider multiple magnetic fields, as expected.

4.4.2 Effect of density distribution

The SNR luminosity is highly sensitive to the density (n) of the medium in which it
is expanding. Thus, we expect to have higher luminosity SNRs in regions with higher
pre-shock densities. This behavior is predicted by models (Arbutina & Urosevi¢ 2005),
but also it is seen in observational data, where there is a lack of bright SNRs in regions
with low Ha background indicating low density environments (Kopsacheili et al.[|2021)).
The same behaviour is observed in our models. For higher magnetic-field regimes,

higher pre-shock densities result in higher luminosities.

4.4.3 Effect of velocity distribution

As the SNR evolves, more material accumulates behind the shock decreasing its velocity
(e.g. |[Reynolds 2017). With the deceleration of the shock, the shock excitation also
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decreases resulting in lower luminosities. Hence, we expect that higher luminosity SNRs
are associated with higher shock velocities, which agrees with the model predictions. In
the figures[4.4hnd [£.5] we see that the shock velocities are higher for higher luminosities

(larger circles mean higher velocities).

4.4.4 Magnetic Field

The pre-shock magnetic field can affect the properties of the shock. The typical values
of the compressed interstellar magnetic field are ~ 20uG (i.e. 4 times the pre-shock
magnetic field; Ballet| 2006; Vink & Laming 2003). However, for young SNRs values
higher than 100 G have been measured (e.g. [Vink [2017), indicating magnetic-field
amplification near the shock. In general, we expect that SNRs with higher shock
velocities and pre-shock densities, are correlated with stronger magnetic fields (Vink
2020).

Our models agree with these predictions. The circles in fig. and show the
distribution of the models on the Ha- [SII] plane, with each panel showing different
regimes of magnetic fields. As we see, this distribution becomes steeper for stronger
magnetic fields. For magnetic fields > 100 pG there is a deficit of models in the region
of low luminosities, and the probability of the few models there, is very low, as indicated

by the light grey color of the probability maps.

4.4.5 Implications and Limitations

These theoretical models give us a very useful tool for exploring the properties of SNRs
in the context of their evolution. Although the model presented here can be considered
as a "toy" model, it lays the foundation for a population synthesis model for SNR
populations. Such a model can be used to explore the effect of different underlying
distributions for physical parameters, such as density, shock velocity, and magnetic
field, on the observed luminosity distributions. When appropriate observational data
are available, one could use these models to infer these distribution.

However, we recognize that there are limitations in the current state of models,
that prevent us from making accurate calculations of the physical parameters. These
limitations arise from several issues the most important of which are: i) we only consider
the Sedov-Taylor phase, however we expect that a large fraction of the optical SNRs
are in the radiative phase. For this reason, relations that describe the evolution of the
physical parameters in the radiative phase should be included in our formalism; ii) The

grid used to obtain the luminosity of SNRs as a function of their shock velocity, density
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and magnetic field, could be extended to a wider range of parameter values with a finer
grid; iii) As is seen in figures and there is significant degeneracy of the observable
parameters as a function of the SNR physical parameters: i.e. two SNRs with different
shock velocity, density, and magnetic field may have the same Ha and [S IT] luminosity.
These degeneracies can be reduced to some degree by including in the models additional
observable quantities (e.g. other spectral lines, or continuum bands). This will help
using these models as a diagnostic tool for the underlying physical parameters and
processes of the SNRs. Furthermore, by integrating over the physical parameters of
the SNR population, we can estimate their integrated luminosity output in different

bands or their total momentum/mechanical energy output.

4.5 Conclusions

In this work, we present for the first time theoretical models for the populations of
supernova remnants. We use shock models, that give the luminosity of emission lines as
a function of the physical parameters of the shock (shock velocity, pre-shock density and
magnetic field). Considering the luminosity function as a probability distribution, we
construct theoretical Haand joint [SII]- Ha luminosity functions. We find remarkable
agreement between the predicted LFs with the LFs of the observed SNR populations in
nearby galaxies, after correcting the models for a filling factor. Also, remarkably the
estimated filling factor agrees very well with that measured in observations of Galactic
SNRs or estimated from detailed SNR simulations. This is the first step in developing

a new generation of SNR population synthesis models.
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5.1 Conclusions

In this work, we present some new aspects on the study of SNR populations. These have
to do with new, more efficient diagnostics for the identification of SNRs, identification
of new SNR candidates in 4 nearby galaxies and the development of methods for the
study of these populations, and the construction of theoretical models for populations
of SNRs.

The first study focuses on the examination of new diagnostics for the optical iden-
tification of SNRs. The most common diagnostic so far is the [S II}/Ha ratio. Sources
with ratio higher than 0.4 are considered as SNRs. This is an empirical diagnostic from
SNRs identified in Small and Large Magellanic Clouds (SMC and LMC). However, this
criterion is biased against low excitation SNRs, and as a result by using it, we miss
systematically SNRs with low shock velocities, SNRs evolving in very dense media, or
low metallicity media.

This led us to examine new diagnostics that are effective in the detection of low
excitation SNRs. In order to do that, we combined shock and photoionization models
that correspond SNRs and H II regions respectively. Using Support Vector Machines
(SVM) as a classification method, we calculated lines and surfaces that separate shock
from photoinization models in 2 and 3 dimensions respectively, where each dimension

is an emission line ratio. The quality of the diagnostic depends on the best separation
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(highest completeness of shock models) and lowest contamination by photoionization
models. We also propose a 1D diagnostic for SNR identification, that uses the [O
[JA6300A line and is more effective in low excitation SNRs. These new diagnostics,
can increase the number of identified SNRs up to ~ 30% compared to the [S II]/Ha

criterion.

In order to test the accuracy of these diagnostics, we compared them with obser-
vational data. We used spectra of SNRs and H II regions (extra-galactic or spectra
of regions of Galactic SNRs) and we find very good agreement in recovering the true
nature of the sources (between ~ 89% and ~ 99%). We also explored the efficiency of
the diagnostics in different matallicities. The shock and photoionization models that
we used are based on a wide range of metallicities: subsolar (SMC, 0.25xsolar; LMC,
0.5xsolar), solar and supersolar (2xsolar). We find that there is higher incompleteness
for the shock models (i.e. the fraction of shock models that are not included in the locus
of SNRs) in supersolar-metallicity models, especially for the diagnostics that contain
oxygen lines. This happens because higher metallicity SNRs present strong tempera-
ture gradients resulting in a wider range of oxygen-line values extended also to values

beyond that separating surface or line that distinguishes SNRs from H II regions.

We have also examined possible contamination in our diagnostics by other objects
and biases. A category of SNRs that we miss using these diagnostics (but also with the
[S II]/Ha diagnostic) is the Balmer SNRs. These SNRs are characterized by weak or
absent forbidden lines, and strong Balmer lines and thus we do not expect to identify
them. However, this category is only a small fraction of optically emitting SNRs. On
the other hand, planetary nebulae and Herbig-Haro (HH) objects produce forbidden
lines. Although planetary nebulae present strong [O III] lines, they produce very weak
[S II], [O I],and [N II] lines, which would place them in the high-excitation end of the
H II regions. The shock excited HH objects, present very low luminosities, rendering
them un-observable in extra-galactic surveys. In our Galaxy or in LMC and SMC, we

could discriminate them from their morphology.

Although one needs diagnostic criteria like the aforementioned as indicators of the
total populations of SNRs, [S II] /Ha provides secure samples of higher excitation SNRs
and it is useful for comparisons with previous studies. However, the results of any source
population are subject to the sensitivity of the observations and selection effects. Hence,
in order to compare results from different studies, they must be free of selections effects.
In our second work, we identify SNRs in four nearby galaxies (NGC 45, NGC 55,
NGC 1313, and NGC 7793) following an automated method that allows us to quantify

incompleteness effects. We calculated the incompleteness as function of the Ha and [S
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I1] luminosities, taking also into account the different backgrounds within the galaxies.

In these galaxies, using the [S II]/Ha > 0.4 criterion, we identified 43 candidate
SNRs (30 of which are new identifications) which we consider as more secure sample,
54 possible candidate SNRs (less secure sample), and 21 larger structures that can be
super-bubbles or more evolved SNRs. For our analysis we used only the more secure
sample. We constructed the Ho and the joint Ha - [S II] luminosity functions for the
incompleteness corrected data. The Ha luminosity function (LF) is described by a
skewed Gaussian with a skewness of 1.7. The skewness is the result of the strict filter
that we have set in our analysis, according to which, we keep sources for which the [S
II]/Ha ratio is 30 above the 0.4 threshold. The mean of the skewed Gaussian fitted to
the Ha LF is p(log(L/10%¢ ergs™!)) = 0.07 and the sigma is o(log(L/10% ergs™1)) =
0.58.

The joint Ha - [S II] luminosity function is described by the combination of a skewed
Gaussian and a truncated Gaussian. The Skewed Gaussian describes the density of the
sources along the "spine" of the distribution of the candidate SNRs on the [S II]-Ha
plane. The truncated Gaussian describes the spread of the sources around the "spine",
i.e. the width of the LF. This width is o(log(L/10%¢ ergs™!)) = 0.14 . The best fit
parameters of the skewed Gaussian are —0.03,0.48, and 1.73 for the mean, sigma, and

036

skewness respectively in units of log(log(L/103¢ ergs™!)) ergs~! along the "spine" line:

L = 0.88log (L) — 0.06.

In addition, we have introduced the excitation function which is described by the [S
IT]/Ha ratio and it provides information on the degree of excitation of SNR populations.
More specifically, we calculated the orthogonal distance of each source on the Ha - [S
I1] plane from the [S II]/Ha=0.4 line. This calculation shows that there is a trend
for more luminous SNRs to have lower excitation. This is probably the result of more

luminous SNRs being in denser regions or embedded in H II regions.

Samples free of selection effects, as the ones we described, can be also compared
with theoretical models. In our third project, we develop for the first time, models on
SNR populations. We use shock models in order to construct the Ha and the joint
[S II] - Ha luminosity functions of SNRs under a range of ISM conditions based on a
simple model for their evolution. By treating the luminosity function as a probability
distribution, we can calculate the probability for an SNR to have a certain Hoa lumi-
nosity given a shock velocity, ISM density, and age. We include in this calculation a
simple model for SNR evolution based on the Sedov-Taylor solution. Such models can
be used to estimate physical parameters of the SNRs, that we cannot measure directly,

by comparing observational with theoretical luminosity functions.

95



5. Conclusions-Future Work

The results of this analysis are very promising despite the simplicity of our approach.
For example, we recover the expected behavior that higher densities and shock velocities
give higher probabilities for more luminous SNRs, while there is very low probability
to obtain a low luminosity SNR with high shock velocity and in a high density region.

Remarkably, we find very good agreement between the theoretical LFs and the
observed Ha LF presented in Chapter 2. In the case of the joint Ha-[S II] LF we find
good agreement between the models and the observed LF when we consider a wider
range of magnetic fields.

Concluding, all of the projects presented in this thesis, set the foundation for a more
systematic study of the different SNRs populations (not only the high excitation SNRs),
and the objective comparison between different studies or between observational results
and theoretical models. We also set the framework for population synthesis models of
SNRs, which will make the study of their physics and their feedback to the ISM more

effective.

5.2 Future work

Our future work focuses mainly on making our models more accurate, considering more
parameters that better describe the real physical conditions, and on their application
on real data. Thus, more specifically our future goals are:

1) To expand our diagnostics and the shock models to more realistic ISM conditions,
for example to account also for SNRs embedded in H II regions, and to develop velocity

diagnostics.
2) Perform spectroscopic analysis of the candidate SNRs in order to confirm their
shock excited nature, apply the multi-dimensional diagnostics and measure their phys-

ical properties (e.g. density, velocity).

3) To calculate the theoretical luminosity functions considering a more complete evo-

lutionary sequence for SNRs (not only the Sedov-Taylor phase.)
4) To add more dimensions (i.e. more emission lines) to the theoretical models, which
will enable us to discriminate between different distributions for the underlying physical

parameters (e.g. density or magnetic field distribution).

5) To test the theoretical models using Galactic SNRs for which the physical parameters
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can be measured more accurately.
6) To explore the high-energy emission of the SNRs in the galaxies that we identified
the optical SNRs, analyzing X-ray data and to look for correlations between the optical

SNRs and X-ray emission.
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