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of the whole. It is of this that the scientist partakes. That is

the challenge and joy of science.”
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Zusammenfassung

in einer Supernovaexplosion beenden. SNRs setzen grol3e Mengeem e in ihre Umgebung frei
nd transportieren die Produkte der Nukleosynthese in das ISM, sibdieses mit neu erzeugten
schweren Elementen anreichern und mischen. Daher ist eine Untengwabiu SNRs grundlegendif ein
besseres Verghdnis der dynamischen und chemischen Entwicklung von Galaxien.

In dieser Dissertation untersuche ich die umfangreiche Population des faMBr GroRen Magellanschen
Wolke (LMC) mittels Daten des XMMNewton Observatoriums. Die LMC ist eine sternbildende
Galaxie, welche wir in der Draufsicht beobachten, sich nahe unsetehsitalle befindet und nur durch
geringe Vordergrundabsorption beeinflusst wird. Als solche eigeesish ideal als Laboratoriumiif
Populationsstudien, insbesondere in Kombination mit der hohen Saiaohelftfon XMMNewton

Hierfur bericksichtigte ich alle veifgbaren XMMNewtonBeobachtungen der LMC, welche Archiv-
beobachtungen, eigene Pointierungen auf SNRs, sowie Daten déiaghaffen Durchmusterung der LMC
umfassen. Die Daten wurden mittels einér flie Analyse von SNRs optimierten Programmsequenz
reduziert.

Im ersten Teil der Arbeit konzentriere ich mich aifizelneSNRs. Zuichst werden Daten einer XMM-
NewtonBeobachtungskampagne des SNRs der historischen SN 1987A analysmher als {ingster
SNR der LMC eine Sclilsselrolle im Versindnis der filhen SNR-Entwicklung zukommt. Anschliel3end
prasentiere ich die Entdeckung und weliamjeribergreifende Analyse seclmguer SNRs, die in der
XMM- NewtonLMC Durchmusterung gefunden wurden. Von diesen stellten sich dreieitentwickelte
Typ la SNRs heraus und helfen nun diese bislang unerkanate Eptwicklungsphase zu definieren.

Im zweiten Teil untersuche ich diopulationder LMC SNRs . Hieriir erarbeitete ich eine aktuelle
Zusammenstellung von SNRs in der LMC, einschlie3lich der neu entdecktmkt®bund analysierte
alle verigbaren XMMNewtonSpektren systematisch. Da SNRs zur Sondierung der sie beinhaltenden
Galaxie verwendet werdedknen, konnte ich Elemerihbfigkeiten der heiRen Phase des ISM in der
LMC bestimmen. Die unterschiedlichen Véitnisse von Eisen zu leichten Elementen verglichen mit der
MilchstralRe reflektieren unterschiedliche Sternbildungen und chemisulaécklungen beider Galaxien.
Eine neue Methode, basierend auf der lokalen stellaren Umgebung ekttaser Information, wurde
entwickelt um eine erste Klassifizierung von SNRs zu @glichen. Mit dieser kann das Véiltnis der
Kernkollaps SN zu Typ la SN Rate 2Ntc/Nja = 1.35(*9-37) bestimmt werden, was niedrig ist, verglichen
mit den Ergebnissen von Durchmusterungen lokaler SNe und Galaxienhabie Implikationen dieser
Messung werden weiter diskutiert. Schlie3lich wird die Population der LM&$Shhit denen anderer
Galaxien der Lokalen Gruppe mit unterschiedlichen Metaditaiind Sternbildungshistorie verglichen.

SJPERNOVAUBERRESTE (SNRs) pagen das interstellare Medium (ISM) durch Sterne, welche ihr Leben






Abstract

interstellar medium (ISM). SNRs release enormous amounts of energy istineitnding and return

nucleosynthesis products to the ISM, enriching and mixing it with freshdylpced heavy elements.
The study of SNRs is therefore crucial to our understanding of therdigah and chemical evolution of
galaxies.

In this dissertation, | study the rich population of SNRs in the Large Magel@loied (LMC), using data
from the XMM-Newtonobservatory. The LMC is a star-forming galaxy viewed almost face-oolase
proximity to our own Milky Way, and with little foreground absorption. As suiths an ideal laboratory
for population studies, in particular when combined with the high collecting poh¢MM- Newton

For this work, | use all available XMMNewtonobservations towards the LMC, combining archival
observations, dedicated pointings of SNR candidates, and data frogeaalaa survey of the LMC. Data
are reduced using a pipeline tailored to the analysis of SNRs.

In a first part, | focus omndividual SNRs. First, | analyse data from a monitoring campaign with XMM-
Newtonof the remnant of the historical SN 1987A. As the youngest remnant in@, lit is a key system to
understand the very early evolution of SNRs. Then, | present thew#¢iscand multi-wavelength analysis
of six new SNRs discovered serendipitously in the LMC survey with XMNdwton Three of those are
amongst the most evolved type la SNRs, and help to define a late-time evalytmese previously
unrecognised.

In a second part, | study LMC SNRs agapulation | compile an up-to-date sample of SNRs in the
LMC, augmented of the newly-found objects. | perform a systematic asafsll XMM-Newtonspectra
available. SNRs are used as probes of their host galaxy, thanks to Mgaiclierive chemical abundances in
the hot phase of the LMC ISM. Theftirence that is found in the abundance ratio of iron to lighter elements,
compared to that of the Milky Way, reflects thetdrent star formation and chemical enrichment histories
(SFHSs) of the two galaxies. Then, a new method is devised to tentatively hgdRs, based on their local
stellar environments, combined with spectral information. This constrainsithent ratio of core-collapse
to type la SN rates tdcc/Nia = 1.35("333), which is lower in the LMC than in local SNe surveys and
galaxy clusters. | discuss the implications of this measurement. Finally, thégtiopof SNRs in the LMC
is compared to other Local Group galaxies witffelient metallicities and star formation histories.

SUPERNOVA REMNANTs (SNRS) are the imprints of stars that died in supernova (SN) explosiotiseon

Vii
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Introduction






1. Overview

interstellar medium (ISM). SNRs return nucleosynthesis products to the é8Nthing and mixing

it with freshly-produced heavy elements. A core-collapse (CC) SN isxpiesion of a massive star
and produces large quantities@fgroup elements (e.g. O, Ne, Mg, Si, S). Thermonuclear (or type la) SNe
mark the disruption of a carbon-oxygen white dwarf (WD) that reache@trandrasekhar limit. Despite the
essential role of type la SNe in cosmology as standard candles, leadirglistbvery that the expansion of
the Universe is accelerating, the exact nature of the progenitor systamg, dither a white dwarf accreting
from a companion, or a merger of two white dwarves is still hotly debatedtlérenonuclear burning front
in a type la SN incinerates most of the progenitor to Fe-group elements.

SNe of either types release a tremendous amount of energyO¢* erg), and have consequently a
profound and long-lasting impact on their surrounding environment. SNeegge launched to velocities
in excess of 10000 km™$, producing shock waves which heat the ISM and ejecta up to X-ray emitting
temperaturesy{ 10° K). SNe are the main source of energy for the ISM, both in the form oftiirmergy
or in the form of cosmic-rays that are accelerated at SNR shock frAstsuch, the study of SNRs is crucial
to our understanding of the dynamical and chemical evolution of galaxies.

At the typical electron temperatures of SNR shodks ¢ 0.2 — 5 keV), all astrophysically abundant
elements have emission lines in the range accessible to X-ray space tirsesyamaking X-ray
observations a powerful tool to study SNRs. Furthermore, SNRs at#evier a few tens of thousands
of years. Thus, even though SNe are rare events in a galaxy (typicelper century or less), there will be
tens or hundreds of SNRs for us to access. In our own Galaxy, the Midgy (MW), about 300 SNRs are
known. However, studies of Galactic SNRs are plagued by the large céstentertainties towards sources
in the Galactic plane. In addition, many important X-ray lines of O, Ne, Mg,Fdre emitted at energies
kKT < 2 keV and are readily absorbed by the high column densities in front otGatources.

On the other hand, the Large Magellanic Cloud (LMC), our closest neighfalaxy, ¢&fers an ideal
laboratory for such studies: First, the distance towards the LMC is rdiagweall (50 kpc) and very well
studied. Second, the moderate inclination angle and small line-of-sight defite LMC mean that we
can assume all LMC sources to be at a very similar distance. Third, thetéhltmrabsorption by gas
in the foreground is much smaller towards the LM&( < 10?* cm2) than towards the Galactic plane
(N > 10?2 cm2), allowing observations even in the soft X-ray regime, below 1 keV. Finallyealth of
data is available for the LMC, allowing for easier detection and multi-wavelesulysis of SNRs. For all
these reasons, we can attempt to discover and studyothpletesample of SNRs in the LMC.

The X-ray observatory XMMNewton flagship of the European Space Agency (ESA), was launched in
December 1999. Thanks to its capability, including an unprecedentedyénthmatched) sensitivity, it
is an ideal instrument to study the population of SNRs in the LMC. Prior to thi&,waviIM- Newtonhad
already performed many observations towards the LMC, often targeedobusly-known LMC SNRs.
To this, one must add the ambitious project of the LMC survey, proposad X81M-NewtonVery Large
Programme (VLP, PI: Frank Haberl). This comprises 70 observatiore tital exposure time of 2 Ms,
providing a contiguous coverage of the central region of the LMC.

SUPERNOVA REMNANTs (SNRS) are the imprints of stars that died in supernova (SN) explosiotiseon



1. Overview

Aims of this work

My PhD thesis is aimed at gaining new insights on SNRs, their evolution, andtdrplay with their host
galaxy (in that case, the LMC). My dissertation is the result of two distinctgmplementary approaches:

In the first one, the emphasis is put amdividual objects. In particular, new SNRs discovered
serendipitously in the large XMNNewtonsurvey of the central regions of the LMC, performed during
my PhD, are examined in detail. Together with collaborators, | led multi-waviiesigdies of sixnew
SNRs. Thanks chiefly to XMMNewtondata, | measure physical conditions of the hot plasmas, search
for SN ejecta emission, and constrain the SNR properties. Complementargtdgitical, infrared, and
radio wavelengths are used to investigate the role played by the localmmént in the current appearance
of the remnants. In addition, | analysed recent data from a monitoring éggmpéth XMM-Newtonof
SNR 1987A. It is the youngest remnant in the LMC (less than 30 yearsanid)therefore a key system to
understand the very early evolution of a remnant.

In the second approach, the sample of LMC SNRs, augmented of the fawlg-objects, is analysed
as apopulation | perform a systematic and homogeneous analysis of the X-ray spéetis&5dIRs, which
allows meaningful comparisons of objects at various evolutionary stafleanks to SNRs | can derive
chemical abundances in the hot phase of the LMC ISM, and compare trearidances measured in older
populations (globular clusters and red giant stars). | investigate theecbhon between LMC SNRs and
their local environment, characterised byfeient star formation histories (SFHs). Doing so, | devise a hew
method to tentatively type all LMC SNRs, which can then be used to retrievativeof core-collapse to
type la SN rates in the LMC. Then, via their X-ray luminosity function, | corep@NR populations in
galaxies of the Local Group (M31, M33, LMC, SMC), which hav&elient metallicities and SFHs. Finally,
| study the spatial distribution of SNRs in the LMC with respect to cool gasfstming regions, and stars.

Outlines

This dissertation is organised as follows. In a first Part, | introduce theridal and physical bases of X-ray
astronomy (Chapterdand3), before presenting in detail the LMC (Chapt®r In Chapterb, | expand the
description of SNRs and their astrophysical relevance. IP@resents the material and methods, starting
with a technical description of XMMNewtonand its X-ray instruments (Chapté). All the XMM-Newton
observations used in this thesis and the reduction of data are explicited ie€haThe analysis method
tailored to the X-ray emission of SNRs | developed and used is explainedipt€&B.

My results are given and discussed in Pidirt The X-ray evolution of SNR 1987A is the topic of
Chapterd. Multi-wavelength studies of new SNRs are the basis of Chdfitefhen, various aspects of the
population study of LMC SNRs are making up the sections of the long Chapté&inally, | summarise the
conclusions of the present thesis and present future prospects I Par AppendixA, | list the sample of
LMC SNRs | compiled for this work, and give the results of the X-ray sbetnalysis of the whole sample.
In AppendixB, | present for each SNR an X-ray image, the regions used for spanalysis, and the SFH
local to the remnant.



2. Observations of X-rays

2.1. Historical perspective and rationale for space observations

Rontgen discovered a new form of radiation that he called “X-ray#’is one of the most famous

examples of a serendipitous discovery, that is, a discovery “by chdnbi X-ray interference
could be observed, though they were believed to be a wave phenomktaorvon Laue, in 1914 at the
Ludwig-Maximilians-Universiat (LMU) of Munich, thought in 1912 that the reason why no interfeeenc
was seen was that slits in the gratings used were too large compared to thlengdvs of X-rays. He
suggested that atoms in crystals could be used as gratings with much smaliegspahe experiment by
his assistants Walter Friedrich and Paul Knipping verified his predictioosohly had they proved atoms
were real, they also demonstrated that X-rays were indeed a form ¢foefaagnetic radiation with very
short wavelengths (between108 m and~ 101 m).

This would turn out to be both the blessing and the curse of X-ray astran8mgause of their short
wavelength, X-ray photons carry large amount of energies (of ther afdkeV). They are then naturally
produced by hot, energetic, and violent phenomena in the Universger@ions of cosmic X-rays can,
and did, reveal a large number of such phenomena. On the other haags Xteract easily with atoms:
The many atoms in the atmosphere absdiitiently X-ray photons. About half of the 1 keV incident
radiation is stopped before reaching an altitude of 100 km. To observeehigigy light, it is therefore
necessary to place telescopes and detectors high above the groumgdbal®ons, sounding rockets, or
satellites. Consequently, it is not surprising that X-ray astronomy stanlgavith the dawning of the space
age.

X-ray astronomy began in 1949 with the detection of X-rays from the hoin@oof the Sun by the
group of Herbert Friedman (Naval Research Laboratory), usitegties aboard V-2 rockets evacuated from
Germany at the end of World War Il. The same group searched fosalam-X-ray sources in the 1950s,
though without success. The breakthrough came in June 1962, winehet carried improved detectors
above the atmosphere with the goal of detecting lunar X-rays. The expenrvas led by Riccardo Giacconi
of the American Science and Engineering (AS&E) company. Instead oftdejehe Moon, a strong peak
was recorded some 30° away. Upon studying several other explamatimy concluded that they had
discovered the first cosmic X-ray sourc€Giacconi et al. 196 After verification in subsequent rocket
flights (Gursky et al. 196Band the identification of a second source associated to the Crab NBlowsgdr
et al. 1964, the field underwent a very rapid growtHi(sh 1983. Progress culminated in 1970 with the
launch of “Uhuru”, the first orbiting X-ray observatory, conductingts2 % year lifespan the first all-sky
X-ray survey.

Besides the development of space technology, the success of Xtragamsy has been possible thanks
to the joint progress of X-ray optics and detectors. | introduce thosestapibe following sections.

WHILE studying electrical discharge in gas in 1895 atiburg University, Wilhelm Conrad

In his honour, X-rays are still called ‘Ghtgenstrahlung” (Bntgen radiation) in German.

2But to that | quote Louis Pasteur's words “Chance favours only thegpesl minds” (FrenchLe hasard ne favorise que les
esprits préparés;’speech in Douai, 1854).

31t turned out that the detection threshold of Friedman’s detectors, inrdwiops decade, was just above what would have been
needed to make that discovery.



2. Observations of X-rays

2.2. X-ray optics

Contrary to visible light, X-rays are not reflected but absorbed by méudaces. The design of telescopes
used in “standard” astronomy cannot be employed. Two methods weavediés measure the position of
X-ray sources andr focus X-ray light: Aperture modulation and grazing-incidence telesso

2.2.1. Aperture modulation

It is possible to spatially locate X-rays witht@mporalmodulation of the “aperture” of the instrument (i. e.
the portion of the sky exposed to the detector). One possibility is via Modaguh) occultation, where an
X-ray source is occulted as the Moon passes in front of it. One thensttmposition of the source (and
angular extent for extended sources). Another common way is (ortease collimators, such as two or
more grids of absorbing material. As the instrument scans the sky, or asllingator rotates, the signal of
a source produces a unique modulated signal that is used to recoitstpadition.

Alternatively, aspatialmodulation of the aperture is achieved by a pattern of holes (a “code”)Xarag-
absorbing mask, placed in front of a position-sensitive detector. Theigbserved distribution of intensity
is the result of the folding of the sky distribution by the modulation function ottiaed-mask. Though far
from being straightforward, the sky distribution can be reconstructéoveysing the problem.

2.2.2. Grazing-incidence optics

X-rays can be reflectedica surface in the case tiftal reflection when the incident angle is below a critical
angleig, which is typically less than 1°-2°. Using this grazing-incidence total rédies, Hans Wolter
(1952 noted that a segment of paraboloid of revolution could be used to fogags{ though no image can
be formed because of severe aberrations. He further demonstrateditigaa system with an even number
of mirrors (limited in practice to two), images could be formed. He propose@ ttwafigurations using
combinations of paraboloid, hyperboloid, and ellipsoid mirrors.

In the pioneering years of X-ray astronom@jacconi & Rossi(1960 realised that Wolter's idea,
originally developped for the purpose of X-ray microscopy, was exaetisit was needed to build X-ray
telescopes. Very importantly, they suggested to “nest” several mirraeaeasing diameter to increase
the collecting area. The design usually adopted is the so-called Woltefityeration®. X-rays are first
reflected & a paraboloid, before undergoing a second reflectibra typerboloid. Such telescopes were
first tested for solar observations in 1963 and 1965, aboard roakastl Further developments culminated
with the launch oEinsteinin 1978, the first satellite carrying an X-ray telescope@ive area of 100 cfn
at 1 keV) for extrasolar observations. This opened a new page ody{)Xastronomy.

Since then, most orbiting X-ray observatories use Wolter telescopesh Wwhaie been vastly improved
in terms of collecting area (peaking at 4260%for XMM- Newton and angular resolution (less thafi 1
for Chandrg. Coded-mask telescopes are still used for major hard X-ray obsgegs{such as Integral
andSwiff) because at higher energies the required grazing angles are vghisimrall, demanding too long
focal lengths.

2.3. X-ray detectors
Because the X-ray (photon) flux of sources is much less than at lovezgien, one is able to record

individual photons hitting the detector. An observation then consists of ef lstents Each event carries
several pieces of information : usually time of detection, energy of the ingpptietons, and eventually

“It is the only one allowing nesting.



2.3. X-ray detectors

the position on the detector. Measuring the polarisation of the X-ray phsetarelhwould be very valuable,
(e. g.Weisskopf et al. 2008Marin et al. 2013

Gaseous detectorgere the first type of instrument used. X-ray photons enter a gas-filathioer
through an entrance window. lonisation of gas atoms by the X-ray photalupes electron-ion pairs. In the
tube, an anode wire placed at high voltage accelerates and collects tinensetisually, the voltage is set
such that electrons gain enough energy to ionise more atoms, leading ge chaltiplication (avalanche).
The strength of the signal (callgulilse-height amplitudePHA) is proportional to the initial number of
electrons released by the X-ray photon, and is as such related to tigy efiéne photon. These detectors
are therefore callegroportional counters. Late-type proportional counters gained imaging capabilities by
using multi-wire grids. The charge avalanche is distributed on a limited numbered. Reading the signal
distribution on each wire allows to reconstruct the two-dimensional posititimeadvent. The best exemple
is the Position Sensitive Proportional Counters (PSPCs), two identicatdet@sed by the German mission
ROSAT, which performed the firgtnagingall-sky X-ray survey (Fig2.1).

Proportional counters have been the workhorse of X-ray astronorthyeitirst 40 years. They were
overthrown by the advent @folid state detectorsThe incoming X-ray is absorbed in a thin layer of semi-
conducting silicon. The first eletron-hole pair can be greatly amplifiedyreary free electrons are collected.
The strength of the signal then yields a measurement of the incident phwtagyevith good resolution.
Solid state detectors operate at low temperature to avoid thermal rigiisgteiris instrument Solid State
Spectrometer (SSS) was the first of its kind to be placed in orbit.

Rapid progress made possible to stack small SSS in arrays1@f pixels that are read sequentially,
providing high-resolution imaging performances. These detectors #em adnarge-coupled devices
(CCDs) and possess an extremely high quantdfitiency. The Japanese mission ASCA was the
first to utilise imaging CCD arrays. All large mission since th&h#&ndrag XMM-Newton Suzak
carry CCD cameras as prime instruments. Upcoming missions, such as AstroAkhena, will use
(micro-)calorimeters, which are active pixels cooled down below 1 K, measuring the heat piilaa o
absorbed X-ray photons. This will allow high-resolution imaging (i. e. d@persive) spectroscopy.

Ficure 2.1 — Left: One of ROSAT PSPC with filter wheel and front end electronRight: X-ray
colour image from the ROSAT all-sky survey in Galactic canates. Credit: Max-Planck-Institut
flr extraterrestrische Physikt(tp: //www.mpe.mpg.de/) and S. L. Snowden.


http://www.mpe.mpg.de/




3. The physics of X-ray astronomy

3.1. X-ray emission processes

to high-energy astronomy. There are either thermal of non-thermaégses, meaning that the

I I ERE, | summarise briefly the physical processes leading to X-ray emissionréhéiteamost relevant
emission properties are controlled (or not) by the temperatwkthe source.

3.1.1. Non-thermal processes
3.1.1. A. Synchrotron radiation from relativistic electro ns

Charged particles travelling in a magnetic fi@dre accelerated by the Lorentz force and therefore radiate.
As electrons have a much lower mass than ions, they are more easily aeckterd dominate the emission.
The distribution of energetic electrons usually follows a power law, andethd@ting synchrotron spectrum
produced by these particles is also a power law. The average photgy émeroportional taBE?, where

E is the energy of the electron. To produce appreciabitay synchrotron radiation, as in the Crab Nebula,
electrons with energies of about 10 TeV must be present.

3.1.1.B. Inverse Compton scattering

Ultra-relativistic electrons can up-scatter photons to higher energies isatoalled inverse Compton
scattering process. A photon with eneflgy can be up-scattered by an electron with a Lorentz fagtor
(: 1/+/1- (v/c 2) to an energy of/’hv. Important sources are e. g. photons from the cosmic microwave
background, which pervades all space, or quasar jets, since tt@nmreergy density is high and relativistic
particles abound.

3.1.2. Thermal processes
3.1.2. A. Black-body radiation

When matter and radiation are in thermodynamical equilibrium, the radiated wpelts a well-known
continuum, following the Planck spectrum:

2E3 1
h2c2 eE/kT — 1
whereh is the Planck constant amthe speed of light. The energy of the peak emission is only dependent

onT (Wien’s displacement law). Far > 10° K, the black-body spectrum will enter the X-ray regime. The
hot surface of white dwarfs or young (isolated) neutron stars ared@stiribed by hot black-body emission.

I(E,T) = (3.1)

3.1.2. B. Bremsstrahlung

In a plasma, electrons radiate as they are accelerated in the Coulomb filds.dFhis emisssion is called
Bremsstrahlung (German for “braking radiation”). At thermal equilibriutecttons have a Maxwellian
velocity distribution and radiate in a continuum with a well-defined spectrumyrdated only by the
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temperature and proportional Z3 ne nj g(T) (kT)Y2 e B/KT, with g the Gaunt factom; andz; the density
and charge number of the ibnBremsstrahlung is an important component of the thermal emission of hot
gas which is reviewed in Se@.3.

3.2. Absorption of X-rays

It was already said that X-rays interact easily with atoms. Let us now extile consequence of absorption
for observations of distant sources. Consider a beam of X-ray phatavelling through a slab of widthx
filled with matter (e.g. gas). Atoms in the slab have a cross-segtfoninteraction with the photons. Lég

be the intensity (x) of the beam at the positiaxawhere the photons enter the slab. The emerging radiation
has intensityl (x + dX) = 1(X) — &1, wheresl is the loss of intensity, i. e. the total number of photons which
interacted with atoms in the slab. Therefate= o n dx I(x), n being the number density of atoms. One
can then writd (x + dx) — I(X) = —o-n dx I(x) or;

di(x)
109

which givesl (x) = loe"?"X. X-rays are exponentially absorbed when travelling through matter.

In astronomy, light is absorbed by all the matter integrated along the line dftsigérds the source, such
that one replacesx by Ny, the number density in a 1-énsolumn between the observer and the source. In
addition, the cross-section is a strong function of the atom charge nurdoat energ)e of the photon.o
varies asZ3E~3, which means thati) heavier elements have much greater cross-sections than H, but with
low abundances, so hydrogen is still the most absorbing species inragitgd settingsiji) for a given
elemento decreases with increasing photon energy. However, as the enaxgmés sfficient to knock-
out one of the more tightly bound electron, there is an abrupt rise of tlss-sextion, causingbsorption
edges

—o ndx (3.2)

3.3. X-ray emission of hot plasmas

In many astrophysical situations where hbt$ 10° K) plasmas are found, theronal approximatiorcan
be used: the plasma is ionised, has a low density¢ 10® cm™3), and is therefore optically thin to its
own radiation. The emission spectrum of the plasma, thermal in nature, czaslihe calculated since no
radiation transfer models are needed. Such plasmas are ubiquitous intkesgnfrom the coronae of cool
stars (like our Sun) to galaxy clusters. More importantly for this work, tis¢ wejority of SNR emission is
that of a hot, optically thin plasma.

3.3.1. Continuum emission

The source of continuum predominantly seen in hot plasmas is Bremssgd(ffilee-free emission). Its
nature has been introduced in S&L Here, however, one has to account for the many ion species present.
Assuming again a Maxwellian distribution for the electrons, the emissivity of thenm is (e. gVink
2012

257eb 2n 12 12 —E
= — | — N —E/KTe . 2
(BT = S (o) T T 30z @3

where the sun}}; is done over all ions present, which is function of the temperature, ionisatte sand
composition of the plasmaMetal-rich plasmas have higher emissivity, due to ﬂfefactor, and because
ionised metals contribute more free electrons than H and He.

10



3.3. X-ray emission of hot plasmas

Free-bound emission is also present. It arises when an electron collitheanion and recombines on
one of the atomic shells. This produces a so-caldatiative recombination continuu®RRC). The energy
of the emitted photon is the sum of the electron kinetic energy and the ionisatientipb of the level it
recombines on. Since the kinetic energy is not quantised this radiation isiauron, which however shows
a sharp edge near the series limit and then declines (exponentially) witasimgesnergy above the edge
(e.g.Liedahl 1999.

Another source of continuum emission is the two-photon process. Eledtrd+ and He-like ions are
excited to the metastablesZevel. Because of selection rules, the électrons cannot decay by a single-
photon transition. Instead, it can decay by the simultaneous emission of ntonshthat share the total
energy of the transition (hence the spectrum is a continuum). Collisionekdtation is possible (and
dominant) only in high density cases, unsuited to astrophysical plasmas.

3.3.2. Line emission

The line emission of hot plasmas originates in collisional excitation of ions leyefiextrons. The ion is left
in an excited state and quickly relaxes to its ground state by emitting photon(gihgahe energy of the
transition(s). In the coronal approximatioi):ions are assumed to be in the ground stétdpns do not
de-excite collisionally (the density is too low), ani the emitted photons leave the optically thin system
unafected. The volume emissivity of a particular line transition (leveb levelb) in an ionZ*' is written :

P;?i =NeNH az Fiz Sgi Bab (3.4)

with az the abundance relative to H of eIemeT.’nﬂhndFiZ the ionic fraction of the ioZ*'. By is the radiative
branching ratio of transitioa — b, andsg"i‘i is the electron excitation rate of iat' from ground state to
level a, that is integrated over the electron Maxwellian velocity distribution. To obtarathual spectrum,
one needs to calculate the line flux of all possible transiftomfseach ion of each element present in the
plasma, for a given set of parameters, essentially temperature andaabasd These parameters are set
externally and are not part of the model. The calculations are perforgngldéma emission codes. Popular
codes are for instance Mekal (which stands for MEwe-KAastra-ltiedi@we & Gronenschild 198 Mewe

et al. 1985 Kaastra & Mewe 1993Liedahl et al. 199por the Astrophysical Plasma Emission Code (APEC
Smith et al. 2001Foster et al. 2012

Another process causing line emissiorilimresence This designates the radiative adjustment of an ion
from which an electron is removed from timer shell(e. g. from the K-shell, whilst L- and M-shells are
still filled). The probability of having radiative transition in the case of inslegll ionisatiorf is called
the fluoresence yield. It increases with higher nuclear chardmeing particularly large~ 34%) for iron
(Bambynek et al. 1972 The energy of the transition is also a function of the ionisation state, as tfee mo
numerous outer-shell electrons of near-neutral ions reducefdmtiee charge of the nucleus. For instance
in the case of Fe, theKline energy is~ 6.4 keV for Fe ll—Fe XVII and then slowly rises to 6.7 keV for
Fe XVII—Fe XXV.

The composite (continuum line) spectrum of a hot plasma allows us to measure the physical conditions
of the plasma. The temperature can be obtained from the shape of the comtamd the particular lines
present, whilst the strength of the lines of an element relative to the contioutorines of other elements
reveals the composition of the plasma.

3.3.3. Non-equilibrium ionisation and plasma diagnostic

So far it was assumed that the ionisation state of the plasma (i. e. the ionicrirﬁiz‘tfor each ioni of all
elementz) is known, allowing the continuusdine spectrum to be calculated. At the so-called collisional

Smore than tens of thousands in modern emission codes.
8Non-radiative de-excitations are called Auger transitions.
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ionisation equilibrium (CIE), the ionic fraction can be completely determinedrastibn of the temperature
Te and atomic physics (i. e. with the rates of ionisation and recombination by aiemitlision, Arnaud &
Rothenflug 198p For instance, Fe XVII (Ne-like) is the dominating ion for temperatures eetw2.5 MK
and 8 MK (0.2 keV — 0.7 keV), whilst at higher temperature (16 MK — 80 MK1@ keV — 7 keV), iron is
mostly in the He-like form Fe XXV Arnaud & Raymond 199
lonisations occur through collisions with electrons. The ionisation balaepentls critically on the
electron densityle. In extremely low-density plasma, collisions are rare. There are longgibktyveen a
thermodynamic event and the establishment of ionisation equilibrium : elemené&sationised than at CIE
for a given temperature. This is particularly true for the X-ray emitting plasmated by supernova shocks
(see SecB.4), which are often out of CIE.
The ionisation balance time evolution for a given element of charge nuhisge. g.Liedahl 1999:
dF
4t = Nel@i-1(Te) Fier = (ai(Te) + R-1(Te) ) Fi + Ri(Te) Fisa] (3.5)
whereF; is the ionic fraction of théth ion ( = 1, neutralj = 2, singly ionised;...i = Z + 1, fully ionised),
ai(Te) is the collisional ionisation ratBom statei to i + 1, andR; is the recombination ratieom i + 1 to
i. Equation8.5) is valid only if multiple ionisations can be neglected. For each element thereeisd s
Z + 1 coupled equations. Instead of direct numerical integration, most apecttes use the fast approach
of Masai(1984) andHughes & Helfand1985. The ¢+ 1) version of eq.3.5) are rewritten in matrix form :
dF _ Ne A(Te) F (3.6)
dt
whereF is the ¢ + 1) vector containing the ionic fractions a®dT ) is the tridiagonal matrix formed with
the ratesy; andR;. After the eigen-values and vectors are known, one can solve thepledcequations :

dF’
dt

where is the diagonal matrix containing the eigenvalues Bhd= V-1 F, with V-1 the inverse matrix
formed from the eigenvectors.

3.4. Shock waves in the interstellar medium

| have presented some of the emission processes occuring in hot (multi-m#gpeest) plasmas, without
discussing what heating sources could produce such plasmas. Ggikl@osute is viashock-heating
where (part of) the kinetic energy of shock waves is transformed imidleenergy. It is the predominant
energy input process in supernova remnants and therefore mostmeiethis work.

The ISM obeys the magneto-hydrodynamic (MHD) equations that goverawblution of mass, energy,
pressure, etc... Stellar winds or supernova ejecta reach velocitiedy(pireaxcess of 1000 k¢, which is
much larger than the ISM sound speed (about 10 Knies the difuse phase). Upon impacting the ambient
ISM they will drive a shock into it that will propagate ahead. The intersteléaris highly perturbed at the
shock front, and physical values (density, velocity, pressure) phaysicaldiscontinuitiesat the interface
between the shocked and unshocked gas. The properties of the gshuml the shock can be obtained
by the fluid equations applied in the shock frame (travelling at velogiip the ISM frame). We note the
density, velocity, and pressure ahead of the shock (“upstrean’), &g pi, respectively, and those behind
the shock (“downstream”) as, vo, p2. We further assume that the pressure is onlyttieemal pressure
of the gas (i. e. we neglect the magnetic field and cosmic-ray contributidvis)can then write the jump
conditions :

p1vV1 —p2Vv2 =0 (3.8)
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3.5. Accretion power

(p1v] + P1) = (025 + P2) = 0 (3.9)

ot ) bl e o

wherey is the ratio of specific heatgy(= 5/3 in an ideal monoatomic gas or non-relativistic fully
ionised plasma). When the Mach number iffisiently high (s > csound One can use thetrong shock
approximation The pre-shock pressure is neglect®g & 0). The upstream velocity is simply = —vg
and one replacgs with the ambient mass denspy. Equations 8.8), (3.9), and @.10 are recasted to form
the Rankine-Hugoniot relatiorns

1 _
vo= X"y 72 025y (3.11)
v+1
v+ 1 y=5/3
p2="—=po "= 4po (3.12)
vy-1
2 =5/3
P, = — V2 727 0,75 pgV2 3.13
2 v+ 1,00 s POV ( )

The temperature in the shocked region is obtained from the ideal gaB lawp/u)kT with u the mean
particle mass. E.qg. in a fully ionised plasma with/He= 0.1 (by number) there will be one proton
(massmyp), 0.1 helium nucleus (mass>mg) and 1+ 0.1 x 2 electrons (negligible mass). Therefare
is (14/2.3)m, ~ 0.61 mp. Using egs.§.12 and @.13 gives the temperature :

_20-1) V2 y=5/3 3 V2

KTs = > 14
T = 1.39x 107(L)2 -1 19(L)2 keV (3.15)
ST 1000 km s1 ~ 7771000 km st '

3.5. Accretion power

An efficient way of producing energy to power X-ray sources isdhberetion of matter onto compact
objects. A unit mass of gas falling from infinity onto a (compact) object with nhvgand radiuRy will
gain a kinetic energyGMx)/Rx. If most of this energy is converted to heat and radiated away, then the
accretion luminosity is:

GMMy

Rx

with M = dM/dt the mass accretion rate. Neutron stars and black holes are simultaneousiyerand
small. Consequently, accretion luminosity is large as can be easily showpimssing_,cc in terms of the
fraction of mass rest energy converted in radiation :

(3.16)

Lacc =

_ GMy
- Rx c2

Lacc=7 Mc? n (3.17)

The dficiencyn is between 0.1 and 0.5 for typical neutron stars and black holes. Thisecemniypared to
nuclear fusion, where only 0.7 % of the rest energy is released. #atie undeniably anfécient process.

It was first suggested as a power source for quasars or newlgvdisa “X-ray stars” in the 1960s by
Zel'dovich (1964 andSalpeter(1964). The accreted matter can be provided by a mass-losing companion
in a binary system. Only a small accretion rate oféLBlg yr—! is required to power luminosities of about
10°8 erg s'1, close to the maximum luminosity of Galactic X-ray sources.
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4. The Large Magellanic Cloud from an
observational point of view

4.1. The LMC as a galaxy

4.1.1. Historical perspective

the southern hemisphere for thousands of years. Their first written merdio be found in the

masterpiece “Book of fixed stars” by the Persian astronomer Al Sufi@8B3AD). He reports an
object he called “Al Bakr”, the White Ox, of the southern Arabs (it is onilsible from the southernmost
latitudes of Arabia), now identified as the LMC. The two Clouds were knowant used by navigators
to locate the South pole. In particular, they are depicted by the Venetiatasérionio Pigafetta, in his
account Lord Stanley of Alderley 1874. 66) of the first circumnavigation of the globe (1519-1522) by the
Portugese Fe&o de Magalkes (Ferdinand Magellan). The term “Magellanic” was attributed to the Gloud
in his honour, albeit much later.

The first observations with modern telescopes were performed at thef ¢nel XIX™ century with the
establishment of the Lick and Harvard Observatory southern stations.oDifne most important results
was the discovery by Henrietta Leavit908 of many variable stars in the MCs, which allowed her and
Pickering 912 to establish the period-luminosity (PL) relation for Cepheids, the first méareasuring
extragalactic distances. Fast-forwarding in time, the MCs have alwapsapdmportant target across all the
electromagnetic spectrum. For instance, the first extragalactic H | emissgfourad in the MCsRawsey
1959. Huge progress ensued the installation of ever larger telescopeg feodithern sky since the 1950s-
1960s, now able to resolve all the stellar content of the Clouds. Lasoblgast, the LMC fered in 1987
the nearest supernova since Kepler’s (in 1604), providing astramsonith a bonanza of results.

EASILY visiBLE With the unaided eye, the Magellanic Clouds were known (under other pames

4.1.2. Properties and structure of the LMC

The LMC is the nearest irregular dwarf galaxy to our Milky Way. The é&xaeaning of “nearest” is
intensively discussed, because the distance to the LMC (in terms of distarthdusy = (m— M)g ) is
critical for the establishment of an accurate extragalactic distance ldddeed, more distant galaxies are
measured relative to the LMC. Historically, a large scatter was found, fiaported between 18.1 mag and
18.8 mag (for a comprehensive review of pre-1995 resultsVgesterlund 1997Chap. 1). TheHubble
Space Telescop@HST) Key Project to measure the Hubble constafateédman et al. 20QJadopted a
“canonical” value ofu = 1850 mag, close to the unweighted mean of previously-published values. The
most accurate measurement of the distance to the LMC (at the time of the writimg tiesis) is based on
late-type eclipsing-binary systemPBietrzyhski et al.(2013 reportu = 18493+ 0.008stat) + 0.047syst) (OF

D = 4997 (+ 0.19stan+ 1.1Lsyst) kpc, an impressive 2.2 % accuracy). Distance measurements published
after the results dfreedman et a{2001) cluster tightly around the “canonical” value, which prompted some
concern of “publication bias"§chaefer 2008013. de Grijs et al(2014) criticised this claim and attribute

it to other reasons (e. g. correlated methods and non-independertdesples). At any rate, for the sake

of simplicity and in agreement witRietrzyaski et al.(2013, the distance to the LMC of D = 50 kpc is
assumed throughout all the Thesis.
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4. The Large Magellanic Cloud from an observational point of view

The main structure of the LMC is a disc of stars and gas with an extent of up to As the distance,
measurements of the orientation of the disc , i. e. inclinatibmith 0 ° defined as face-on) and position
angle of line of node® (the intersection of the disc and sky planes, measured eastwards of, Boeth
widely scattered but are in the range 25i°< 40 ° and 120 € ® < 155 ° Westerlund 1997Subramanian
& Subramaniam 2013van der Marel & Kallivayalil 201% The north-eastern side of the LMC is closer
than the south-western side, leading to magnitude variations as functiorsitibpangle (with peak-to-
peak amplitude of 0.25 mag,van der Marel & Cioni 200l The thickness of the LMC disc is similar to
that of thethick disc of the Milky Way gan der Marel et al. 20Q2with a depth of 2.4 — 4.0 kpc, possibly
decreasing from north to soutBiibramanian & Subramaniam 2009 he three-dimensional rotation field
of the LMC around its systemic line-of-sight velocity of 264 2.2 km s is presented inan der Marel &
Kallivayalil (2014). They derived a mass within a 8.7 kpc radieslQ °) of (1.7 + 0.7) x 10'° Mg,

An important sub-structure of the LMC is the Bar, covering about31°° at a position angle 120 °
(eastwards of north). The Bar is not a structure seen in HI, nordnndr in mid-infrared emission; it
is traced by the stars, both in young and intermediate-age populatienga(couleurs & Freeman 1972
van der Marel 2001respectively). Furthermore, the photometric centre of the Baffsgibby more than
1 kpc away from the dynamical centre of the H|I disc, a feature that candoeed by tidal interactions
with the SMC Bekki 2009 Besla et al. 2012 The Bar might also be on the near side of the LMC,
“floating” ~ 0.5 kpc to 5 kpc above the plane of the disc, as evidenced from NIR stait coaps and
distances to Cepheids, red clump, and RR Lyrae skEraq & Evans 2000Nikolaev et al. 2004Koerwer
2009 Haschke et al. 2032 This interpretation is challenged by red clump stars distance measureshents
Subramaniam & Subramanig®009 andSubramanian & Subramaniaf2013. Zaritsky (2004 proposed
an alternative model, where the Bar is a stellar bulge (withaale height of 2.5-3 kpc) whose south-eastern
part is obscured by the disc. Consequently, the photometric centfiset Gn the plane of the sky), and
distance measurement are biased to stars in the near side of the bulgdly tdwieh upon these issues in
Sectll.6

4.1.3. Star formation history

The first studies of the LMC'’s stellar content in the 1960s suggestetkaatit star formation history (SFH)
than for the Milky Way Hodge 19601961). Most of the early studies used age-dating of LMC clusters.
The most striking feature they revealed was the “Age Gap”, i. e. the lackisters between ages of5 Gyr
and~ 12 Gyr (e.gDa Costa 1991 Studies ofield starpopulations (e. g. wittHST, Holtzman et al. 1999
Smecker-Hane et al. 20PPeveal essentially the same results, i. e. a dearth of star formation beaneen
initial burst (= 12 Gyr) and a second episode 4-5 Gyr ago.

The first truly global analysis of the LMC’s SFH was conductedHzyrris & Zaritsky (2009. They
used the results from thdifBV | photometric survey (MCPJaritsky et al. 2004see Sec#.2) to perform
colour-magnitude diagram fitting. They obtained a reconstruction of théastaation rate (SFR, iMg
yr~1) in 13 time bins and four metallicity bins, for 1380 cells, most of them having acfiZ& x 12.
Although poorly sensitive to old ages because the survey does nbttteamain-sequence turfigMSTO)
in the crowded field$, the SFH obtained is extremely useful to study the recent and intermedmtsisag
formation episodes, and to compare the integrated SFH of small- and medilemeggians.

The SFH integrated over the whole LMC is shown in Big. The main features arei) the
aforementionned “Age Gap” between5 Gyr and~ 12 Gyr: ii) the resumption of star formation 5 Gyr
ago, plausibly associated to a merger or interaction with the SMC, as the latibite®®a “simultaneous”
resumption of star formatiorHarris & Zaritsky 2004 2009; andiii) episodes of enhanced star formation
at 12 Myr, 100 Myr, 500 Myr, and 2 Gyr ago. The SFH is highly non-anii. Harris & Zaritsky (2009
examine the SFH of several large substructures of the galaxy. Mostiyjotary prominent peaks of recent

’in the Bar the old ¥, 4 Gyr) SFH is constrained to match that obtained WABIT.
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4.2. Multi-wavelength observations of the LMC
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(< 30 Myr) star formation are seen in the giant H Il region 30 Doradus andirstellation Ill, an enigmatic
region with an arc of thousands of young bright stars and star clustdredzled in the supergiant shell
LMC 4 (see also analysis iHarris & Zaritsky 2008. The stellar Bar shows activity peaks at 100 Myr,
500 Myr, and 5 Gyr ago. Although it is fiicult to strictly define the Bar population, it appears that the Bar
has been an integral part of the LMC for a large fraction of its history.

Other attempts at a reconstruction of the spatially-resolved SFH of the LM@mthat undertaken with
the VMC survey, a deep near-infraredJKs) survey of the Magellanic system with the VISTA telescope
(Cioni etal. 201). The survey’s depth reaches the oldest MSTO, allowing a reliablendigi@tion of the old
history. At the time of the writing, only the very first regions of the surveyehaeen analysed{ibele et al.
2012. Results regarding the strongest peaks &t Gyr and~ 12 Gyr ago are consistent with the MCPS-
based SFH and interpreted as record of past (Milky Way-)LMC-SMQaet®ns. An archival study of
all deepHST pointings to both Magellanic Clouds to compare their joint SFH is presentédébinz et al.
(2013.

4.2. Multi-wavelength observations of the LMC

The LMC is probably one of the best-studied galaxies over all the electrmgtiagpectrum. | list here the
recent surveys from radio tarays, focusing on those | used in this thesis for the multi-wavelength sfudy o
sources. The X-ray observations are detailed in 3egt.

Radio: The neutral hydrogen (B content and structure of the LMC has been studied (at 21 cm) by
Staveley-Smith et a[2003 andKim et al. (2003. The former used data from the 64-m single-dish Parkes
radio-telescope, sensitive to large-scale structures (200 pc to 10Kpey show the distribution of Hin

a well-defined disc and three “arms” interpreted as tidal features. &@eaveholes (the largest ones) are
associated to supergiant shells (SGS). The totahiss derived is.8 (+0.2)x 10®Mg. In Kim et al. (2003,

the Parkes data are merged with data from the Australia Telescope Compac{ATCA) interferometer,
which provides a view of the smaller structures (15 pc to 500 pc). Thetiresmaps (in terms of peak
surface brightness or column density) reveal the clumpiness of thdidttibution, or in their words, “the
filamentary, bubbly, and flocculent structures of the ISM in the LMC”.
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4. The Large Magellanic Cloud from an observational point of view

Surveys at radio-continuum frequencies reveal radio-emitters withi@ldwedsand background sources
(much like in X-rays). Combined with the spectral information obtained from nfr@tjuency observations,
one can classify radio-continuum sources in the direction of the LM@ovic et al. 1999 as either)
thermal sources, e. g.idregions in the Cloudsi) non-thermal sources, like the synchrotron radiation from
supernova remnants; aijdbackground quasars and galaxies. A catalogue of almost 500 raafiowoam
sources in the LMC, at five frequencies from 1.40 GHz to 8.55 GHz (ubmarks telescope) is presented
in Filipovic et al. (1995 1999. Finally, the molecular content of the LMC is assessed by~ti80 ded
survey with the NANTEN telescope in théCO (J = 1 - 0) line (Fukui et al. 200%

Mid- and far-infrared:  During the SAGE surveyMeixner et al. 2008 the Spitzer Space Telescope
observed a 7x 7° area in the LMC with the Infrared Array Camera (IRAEazio et al. 200%in its 3.6,
4.5, 5.8, and &m bands, and with the Multiband Imaging Photometer (MIR®&ke et al. 2004in its 24,
70, and 16Q:m bands. The observations revealed the distribution and propertiesaiishehe population
of young stellar objects, and evolved stars.

Ground-based near-infrared and optical surveys: The LMC field is obviously included in the Two
Micron All Sky Survey (2MASSSkrutskie et al. 2006extended by the 6X2MASS) which providdHKg
photometry. The VMC surveydjoni et al. 201) will provide the largest, deepest LMC survey in NIR. The
Magellanic Clouds Photometric Surve¥dritsky et al. 2004MCPS,) feature$) BV photometry for 24
million stars in the centrat 64 ded of the LMC, down toV ~ 20— 21 mag (depending on crowding). The
Optical Gravitational Lensing Experiment (OGLE) is a long-term monitorirgesuof LMC stars using a
telescope based at Las Campanas, Chile (ddalski et al. 2008 More than 20 million stars haveband
light curves spanning up to 20 years, with an almost daily sampling andionefg-band data.

Emission line surveys: Most of the nomenclature of optical nebulosities (in particularidgions and
optically-bright SNRs) is due to the early photographie stirveys byHenize(1956 andDavies, Elliott,
& Meaburn(1976. More recently, the Magellanic Clouds Emission Line Survey (MCEL§,Smith et al.
2000 was carried out at the Cerro Tololo Inter-American Observatory G Tlt is a spatially complete,
flux-limited survey with the 0,8.9 m Curtis Schmidt telescope from the University of Michigan.°A«&8°
region centred on the LMC was imaged with three narrow-band filten§[8716,6731 A, k 8, and
[Om]15007 A. Observations with green and red broad-band filters centrgi3@ A and 6850 A were
obtained to subtract stellar continua. The pixel size of the mosaiced datxig2

Ultraviolet:  Only a few UV observations of the LMC are available, with the notable exaemtidhe
survey performed with th&wifts UltravioleyOptical Telescope (UVOT). 2200 pointings in three UV
filters, from 1600 A to 3300 A, were assembled in an image showing the regimmd the Bar and
30 Doradus, with an angular resolution of 2.5 The UV mosaic reveals the distribution of the young
hot stars.

Gamma rays: Very high energy emission from the LMC was first detected with the Ener@atioma
Ray Experiment Telescope (EGRET) aboard @mmpton Gamma Ray Observatqigreekumar et al.
1992. It remains the only normal galaxy detected in high-energsys. Observations with tHeermiLarge
Area Telescope (LAT) enable to characterise the LMC spectrum in the &V1-G20 GeV rangeAbdo
et al. 2010. Despite the very limited spatial resolution BErmi/LAT, it appears that the-ray emission
does not follow the LMC gas distribution but is better correlated with massarefegrming regions (e. g.

8All the Ha filters used in the mentionned surveys include the][hi6548, 6584 A doublet in their bandpass.
9PI: S. Immler, se@ttp://www.nasa.gov/mission_pages/swift/bursts/magellanic-uv.html

18


http://www.nasa.gov/mission_pages/swift/bursts/magellanic-uv.html

4.3. The LMC in X-rays

30 Doradus). This is taken as evidence forthmy emission originating in cosmic-ray interactions with the
ISM and radiation field. Finally<omin et al.(2012 report early results from the High Energy Stereoscopic
System (H.E.S.S.) collaboration, including the detection (above tivdel@l) of TeV emission attributed to
PSR J0537-6910 inside the pulsar-wind nebula N157B, the non-deteft®dR 1987A, and the absence
of TeV emission from 30 Doradus.

4.3. The LMC in X-rays

4.3.1. Previous X-ray observations

X-ray emission from the LMC was first detected in 1968 in the heyday dfatoastronomy Nlark et al.
1969, at a total luminosity of #10°® erg s. Price et al.(1971) confirmed this result, identifying two
source regions, one of them close to 30 Doradus. With the scans ofilUteong et al.(1971) revealed
three permanent X-ray sources (LMC X-1, LMC X-2, and LMC X-3dane possible variable source,
later confirmed as LMC X-4Giacconi et al. 1972 Many missions followed@opernicus SAS 3, Ariel V,
HEAO-1) to re-observe these sources and reveal two more, LMC 6d3.81C X-6. McKee et al.(1980
reported soft X-ray sources in the Bar region and associated theédsigtith the SNR N132EP.

The first dedicated survey with an imaging instrument was conductéaiby et al.(1981). A hundred
pointings withEinsteiris Imaging Proportional Counter (IPC) revealed 97 sources, includirigast 25
SNRs. A re-analysis of the same datang et al. 199l increased the number of sources to 105 and
revealed large scale filise emission, attributed to hot ISM €L& - 107 K). In the 1990s, ROSAT was
the instrument of choice to survey the Clouds. The analysis of ROSAT AllStkvey (RASS) data and
early pointed observations in the LMC fields were presentdeiétsch & Kahabkg1993. After the end
of the missionHaberl & PietscH{1999a hereafteHP99 analysed more than 200 ROSAT PSPC pointings
towards the LMC (Fig4.2) to derive the largest catalogue (758 objects) of LMC X-ray sourcdat@. The
hot ISM was studied with this dataset 8asaki et al(2002. The analysis of time variability for objects
covered by multiple PSPC observations is presentédginerl & Pietsch(19991. Finally, a similar work
(catalogue and variability study), but using the High Resolution Imager)bffROSAT was conducted by
Sasaki, Haberl, & Pietscf2000).

4.3.2. X-ray sources from the LMC region

Observing the LMC, one can detect X-rays in many “flavours”. Varigpss of objects, not only within the
LMC, but also in the fore- and background, contribute to the total emistidhe Section below, | present
the possible sources most relevant to this work. The particular cas@efrgwa remnants is presented in
more details in Sech.

4.3.2.A. Interlopers

Foreground non-degenerate stars: Stars of virtually all spectral types and luminosity classes have
been found to be X-ray emitter¥diana et al. 1981Huensch et al. 19983). In hot, early-type stars, the
X-ray production mechanism is thought to be shocks formed in the instabilftibe strong stellar winds.
The X-ray luminosity is about 10 times the bolometric luminositizy, i.e. Ly < 102 erg s, and is
approximately constant.

In late-type stars, magnetic reconnection and instabilities in the outer camveotie (which is at %
10° K - 10* K) heat the corona to very high temperature(0 107 K), producing thermal X-ray emission.
The X-ray luminosity scales with rotation velocitPdllavicini et al. 198), most likely because rotation

1%their source A can obviously be identified as SNR B0539.0, a bright SNR confirmed witBinstein(Long et al. 1981 and
detected in radio only lateMathewson et al. 1983

19



4. The Large Magellanic Cloud from an observational point of view
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Ficure 4.2 — X-ray colour images
combining all ROSAT PSPC point-
ings towards the LMC. (Unpublished
image prepared by Drs. Frank Haberl
and Wolfgang Pietsch, using data
described irHP99)

drives the dynamo producing the magnetic field. For rotation period lessfitleadays, stars are in the
“saturation limit” (Pizzolato et al. 2003with Lx /Ly ~ 1073. F- to M-type stars are thus relatively stronger
X-ray emitters than early-type stars.

At the high Galactic latitudes of the LM® from —35° to —30°), foreground stars detected in the field are
likely to be late-type stars. Those are detected as point sources with Eswigpspectrum, low absorption,
and often variability on timescales of hours. Since these objects are néagbyptical counterparts are
usually bright and easily identified. The large proper motions of nearfgctsbis another tell-tale sign of
their foreground nature.

Background active galactic nuclei: Active Galactic Nuclei (AGN) are bright X-ray sources at
cosmological distances. Their emission is powered by accretion ontonsagsve black holes (SMBHs,
M ~ 10° — 10'° M) that lie at the centre of all massive galaxies. AGN form a very broad dbsbjects,
whose properties are very diverse at all wavelengths: radio-logdiet, broad or narrow optical emission
lines, late- and early-type host galaxies, etc...

The so-called “Unified model” postulates that the various types of AGNimniéas objects simply viewed
at different orientation angles to our line of sight (see éJgy & Padovani 1995for a review). In this
model, all AGN have a luminous accretion disc surrounding the central Wlakk orbited by clouds
producing emission lines. A dusty “torus” in the equatorial plane can obdmwad-line emission and
light from the accretion disc in the transverse line of sight. A jet is launch#dtedase of the disc and can
be observed from radio to X-rays.

In X-rays, AGN appear as hard sources with a power-law spectrune oblerved spectral index is
typicallyT" ~ 1.7 (Turner & Pounds 1989 With higher spectral resolution, one can explain the AGN spectra
as a softer intrinsic power lar' (~ 1.9-2.0) reflected € the disc, producing a prominent Fe K fluorescence
line (Nandra & Pounds 1994 The intrinsic power-law spectrum originates in thermal Comptonisation of
UV radiation from the accretion disc by hot electrons in a “corona” alibeedisc Sunyaev & Titarchuk
1980 Zdziarski et al. 200D

The vast majority of X-ray point sources out of the Galactic plane are AG@M contamination by
background objects in the observed point source population of ngathyies is significant to high (e. g.
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in M31 and the SMCStiele et al. 2011Sturm et al. 2013respectively). Owing to its very high extent on
the sky, the AGN contamination is even worse in the LMC. Judging by the sal#asity of theChandra
Deep Field South (CDF-8auer et al. 200pat a flux limit of ~ 7x1071° ergcnt?s™t (or luminosity
of 2x10%* erg s in the LMC), which is about 200 ded, one expects 3000 to 4000 AGN in the fields
covered with XMMNewton To identify intrinsic LMC sources is akin to “separate the wheat from the
chat”. AGN behind the LMC are however a valuable sample : Because theyistent] they have fixed
positions on the sky. They are thus excellent reference objects faestatiproper motions of the LMC
(Piatek et al. 2008Cioni et al. 20132014, or to correct the boresight of XMNNewtonobservations,
reducing positional uncertainties (e.\yatson et al. 2009Sturm 2012. Bright AGN also allow to probe
the ISM in the LMC, since their light is absorbed by the foreground gal&ahébka et al. 20QHaberl

et al. 200). At other wavelengths, AGN behind the LMC can be separated frora giaitheir distinctive
colours angbr association to radio sourceKoztowski & Kochanek(2009 selected a sample of 4700
AGN candidates from mid-IR photometry, optical variability, and X-ray emisgfoom ROSAT). They
later performed spectroscopy of 2248 of the candidates~n3® ded field and confirmed 565 as AGN
(Koztowski et al. 20122013.

Clusters of Galaxies:  Clusters of galaxies are the largest virialised structures in the Univdisey
consist of hundreds to thousands of galaxies, which, although domintaérgptical brightness of clusters,
constitute only 2 % of the mass. The bulk mass of cluster81 %) is made of dark matter which builds
the large gravity potential in which galaxies and the remaining part, the intsteclmedium (ICM), fall.
During gravitational collapse, compression and shocks heat the ICMydigh temperature. Clusters of
galaxies appear as extended X-ray sources, the hot ICM filling the &edween the galaxies and radiating
as an optically thin thermal plasma (for a general discussion seResgti et al. 2002Bohringer & Werner
2010.

The temperatures of the plasma range from 2 keV to 10 keV. The relatiasdytiray emission of clusters
makes them insensitive to the moderate absorption column densities in most LMK {@nsequently,
clusters of galaxies behind the LMC can easily be detected with XNeAon much like they are found
behind the SMCHaberl et al. 2012b They are identified by) their extentji) their temperature markedly
hotter than other extended sources (SNRs, superbubbles, hotd8Mi) the lack of associated extended
emission in optical (e. g. &)).

4.3.2.B. Sources in the LMC

X-ray binaries:  The nature of the first X-ray sources discovered was mysterious ubticime clear,
from the study of their optical companions, that most of the objects wereybgyatems. Furthermore,
identification of rapid pulsations and mass measurements of the X-ray ssiatdished that the compact
object in these systems was a neutron star (NS) or a black hole (BHgtiagcmatter from a stellar
companion. This is the very general definition of an X-ray binary (XRByiefly discuss these objects, as
they are such an important class: They dominate (by humber and luminosity}rdneoutput of normal
galaxies Fabbiano 2008 they are tracers of star formatio@iimm et al. 2008 and they are ideal probes
for many astrophysical problems (accretion, supra-nuclear densitéS,igeneral relativity around BH).

X-ray binaries are broadly classified according to the ritygss of their companions. In low-mass X-ray
binaries (LMXBs), the compact object orbits a late-type (A to M), low-m&ss4 Mg) donor star which
fills its Roche lobe. Matter is transferred to the compact object through tke limgrangian point, accreting
in an X-ray bright disc. Because of the nature of the companion, LMXBdamg-lived systems, found in
old stellar populations. The number of LMXB in a galaxy scales with its stellar mawsthe SMC, no
LMXBs are known so farCoe et al. 201)) whilst only LMC X-2 is established as a LMXB in the Large
Cloud (Pakull 1978 Bonnet-Bidaud et al. 1989
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4. The Large Magellanic Cloud from an observational point of view

In contrast, high-mass X-ray binaries (HMXBs) have early-type (O od@hor stars and are therefore
short-lived systems, associated to star forming regions. They arerfagparated in two major sub-classes.
Systems with early-typsupergiant(luminosity class I-1I) companions are (appropriately) called supergiant
X-ray binaries (SgXRBs). There, the NS or BH ploughs through thengtstellar wind of the supergiant,
which is dense enough to power X-ray emission once the material accnétethe compact object. In rare
cases, mass transfer occurs via Roche-lobe overflow. Such splikeeSMC X-1 or LMC X-1, are bright
(~10%" erg s — 10°8 erg s1) andpermanenixX-ray sources.

Be/X-ray binaries (hereafter Be XRBs) are the second major sub-clagsaf binaries. In these systems,
a compact object accretes material from a normal companion star. Thealogtienterparts are non-
supergiant, emission-line stars, which have spectral classes later thandO&arlier than B9, with the
bulk of the population concentrated around BO—Bb¢ et al. 2005 Classical OBe stars are rapid rotators
surrounded by an equatorial disc of circumstellar material. The disc emits thiedly the Balmer and
Paschen series of hydrogen, but also a few He and Fe lines. Anedfexcess is also produced by the
equatorial disc (for a recent review, see &gig 201).

In the vast majority of BeXRBs, the compact object is a NS. There is onlgonfrmed black holiBe X-
ray binary so farCasares et al. 201#unar-Adrover et al. 2014 which is explained either because e
systems are hard to find (long quiescent stafdmng et al. 2000 or are rarely formedRelczynski &
Ziolkowski 2009. Binary evolution models also predict a higher number of white dwarf (\B®¥ystems
than N$Be (Raguzova 200} but very few are known. They can either emit hard X-ray emission as in
NS/Be, but at a much lower luminosityCas-like objectsHaberl 1995 Lopes de Oliveira et al. 20Q6or
very soft emission if stable nuclear burning occurs on the WD (see aeagpaph). The first such supersoft
WD/Be X-ray binary was found in the LMK@habka et al. 2006 A similar system was discovered in the
SMC (Sturm et al. 2012a The remainder of the discussion present the phenomenology /&eX&Bs,
which are the most common.

The NS in a BeXRB is usually in a wide orbit with a significant eccentricity (otp&xiods of tens
to a few hundred of days, and0< e < 0.9, Townsend et al. 20)laround its companion, leading
to a transient nature of the system in X-rays. Copious amounts of X-myse produced when the
neutron star captures material from the equatorial disc of the Be star. otbiss when the separation
between the two components is the smallest, i.e. at or near periastron passaggads to the so-called
Type | X-ray outbursts, which last for a small fraction of the orbital pg¢ramd have X-ray luminosities
Lx ~ 10°37 ergs?®. A population of low-eccentricity systems with persistent X-ray emission (aero
luminosity Lx ~ 10%° ergs?) also exists, possibly formed through afdient channelRfahl et al. 200p
Less frequently, giant (Type 1) outbursts can occur, reaching lusities in excess of 0 ergs? and
lasting for several orbital periods. Although many questions remain djpleas been suggested that giant
outbursts are associated to warping episodes of a Be disc misaligned widetrés the orbital plane (see
Okazaki et al. 201,3and references therein).

In recent years a large population of BeXRBs has been identified in thg, $¥th a total of~ 60
confirmed systemsHaberl & Pietsch 2004Coe et al. 20052010. About 45 candidates have also been
identified during the XMMNewtonsurvey of the SMC $turm et al. 2013 Whilst the LMC is about ten
times as massive as the SMC, it contains (as of 2014) less than 20 confieW&BB (Vasilopoulos et al.
2014 and references therein). This discrepancy is possibly explainedieyemt star formation histories
(SFHSs). Antoniou et al.(2010 find that the locations of SMC BeXRBs correlate with stellar populations
of ages~25-60 Myr. Despite large spatial variations, the most recent episodatahced star formation
activity in the LMC occurred 12 Myr and 100 Myr agbldrris & Zaritsky 2009. This is diferent from the
time at which most Be stars develop their equatorial discs, which was foyrehtoat~ 40 Myr (McSwain
& Gies 2009. However, the X-ray coverage of the LMC is still not as complete as ®SMC, precluding
early interpretations on the role offtirent SFHSs.
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Super-soft X-ray sources: In surveys perfomed witlcinsteinand ROSAT, objects with very soft X-
ray spectra were discovereldang et al. 1981 Trumper et al. 1991 They have almost no emission above
0.5 keV. Their spectra are well described as a black body with tempesatutiee range 20 eV to 100 eV.
At the same time they have high luminositiésc(~ 10638 ergs1). CAL 83 and CAL 87, in the LMC,
were the prototypes of this class, called super-soft source (SS8J. diecovery in an external galaxy
is unsurprising, as their very soft emission is readily absorbed by thieahdydrogen at low Galactic
latitudes. The canonical model eén den Heuvel et a(1992 to explain the bright SSS assumes they are
WDs in close binary systems, accreting material at a ratécgnt to maintain theteadynuclear burning
of hydrogen at the surface of the WD. Such rate is in a narrow rand€€ — 10" Mg yr ™).

At lower rate, a hydrogen layer builds up on the WD until conditions for antie@uclear runaway
are reached, producing a classical nova explosion. Note that the migietature of the thermonuclear
explosion and subsequent nuclear burning still produce X-rays. ejdaed material obscures the X-ray
emission, but it keeps expanding until it ultimately becomes optically thin to soétyX- Therefore the
WD can be observed as SSS a few weeks to years after a nova exp{ketstenze 2011and references
therein). Several novae have been observed in the LMC to follow theirdigive from the explosion to
the SSS phase: e.g. NOVA LMC 1996r(o & Greiner 1999, NOVA LMC 2000 (Greiner et al. 2008
NOVA LMC 2005 (Ness et al. 2007 and NOVA LMC 2009a§chwarz et al. 2001 Other sources of fainter
super-soft X-ray emission also involve WDs, but this time isolated : Hot cgdliDs, or planetary nebulae.
It is not clear whether such sources can be reached in the LMC bjoishXMM- Newtonobservations.

Superbubbles:  Massive stars inject energy in their surrounding via ionising radiatiolasteinds, and
ultimately SN explosions. As massive stars often cluster (in OB associati@sg ttombined processes
create large structures (LOO pc) in the ISM called superbubbles (SBs, for a reviewGae2008. The gas
inside the SB is shock-heated to UV and X-ray-emitting temperatirek0f K). Models for the structure
and evolution were developed @astor et al(1979; Weaver et al(1977).

Early imaging X-ray observations of the Large Magellanic Cloud \Hitlsteinconfirmed that SBs were
X-ray sources Chu & Mac Low 199Q Wang & Helfand 199). These studies found that the SBs X-
ray luminosities were an order of magnitudigher than predicted by the Weaver at al. model. ROSAT
observations confirmed that most LMC SBs were X-ray brighir(ne et al. 200} although some other
SBs were consistent with the Weaver et al. model (“X-ray dim SBsit) et al. 1995a The explanation
proposed byChu & Mac Low (1990; Wang & Helfand(1991), which remained the favoured one, is that
off-centre SNe (i. e. near the SB shells) hitting the stegfiporarilyincrease the X-ray luminosity.
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5. Supernova remnants and associated
problematics

their origin in supernova explosions, their subsequent evolution, amdatsteophysical relevance.

T HIS WORK IS concerned mostly with supernova remnants. Thus, | describe hereghisftybjects,
The classification the SN explosion (the “typing” of SNRSs) is addresseddh5s5.

5.1. Supernovae: The swan song of dying stars

Supernovae are undoubtedly impressive celestial events. Oncefewenenturies a “new star” (nova)
appears, possibly becoming the brightest object in thélskfhe observations of such events in 1572
and 1604 AD (Tycho's and Kepler's SNe, respectively) came in haodsefute the 18 centuries old
Aristotelician idea of an eternal and incorruptible sky. With the advent ofdelgic observations, more
of these exceptional “new stars” were found in a variety of “stellar systd(i. e. galaxies) and became
known as supern-novae, in the term first coined by Fritz Zwicky and WBl&dé?. They recognised
(Baade & Zwicky 1934, from energetics considerations, thtite phenomenon of a super-nova represents
the transition of an ordinary star into a body of considerably smaller maisg”. the death of a star.

An early classification scheme bvlinkowski (1941 distinguished the class of SNeith hydrogen
absorption in their spectra (type I) from thoséhout (type II). Type | are further divided in la, Ib, and
Ic, depending on the presence or absence of Si and He linesHgag et al. 1985Heger et al. 2003 For
type Il, the sub-division is based on the light-curve shape. Type N hglateau (hence “P”) in their light
curve, a feature due to the presence of a large hydrogen envetopppased to type IIL SNe, where the
progenitors have lost most of the outer H layers. The light curve theredses linearly (hence “L"; for a
review see e. g-ilippenko 1997.

A more coherent classification scheme appeared once the progeniteasiais class of SNe were
identified. The similarity of type la light curves suggests very common pitmsnthese should not be
very massive, as type la SNe are found in all types of environment, ingube old stellar populations
of elliptical galaxies. Therefore, it is generally thought that type la Siddlze thermonuclear disruptions
of C/O white dwarfs close to the Chandrasekhar m&ghadlan & Iben 1973Nomoto 1982. On the other
hand, SNe of type Jio and Il are much less uniform and are associated to the collapse of thepies of
massive stars into neutron stars or black holes. Stars with main sequerse, rBd€ end up as core-
collapse SNe, and the ranges of masses and evolution states of theiforsgrthe time of the explosion
(redblue supergiant, Wolf-Rayet) produce the collection of SN sub-typedl heveafter only use the latter
classification: Type la SNe athermonuclear SNend all other types amore-collapse (CC) SNe

All chemical elements are not born equal: The lighter elements (H, He, acekt Li, Be, and B)
formed in the very young Universerimordial nucleosynthesigilpher, Bethe, & Gamow 1948\Ipher &
Herman 1950 The rest of the periodic table is forged in staBsibidge, Burbidge, Fowler, & Hoyle 1957
andNomoto et al. 20130r a modern review)Stellarnucleosynthesis can occur “quietly”, in stellar cores or

LExcluding of course the Sun and full Moon; for instance the peak brigistiof SN 1006, perhaps the most spectacular stellar
outburst ever recorded, was estimated to be of apparent magri®sle. e. that of the half MoonGlark & Stephenson 1977

120thers, like Knut Lundmark, Heber D. Curtis, or Edwin Hubble usedrdtivens for this special class of novae (€@sterbrock
2001), but physicists always had a special ear for everything “super-".
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5. Supernova remnants and associated problematics

in thin shells around the core during most of the life time of stars. By sueedgsising hydrogen, helium,
carbon, neon, oxygen, and silicon as nuclear fuel, most of the stalneris up to*®Ni are produced

in (intermediate magsassive) stafs. All the other elements are created @gplosivenucleosynthesis.
This occurs during core-collapse SNe, when the shock wave prigsagatwards from the star’s iron core,
compressing and heating the outer layers to conditiofiscEnt for nuclear reactions to take place. In
addition to the incineration of the metal-rich shell of the dying star, heavy isstaje created by neutrino
irradiation (-process) andapid neutron capturer{process, where the neutron capture rate exceeds that
of B~ decay). Explosive nucleosynthesis occurs in thermonuclear SNellksWileen (some part of) the
white dwarf reaches a critical mass and ignites, the burning front pad@sighrough the WD, incinerating
the matter into heavier elemettts Depending on the explosion mechanism (detonation or deflagration,
i.e. supersonic and subsonic propagation, respectively), distimt¢ogynthesis products are formed. A
detonation will transform almost all of the WD into iron-group elements, whilara geflagration produces

a large amount of intermediate mass elements (IME, such as Mg, Si, S, and Ca)

In addition to their roles as nuclear furnaces, SNe are extremely brightaanbe seen at cosmological
distances (redshift > 1). Furthermore, the empirical relation between the peak brightness oflaype
SNe and the decline rate of their light curv@gnch & Tammann 199Zhillips 1993 allows to calibrate
theirabsolutebrightness. Type la SNe astandardisable candleend therefore good distance indicators for
cosmological studies. This led to the discovery that the expansion of tiverdaiis acceleratingrfess et al.
1998 Perimutter et al. 1999with far-reaching consequences for the energy content of theeksa (Nobel
prize in Physics 2011 for Saul Perlmutter, Brian P. Schmidt, and Adam GsRiEmbarrassingly enough,
however, the identity of the progenitor channel leading to type la SNe renehisive. Two competing
scenarios are hotly debated: the single degenerate scenario (SDg svNéD accretes material from a
red giant or main-sequence companion and reaches the Chandraseldsa(Vhelan & Iben 1978 and
the double degenerate (DD) scenario, where two WDs in a binary spieaidnmerge, resulting in the
thermonuclear disruption of the binarWébbink 1984 Iben & Tutukov 1984. Direct searches for the
surviving companion in the SD scenario have yielded ambiguous reBuliz-Lapuente et al. 200Maoz
& Mannucci 2008 Li et al. 2011a Schaefer & Pagnotta 20L2Indirect searches have been unable to find
the numerous accreting WDs predicted in the SD c&éahov & Bogdan 2010 Di Stefano 2010Woods
& Gilfanov 2013, with the conclusion that SD progenitors cannot produce the domireiidn of type la
SNe. On the other hand, constraints on the SN la delay-time distribution (D&Lthe SN rate at time
following a hypothetical brief star formation event) from various methodweme to a power-law shape
o« t71 (Maoz & Mannucci 201}, which is generally expected (from the physics of gravitational waives)
the DD scenario. It is fair, however, to stress that although progrdssng made, no clear consensus has
emerged yet.

5.2. Life after death: Evolution of SNRs

I now proceed to describe the formation and evolution of rdranantsof SNe. A brief history of the
development of SNR models is given Ballet (2003. In both types of SN, the outer debris layers are
ejected with large velocities (tens of thousands of ki),snuch larger than the sound speed in the ambient
gas. As a result, a shock wave develops and propagates ahead gddiae(also called thblast wavé,
which sweeps up, compresses, and heats the ambient medium. The shimikedt medium pushes back
on the ejecta, driving geverse shockackwards into the ejecta The shocked ejecta are separated from
the shocked ambient medium bycantact discontinuity This early stage is called thegecta-dominated
phase The mass of swept-up material is smaller than the mass of the ejecta, and thetke savels at

3Heavier nuclei are also produced by neutron capture, during the hieliming and subsequent stages (the so-caliqutécess”).
¥And following the prediction ofoyle & Fowler (1960, this nuclear runaway will explode the star.
5In the observer’s frame, however, the reverse shock radius is stidasing
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5.2. Life after death: Evolution of SNRs

essentially uniform velocity (in the observer’s frame), hence this phasenigtimes called “free expansion”
phase. To estimate the duration of this phase, one can compute thig gimiewhich the swept-up mass is
eqgual to the ejecta maddg,;, assuming (to the lowest order) a constant velo®ity for the ejecta. This
gives:

1/3
3 MEJ) (5.1)

4npo

which for most parameter¥/¢; ~ 10000- 15000 km s, Mgy ~ 1 - 30 Mg, po ~ 0.1 -1 g cnT3) is less
than 1000 yr, i. e. only the youngest SNRs are in the ejecta-dominatee.phas

Once the swept-up mass becomes larger than the mass of the ejecta, thbackateselerates. Still,
the radiative losses are negligible, so that the expansion remains adiablagice, the behaviour of the
remnant can be described by the Sedov (or Sedov-Taylor) self-sirollaian. This is theSedov phase
sometimes called “adiabatic phase”, although the expansion in the earlier@jectiaated is also adiabatic.
This considers that the energy of the explosins deposited in a medium of uniform (mass) dengiy
The propagation of the blast wave is much faster than the local sound &peslternatively, the pressure
of the ambient gas is negligible in comparison with the pressure behind thke whwe), i. e. the Rankine-
Hugoniot relations (Eqs3.11to 3.13 apply. From dimensionality arguments, it can be sho®adpv
19464ab)16 that the shock radius; will only depend orEq andpg, and will evolve with timet as:

E 1/5 _ E 1/5
rs= 4(_0) @5 2R 1.17(_0) e, (5.2)
Po po

tep = Véﬁ(

with ¢ obtained after solving for the radial profiles (eBallet 2003. The time derivative gives the shock
velocity vg in that phase, or alternatively the temperature E@4). The Sedov model is appealing, since
various quantities can be derived from the measured X-ray flux and tatnpe Given the assumption of
the Sedov model, it should be valid after a titgg or a fewtgp. For a detailed analytical and numerical
description of the transitions between the two phasesTaedove & McKee(1999.

As more and more ambient medium is engulfed by the expanding blast wavehdio& velocity,
and therefore post-shock temperature, decreases. This cooler miasgg more energy, because the
recombining material is able tdfeciently radiate away energy in UV and optical liné€sok & Daltabuit
1971). This last phase is called thadiative phase Shocks are radiative for velocity slower than
~ 200 km s?, at which point hardly any X-rays are emitted (Ej15. The transition to the last phase
takes place atBallet 2003:

No —4)7 Eo 3/14
t>tag = 2.4 x log(m) (W]’gs‘l) yr. (53)

After which the dynamical evolution enters a pressure-driven stage ¢%7) and finally a momentum-
conserving stager{ « t/4, seeCioffi et al. 1988. At these latest stages, the SNR merges with the ISM.
Since SNRs well in the radiative phase are no longer X-ray sourcgsathaot encountered in this thesis.
However, some parts of the SNRs studied can be radiative. It is alsofdeariEgs. 6.1) and 6.3) that
most of X-ray-emitting SNRs are in the Sedov phase.

Perhaps the most important modification to the idealised hydrodynamical picjust described is
induced by particle acceleration. SNR shocks are prime candidate sitesdlerate cosmic-rays by
diffusive shock acceleratioiBéll 1978ab; Blandford & Ostriker 1978 see also reviews dbrury 1983
andBlasi 2013. Indeed, the non-thermal X-ray emission detected in some SNRs estalthsielectrons
are accelerated up to ¥0eV (e.g. Koyama et al. 1995 Particles with TeV energies have been
subsequently directly detected from SNRd&ronian et al. 2004 while y-ray observations revealed the

18] could not access the original papers; as cited in Sedov’s later tex({hi®68). See als@el'dovich & Raizer(1967)
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5. Supernova remnants and associated problematics

pion-decay process characteristic to the presence of high-enegynpdckermann et al. 2093 The main
modification to the SNR evolution is that there will be a non-thermal pregjureontribution from cosmic-
rays in the post-shock pressure. Furthermore, a fraction of acemlgrarticles may escape the system, and
the jump conditions (Eq8.8to 3.10 must be rewritten. This leads to higher compression rgti@erezhko

& Ellison 1999 than in the purely thermal casg & 4 fory = 5/3). Another consequence is the lower
post-shock temperature: If we quantify thisvas PnT/Piotal, then Eq.3.14becomesVink 2012):

kTs = (1—w)1(1— 1)# V2. (5.4)
X\ x

When both velocity and post-shock temperature are availableffibieecy of cosmic-ray acceleration can
be measured. For instanddelder et al.(2009 found a high éiciency & 50 %) in the Galactic SNR
RCW 86). A few SNR models incorporate the back-reaction of energetiiclea (seeDecourchelle et al.
200Q Ferrand et al. 2012012 2014 and references therein)

5.3. Impact on the ISM

The tremendous amount of energy released by supernovae cannmuiaticed by the surrounding medium.
As a matter of fact SNe and their remnants are the dominant source ofemelgurbulence for most of the
ISM, (Mac Low & Klessen 200y Part of that energy is carried by the cosmic rays accelerated atdbk sh
front of SNRs, giving an energy density of 1-2 eVthor up to 13 of the total ISM energy densityebber
1998. More generally, stellar feedback, of which SNe are a major compoimeatilition to the ionising
radiation and winds from massive stars), is an essential ingredienteofygavolution modelsobbs et al.
2011 Scannapieco et al. 20;1Renriques et al. 20)3SNRs are also the recycling centres that return metals
back in the ISM. As such, they are driving the chemical evolution of gadafdeg.Pagel 200}, and their
inclusion in models is needed to satisfactorily reproduce the abundansesyet in galaxiesYates et al.
2013 and in the hot gas of galaxy clustekafpferer et al. 2006

At smaller scales, SNRs are responsible for the morphology of the IS&itr progenitors (for CC-SNRs)
blow bubbles, and (all types of) SNe carve the surrounding medium ias¢h@ants expand. The corelated
actions of several SNe and multiple episodes of star formation results inghg (@rge structures that are
superbubbles and supergiant she@ffi§ 2008. This dfects the morphological appearance of the ISM at
most wavelengthisFor instance, the structures carved by SNRs are seen as holes in H (egdsurn
1980 Kim et al. 1999, while the shells of SBs and SGSs are bright in optical liigésnpe et al. 2001
Book et al. 2008

5.4. Observations of SNRs

Because of the strong interaction of SNRs with their surrounding, it is motising that they produce
detectable features across most of, if not all the electromagnetic spectieridentification of SNRs is
best done by combining several signattifesThe detection of at least two of these signatures is usually
needed to classify with certainty a source as an SNR:

o Extended non-thermal radio emissionthat is characteristic of synchrotron radiation. This is emitted
by electrons in the magnetic fields compressed and amplified by the SNR sbotisequently, SNRs
have a shell morphology in radio, following the outer boundary of the msipa. The typical radio
spectral indexx (usingS « v?, whereS is the flux density and the frequency) is about0.5,

"Historically, SNRs were first identified in radio and optical, before the ateeX-ray observations. An history of early SNR
X-ray astrophysics is given by Robert Petreliimper & Hasinge(2008 Chap. 17)
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5.4. Observations of SNRs

althougha can have a wide range of values depending on environmental factbteempvolutionary
state of the remnanE{lipovic et al. 1998.

¢ Optical line emission characteristic of shock excitation'SNRs have no optical continuum (or only
a minor synchrotron contribution) but strong line emission, in particutar[N u], [Su], and [Omi].
An efficient observational criterion is the iyHa ratio. In photo-ionised regions (e. g. Hll regions),
sulphur is brought to ionisation stages higher tharaBd the ratio is small. By contrast, SNRs will
create regions of lower ionisation and higher density behind the shodk$ whit strongly in the
collisionally excited [S1] line. A widely used threshold is [[§/Ha> 0.4, as derived from Galactic
and LMC SNRs (e. gMathewson & Clarke 1973esen et al. 1985Note that this threshold is valid
for the LMC which has a lower (roughly half) abundance of sulphur caneg to in the Milky Way
(where the strength of the [§line is generally similar or larger than that of therhine). Detection of
high-velocity gas4V > 100 km s?) can also sometimes be used to confirm an SNR nature, though
it is often absentChu 1997.

e Extended thermal X-ray emission: The ISM and SN ejecta engulfed by shocks are heated to X-
ray emitting temperatures (Se8t4). The low density of the ISM justifies the use of the coronal
approximation, and consequently the X-ray spectrum is thermal in natitte,nvany ionic lines
on top of a Bremsstrahlung continuum, and in many cases non-equilibriumtionigfollowing the
description of SecB8.3). X-ray observations are a very powerful tool to study SNRs, texat
the typical electron temperatures of SNR shodks ¢ 0.2 — 5 keV), all astrophysically abundant
elements (mostly O, Ne, Mg, Si, S, Ar, Ca, and Fe, but also C, N, and N§ &mission lines in
the 0.3 — 10 keV range accessible to X-ray instruments. Furthermore, tipdasmas are optically
thin and thus allow for straightforward spectroscopy (no radiation teapsfCoupled with SNR
models (even simple ones), one can obtain important information about thé@vary state, ambient
density, and elemental composition of SNRs. The main drawback is that saftsX{(below 2 keV)
are sensitive to absorption, which can often mask SNRs in the Galaxye\itv&ground column
densities are high (in excess of several?dm2).

SNRs are also observed at other wavelengths. They carnirdraited (IR) light, chiefly in forbidden lines,
rotationalvibrational lines of molecular hydrogen, emission in polycyclic aromatic hgahtmon (PAH)
bands, and thermal continuum emission from dust collisionally heated ok staves (e. gSeok et al.
2013 and references therein) dnd by stellar-radiation reprocessing. Infrared synchrotron emission is
only expected in pulsar wind nebulae, for instance in the Crain(m et al. 2005 Polycyclic aromatic
hydrocarbons are thought to be destroyed by shocks with velocitiesrtiggin 100 kmst and should not
survive for more than a thousand years in a tenuous hota=lptta et al. 20104). However, PAH
features have been detected in Galactic SNR&lérsen et al. 20)1where shock velocities are rather low
owing to interactions with a molecular cloud environment, and even in the sthags of the young LMC
remnant N132D Tappe et al. 2006 LMC SNRs were discovered in IR with tHafrared Astronomical
Satellite(Graham et al. 1987Schwering 1989 More recent surveys witBpitzerand Akari allowed more
extensive studied/illiams et al. 2006fz; Seok et al. 20082013. Observations witiHerschelallowed to
push observations of SNRs in the submillimetre domaig (100u:m), revealing sputtering of dust by SNR
shocks [akicevic et al. 2015.

Highly ionised species present in SNRs can euttitaviolet lines. Blair et al. (200§ observed LMC
SNRs (even more than in X-rays, observations of Galactic SNRs aregoldyuabsorption) with th&ar
Ultraviolet Spectroscopic ExplorgFUSE covering the range 900 — 1200 A). They detected &nd Cm
lines from 15 objects, bringing the total number of UV-detected SNRs in th€ td/p2.

SNRs are even seen Imgh energy y-rays (above 100 MeV). The dominant production mechanism is
hadronic, i. e. nuclear collisions leading to pion production and subaéegtemitting decay (see e. Prury
et al. 1994 in addition to a leptonic component, from Bremsstrahlung and inverse Corsp#itering
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of energetic electrons)y-ray emission is enhanced for SNRs interacting with molecular clouds, which
offer dense targets for energetic nucl&héronian et al. 1994 Galactic SNRs were detected in the GeV
domain with EGRET $turner & Dermer 1993 sposito et al. 1996and later with Fermi (e. gAbdo et al.
2009, which detected the characteristic pion-decay signatickgrmann et al. 203 In the TeV domain,
detections mainly originate from H.E.S.S\haronian et al. 20042009. For a census of high-energy
observations of Galactic SNRs, sEerrand & Safi-Harl(2012. In the LMC, however, only one TeV
source is known, the pulsar wind nebula in N15K®ifin et al. 2013.

5.5. Typing SNRs

The two flavours of SNe deposit a similar amount of energy in the ISM,ywmiod remnants which are
harder to type the older they are. The most secure typing methods aredii@&&N optical light echoes
(Rest et al. 20052008 infrared light echoes can be used to probe the ISM dust, seé/egj.et al. 2012,

the association with a neutron gfaxlsar wind nebula, or the measurement of the nucleosynthesis products
in the ejecta (e.gHughes et al. 1995 In the latter case, one uses the ability of X-ray observations to
access chemical composition. If shock-heated ejecta have a measwrabileution to the X-ray spectrum,
then it is usually straightforward to retrieve the type of SN progenitor, seéhe nucleosynthesis pattern
of CC and thermonuclear SNRs are markedlfedent {NMoosley & Weaver 1995lwamoto et al. 199p
Core-collapse SNe inject large amounts of oxygen and athfelements (Ne, Mg, and Si), while type la
SNe produce mostly iron (but also Si and S; I naturally emphasise the siisoum elements that can be
observed in X-rays). The situation in the Milky Way is complicated by absarptitnich can mask the main
lines of O, Ne, Mg, and Fe; the typing based on abundance ratios invdbijri§) and trace elements (Ar,
Ca) is more complex (see e.lRakowski et al. 2006

The methods described above are best suited to relatively young ren{rarG®00 yr), leaving a
significant fraction of the SNR population untyped. However, sevmralvedSNRs have been discovered
(in X-rays) in the Magellanic Clouds with an iron-rich, centrally bright emisgidishiuchi et al. 2001
Hendrick et al. 2003van der Heyden et al. 200&eward et al. 2008 orkowski et al. 2006g naturally
leading to their classification as type la remnants. In addition, studies of thg Xad infrared morphologies
of SNRs (opez et al. 2009Peters et al. 20)3Fuggest that, as a class, type la and CC SNRs have distinct
symmetries: type la remnants are more spherical and mirror symmetric than {BBRE

Optical spectroscopy is another method to type the SN progé&hitarsome cases the fast-moving ejecta
are detected in optical lines with highly elevated abundances of oxygédawifagy a similar argument to X-
ray spectroscopy, those so-callexygen-rich SNRBave massive star progenitors. See for instdracsker
(1978, Chevalier & Kirshner(1979, Morse et al.(1995, and references therein. On the contrary, some
SNRs have prominent Balmer lines of hydrogen, but absent or waglaj®l [Om] lines. These include the
remnants of historical type la SNe (SN 1006 and Tycho’s SN). The Badliminated optical spectra are
interpreted as non-radiative shocks overtaking (partially) neutrdl@fasvalier & Raymond 197&hevalier
et al. 1980. A type la SN progenitor is consistent with the presence of neutrabgasassive stars would
completely ionise their surrounding. A sample of optically bright Balmer-domih&Rs was detected in
the LMC by Tuohy et al.(1982. By analogy with SN 1006 and Tycho’s SNR, they suggested that these
were type la SNRs as well, a classification later confirmed (mostly throughy XservationsiHughes
et al. 1995.

Finally, clues to the type of remnants are provided by the study of the stepjatqiimn around the SNRs.
High-mass stars (i.e. CC-SN progenitors) are rarely formed in isolatioclbster in OB associations.
Chu & Kennicutt(1988 used this method to tentatively type all LMC remnants known at the time. With the
availability of the SFH map of the LM(Harris & Zaritsky 2009, derived from resolved stellar populations,
it is now possible to study the connection between remnants and the age qiafezit populations.

18For historical reasons, this was the first method available
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Badenes et a{2009 performed such a study on (young) SNRs having secure type la otaS€lfications.
As expected, given the short lifetimes of massive progenitors, theyfthat all CC SNRs in their sample
had SFHs dominated by recent peaks of star formation rate. This appdensecessarybut notsyficient
Indeed, type la SNRs can also be found in star-forming regions, astiogyed for N103B (seélughes et al.
1995 Lewis et al. 2003Yamaguchi et al. 2014or strong arguments supporting the type la classification)
or for SNR 0104-72.3 in the SMC I(ee et al. 201). On the other hand, the type la SNRs of the (limited)
sample oBadenes et a(2009 are associated with a variety of environments, and future similar studies will
provide more insights. | investigate the local SFHs of all the LMC SNRs in $&¢t.
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6. Technical description of XMM-Newton

6.1. Spacecraft and operations

aspects of this mission are reviewed in this Chapter, whilst all details ardreegbiaJansen et al.
(2001 andLumb et al.(2012).

The XMM-Newtonspace observatory was launched on 1999 December 10 by an AridhésvVa
cornerstone mission of the European Space Agency Horizon 200fapnotg, initiated in the early 1980's.
With a mass of 4 tonne and a length of 10 m, it remains one of the largest scisatdilite ever launched. A
sketch of XMMNewtonis shown in Fig6.1 (top left). The 6.8 m-long carbon-fibre telescope tube connects
the Mirror Support Platform, which carries the three X-ray mirrors, Optibenitor, and star trackers, to
the Focal Plane Assembly hosting the spectrometer and imaging detectors.

The observatory was placed in a 48 hours highly eccentric orbit. Altitudenaily ranged from 114 000
km at apogee to 7000 km at perigaiisen et al. 2001Such an orbit allows passive cooling of the X-ray
cameras between temperatures-a00 °C and-80 °C. However, the spacecraft enters the radiation belt
for a fraction of the orbit, limiting operations to altitudes larger than 60 000 ke Wt due to several
perturbations, the XMMNewtonorbit changes with timé&.

M ost of the results of this thesis rely on data obtained by the XMbWwtonspace observatory. Key

Ficure 6.1 — Left: Sketch of XMMNewton showing from left to right: X-ray mirrors (green)
and Optical Monitor (blue); electronic boards with propali tanks (yellow) and thrusters (red);
carbon-fibre telescope tube; Focal Plane Platform, withezamand radiators. (Image courtesy of
Dornier Satellitensysteme GmbHRight: A close-up view of the mirrors shells mounted on the
spider wheel. (Photo courtesy of D. de Chambure, XMM-NewRonject, ESAESTEC.)

195ee XMMNewtonUsers Handbook, Issue 2.11, 2013 (ESA: XMM-Newton SOC).
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6.2. Telescopes

XMM- Newtoncarries three identical X-ray telescopes, each consisting of 58 gald¢mested Wolter-I
mirrors (see Sec?.2) with a focal length of 7.5 m. The innermost mirrors have a diameter of 306 ndra an
thickness of 0.47 mm. The thickness increases to 1.07 mm for the outer miettsr, sthich have a 700 mm
diameter. The mirrors were manufactured using a replication process :IdAayer is first transferred
on a super-polished mandrel, before the nickel shell of the mirror is efeatned on the gold layerdé
Chambure et al. 1998The mandrels are made out of double conical aluminium blocks, coatethisftl.
They are then shaped and polished to achieve a surface roughttessham 4 A.

The mirror modules are encased between ancillary elements: in front, thiedaith X-ray light bé&les
that reduce stray light; behind, an electron deflector and (for two othiret telescopes) the Reflection
Grating Assembly which deflects about half of the X-ray light on a seagnftecus, for use with the
Reflection Grating Spectrometer (RGS).

The design for the telescopes was chosen to maximise the collecting aread |XdMM-Newtonremains
the most sensitive X-ray observatory fifteen years after launch, wittffantive area of 1500 ct(per
telescope) at 1 keV. At the same time iteys a satisfactory angular resolution 015" (Half-Energy
Width), as measured both on-ground and in-orbit. Finally, the field of vieeach telescope is30’ in
diameter.

6.3. EPIC instruments

Three CCD imaging cameras are placed at the focal points of each of tag télescopes. Two of them
have Metal Oxide Semi-conductor (MOS) CCD arrays and the third us€Qis. Together, they form
the European Photon Imaging Camera (EPIC). | briefly review their ptiepeand performances in this
Section. This work does not make use of the spectrometers onboard M#iMen(the RGS instrument,
den Herder et al. 20Q0land consequently | do not describe them.

6.3.1. The EPIC-pn camera

The EPIC-pn cameréfriider et al. 200)L.consists of a monolithic & 6 cn? wafer with 12 pn-CCD back-
illuminated chips arranged in four quadrants. Each chip has:ib@ 150um pixels arranged in 200 rows
and 64 columns. The pixel size on the sky is’4.providing adequate sampling of the PSF. The majority
of the field-of-view (97 %) is covered by the pn camera.

Various read-out modes exist for the camera. In the most-commonly usécfuoe (FF) mode, the short
frame time of 73.3 ms provides both a good time resolution and a high pile-up limit. Wedlor “timing”
(i. e. non-imaging) modes can accomodate for (very) bright sour@radtions with time resolution as short
as 0.03 ms.

EPIC-pn is the most sensitive imaging camera to date (§eetiwe area curve on Fi§.2 left). It has
a modest spectral resolution, from 111 eV (FWHM) at 1 keV and 162te6/keV (early-phase in-flight
calibration,Striider et al. 200l Mostly due to radiation damage, the energy resolution degfldes rate
of ~2.5eVyrl

6.3.2. The EPIC-MOS cameras

The EPIC-MOS cameradrner et al. 200lhereafter MOS1 and MOS2) both consist of seven MOS-type
CCDs with 60600 pixels, each 40m square (1.1). As opposed to the pn camera, pixel columns are not

20X MM- Newtoncalibration technical note XMM-SOC-CAL-TN-0018, v3.3
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6.4. Instrumental background

2500 — —_————— 2500 ——————————— ————————

1000 | L] —

- Thin filrer
—-— Medium filter
— Thick filter \

=
=1

Effective area [cm2]

=1
=3
T

Effective area [em2]

!
1 :
K e Thin filter \
—--- Medium fiker \
{ — Thick filter | 4

1 A AW . W ET T
.15 1 i 15 .15
Energy [keV] Coergy [keV]

Ficure 6.2 — Effective areas of EPIC-pn (left) and MOS (right) in full-frammdes, for diferent
optical blocking filters.

read-out in parallel, resulting in a longer integration time of 2.6 s, limiting the timdutso. As for pn,
windowed or timing modes can be used to read out only a fraction of the CCDs.

The telescopes focusing X-rays on the MOS cameras are equipped wihatiregs of the RGS, such
that about 44 % of the incident flux reaches the MOS CCDs. Consequbetigtective area of EPIC-MOS
is less than that of pn (Fig.2). However, the two MOS cameras are superior to pn in terms of energy
resolution: at 1 keV, the FWHM resolution is only 80 eV. At 6 keV the resoluiso~150 eV, close to the
Fano limit. No significant degradation of these performances has beervetisince 2002.

The only failure to date to the MOS instruments (and to the whole EPIC systenieleasthe loss of
one outer CCD (MOS1 CCD-6) in March 2005, most likely due to a micro-mitgeionpact Abbey et al.
2006. A very similar event in December 2012, having probably the same origgulted in the loss of
another MOS1 chip (CCD3) and an increased noise level in the neighgdD€D4. However, the overall
effect of these events is limited, since only 28 % of the MOS1 geometrical aré@dsea. In turn, MOS1
only contains~22 % of the total &ective area of the whole EPIC instrument. The performances and the
quality of the calibration remain thus extremely high after 15 years in the harstiton of space, a truly
EPIC achievement.

6.4. Instrumental background

The signal recorded in an XMNilewtonobservation comprises many components, which can be separated
in three main groups : the X-ray emission of the target of the observati@starphysical X-ray background
(hereafter AXB, i.e. X-rays from any source locatiedprojection near the target), and an instrumental
background. Here only the latter is presented. The properties of theakBhe spectral analysis method
used are described in Set.

The instrumental background of the EPIC consists of three compondredir3t is arelectronic noise
in the form of hot pixelg&columns or read-out noise. In the case of EPIC-pn, the read-ow# muiseases
dramatically below energies gf 300 eV, especially if double-pixel events are used.

The second component is tiparticle-induced background, the spectrum of which includes both a
continuum and many lines. Tle@ntinuum paris due to the quiescent particle background (QPB). Cosmic
rays deposit a large amount of energy 10 keV) in many adjacent pixels and are easy to distinguish from
valid X-ray events. However, the unrejected fraction of direct and Gomgpcattered cosmic rays produces
a remaining continuum with a rather flat spectrum and a rated@fla- 0.0022 events cnt s~* for the MOS
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6. Technical description of XMM-Newton

cameras, and about twice as much for partib et al. 2002 The continuum is both chip-, position-, and
time-dependent (at least for MOS where it has been extensively stgdig¢lintz & Snowden 2008 These
variations have to be taken into account in the spectral analysisliriehgart of the particle background is
composed of many X-ray fluorescence lines produced by the interadtligleenergy particles with the
material surrounding the detectors (Al, Ni, Cu, etc.). Due to this origin thedho@nce line component
varies with time. This component is highly position-dependent, mirroring thehiiftbn of the camera
material around the detectorsumb et al. 2002Freyberg et al. 200&Kuntz & Snowden 2008 EPIC is
capable of looking at itself!

The third component is the so-calledft proton contamination (SPC). Low-energy protons, accelerated
in the Earth magnetosphere and focused by the X-ray telescopes ontet#fugods, produce events that
cannot be distinguished from genuine X-ray events. The soft praihés a highly time-variable, “flaring”
nature. At times of the strongest flares, most of the data are unusallaya(gxcept in the case of a very
bright target). But soft proton flares can occur on longer time scatdswar amplitudes. These time
intervals are typically used for science, though they include a small buttiedtg important contamination
by soft protons (hence the term “SPC"). The flaring spectrum wasddiy Kuntz & Snowden(2008 to
be rather flat, with a small rollfdat high energy. The same authors showed that the stronger the flare, the
flatter (i. e. harder) the SPC spectrum.
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7. XMM-Newton observations and data reduction

7.1. Covering the LMC

XMM- Newtonhas been often (and continues to be) pointed at our nearest neigjadaxy. It started

already with the “first light” image of the observatory, of the 30 Doradgsore(Dennerl et al. 2001
Since then, about 200 observations of the LMC were performed. In ocasgs, one specific object is placed
at the focus of the telescopes. All kinds of objects are surveyed, inguttray binaries (e.g. LMC X-
1, Hanke et al. 201)) SSSs (such as CAL 8P®aerels et al. 20Q;L many previously-known and newly-
found SNRs (Seci.l), and superbubbles (for instance N5I¥amaguchi et al. 2000 Some fields are
observed several times, yielding very deep exposures. For instaec@NR N132D is used as a calibration
source and regularly observed; also SN 1987A is frequently monit&ect9). In these two regions, the
combined exposure reaches$ K0 Besides regular observations, the so-called “target of opportu(iiD)
observations can be triggered to observe a transient source in a lgarsiaie. X-ray binaries in outburst
are the most relevant and common cases of ToO in the LMC. The identificdtibaiooutbursts are made
with other satellites, mostigwift (for exampleVasilopoulos et al. 20)3but also Integral (e. gsturm et al.
20121.

In recent years, several programmes for observations of the LM@ m®posed in which | was or
became involved. This includes for instance XIMW&wtonobservations of SNR candidates selected from
the ROSAT catalogue. This programme was initiated in XMMwtors Announcement of Opportunity 9
(AO-9) and reconducted since then, providing confirmation of one omsve SNRs each year (those are
analysed in Secl0 and Sectll). The most ambitious project was the survey of the LMC, proposed as a
Very Large Programme (VLP) for XMMNewton(PI: Frank Haberl). The survey comprises 70 pointings
chosen to fill the gaps between all existing observations. This providesteggous field in the central
region of the LMC, a strategy similar to the XMMewtonsurvey of the SMCHlaberl et al. 2012bSturm
2012 Sturm et al. 2018 Because the LMC is larger and closer, even the 70 observations sxfitheyand
the archival data still cover only about half of the total extent of the gal®ue to the large number of
required observations, the survey was performed over severalst@gng in AO10 (2011-2012) in priority
C. In AO11 all fields were accepted with priority B, and most observatidriseosurvey were conducted
in 2012. Nine fields, blighted by high background, were re-obserueithgl AO12 and AO13 to reach an
homogenous depth across all the survey field.

F oLLOWING the tradition for new X-ray instruments to observe the Large Magellanic Gbect4.3.7),

7.2. Data reduction

The processing of all available XMN{lewtondata in the LMC region, and those of the VLP survey in
particular, was done with the data analysis pipeline developed in our cesgraup over several years. This
pipeline was already used for the surveys of MBie{sch et al. 20Q55tiele et al. 201jland M33 Pietsch

et al. 2004 Misanovic et al. 2006 It was then enhanced for the analysis of the SMC survey by Richard
Sturm Q012. The analysis pipeline is similar in essence to that used for the XN&MtonSerendipitous
Source Catalogué/atson et al(2009, with the advantage of a better spatial accuracy (thanks to astrometric
boresight corrections), and dedicated source screenings arsdidersifications.
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7. XMM-Newton observations and data reduction

The pipeline is a collection of tasks from the XMMewtonScience Analysis Software, specifically
designed for the observatory and provided by ESA. The tasks aamisggl inbash scripts, together with
other tools, in particular the FITS-file manipulation tasks of RTOOLS packagé? (Blackburn1995.
Starting from the raw data, organised in observation data files (ODFs)pitiedine performs all the
necessary tasks to obtain clean event lists. Those are tables with onerewept, including all relevant
information (detector position, energy channel, time of arrival, pattergs flatc.¥3. From the event lists,
images, spectra, or time series can be extracted. They are also usedrfmr detection. | summarise the
important steps of the pipeline in the next paragraphs.

Preparing the data:  To point to the Current Calibration Files (CCFs) corresponding to easéreation,
a CCF index file (CIF) is created with the SAS tasikfbuild. Then, using the taskdfingest, the ODF
summary file is extended with data extracted from the instrument housekediagets. The instrument
mode is also determined based on the CIF.

Creating event lists:  The meta-taskepchain and emchain produce EPIC-pn and MOS event lists,
respectively, performing all necessary tasks. Raw events areXtracted from each exposure and CCD
chip. Bad pixels are flagged. In the case of EPIC-pn, thedaskject corrects shifts in the energy scale
of some pixels induced by high-energy partices hitting the detector whilefithet onap is calculated. Raw
events are then assigned pattern and detector position information. BRIgEpts are corrected for gain
variation and charge transfer ffieiency (CTI). The calibrated events are (tangentially) projected on the
sky using the taskttcalc and an attitude history file (AHF), which records the attitude of the spaitecra
during the observation. The AHF is created by the tasskhkgen that is automatically ran before the main
chain (unless the AHF already exists). EPIC-pn event times are randbmigen their read-out frame.
Finally, event lists from all CCDs are merged in the final listdwl i st comb.

Time filtering:  Times that are useful for analysis are known as good time intervals (GiHd)the SAS
tasks use GTI files containing the start and end times of GTls. Standas@I¢reated prior to running the
chain to identify the times when the instrument is in nominal state (based on thekikeping parameters).
In addition, periods of high background must be filtered out. The pipelieatiiies the background-
GTls as times when the count rate in the (7 —15) keV is below a threshold tfk& &arcmirr? and
2.5 ctsks! arcmirr? for EPIC-pn and EPIC-MOS, respectively. Soft proton flarfsct all detectors, so
only the GTlscommonto pn and MOS are used. When one instrument starts earlier or last |ahiger,
interval is added to the GTIs.

Images creation:  The pipeline then produces images from the calibrated, cleaned, andrbac#-
filtered event lists. The image pixels have a size’6822”. All single to quadruple-pixelRATTERN = 0
to 12) events witlFLAG = 0 from the MOS detectors are used. From the pn detector single and double-
pixel events PATTERN = O to 4) with (FLAG && 0x£f0000) = 0 (including events next to bad pixels or
bad columns) are used. Below 500 eV, only single-pixel events aretesgler avoid the higher detector
noise contribution from the double-pixel events. Exposure maps takingaatont the telescope vignetting
(which is energy-dependent) are created with the ¢asipmap. Images and exposure maps are extracted in
the standard XMMNewtonenergy bands (Table.1) for all three cameras.

EPIC records photons not only during the integration time, but also dur@ig ead-out. These are out-
of-time (O0T) events, which are assigned a wrong detector column amiyv@®l-correction (and thus a
wrong energy). They also produce streaks running from brighttesuo the edges of the detector. The OoT

2ISAS http://xmm.esac.esa.int/sas/
2?http://heasarc.gsfc.nasa.gov/ftools/
2In all LMC observations, a total of 442 884 600 events were recorctmahting only those in the calibrated event lists).
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7.2. Data reduction

fraction fogt is a function of the integration-to-read-out time ratio and thereforefiisrént for every mode

of pn and MOS. In the MOS camera, the charge of pixels in the exposadeedirst (quickly) transferred

to a storage area, shielded from the sky; from there there are réadtole a subsequent integration start
in the exposed area. Therefofggtis much smaller for MOS than for pn. OoT images are created from the
EPIC-pn OoT event lists, scaled by the correspondifig 2%, and subtracted from the images. MOS and pn
images are then merged, smoothed with @ il width at half maximum (FWHM) Gaussian kernel, and
finally divided by the vignetted exposure maps.

Detector-background images are also created, by using
TaBLE 7.1 — Energy bands used for X-rayXMM- Newton filter wheel closed (hereafter FWC) data,
images obtained with the detectors shielded from astrophysical and
soft-proton backgrounds by a 1.05 mm-thick aluminium filter.
FWC data are collected several times per year, and the merged

Name Emin  Emax event lists of these observations are made available by the
calibration working group®. The detector corners are always
Standard-1 02 05 shielded from the X-ray telescopes, and the count rate in the
Standard-2 0.5 1 corners is used to estimate the contribution of the instrumental
Standard—-3 1 2 backgroundfrwc to the science image. The FWC image is
Standard—4 2 4.5 scaled byfrwc and subtracted from the science image.
Standard-5 4.5 12
SNR_SOft. 03 07 Source detection:  X-ray source detection is performed
SNR-medium 0.7 1.1

simultaneously to images in all five energy bands of all three
instruments with the SAS meta-tagddetectchain. This
. . task is a script that first searches for point sources using a
{\rlgiisé;?nee fztra;?géz e:g:igi sai;et#;i?wgy sliding box detection methodtfoxdetect in *local detection
field. The “SNR” bands are tailored for the mode”). Sources detected in this first run are then removed
objects with thermal spectra. from the input images bgsplinemap which creates smooth
background maps by fitting 2-D splines. A second run of
eboxdetect (in “map detection mode”) searches for sources,
this time using the background from the maps producecsplinemap. The resulting list is used as
input foremldetect, which performs a maximum likelihood PSF-fitting to determine the parameters (e. g
position and source counts) of each source. This thesis is mainly cedceith SNRs, i.e. extended
sources. However, detecting point sources is highly desirable: it aftnt® excise unrelated point sources
from spectral extraction regions and to look for central compact objeqtsisar wind nebulae inside SNRs.

SNR-hard 11 4.2

Extension for SNRs: | extended the pipeline with several scripts for the analysis of the SNRs in the
LMC (although they are useful for any extended sources).speetralanalysis is described in Se8t.For
imaging purposes, all observations of an SNR are combined to produogage centered on the source.
The smoothing of the images (using the SAS taskiooth) is performed both in constant and adaptive
mode. In the latter, the task calculates a library of Gaussian kernels suitheasulting images reached a
minimum (Poissonian) signal-to-noise ratio of 5 everywhere. Regionsauf giatistics (e. g. bright sources)
will be smoothed with a Y0FWHM kernel (the chosen minimum value), whereas fainter regior i
emission, rims of the field of view) will be smoothed with wider kernels. | seletttedminimum) kernel

size for (adaptive) smoothing manually depending on the available datarigihthless of the SNR under
investigation. Moderately-bright and faint SNRs (i. e. most of the sampieg Bmoothing kernel sizes of

24Values taken from the XMMNewtonUsers Handbook.
Pnttp://xmm2.esac.esa.int/external/xmm_sw_cal/background/filter_closed/
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7. XMM-Newton observations and data reduction

2 10" or = 20”. The few brightest objects and SNRs in very deep fields (e. g. the fizlshdiISNR 1987A,
see SecD) only need shallow smoothing (kernets3” or 2 6”).

The standard bands of the pipeline are not the best suited for SNRsh widev thermal emission
concentrated between 0.5 keV and 2 keV. In addition, lines and line consplex@ diferent elements
are well separated in this range. Therefore, | produced images ina seergy bands tailored to the
thermal spectrum of SNRs (Tabfel). A soft band from 0.3 keV to 0.7 keV includes strong lines from
oxygen; a medium band from 0.7 keV to 1.1 keV comprises Fe L-shell lineelisais Ne He: and Ly
lines; and a hard band (1.1 — 4.2 keV) which includes lines from Mg, SiaSAE and possibly non-thermal
continuum. Thus, the composite images of SNRs provide a visual evaluatibeiofemperature: evolved
objects with a relatively cool plasma (0.2 ke kT <0.4 keV) are most prominent in the soft band, those
with higher temperatures (0.4 ke¥ kT <1 keV) in the medium band. Only (young) SNRs with a much
hotter component or a non-thermal continuum will have significant emissitheihard band as well.

42



8. Method of X-ray analysis for extended sources

of these remnants have a low surface-brightness. Consequentlyalgsisiof their spectra is more

challenging. A careful treatment of the background, both instrumenthhatmophysical, is utterly
important in order to obtain meaningful fits and extract the purest possioleriation from the source. It
is not desirable to simply subtract a background spectrum extractedafmo@arby region, because of the
different responses and background contributions associatdtet@dt regions, and because of the resulting
loss in the statistical quality of the source spectrum. An alternative methodh whieveloped and used,
is to extract a nearby background spectrum, define a (physically-rextivenodel for the background and
simultaneously fit the source and background spectra. This Chaptairexine method in detalil.

T HE oBJECTS this thesis is concerned with are SNRs, ertendedX-ray sources. Furthermore, many

8.1. Spectral extraction

Because of the telescope vignetting, tliffeetive area is not constant across the extent of SNRs. To take this
into account, all spectra (source and background) are extractad/fgmetting-weighteavent lists. These

are produced as the first step of the analysis with the SASdesiweight. It assigns a weight to each
event of energ¥; at detector coordinatedé€tx, dety;), which is the inverse of the ratio of th&ective area

at that position to the centraftective area (at the same energy):

Aoo(Ej)

= — 2 8.1
Adet)q,detyJ (Ej) (8.1)

Wi
The corrected event lists are equivalent to that obtained with a flat ingtturiRer spectral analysis, a flat
response file with the on-axiftective area must then be used.

8.2. Modelling the instrumental background

| described the instrumental background of XIMWéwtonin Sect6.4. It will be present in all observations
and is position-dependent. Its contribution will be relatively higher in speaftisources with low surface
brightness and must be taken into account, i.e. modelled. To do so, | uSé/Balata (Sect.2). Several
hundreds of kilosecond worth of data are now available, providing d gnowledge of the spectrum of the
instrumental background. As part of his PhD thesis, Richard St@fhZ developed an empirical model
of the EPIC-pn FWC data. This includes an exponential decay (modifiexd dpline function), a power
law, and a combination of Gaussian lines to account for the electronic @i, and instrumental lines,
respectively. In addition, two smeared absorption edges to the contimeumciuded.

| extended his work and developed a similar model for the EPIC-MOS FWCtisp This allows to
analyse jointly the pn and MOS spectra of LMC SNRs (SEL) and take advantage of the better spectral
resolution of MOS. There is no low-energy noise as for EPIC-pn, sexpential decay function is needed.
| obtained satisfactory results with a broken power law for the continuunainigahe slope of the two
segments as well as the energy of the break free. A smeared absogg®mareundE ~ 0.53 keV (K edge
of oxygen) improved the fit and was included. A set of Gaussian aktosmodel the fluorescence lines.
The materials of the MOS and pn cameras affedint, and so is the observed fluorescence line pattern.
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Both have a strong Al K line at 1.49 keV. MOS background also featustoag Si K line at 1.74 keV, as
opposed to pn, where the strongest line is Cu K at 8.05 keV. Other linesArg Cr, Mn, Zn, Cu, Fe, and
Ni are detectedlumb et al. 2002Kuntz & Snowden 200Band included in the MOS detector background
model.

8.3. Modelling the astrophysical background

The AXB can usually be modelled with four or less componeSts(vden et al. 200&untz & Snowden
2010. The soft part of the AXBE < 2 keV) has mostly a thermal emission spectrum and originates from
various region#ot plasmas. The Local Hot Bubble (LHB) is a region in the solar neigtitomd filled
with million-degree plasmak{ ~ 85 eV, Henley & Shelton 2008 This component was modelled with
an unabsorbed APEC model. Emission from the Galactic halo comprises g&&oel0.1 keV) and warm
(KT ~ 0.25 keV) thermal component. Since the cool component is mostly absorb#te dgreground
Galactic absorbing column, | did not include it in the AXB model to keep it as simplgossible. For the
warm component | used an absorbed APEC model.

Above 2 keV, the background is mostly from the cosmic X-ray backgrd@XB), a superposition of
unresolved distant objects, in other words AGN. This component hassamkzed power-law spectrum, with
a photon index fixed dtf = 1.46 (Chen et al. 1997 To account for the non-uniformity of this component,
the normalisation is a free parameter in my background model.

The foreground Galactic absorption is reproduced by the photoelelssaction modebhabsn XSPEC,
using the cross-sections froBalucinska-Church & McCammo(1992. The foreground column density
Ny cal at the location of each analysed source is taken (and fixed) from the pd ai®ickey & Lockman
(199Q available online on the HEASARC pagés

8.4. Simultaneous fitting

For the analysis of one extended source, twitedent regions are defined:
e a source spectrum extraction region (here&fRrer region), and
e a background spectrum extraction region (here&Garegion).

Two spectra are extracted per instrument (pn, MOS1, and MOS2) faaim region, one from the event
list of the science observation, the second from the FWC data. The F\Wlrapnust be extracted at
the samadetectorposition as in the science observation, because of the strong positienegey of the
instrumental background for both pn and MOS (Séetand references therein). TBRC andBG regions
are best defined in World Coordinates System (WCS, i. e. sky po&itiotherefore, | first project the FWC
data at the same sky position than the science observation, using its attitude filistand the SAS task
attcalc. | can then use the same extraction regions to select FWC spectra.

| applied the same screening and filtering criteria used for the science dhai EWWC data, including
the vignetting correction witlevigweight. Formally, the instrumental backgroundrist subjected to
vignetting, which is an fect of the telescope gphotons However, by applying a vignetting correction
to the science data, one assigns weights to genuine X-ray events as wefplaticle background events,
since one cannad priori distinguish the two type of events. Therefore, one needs to vignettimgetor
the FWC data to make sure that the FWC spectra, used for the modelling of tthemiastal background
contribution to the science data, have been processed in the same waylattetheAt a given position

2®http://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
2TThis is more practical, in particular when several observations of @smith diferent pointings exist.
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8.4. Simultaneous fitting

on the detectorevigweight will assign heavier weights to photons with higher energies, flatethat
can be easily accounted for in the background model. To do so, | addpliha function to the pn and
MOS instrumental background models. This reproduces ffexteof the vignetting correction, which
“overweights” events above 5 keV, if they have been recorded aifisgm of-axis angles.

The four spectra are fitted simultaneously. The instrumental backgroundl isoconstrained by the
FWC data, and included (with tied parameters) in the spectra from the sabseevation. The science
spectrum in theBG region therefore allows the parameters of the AXB to be determined. It isvesb
that the temperature of the thermal components and the surface brightesstioérmal and non-thermal
components do not vary significantly between SR€ andBG regions. Thus, the appropriate temperature
and normalisation parameters are linked. All background componentsesr@dbounted for, and one can
explore the intrinsic emission from the source using several emission m&eeisi0 & 11.2).
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9. The X-ray evolution of SNR 1987A

9.1. Introduction

and is exceptional in many ways. It is the nearest supernova in almoste#0§?® . The SN was

promptly classified as type Il. The detection of a burst of neutrinos by @rthEbased experiments
(Hirata et al. 1987Bionta et al. 198y confirmed the theory that type 1l SNe result from the collapse of a
stellar core into a neutron star, with most of the energy{&gg) released through neutrinos.

The progenitor star was identified in pre-explosion plates to be-8% 202 (from the catalogue of
Sanduleak 1970a 12" magnitude B3 | supergiant star of aboutl?g,, i. e. not a red supergiant as expected.
The SN was unusually dim, with a maximum luminosity 2.5 mag fainter (i. e. a factonpthan typical
for type Il SNe, a consequence of the compactness of the blue sugigrggenitor.

SN 1987A was detected surprisingly early (a few months) at high enesgigtsthe Japanese satellite
Ginga(in the 6 keV- 20 keV bandPotani et al. 198yand the Soviet Mir-Kvant instrument (from 20 keV
to 300 keV,Sunyaev et al. 1997 Since the expanding shell was X-ray thick at this time, the observed hard
X-ray photons were likely-rays from the radioactive decay ¥iNi and®¢Co, Compton-scattered down in
the hard X-ray band.

Optical imaging revealed the presence of three rifigysifs et al. 1989Burrows et al. 1995 Two rings
form a bipolar hourglass-shaped nebula; the third one, brighter asdrdio the SN site, is known as the
“Equatorial Ring” (hereafter ER). This structure is likely to have beeméal by the interaction between
the stellar winds emitted by the progenitor star during its red supergiant aadsbpergiant phases (e.g.
Chevalier & Dwarkadas 1995although a binary merger model might be favoudairis & Podsiadlowski
2007, 2009. As the explosion blast wave propagates and interacts with the circumsteithinom (CSM),
soft X-rays are produced. Careful monitoring of the X-ray light eualows to probe the complex CSM
structure around the SN progenitor and constrain pre-explosion evolatidels.

Contrary to hard X-rays, early observations (August 1987) in thelsoid (0.2 keV- 2.1 keV) with
a sounding rocket resulted in a non-detection, with an upper limit ok10% erg s (Aschenbach
et al. 1987. The “first-light” observations of ROSAT towards 30 Doradus yieldedupper limit of
2.5x10%* erg st (Trimper et al. 1991 Only from April 1991 onwards was a soft X-ray signal detected
(Beuermann et al. 1994 The early evolution followed with ROSAT revealed a slow but steady asge
(Hasinger et al. 1996

The next-generation observatori€h@ndrg XMM-Newton Suzakiihave naturally targeted SN 1987A
on many occasions. In particular, t@handramonitoring in the first half of the 2000s had the highest
cadence. With these datRark et al.(2005 reported a dramatic upturn of the soft X-ray light curve,
about 6200 days after the explosion (i. e. late 2003), transitioning fribnear to exponential rise. This is
interpreted as the beginning of the interaction of the blast wave with the mayndbdide ER, as supported

S\l 1987A was discovered in the LMC on 23 February 1987. It has betemsively studied ever since

28|n the historical records, there are four certain Galactic SNe after AI:16N 1604 (Kepler's SN), SN 1572 (Tycho's SN),
SN 1054 (Crab nebula), SN 1006, and one likely in 1181 (progenito€683 (Clark & Stephenson 197 Btephenson & Green
2002. The identification of Flamsteed’s star (AD 1680) as the progenitor sfACis seriously questionne@(oughton 1979
Kamper 1980 Stephenson & Green 2002The lack of historical records also suggest than the second ysu8jiRsin the
LMC (0509-675) cannot be from much later than the beginning of the 17th centueydfseussion irBadenes et al. 2008
Finally, the youngest Galactic SNR G+@.3 has an agg 150 yearsReynolds et al. 2008reen et al. 2008but its location
near the tremendously-absorbed Galactic center precluded its detection.
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9. The X-ray evolution of SNR 1987A

TaBLE 9.1— Details of the XMMNewtonEPIC-pn observations of SNR 1987A

Obsld Obs. startdate Ad®  Filter  Total/filtered exp. time®
(days) (ks)
0406840301 2007 Jan 17 7267  Medium 1089.9
0506220101 2008 Jan 11 7626  Medium 1094.0
0556350101 2009 Jan 30 8013 Medium 10@40.0
0601200101 2009 Dec 12 8328 Medium 8389.8
0650420101 2010 Dec 12 8693 Medium 646Q.7
0671080101 2011 Dec 02 9048 Medium 80/6.5
069051010F) 2012Dec11 9423 Medium 68.68.0

Notes.@ Number of days since the explosion of SN 1984 Total and useful (filtered) exposure times, after
removal of high background interva€) Not included inMaggi et al.(2012h.

by the simultaneous brightening of optical hot spots along all the@®ringsson et al. 2008°. Similar
conclusions were reached blaberl et al(2006 using the first XMMNewtonobservations and re-analysis
of Chandradata.

It is expected that after the forward shock overcame the main body ofRhéhE X-ray light curve will
flatten and then turn-over. The soft X-rays are therefore a prolieedER.Dewey et al.(2012 hereafter
D12) present simple hydrodynamic models that reproduce the soft and harg IXyht curves. The models
show the soft X-ray flux behaviour for both the case where the fahwhock has left the ER and the case
where the ER is still being shocked (the “thin” and “thick” cases in their FEdLR).

Since 2007, a more frequent XMMewtonmonitoring was performed. | had the great chance to use these
data to contribute to the research on SN 1987A after ifstghday?C. | used the superior capabilities of the
EPIC-pn camera, focusing first on the X-ray light curve and its rapidugion since 2006. | also examined
the spectrum around 6.4 keV6.7 keV to assess the presence, properties, and evolution of the Fe K lines
which are detected unambiguously for the first time. This work was publishad_etter toAstronomyé-
Astrophysic§Maggi et al. 2012 Note that the identifier “SNR 1987A" is used thoughout this work : the
source is now clearly in theemnantstage rather than the supernova stage, as the emission is dominated by
radiation form shock-heated C3&jecta, as typical in (older) remnants.

9.2. Observations and data reduction

| used data of the almost yearly XMMewtonmonitoring of SNR 1987A (PI: F. Haberl), from Januray
2007 to December 2012. The high-resolution Reflection Grating SpectnoffeEsS) data taken up to
January 2009 are presentedSturm et al.(2010. | homogeneously (re-)analysed all observations from
2007 to 2012, four of which had not been published sé%ar mainly used data from the EPIC-pn camera
operated in full-frame mode with medium filter. Details of the observations are list€able9.1 All the
observations were processed with the SAS version 11.0.1. | extragetiasfrom a circular region centred

on the source, with a radius of 25 The use of spatially-integrated spectra is dictated by the small radius
of the source (still less than”1Helder et al. 2018 which is completely unresolved by XMMewton

29See also the iconielSTimages ahttp://hubblesite.org/newscenter/archive/releases/2007/10/.
300r shall | say 2% deathday ?
31The last observations was not includedMiaggi et al.(20128.
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9.3. The spectra of SNR 1987A

Only Chandrais able to resolve the source, using complex deconvolution technigueo{s et al. 2000
Racusin et al. 2009 EvenChandrastudies rely on spatially-integrated spectra. The background spectra
were extracted from a nearby point-source-free region common tosshaditions. Only single-pixel events
(PATTERN = 0) from the pn detector were selected. | rebinned the spectra with a minimRénaafunts per

bin in order to allow the use of thg?-statistic. Non-rebinned spectra were used with the C-statiStsl{
1979 for the study of Fe K lines, because of the limited photon statistics above.6Tke&\spectral fitting
package XSPECArnaud 1998 version 12.7.0u was used to perform the spectral analysis.

9.3. The spectra of SNR 1987A

9.3.1. Spectral model

| fit the EPIC-pn spectra of SNR 1987 with a three-component plareplbshock model (called vpshock

in XSPEC, where the prefix “v” indicates that abundances can vasy)gueivers 2.0. This is the same
model as the one used By 2 for Chandraand XMM-Newtonspectra, with a fixed-temperature component
(KT = 1.15 keV), although | did not use a Gaussian smoothing. This model givaglglloetter fits than
when using a two-component model (ePgrk et al. 2004Heng et al. 2008 The high- and low-temperature
components are believed to originate from the interaction of the shocks wftihrrarmaterial and denser
clumps in the ER, respectivelp(2). Another interpretation is that the high-temperature component comes
from plasma shocked a second time by a reflected shdiuddv et al. 2006

For elemental abundances, | followed the same procedure-abiar] et al(2006 : N, O, Ne, Mg, Si, S,
and Fe abundances were allowed to vary but were the same for alvatiges, whereas the He, C, Ar, Ca,
and Ni abundances were fixed. The systemic velocity of SNR 1987AK&867, e. g.Groningsson et al.
2008 was taken into account by choosing the redshift accordingly.

For the absorption of the source emission, two photoelectric absorptionocemis were included, one
with Ny gal = 0.6 x 10?2 cm2 (fixed) for the Galactic foreground absorptiddi¢key & Lockman 1999
and another one with Ny mc (free in the fit) for the LMC. Metal abundances for the second absaerptio
component are fixed to the average metallicity in the LMC (i. e., half the solaeydRussell & Dopita
1992. All spectra share the sameyNwc.

| simultaneously fitted the first six spectra using energies between 0.2 kd\l@rkeV. The last
observation, not included iMaggi et al.(2012, was analysed later on using the same workflow. For
consistency with the detection of Fe K lines, | included an additional (Gaydsi& to the model for the
spectra obtained after 2007. The central energies and widths of theMaredixed to the values found in
the detailed analysis of the lines (see below). Only the normalisation of eachdmkeft free.

9.3.2. Spectral evolution

The fit was satisfactory, wit? = 51142 for 4109 degrees of freedom. Detailed spectral fits were not the
focus of the study published Maggi et al.(2012h. For the sake of completeness, however, | include in this
thesis all spectral results of observations from 2007 to 2012. Thdibparameters are listed in Tat9e2

and their evolution vs. time are plotted in F&gl In summary, the spectral results are the following :

e The best-fit Ny Lyc was 318(f8:%) x 10?1 ecm2, corresponding to a total absorption column of

3.7 x 10?* cm™?, somewhat higher than found using the grating instruments al®aatdraand
XMM- Newton(Sturm et al. 2010Zhekov et al. 2006

e The abundance pattern (Talfl&?) is in line with the one reported byturm et al (2010 andD12.

e The temperature of the cool component slowly but steadily increasedGrdtnkeV to 0.44 keV,
while its normalisation remained stable since 2009.
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9. The X-ray evolution of SNR 1987A

e The temperature of the hot component is always in excess of 3.5 ke'tsamarmalisation increased
after 2009.

e The emission measure of the mid-temperature compohdntiXed at 1.15 keV) shows the largest
and most stable increase.

e The ionisation age does show an increasing trend, although this pararasteelhtively large
uncertainties.
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Ficure 9.1— Evolution of the best-fit spectral parameters of SNR 1987#vben and 2012. From
top to bottom: kT of the low-temperature and high-temperature components&om measures
EM = fneanV of the low-, mid-, and high-temperature components; idiosaager. All values
and uncertainties are listed in Tal9le
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TaBLE 9.2 — Spectral results, abundances, fluxes, and Fe K line prepartiSNR 1987A

Epoch Age lowkT component 1.15 keV component higfi-component ionisation age
kT EM EM kT EM
(days) keV (168 cm3) (10°8 cm3) (kev) (18 cm) (10 scnt3)
2007 Jan 7267 0.39.01 35.69537 7.31°527 13.89,2%  0.55593 44208
2008 Jan 7626 0.36%2 426352 7.807 47 5.82748  1.06'935 4607037
2009 Jan 8013 0.30.01 49.66382 11.89942 10.8635F  0.90992 5.279%
2009 Dec 8328 0.460.01 47.29%%2 12.9791% 5.9871,  1.40033 47728
2010 Dec 8693 0.48:32 48.13293 13.40528 3.800% 24353 49870712
2011Dec 9048 0.44:52 4572158 15.92-3%¢ 5.66'09%  2.20921 4.84703%
2012Dec 9423 0.44:92 4456997 19.90°944 76628 1.950%° 5.76'954
N O Ne Mg Si S Fe
1.35:0.06 0.08:0.01 0.29:0.01 0.26:0.01 0.5:0.01  0.480.02 0.24:0.01
Epoch Age Flux (0.5-2 keV) Flux (3—10 keV) Fx Eiine o-width Flux EW
(days) (1(T13 ergs?t cm‘z) (%) (keV) (eV) (10% phent?st)  (eVv)
2007 Jan 7267 33.5348 4.09°980 — — — — —
2008 Jan 7626 43.3%2° 5.22:0%7 29.8 6.5800> 46 (< 146) 1.079%¢ 174
2009 Jan 8013 52.7% %% 6.319.2 20.5 6.5501; 125 (< 433) 0.94522 169
2009 Dec 8328 59.0459 74298 13.8 6.63075 229 (< 424) 26475 432
2010 Dec 8693 65.90-2 8.1693% 11.6 6.610%° 105 (< 227) 25123 344
2011 Dec 9048 70.6§7¢ 11.31°5% 7.5 6.61008 83(<178) 2.0855% 238
2012Dec 9423 74.6§2° 11.65 333 5.4 6.78502 84 (< 155) 212531 230

Notes.Top panel: best-fit values and 90 % C. L. uncertainties for the parasnafténe three-components spectral model described in $8ct. in spectra
obtained between 2007 and 2012. Middle panel: Best-fit abundara&iga¢o the solar values as listed\iilms et al.(2000. Bottom panel: Fluxes and
Fe K line properties. Columns (3) and (4) list the soft and hard X-ragef#iwith 3r errors (99.73 % C.L.). Column (5) gives the increase rate of thg(iffux
%) since previous measurement, normalised to one year. Columns(8§)give the central energy;-width, total photon flux and equivalent width (EW) of
the Gaussian used to characterise the Fe K feature in the spectra of 8®R (1@th 90 % C. L. uncertainties).
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9. The X-ray evolution of SNR 1987A

9.4. X-ray light curve

I measured the soft (0.5 keV 2 keV) and hard (3 ke\- 10 keV) fluxes at all epochs, using the XSPEC
flux command. The results withv3uncertainties (99.73 % confidence level, C. L.) are listed in Talde

As is customary for SNR 1987A, | givebsorbedluxes, so comparisons between various observatories are
easier (because they do not depend on the column densities obtaindtidrith The fluxes up to January
2009 are fully consistent with the results fra#eng et al (2009 and Sturm et al(2010, which used the
same data.

| included these results and the unpublished data point of 2012 in the lighagurve shown in Fig9.2
Older XMM-Newtonfluxes are taken froralaberl et al(2006. | show theChandrameasurements reported
first in Park et al (2011 and then irHelder et al(2013. | also add the results from Suzaku observations
(Sturm et al. 200 Within their respective errors, XMNNewton Chandrg and Suzaku measured soft and
hard X-ray fluxes that agree very welRark et al(2011), using the ACIS calibration available at that time,
stated that the soft X-ray flux from SNR 1987A has been nearly conafesr day~ 8000. Obviously
XMM- Newtonobserved a source that wast constant, although one does observe a mild flattening of the
light curve. The increase rates of the soft X-ray flux (Té&b® vary from one year to another, showing that
the evolution of the X-ray flux is not smooth. One should therefore be asritnen claiming a steepening
or flattening of the light curve and wait for a longer baseline.

The discrepancy betweebhandraand XMM-Newtonmeasurements after day 8000 is reconciled by
Helder et al.(2013, using the revise€handracalibration. They conclude that the apparent break in the
soft X-ray light curve Park et al. 201)lwas mainly due to build-up of contamination on the ACIS optical
blocking filters.
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Ficure 9.2 — Light curve of SNR 1987A in the soft and hard X-ray ranges. XAN\dwtondata
points (black diamonds) after day 7000 are given with 99.73.%. error bars. Update@handra
measurements (with 68 % C. L. errokelder et al. 201Band those based on the older calibration
(with 90% C.L. errors,Park et al. 201l are shown in green and grey, respectively. Suzaku
measurementssfurm et al. 2009blue triangles) are also shown.
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9.5. Fe K lines
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continuum and a Gaussian, shown by dotted lines. The botemelg show the fit residuals. All
panels have the same scale. For plotting purpose only, exttifins are rebinned in order to have
a significant ¢ 507) detection in each rebinned channel. The feature seeii.dtkeV in the 2011
spectrum is an instrumental artefact and not an Ni K line.
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9.5. Fe K lines

The superior high-energyfective area of XMMNewton(~ 900 cn? at 6.4 keWs. ~ 200 cn? for Chandrg
allows the study of Fe K lines with the EPIC cameras at energies betweendb6l7akeV, i. e. out of the
range covered by RG¥. Heng et al.(2008 note a possible detection of an Fe kne in the spectrum
obtained in 2007, but the infiicient statistics precluded a more detailed analysis. In the co-added spectra
from 2007 to January 200Sturm et al(2010 identified a line at &7 + 0.08 keV.

| analysed the presence and properties of Fe K lines in all the monitorieg\vathi®ns (Tabl®.1). | fit the
non-rebinned spectra with a Bremsstrahlung continuum and a Gaussiandikiag use of the C-statistic to
take the limited number of counts in each bin into account. | performgststo evaluate the significance
of the line in each observation : | found a detection more thagignificant in the data from 2008 and 2011,
and more thandt significant in the spectra from December 2009 and 2010. The JanD@®ydbservation,
having a slightly shorter exposure due to longer high background aqtieitgds, still yields a& detection.
| found only a marginal (&) detection in the 2007 spectrum, in agreement with previous studies.

32By combining several years worth @handras High Energy Transmission Grating data 500 ks), it is possible to detect (at
low significance) Fe K lines (Dan Dewey, personnal communication).
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9. The X-ray evolution of SNR 1987A

| display the lines in the four most recent spectra from 2009 to 2012 i®HEgThe plasma temperatures
of the Bremsstrahlung continua range fréih = 2.75 keV to 3 keV, and the emission measures follow the
increasing trend of the hard X-ray flux. Line properties are given bi€lx2for all observations except the
one from 2007.

No evolution of the line central energy is found within the uncertainties, ledplectra stier from limited
statistics at high energy. The centroid energy of the Fe K line complex dementhe ionisation stages of
iron present, increasing from 6.4 keV for ko 6.7 keV for Fexv (Makishima 1986Kallman et al. 2004
and Sect3.3.3 . The spectral resolution is only 160 eV Gtrider et al. 200}, so the contributions from
various Fe ions present in the X-ray emitting plasma cannot be resolveatefdle, the large measured
widths of the lines in our spectra are most likely due to a sum of lines (which @bBoppler-broadened)
from several Fe ions, convolved with the instrumental response of therea The weighted average of
the emission-line centroids (6.660.01 keV) and the typical widths+( 100 eV) indicate the presence of
ionisation stages from ke to Fexxiv. This is consistent with the detection of lines fromxiva to Fexx
in the RGS spectraSturm et al. 201)) and the detection of an keu—Fexxmi blend in theChandraHigh
Energy Transmission Grating spectize{vey et al. 2008

The flux in the iron line indicates an increase around day 8000, and eadecafterwards. However,
given the large (statistical) errors in the flux measurements, the possibilitshéhfitix of the line remained
constant in the past three years cannot be excluded. Since the h#irdiom steadily increased during that
period of time, the equivalent width of the line decreased in the last olisBrsgTable9.2).

9.6. Discussion

The monitoring campaign with XMMNewtonsince 2007 is ideally suited to follow the evolution of
SNR 1987A (i) the same intrument setting (observing mode, filter, read-out time) is (idaHe spectra are
extracted from the same regions, diifJ the same model is used for all the spectra. The high throughput
of XMM- Newtonresults in the high statistical quality of the spectra. This allows high-confed@og
measurements with relatively small errors which are free of cross-daibraroblems due to éierent
observing modes.

The resulting light curve shows a continuous increase in the soft X-wayofl SNR 1987A, indicating
that no turn-over has been reached yet and that the blast wave isgddigating into dense regions of the
ER. To further constrain the thickness of the ER, given the continuousdse in the soft X-ray fludvlaggi
et al.(20120 used the “2< 1D” hydrodynamical model frond12. The recent XMMNewtonandChandra
measurements point towards a thickness of at le&st 406 cm (3000 AU) for the ER, and each year of
continued flux increase requires an additional ER thickness@$3 x 106 cm (350 AU).

The high-energy collective power of XMNitewtonallowed the detection and characterisation of the
Fe K lines from SNR 1987A. | found that the energies and the widths of tles limply the presence of
a collection of ionisation stages for iron. To investigate which model compasanost responsible for
the Fe K lines, | used the best-fit three-shock model (switchifighe Gaussian line) and using the NEI
version 1.1, as it includes low ionisation stages (below He-like ions), wHlolwsthe whole range of
energy between 6.4 keV and 6.7 keV to be probed as a functi@i ehdr (see Fig. 3 inFuruzawa et al.
2009. As expected, one finds that only the high-temperature component cagni§i contributes to the
hard continuum and the line. When including emission from ions with lower ibaisghan Fe XV, the
shapes and fluxes of the lines from the high-temperature componen® @ifgil to reproduce the data.
There is need for lower ionisation stages to explain the excess obsarvédba keV. This points to the
presence of shocked material with shorter ionisation agésthe framework of the hydrodynamics-based
model fromD12, one finds that the main contribution to the Fe K emission therefore comes feoauth
of-plane material (“Hi region”), which has a temperature and ionisation age that produces amiiss$i®
6.55 keV — 6.61 keV range. Another possibility for the low-energy emissiof.4 keV) is fluorescence
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9.6. Discussion

from near-neutral Fe, including Fe in the unshocked ejecta. Materiakidehse ER clumps, on the other
hand, has a temperature that is too low to significantly contribute to the line.

Following the evolution of the Fe K line fluxes and centroid energies is criecc@nstraining their origin.
Next-generation instrumentation, such as the X-ray calorimeter aboara-Agffakahashi et al. 20)2r
the X-IFU of Athena Barret et al. 2018 will be able to resolve lines from filerent Fe ions, thus providing
even deeper physical insights.

The calibration issues encountered by tBGhandrateam show how important it is to useoth
observatories to monitor such an important source. To follow the evolutidimeolight curve and of the
iron lines, subsequent observations of SNR 1987A with XMlglwtonare highly desirable.
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Ficure 9.4 — Details of the Fe K lines region of the spectrum from Decenf#ffgrl. The model
used is the three-shock components model described inSS&dhcluding emission from Fe below
He-like ions and without a Gaussian line. The “hot” compdnged dashed line) dominates the
continuum and line spectrum but does not account for an @misxcess around 6.55 keV.
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10. Study of individual supernova remnants

serendipitously in the XMMNewtonsurvey fields (Secf.1), even though some might have been

known as SNR candidates (e.g. DEM L205 and MCSNR J86082) beforehand. XMM-
Newtondata were used to investigate the morphological and spectral featuree ofrtmants. X-ray
observations were supplemented with optical, infrared, and radio-contidiata to provide a holistic view
of the remnants. The new SNRs are presented in three sections: DEM id2@%&fied in the first survey
observations, is analysed in Self).1. The discovery of three iron-rich SNRs is described in SEx@ and
two remnants with unusual morphology are presented in $e@.

For the naming of SNRs in the Magellanic Clouds, | made use of the acrony@&MR”, which was
pre-registered to the International Astronomical Union by R. Williams et alg mkintain the Magellanic
Cloud Supernova Remnants online dataSas&his ensures a more consistent and general naming system.
Indeed, some old remnants were named after nearby H Il regions (¢AgL20-N103B), others with B1950
coordinates, resulting in an inconsistent and confusing nomenclaturereféhe, all SNRs are assigned
the identifier “MCSNR JHHMM-DDMM?”, although | also retained the old “common names” from the
literature for easy cross-identifications.

OVER the course of my thesis, numerous new LMC SNRs have been revealest wdee found

10.1. Confirmation of the supernova remnant status of DEM L205

The very first pointing of the XMMNewtonsurvey of the LMC covered DEM L205, an object in the
giant Hu complex LHA 120-N51 (presented in Fit0.]) classified as a “possible SNRJavies, Elliott,

& Meaburn(1976. Using the new X-ray observations, archival optical and infraraa,dand new radio-
continuum observations analysed by collaborators, | conducted &s&nthat confirmed the SNR nature
of the source and estimated some of its parameters. This study was publishaggnet al.(20123.

10.1.1. Observations and data reduction
10.1.1. A. X-rays

DEM L205 was in the field of view of a 28 ks observation (Obsld 0671010Q1he first of the XMM-
Newtonsurvey of the LMC) carried out on 19 December 2011. The EPIC cawgrerating in full-frame
mode were used as the prime instruments. After the screening of high baokigactivity intervals, the
useful exposure times for pn and MOS detectors we0 and 22 ks, respectively. An archival XMM-
Newtonobservation (Obsld 0071940101, pointing at the LMC SB N 51D) incltidesbject in the field of
view, at a larger fi-axis angle. None of the EPIC cameras covered the remnant to its fulkektsed data
from this observation only for the purpose of imaging but not spectrometrig yields a longer exposure
time, particularly in the western part of the remnant, which is covered by @lécas in both observations.
In Table10.11 list the details of the observations. | created adaptively smoothed, vigmpetimected, and
detector-background-subtracted images in the standard XN¢Mtonenergy bands (see Table 3Watson
et al. 2009 for all three cameras, before merging MOS and pn data.

33MCSNR,http://www.mcsnr.org/Default.aspx
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10. Study of individual supernova remnants

Ficure 10.1 — The giant Hi
complex LHA 120-N 51 in the
light of [Su] (red), Hx (green),
and [Om] (blue), all data from
MCELS. The red box delineates
the area shown in Fig0.2 No-
ticeable substructures are: DEM
L205 (A), the SNR candidate
analysed in this Section; N51A
(B) and N51C (C, also named
DEM L201), two Hu regions also
seen in the radio and the IR; the
SB N51D, or DEM L192, in (D).

TasLE 10.1— XMM- Newtonobservations of DEM L205

Obsld Obs. startdate Central Coordinates  Fifter exposure time (ks¥)

Off-axis
RA (J2000) 0
DEC (J2000) pyM1/M2 pn M1 M2  angld
05" 29" 55.7
0671010101 2011 Dec 19 67 26 14 T/M/M 201 217 217 8.8
05'26M04.9
0071940101 2001 Oct 31 _67 27 21" T/T/T 268 312 312 13.7

Notes. @ T: Thin ; M: Medium. (®) Performed duration (total) and useful (filtered) exposure times, after
removal of high background intervalé) Angle in arcmin between the centre of the pn detector and the centre
of the X-ray source (as defined in Sei.1.2. A.

10.1.1.B. Other wavelengths

DEM L205 was observed in radio with the Australia Telescope CompacyAKBCA) on the 15 and 16
November 2011 at wavelengths of 3 cm and 6 cm (9000 MHz and 5500 Miking the array configuration
EW367. Baselines formed with the sixth antenna were excluded, leavingrianing five antennae to be
arranged in a compact configuration. The observations were camrtdd the so-called snap-shot mode,
totalling ~50 min of integration over a 12 h period. The source PKS B1®38 was used for primary (flux)
calibration and the source PKS B05327 was used for secondary (phase) calibration. The phase calibrato
was observed for a period of 2 min every half our during the obsenstidhe 6 cm observations were
merged with those frorDickel et al.(2005 2010. In addition, use is made of the 36 cm Molonglo Synthesis
Telescope (MOST) unpublished mosaic image as describétillsyet al. (1984 and an unpublished 20 cm
mosaic image frontughes et al(2007). Beam sizes were 48.4x 43.0” for the 36 and 20 cm images. The
6 cm image beam size was 41.8 28.5’, with a position angle of 49§ eastwards of north).

To study the remnant candidate in optical emission lines, | used the MCES43. All MCELS data
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10.1. Confirmation of the supernova remnant status of DEM L205

covering the object were flux-calibrated and combined with a pixel siz& &f2’. The [Si] and Hx images
were stellar continuum-subtracted to produce a map of/F. The X-ray composite image and §iFHa
contours from these data are shown in Ei@2 In addition, | used an unpublished higher-resolutian H
image in Fig10.7 (pixel size of I’ x 1), which was obtained as part of the ongoing MCELS2 program
with the MOSAICn camera on the Blanco 4-m telescope at the C¥1O

To study the IR emission of the source and its environment, | retrieve@piteerIRAC and MIPS
mosaiced, flux-calibrated (in units of MJy $) images processed by the SAGE teavte{xner et al. 2006
Sect4.2). The pixel sizes are 0/6for all IRAC wavelengths and 2.4%nd 4.8 for 24 um and 70um
MIPS data, respectively.

10.1.2. Data analysis and results
10.1.2. A. X-ray images

| created composite images, using the energy ranges 0.2 keV — 1 keV fedtbemponent, 1 keV — 2 keV
for the green, 2 keV — 4.5 keV for the blue. The X-ray image is shown inlBig. In addition to soft dfuse
emission and many point sources, an extended soft source is clearly'®&e source correlates with the
positions of DEM L205 and of the ROSAT PSPC source [HP99] B8&berl & Pietsch 1999aThe images
alone already show that the source has hardly any emission above 1 keV.

The X-ray emission can be clearly delineated by an ellipse centred atB5A28™ 05° and DEC= —67°
27 207, with a position angle of 30(eastwards of north, see Fip.2. The major and minor axes have
sizes of 5.4and 4.4, respectively. At a distance of 50 kpc, this corresponds to an extert®pcx64 pc.
Note that the eastern and southern boundaries of the X-ray emission egeclaarly defined than the
western and northern ones. | discuss this issue in 5@dt.3. C

10.1.2. B. X-ray spectra

Fitting method: | created a vignetting-weighted event list to take into accountftieetdve area variation
across the source extent (see S8ct.The spectrum was extracted from a circular region with a radius of
3 and the same centre as the ellipse defined above. A nearby region ofnibesize, free of diuse
emission, was used to extract a background spectrum. Point sourceexetuded from the extraction
regions. Spectra were rebinned with a minimum of 30 counts per bin to allovsthefihey?-statistic. The
spectral-fitting package XSPE@rnhaud 1996 version 12.7.0u was used to perform the spectral analysis.

The background and source spectra were modelled simultaneously,ifgldw method and background
model described in Se@. A soft proton contamination (SPC) term was also included. The SPC was
modelled by a power-lawot convolved with the instrumental response, which is appropriate for photon
but not for protonsKuntz & Snowden 2008

Three models were used for the emission of the remnant: a CIE model (AREW@N-equilibrium
ionisation (NEI) plane-parallel shock model (vpshoBkrkowski et al. 200}, and a Sedov model
(Borkowski et al. 2001. The mean and post-shock electron temperafligead Tes, respectively) in the
Sedov model were constrained to be the same, because of little or no variatitre best-fit parameters
and they? with 8 = Teg/Ts between 0 (by takinges = 0.01 keV, the minimal value in the Sedov model
implemented in XSPEC) and 1. This is a reasonable assumption, since old tershaunld be close to
ion-electron temperature equilibrium.

When fitted to the source region spectrum, the normalisations of the X-r&gfoamd components were
allowed to vary, but theiratios were constrained to be the same as in the background region. | found 5%
or smaller variations between the normalisations of the background contparighe two regions (which
are shown by the dashed lines in Fi§.3. Because the background spectrum was extracted from the

34The reduced image was shared by Dr. Robert Gruend|
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Ficure 10.2— A multicolour view of DEM L205. Top left: X-ray colour image of the remnant,
combining all EPIC cameras. Data from two overlapping ole#ons are combined and smoothed.
The red, green, and blue components are soft, medium, add<haays, as defined in the text. The
white circle is the 90 % confidence error of the [HP99] 534 pasiand the green cross is the central
position of DEM L205. The green dashed ellipse encompasseXtay emission and is used to
define the nominal centre and extent of the remnafdp right: The same region of the sky in
the light of [Sn] (red), Ha (green), and [Qu] (blue),where all data are from the MCELS. The soft
X-ray contours from the top left image are overlaiBlottom left Same EPIC image as above but
with [Su]-to-Ha ratio contours from MCELS data. Levels are (inwards) 0.4500.5, 0.6, and 0.7.
Bottom right The remnant as seen at 2¢h by SpitzerMIPS. Optical and IR images are displayed
logarithmically.

same observation (that is, at the same time period) and at a similar positioff@xisangle as the source
spectrum, the SPC contribution was not expected to vary miight¢ & Snowden 2008 The validity of

this assumption was checkagosterioriby looking at the data above 3 keV. | therefore used the same SPC
parameters for the background and source spectra.

To account for the absorption of the source emission, | included two pleatoic absorption components,
one with a column densitiy g4 for the Galactic absorption and another one vkl ¢ for the LMC.
Except for O and Fe, which were allowed to vary, the metal abundaac#ssfsource emission models were
fixed to the average metallicity in the LMG.€., half the solar valuesRussell & Dopita 199p because
the observations were not deep enough to permit abundance measisramerpecause high-resolution
spectroscopic data were unavailable.
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Ficure 10.3— Left: EPIC-pn spectrum of DEM L205. The spectra in the backgrcamd source
regions (grey and red data points, respectively) are medlsimultaneously. The background model
components are shown by the dashed lines and labelled. Toy &®odel used for the remnant is
shown by the blue solid line. Residuals are shown in the I@aeel in terms ofr.

Right: ThekT — r parameter plane for the Sedov model. The 68, 90, and 95 % Clowanare
shown by the solid, dashed, and dotted black lines, resjedctiThe formal best-fit, occurring at the
upper limit of the ionisation ages of the XSPEC modek (503 s cnT?) is marked by the red plus
sign. The red line shows the 99 % CL lower contour of emissieasuare obtained with the APEC
model. The green hatching indicates the region witgreé< 4.61 and EM is in the 99 % CL range
of the APEC model (see SetD.1.2.B.

Spectral results: | fitted the data between 0.2 keV and 7 keV. | extended the fit down to lovgiersao
constrain the parameters of the Local Hot Bubble (LHB) component, wiasha low plasma temperature
(kT < 0.1 keV). The data above 2 keV, where the Galactic components hardlylzdatrwere necessary
to constrain the non-thermal extragalactic emission and the BBR@Z & Snowden 2010

The quality of the data statistics was too low to place strong constraints on #grdand hydrogen
absorption column. The best fit value fopN was 5.3 10?° cm 2 (using the APEC component), with
a 90 % confidence interval from 3 to 301070 cm™2. | therefore fixed it at 5.9 10°° cm™2 (based on the
H1 measurement dbickey & Lockman 199] | found that the best-fit intrinsic LMC column density value
tended to 0, with a 90 % confidence upper limit ofx380°° cm=2 (using the APEC component), and then
fixed Ny Lmc to 0. Even though the best-fit temperature of the Local Hot Bubble dk(B® eV) agrees
well with the results oHenley & Shelton(2008, the errors are large because this component contributes
only to a small number of energy bins. The significance of the LHB compamanless than 10 % (using a
standard F-test), and | removed this component from the final analysspdwer-law component was also
faint but more than 99.99 % significant.

| achieved good fits and obtained significant constraints on the sourameters. The reducad were
between 0.91 and 0.92. The plasma temperatlEdétween 0.2 keV and 0.3 keV) are consistent for all
models. They are similar to temperatures found in other large SBlIBSNilliams et al. 2004Klimek et al.
2010. The unabsorbed X-ray luminosity of the Sedov model&8% 10°° ergs? in the range 0.2 keV —
5 keV, whilst the other models yield similar values. More than 90 % of the engrgjeased below 0.9 keV.

The best-fit values with 90 % confidence levels (CL) errors are listedbieT®.2 The spectrum fitted
by the best-fit Sedov model is shown in Fi§.3 (left). The ionisation timescales were large (more than
10*? s cnT?3), which indicates quasi-equilibrium. In this reginkd, andr are degenerate, because the spectra
hardly change when increasik@ and decreasing. This dfect is shown in Fig.0.3(right). However, the
emission measure (EM), which is a function of the volume of emitting plasma arsitidendoes not
depend on the model used, provided the column density is the same. With thed tied®9 % CL range of

63



10. Study of individual supernova remnants

TaBLE 10.2— X-ray spectral results for DEM L205

Background model best-fit parameters

Model Nyga®  KThao EMpa® I'xrs@ AxrB I'spc Aspc
(10%%cm™?) (eV) (107 cmd)

vapec 59 2010 5208 146  2.68% 0.789%  8.48%2

vpshock 5.9 20;4112 5.1j§;§ 1.46 2.397¢ 0.79t8;8g 8.69%0

vsedov 5.9 2055  5.07% 1.46 2.0257 0.79% 05 8.93%7

Source model best-fit parameters

Model Nymc® kT T EM 12+ log(OH) 12+ log(FgH) x?/dof
(102%°cm™?) (eV) (10scntd) (10°7 cm™)
vapec 0 25118 — 20.633  8.22701° 6.5702>  452.96/ 490

vpshock 0 25780 4216¢102) 220 8.10211 6.86'027 446.09/ 489

vsedov 0 2032 500(190) 245 81601  6.84035 447.44/489

Notes. The top panel lists the best-fit parameters of the background modeharubttom panel shows the
parameters of the source models (details are in $8ct.2. B Errors are given at the 90 % confidence level. |
required the emission measures of the vpshock and vsedov modelgtthbed9 % CL range of EM obtained
with the vapec model (see text), and this gave the range of erroisTfand r of the vpshock and vsedov
models.T; and A are the spectral indices and normalisations of the power-law compinenérei is either
the X-ray background (XRB) or soft proton contamination (SPGxgfis given in 10° photons keV* cm? s

at 1 keV and Apcin units of 102 photons keV* cm 2 s™. They? and associated degrees of freedom (dof) are
also listed (@ Fixed parameter (see text for detail@. Emission measure EM fneanV.

EM obtained using the APEC model (16.0 — 2614°7 cm~3), which does not have tHel —r degeneracy
problem, | obtained additional constraintslohandr.

The O and Fe abundances are (about 0.2 dex) lower than thBassgell & Dopita(1992) but consistent
with the results found bydughes et al(1998 in other LMC SNRs. The abundances found for DEM L205
match well those reported in the nearby’(88 ~190 pc in projection) LMC SB N 51DYamaguchi et al.
2010.

10.1.2. C. Radio morphology

To assess the morphology of the source, | overlaid the radio contoure tMM-Newtonimage. Weak,
extended ring-like emission correlates with the eastern side of the X-rayargrand is most prominent, as
expected, at 36 cm, but only marginally detected at higher frequendged (). It is difficult to classify
the morphology of this SNR at radio wavelengths because it lies in a croiidédThe surrounding radio
emission is dominated in the north by LHA 120-N 51A, which is classified as@aregion Filipovic et al.
1998 and also correlates with the small molecular cloud [FKM2008] LMC N JO&2Z26 Fukui et al.
2008, and in the west by the hiregion LHA 120-N 51C.

If one assumes that the analysable region of the 36 cm imagel(F# left) is typical of the rest of
the remnant’s structure, the SNR would have a typical ring morphology.effeless, with the present
resolution, one cannot easily estimate the total flux density of this SNR atdity frequency. However,
note the steep drop (across the eastern side of the ring) in flux densighat frequencies, which results
in a nearly completely dissipated remnant as seen at 6 cml(@#.right).
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Ficure 10.4— Radio contours of DEM L205 overlaid on the X-ray imadeeft: 36 cm contours
from 5 to 5@ with 50 steps ¢ = 0.4 mJybeam).Middle : 20 cm contours from 3 to 28with 20
steps ¢ = 1.3 mJybeam).Right: 6 cm contours from 3 to 2@0with 9o~ steps ¢ = 0.1 mJybeam).
Beam sizes are 40x 40" for the 36 cm and 20 cm images, and 41:828.5’ at 6 cm. Note that
the portion of the sky shown is smaller than in Hi§.2

10.1.2. D. Radio spectral energy distribution

We were unable to compile a global spectral index for the remnant beadasge portion of DEM L205
cannot be analysed at radio wavelengths (as described abovekveipw spectral index map (FI.5
shows the change in flux density from 36 cm to 6 cm. The map was formeghlncessing all observations
to a commoru — v range, and then fittin§ « v pixel by pixel using all three images simultaneously. The
areas of the SNR that are uncontaminated by strong sources havakipelites betweer0.7 and-0.9,
which is steeper but close to the typical SNR radio-continuum spectrad ofde~ —0.5. The uncertainties
in the determination of the background emission are likely to cause a bias tstgeqpkr spectral indices. |
also point out that the bright point source seen in the north-east (maBycan) is most likely a background
galaxy or an active galactic nucleus (AGN).

-0.45

Ficure 10.5— Spectral index map
of DEM L205 between wavelength
of 36 cm, 20 cm, and 6 cm,
covering the same field as Fi@.4
The sidebar gives the spectral index
a. The 36 cm contours (black)
are overlaid, with the same levels
as in Fig.10.4 The Hx structures
(Figs.10.1& 10.2 are sketched by
the magenta contours.

Dec (J2000)

230 50
RA (J2000)

65



10. Study of individual supernova remnants

10.1.2. E. Infrared flux measurement

The IR data sfier from the same crowding issues as the radio-continuum data. The IR@aniisthe SNR
region (see Figurd0.6 is dominated by the two H regions seen in radio, whose positions are shown in
the 8um images (Fid.0.6 left). However, at 24um, an arc of shell-like emission is seen in the eastern
and south-eastern regions of the remnant (outlined irl@i§ middle) at the same position of the 36 cm
emission. | used the optical and X-ray emission contours to constrain ti@rag24um that can be
truly associated with the SNR and found that this arc tightly follows theadd X-ray morphologies. |
integrated the 24m surface brightness in this region (in white in Fi§.6 middle) and found a flux density
of F24 = 660 mJy.

To calibrate my method of flux density measurement and estimate the uncertaidégsed the 24/m
flux densities of the LMC SNRs N132D, N23, N49B, B0453-68.5, and O, and compared them to
the values published iBorkowski et al.(20060 andWilliams et al.(20063. | was able to reproduce these
authors’ values, but with rather large error range80Q %), chiefly because of uncertainties in the definition
of the integration region. The two aforementioned studies integrated thedhsitg only in limited areas
of the SNRs, and the integration regions are not explicitly defined in thearpapn the case of DEM L205
it is also dificult to define the area of IR emission from the SNR only, so | believe the3e&0or ranges
are a reasonable estimate of the error in the flux density measurement. stémaatyc uncertainties in the
flux calibration of theSpitzerimages are small in comparison and can be neglected. In particular, gaten th
the thickness of the region in the plane of the sky i§ 25’, only a small aperture correction would be
needed (at least at 24n).

The 70um image (FigL0.6 right) shows that DEM L205 has the same morphology as an24out with
lower resolution, hence the confusion is even higher. Simply using the smioa s foiF,4, | found a flux
density ofF7q = 3.4 Jy, with similarly large errors. | discuss the origin of the IR emission in 36ct.3. A

In the IRAC wavebands, no significant shell-like emission is detected. Itiezl{aidentified two arcs at
8 um (marked in cyan on Figj0.6 left) that could originate from the interaction of the shock with higher
densities towards the idregions. The two arcs are also present agfrB(not shown) but neither at 4:8n
nor 3.6um, where only point sources are seen.
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Ficure 10.6— Spitzerimages of DEM L205 at 8, 24, and 70n (from left to right). All images
show a similar portion of the sky as the radio images and a@aidjed logarithmically. The green
ellipses on the &m image show the positions of the twonHtegions seen in the 36 cm image, and
the cyan arcs indicate the/8n emission possibly associated with the SNR. The white dhkhe
shown in the 24/im image marks the region where | measured the flux densitia$ah and 7Qum
(Sect10.1.2. B. Soft X-ray contours are overlaid in cyan.
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10.1. Confirmation of the supernova remnant status of DEM L205

10.1.3. Discussion

DEM L205 exhibits all the classical SNR signatures, and is thereforeromeias anew supernova remnant
On the basis of the J2000 X-ray position, DEM L205 is thus called MCSNR&&&/27 in the catalogue

of LMC remnants. In the following sections, | take advantage of the multi-leagth observations of
the remnant and discuss the origin of the IR emission (the various precémsgecan occur in SNRs to
emit IR light have been introduced in Se&), derive some physical properties of the remnant, compare
the morphology at all observed wavelengths and discuss the enviroinmehtch the SN exploded, and
analyse the star formation activity around the SNR.

10.1.3. A. Origin of the IR emission

No significant emission from DEM L205 was detected in the IRAC waveb&ntish have been chosen
to include the main PAH features), with the possible exception of the twm &nd 5.8:m arcs (Fig10.6

left) in the direction of the neighbouring iHregions (in the north and west). This means that PAHs have
been d#iciently destroyed. The absence of IR spectroscopic observatiotisges further interpretation.

The presence of & emission shows that hydrogen is not in the molecular phase, hence rota-
tionalvibrational line contribution is negligible. The emission in the 24 and 70um wavebands should
then be dominated either by dust or ionic forbidden lines. lonic lines in then24ilter bandpass are
[S1] 25.2 um, [Fen] 24.50um and 25.99m, [Fem] 22.95um, and [Owv] 25.91um. [Si] emission is not
expected because of the promineni$ptical emission, showing that'Ss the primary ionisation stage of
sulphur. The morphological similarities between the MIR and X-ray emissiahttetne interpretation that
one mainly observes the thermal continuum of dust. The correlation wittm7€upports this scenario, and
the 70-to-24um ratio (~ 5.2) is consistent with a dust temperature of 50 K — 80/Milljams et al. 2006a

In the northern part of the arc of 2dn emission (encompassed by the white dashed line inlBi@.
middle), the MIR emission is slightly ahead of the shock (delineated by the Xumsgsion), whereas
it correlates tightly with the shock in the rest of the arc. This morphology aedgthsence of the OB
association LH 63 (see Fi@0.7, right) indicates that stellar radiation dominates the heating of the dust in
the north. In the southern part, shock waves could play a more signifmarih heating the dust.

The lack of spectroscopic data prevent us from establishing the premigebution of dusts. O and
Fe lines. Because of these limitations and the confusion with the backgranddecause only part of the
SNR is detected at IR wavelengths, | did not attempt to derive a dust masseuently, no dust-to-gas
ratio (using the swept-up gas mass estimate from X-ray observationsuandeabtruction percentage can
be given.

10.1.3. B. Properties of DEM L205 derived from the X-ray obse  rvations

From the X-ray spectral analysis, several physical properties akthh@ant can be derived: electron and
hydrogen densitiege and ny, dynamical and ionisation agégn andt;, swept-up mas$, and initial
explosion energ¥o. | used a system of equations adapted fr@n der Heyden et a{2004), given by:

1 EM _

Ne=<fe/ (cn®) (10.1) Nh = Ne/re (cm™) (10.2)
R T

tgn = 1.3x 10716 — (yr 10.3 t =3.17x 108 — (yr 10.4

dyn KT (yn) (10.3) i e (yr) (10.4)

M=5x103*myrmne 2V (Mg) (10.5) Egp=264x108kTsR®ny (erg, (10.6)
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10. Study of individual supernova remnants

where EM is the emission measuee (ienyV) in cm3, kTs is the shock temperature in keV, ands the
ionisation timescale in scm. These parameters are determined by the spectral fitting. In addRiisn,
the radius of the X-ray remnant in cm (using the semi-major axis of 39.5 pcSeet10.1.2. A, V is the
volume (4/3 x R®) assuming spherical symmetry (as discussed below)s the proton mass in g, is
the total number of baryons per hydrogen atermf,/ny), andr. is the number of electrons per hydrogen
atom & ng/ny). Assuming a plasma with 0.5 solar metal abundances, as done in the sfittictgalone
hasry ~ 1.40 andre ~ 1.20 (for full ionisation). Finally,f is a filling factor to correct for any departure
from spherical symmetry, as inferred from the X-ray morpholofyys defined asvV;/V, whereV, is the
true X-ray emitting (ellipsoidal) volume. Adopting the semi-minor axis of the X-nawtting ellipse (32
pc) as the second semi-principal axigs in the range 0.81 — 0.90, with the third semi-principal axis being
between 32 pc and 39.5 pc.

The properties are listed in Talle.3
using f in this range and EM in theTasLe 10.3— Physical properties of DEM L205.
range defined in Sec0.1.2. B The large
amount (from 400 M, to 460 My) of
swept-up gas justifies posteriori that Me My tdyn M Eo
the SNR is indeed well-established in the ~ (102cm?®)  (1Cyr)  (Me) (10 erg)
Sedov phase. Because the remnantisoldg g _78 47_-65 3% 400 — 460 0.52—0.77
the plasma is close to or in collisional _
ionisation equilibrium, as indicated by
either the acceptable fit of the APEC model
or the large ionisation timescale, for
which only a lower limit is found. Thus, the spectrum changes very slowly twitke andr is no longer a
sensitive age indicatowén der Heyden et al. 20D4This explains why; is unrealistically long*$ 770 kyr,
from Egs.10.1and10.4 and unreliable.

10.1.3. C. Multi-wavelength morphology

In Fig.10.2 we see an X-ray remnant with a slightly elongated shape and a maximal ekxtéatpc.
Therefore, DEM L205 ranks amongst the largest known in the LRB&dénes et al. 20)0consistent with
its fairly advanced evolutionary stage, and is comparable to e.g. SNRskasin Cajko et al.(2009;
Klimek et al. (2010; Grondin et al(2012. The optical emission-line images (Fide.2and10.7) show
the shell-like structure of DEM L205 coinciding with the boundary of the Xeeission from the remnant.
Dunne et al(200)) classified the shell as a superbubble (SB), interpreting the morphofdgiM L205
as a blister blown by the OB association LH 63 (see text below and &ig.right). They measured a mild
expansion velocity of-70 kms™? for the Hx shell, which is typical of SBs. Supernova remnants exhibit
higher expansion velocitieg (100 km s1), although this is not a necessary conditi@n( 1997.

On the basis of the low densities 0.1 cnm3) derived from the X-ray spectral analysis, | conclude that
the supernova exploded inside the blister, producing the bright X-raysemim the interior of the SB. The
SNR shocks reaching the inner edge of the bubble might then have podoo-thermal radio emission,
and the observed morphology at 36 cm is consistent with this picture.

The remnant is located in a complex environment. In the north and west, wetetbteso Hir regions
and a strip of dust and gas extending down towards the south-west. ihedibns also show bright
IR emission, mainly from dust heated by stellar radiation, and bright (themadi)-continuum emission
(Figs.10.4& 10.6. The [Su]-to-Ha ratio is higher in the south of the remnant, indicating that ttikisé
optical emission there is caused by the SNR shocks. In addition, the Iaieeinrtne north and west parts of
the remnant is most likely due to photoionisation by the massive stars (bringpigus to ionisation stages
higher than S) from the same OB associations that power therdgions and produced the SB in which
the supernova exploded. | therefore propose that the SNR andithegibns are physically connected.
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Ficure 10.7— Left: Colour-magnitude diagram (CMD) of the MCPS staZar(tsky et al. 200%
within 100 pc ¢6.9) of the central position of DEM L205. Geneva stellar evauatiracks (ejeune

& Schaerer 200)Lare shown as red lines, for metallicity of 0.4,4nd initial masses of 3, 5 i
(dashed lines) and 10, 15, 20, 25, and 48 Kolid lines), from bottom to top. The green dashed
line shows the criteria used to identify the OB starsq{ 16 andB — V < 0). Stars satisfying these
criteria are shown as blue dots.

Right: MCELS2 Hx image of the SNR, with the soft X-ray contours in magenta. Alhe plus signs
show the positions of the OB candidates identified in the CMB green squares identify Sanduleak
OB stars. The black dashed circles encompass the nearby<oBiations 60 and 63 frofnucke &
Hodge(1970. Positions of definite (yellow diamond) and probable (riedie) YSOs fromGruend|

& Chu (2009 are also shown.

Furthermore, whilst the X-ray surface brightness falls abruptly achessastern and southern boundaries
of the remnant, much weaker emission is detected in the north and west, rigbt @asitions of the ki
regions seen at all other wavelengths (Figs2 10.4, and 10.6. This indicates that the remnanttighind
the Hm regions. The absorption column density is higher in the north and westreagimg the X-ray
emission and giving rise to the observed asymmetrical, irregular shape értdggsns. The ellipse defined
in Sect.10.1.2. Ais probably an oversimplification of the actual morphology of the X-ray emittaggon.
The remnant may have a more spherical shape, with some parts maskedhyrggions.

Soft and faint difuse X-ray emission is also detected on the other side of th¢ gasistrip. The diuse
X-ray emission is enclosed by very sharp and faintfitaments (Figs10.2and10.7). The presence of the
OB association LH 60 suggests that another stellar-wind-blown SB in wigdhlzad exploded is observed.
The faintness of the X-ray and optical emission precludes further analsere, note that the [g-to-Ha
ratio is less than 0.4 . However, it cannot be used in that case becaihseprésence of massive stars from
the OB association.
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10.1.3.D. Past and present star formation activity aroundt  he SNR

To investigate the star content around the remnant, | used the MCPS catalbgaritsky et al.(2009

and constructed the colour-magnitude diagram (CMD) of~B8 000 stars lying within 100 pc (6)9of

the remnant’s centre. The CMD (Fit0.7, left) shows a prominent upper main-sequence branch. | added
stellar evolutionary tracks dfejeune & Schaeref2001), for Z = 0.4 Z; and initial masses from 3 M to

40 Mg, assuming a distance modulus of 18.49 and extincipn= 0.5 (the average extinction for “hot”
stars,Zaritsky et al. 2003 | used the criteria of < 16 andB — V < 0 to identify OB stars, and found 142

of them in the sample (shown in aaHmage in Fig10.7, right). UsingV < 15 or 14 instead of 16 would
give 86 and 20 stars, respectively.

| also looked for nearby OB associationslincke & Hodge(1970 and OB stars in the catalogue of
SanduleaK1970. Contamination by Galactic stars was monitored by performing a crosslation with
Tycho-2 starsigg et al. 200 Five Sanduleak stars are in this region, four of them having a match in the
MCPS catalogue, with the selection criteria. The “missed” Sanduleak star\s@eyheid (a binary with
a red component), which thus possibly explains why these criteria wesatistied. Two OB associations
(LH 60 and 63) lie close to the remnantd and 3, respectively), and their extent indeed contain many OB
stars from the MCPS catalogue.

Harris & Zaritsky (2008 performed a spatially resolved analysis of the SFH of the “Constellation Il
region, and DEM L205 was included in their study (the “EO0Q” cell in their B)g.They identified that a
very strong peak in the star formation rate occurred in the region of thearmi® Myr ago, and that little
star formation activity had occurred prior to this burst.

The rich content of high-mass stars and the recent peak in SFH arcainehtimant strongly suggest that
a core-collapse supernova has formed DEM L205. It is however iritpess completely rule out a type la
event. Considering at face value that most of the stars were formed ifrBh@&k 10 Myr ago, | estimated
a lower limit for the mass of the SN progenitor of B, because less massive stars have a lifetime longer
than 10 Myr Meynet et al. 199 | cannot estimate an upper limit, because the progenitor might have
formed more recently (the region is still actively forming stars, see below).

| searched for nearby young stellar objects (YSOs) to assess thibiliysef SNR-triggered star
formation, as inDesai et al.(2010Q. Using the YSOs from the catalogue @fuendl & Chu(2009), |
report an SNR—molecular cloud-YSOs association around DEM L205 pdkitions of young stars are
shown in the K image (Figl10.7 right). Four YSOs lie in the ki regionmolecular cloud in the north,
and are closely aligned with the X-ray emission rim. In addition, four YSOs lieenatbstern Hr region,
significantly beyond the remnant’s emission but correlated with tifes#i X-ray emission from the SB
around LH 60. Two additional YSOs are aligned with the south-westera efiiipe SB.

Given the contraction timescale for the intermediate to massive YSOsy(1® 1¢° yr, Bernasconi
& Maeder 1999, the shocks from the remnant cannot have triggered the formation ofSkis already
present. These YSOs are more likely to have formed by interactions with airdl®nisation fronts from
the local massive stars, as illustrated by the alignment of young stars alngtbf the adjacent SB. The
remnant will be able to trigger star formation in the future, when the shooks $lawed down to below
45 km st (Vanhala & Cameron 1998By this time, however, the neighbouring massive stars will also have
triggered further star formation. It is therefordfiult to assess the exact triggering agent of star formation,
asDesai et al(2010 pointed out, in particular in such a complex environment.
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10.1.4. Summary

The first observation of the LMC survey with XMMewtonincluded the SNR candidate DEM L205
in the field of view. In combination with unpublished radio-continuum data anbdial optical and IR
observations, all classical SNR signatures are found, namely :

e extended X-ray emission
e optical emission with a shell-like morphology and an enhanced-{&Ha ratio
¢ non-thermal and extended radio-continuum emission.

The source is also detected in the IR where predominantly thermal emissiodfist is observed. One can
therefore definitely confirm this object as a supernova remnant. Acml@sse supernova origin is favored,
in light of the recent burst of star formation and the presence of manyivaagtars in the close vicinity of
the remnant. In that interptation, a lower limit of abouthg, is placed on the mass of the progenitor. The
SN exploded in a SB, thus expanding in a low density medium. With a size/8fx 64 pc, DEM L205 is
one of the largest SNRs known in the LMC. Given the low plasma temperare 0.2 keV — 0.3 keV), |
derived a dynamical age of about 35 kyr.
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10. Study of individual supernova remnants

10.2. New iron-rich SNRs: The most evolved remnants of type la
supernovae

properties of beingron-rich, as revealed by their X-ray spectra. They are members of a growirg clas

of Magellanic remnants which show centrally-peaked X-ray emission highligheed in iron. This
establishes their type la (thermonuclear) SN origin. MCSNR JO6082 was identified with ROSAT as
an SNR candidate. XMMNewtonwas used in combination with new radio and optical observations to
study in details the remnant. Results were published in Bozzetto, KavanagjgiMt al. 2014 hereafter
BKM14). | have been involved in the analysis of X-ray data and the discussitireofsults reproduced
here. The two other sources are MCSNR JO5E#30 and MCSNR J0536759. They were discovered
in the survey observations. | conducted the study of the objects whiclpwaished in Maggi, Haberl,
Kavanagh, et al. 2014 hereafteMHK14). | emphasise here my original contributions, mostly the X-ray
analysis and discussion. The radio and optical data (observationsalygia) were mainly contributed by
my co-authors. | reproduce here some of these results for the sakenplateness, whilst details of the
observations and analysis can be found in the original publications.

I N THIS Section, | describe the discovery, analysis, and properties of three&SN&Rs, which share the

10.2.1. Source identification and observations

X-rays: MCSNR J05086902 was selected as a bona-fide SNR candidate from the PSPC cataflogue
LMC sources P99, based on its spatial extent and extent likelihood, hardness ratioapandariability.
The source had the identifier [HP99] 791 and was proposed for XN#Mtonobservations in AO9 (Pl :
Sasaki,2009. The observation was blighted by very high background, but an é&teX-ray source was
indeed found and confirmed the SNR nature. The last pointing of the LM&gwvas therefore set to
cover [HP99] 791 and yield the required exposure time. On the other, M@&NR J05086830 and
MCSNR J05116759 were serendipitously discovered during the LMC suf¥e¥hey matched the criteria
for SNR candidates described in SéctDetails of the observations are summarised in TABI& (p.84).

To designate the sources | used the identifier “MCSNR JHHNDDMM”. | chose to introduce the
names of the objects from the start of the discussion to allow an easiemptiescof the analysis. For the
same reason | will here and after simply call them “remnants” (and no Idogadidates”). Firm evidence
for their classification as SNR is presented in SE@2.3

Radio: For the study of MCSNR J056®%830 and MCSNR J05:56759 inMHK14, archival data from
various radio surveys were used, particularly the 4800 MHz surv8&idkel et al.(2010 and the 1370 MHz
survey byHughes et al(2007). Both surveys used the ATCA in fairly compact configurations to preduc
half-power beamwidths of 35and 4%, respectively. Data at both frequencies from a survey using the
64-m Parkes telescopkldynes et al. 199Filipovic et al. 199% were included in the imaging to improve
the sensitivity to the smooth emission from these extended regions.

In the case of MCSNR J0568902, the same new ATCA observations as for DEM L205 (S€ct,
Maggi et al. 2012pwere used, again in combination with archival MOST and ATCA data.

Optical: | used data from the MCELS (Sedt2). All observations covering MCSNR J0568830
and MCSNR J05146759 were combined, flux-calibrated, and smoothed with””aGaussian. The
corresponding continuum images were subtracted, thereby removingdfptie stellar conntribution and
revealing the faint dfuse emission in its full extent. The continuum-subtracted images were pddpare
Sean Points. | then produced aiffHa ratio map. To avoid noise where the pixel values in either bands

35The faint ROSAT source [HP99] 606 in in close proximity to MCSNR JO5759 but was not classified, even as a candidate
SNR, due to the very limited data available
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10.2. New iron-rich SNRs : The most evolved remnants of type la supaeno

were low or negative (due to over-subtraction of the continuum, partlgwdasund stars), | set the ratio to
0 for these pixels. From this map | could investigate possible stronfjifia ratios, which are indicative of
shock excitation. | used a conservative criterion of 0.6 to identify regidrese the ratio is clearly enhanced.
The [Su]/Ha map is used in Figd.0.8& 10.9 and the results described in Sdd.2.3. A

For MCSNR J05086902, | used the (non-continuum-subtracted) MCELS data to image thet @ibjec
[Su], Ha, and [Om]. In addition, we used the deep arcsecond-resolutianribge from the photographic
survey with the UK Schmidt telescope (UKST) Beid & Parker(2006 with matching SR (short “broad-
band” red image), and spectrocopy (in the red part of the spectrung) tii@multi-object fibre spectrograph
AAOmega 2dF on the Anglo-Australian Telescope (AAT). Details of the pjrajohic and spectroscopic
observations are given BKM14. In Fig.10.111 show the Hr quotient image (it divided by SR) with the
position of the 2dF fibres.

Infrared: | usedSpitzerdata from the SAGE survey to assess possible emission from MCSNR-JEG8B
and MCSNR J05146759, and study their surrounding cold environments. | essentially use8 Mata at
24 um from the mosaiced, flux-calibrated images processed by the SAGE team.

10.2.2. Data analysis

| reduced the XMMNewton observations with the method described in Séctcreating adaptively
smoothed, vignetting-corrected, and detector-background-sulatracéges in the “SNRs” energy bands.
Data from all EPIC detectors were merged.

| extracted energy spectra from vignetting-corrected event lists @ectin the case of MCSNR
J0508-6830 and MCSNR JO5156759, the extraction regions were circles including all the X-ray emission.
| extracted background spectra from adjacent regions, which wergea to be at a similarfisaxis angle
and on the same CCD chip as the source. However, MCSNR 36838 was located on more than one
chip, possibly leading to systematic uncertainties in computing response fusicRoint sources detected
in the extraction regions were excised.

Because of the morphology of MCSNR JO5@&®02, which shows striking fferences between the soft-
and medium-band emission (Selfd.2.3. A, spectra were extracted from two regioristhe central region,
defined to enclose the 0.7 keV — 1.1 keV band contours with an ellip28(x ~ 1.6’), andii) a “shell”
region, using a5 diameter circle, excluding the central extraction region. Since MCSNRS8}@ED2
was observed on-axis, the background spectrum was taken froor@esand diuse emission-free region
further df-axis than the remnant. The instrumental background variation is taken iotwrscin the
spectral modelling (Sed). Only the survey observation of MCSNR JO5@302 (Obs. ID 0690752001)
is considered for the spectral analysis. The onl§ ks of data from Obs. ID 0651880201 add little to our
analysis (the faint shell of the remnant is not even detected in images fiswhervation). Furthermore,
the flare-filtered event lists are still heavily contamined by SPC.

For all sources, only EPIC-pn spectra were used for the spectafysism because all three remnants
are very faint in the MOS-only images. The spectra were rebinned usthgTt®OLSgrppha to have a
minimum of 25 counts per bin. XSPEC version 12.8.0u was utilised for the spaatalysis. | followed the
method and used the background model described in &&rsimultaneously model the source emission
and the (instrumentat X-ray) background. The foreground Galactic absorption was fixdti¢ovalues
derived from the H map ofDickey & Lockman(1990 at the position of each object. Guided by the results
of the spectral analysis, | used several emission models for the remsgmtgg with single-temperature
models assuming either collisional ionisation equilibrium (CIE) or non-equilibrionisation (NEI) (as
described later, see (Set0.2.3.B& 10.2.3.G.
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Ficure 10.8— A multicolour view of MCSNR J05086830. Top left: X-ray colour image of the
remnant, combining the data from all EPIC cameras. The me@éng and blue components are soft,
medium, and hard X-raysTop right: The same region of the sky in the light of 5(red), Hx
(green), and [Qx] (blue), where all data are from the MCELS. The X-ray congduoom the medium
band are overlaidBottom left Same EPIC image as above but withi]So-Ha ratio contours from
MCELS data. Levels are at 0.6, 0.8, 1.0, and 1.2 in white, cy@egenta, and red, respectively
Bottom right The remnant as seen at @¢h, with the same [8]-to-Ha ratio contours as on the left.

10.2.3. Results

10.2.3. A. Multi-wavelength morphology

MCSNR J0508-6830:

Images of the object at various wavelengths are shown irlBi§. This remnant

is the faintest source of this sample. It emits X-rays chiefly in the medium aAkeV — 1.1 keV), with
little or no flux in the softer and harder bands, respectively. This stegespredominance of iron emission
and is explored in greater detail in the spectral analysis ($e&.3. B.
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To estimate the size and nominal centre of the X-ray remnant | fit an ellipse @THeV — 1.1 keV
contours. The outer contour was chosen to be 0.26 times the amplitude (peagitinminus average
background intensity). This would enclose 90 % of the flux of a Gausfigributed profile. Size
uncertainties were estimated by changing the outer contousslBY6 of the total amplitude and then re-
computing the size of the ellipse. | found a nominal centre of-R@5" 08" 49.5, DEC = —-68° 30M415, a
semi-major and semi-minor axis of 1/1&nd 0.90, respectively, and a position angle (PA) of4f@est of
north. The uncertainty is 0.1n each direction. At the assumed distance of the LMC, this gives an extent o
MCSNR J05086830 of 167(x1.5) pcx13.1(x1.5) pc.

Whilst there is no obvious association in the MCELS images to the X-ray emissiergoes detect very
faint [Su] emission, which encircles the remnant seen in X-rays almost completelgpteikcthe south
(Fig.10.8 top right) . At the position of the [§&] shell there is no contribution from & which is only
emitted by the nearby, most likely unrelated, H Il regions. Therefore, ki@ and its location around the
central X-ray emission appears more clearly in the X-ray imagdSu]/Ha contours (Figl0.8 bottom
left). The [Su] shell is twice as large as the X-ray—emitting region (semi-axes of aboux 2.9). | discuss
this morphology in light of the spectral results and in comparison with others3iNBect10.2.4

MCSNR J05086830 is not obvious on the radio images but we do see the nearby H Ihregithe
northeast and curving around to the north and southeast as shown aptibal images. The lack of
association of radio emission with the fainti{Sshell or bright X-ray central region indicates the faintness
of the SNR at radio frequencies dadthe insdficient sensitivity of the current radio surveys.

In the infrared, there is no evident emission from the remnant. Most ofifhesd emission of that region
(Fig.10.8 bottom right) can be associated to the nearby H Il regions seen in radlio &me optical.

MCSNR J0511-6759: A multicolour view of MCSNR J05126759 is shown in Figl0.9 The X-ray
colour of this source is very similar to MCSNR JO5@B30, in the sense that the 0.7 keV — 1.1 keV band
totally dominates the X-ray emission. The morphology is roughly sphericalasgukted a circle on the
intensity map to derive the position of the centre : RA5"11M10.7, DEC= —-67° 59" 07. To measure
the size and associated uncertainty for the source, | extracted intenditgpintersecting the remnant’s
centre, at ten diierent position angles. | measured the extent at which the intensity falls Bek@times
the amplitude (the same criterion as for MCSNR JO58830 can be applied as well for this remnant as
they have similar morphologies). | repeated this measurement for eacleféie lsomputing the mean and
standard deviation of the ten measurements. | obtained a radius 680338, corresponding to a physical
size of 135(x1.3) pc.

In the continuum-subtracted {$ images one can see faintfillise emission at the position of MC-
SNR J05116759. This optical emission has a roughly circular morphology, encasaright X-ray
emission. It appears slightly limb-brightened, indicating a shell morphologyjta extent is~3.8 x3.6,

i.e. larger than the X-ray emission.aHemission is seen at the same location, albeit even fainter, whilst
[0 m] 15007 A is completely absent. Despite the faintness of this optical emission, litsilghenorphology

and its strong [F]/Ha ratio (in excess of 0.6 and reaching 1.5) allows to secure the associatfaagdtical
emssion to the X-rays, and to clearly discriminate the remnant from the ambiticaleemission, e.g. from

the H 1l region DEM L89 Davies et al. 1976located~8’ to the north-west.

In addition, note the presence of a small knot of X-ray emissiof,7’ towards the eastutsideof the
main X-ray-emitting region. Its morphology isftBrent from that of a point source, and its colpl@ardness
ratios are very similar to that of the bulk of the X-ray emission. Furthermoig)atated at the eastern tip
of the difuse optical emission described above, suggesting that the knot is likeljotmlie the remnant,
possibly being a clump of X-ray emitting ejecta (“schrapnel”).

MCSNR J05116759 was too faint to be detected in the various radio surveys of the LME difuse
infrared emission (at 2dm) around the remnant is very moderate. A weak filament is found to correlate
with the south-eastern part of theifsshell, suggesting a physical association with MCSNR JOBT59.
| discuss a possible origin of this emission in S&6t2.4
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Ficure 10.9— Same as Fidl0.8for MCSNR J051%6759.

MCSNR J0508-6902: This remnant has a clear association at radio frequenciesl(if bottom row)
and exhibits a filled-in shell morphology (in particular at 20 cm) centred at=R¥S" 08" 33.7, DEC =
—-69° 02" 33°. The emission at 36 cm and 20 cm is fairly uniform across the remnant withi¢jbtbning
in the south-east. At shorter wavelength (6 cm, not shown) only the s@asttern emission remains while
all emission is lost at 3 cm. The radio spectral index is measured from thataskiding zero-spacing
observations ag = —0.62 + 0.34, from which an average equipartition field of 28 uG is estimated
(BKM14). This value cannot be confirmed by Farady rotation measurements, reinpelarisation is
detected from the remnant.

All optical lines from the MCELS data ([g], Ha, and [Om]) are detected from the remnant (Fig.1Q
top right). The [Qu] emission fits within the confine of the radio emission along the south-easternfimb o
the remnant and extends in the northern region to complete the ellipse rinmistratthe remnant. On the
other hand, | and [Su] are mostly detected in the north-western region and show little association with
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Ficure 10.10— Top row: X-ray colour image (left) of MCSNR J056&902 and MCELS image
(right) with medium band X-ray contours overlaid.

Bottom row Radio-continuum image of the remnant at 36 cm (843 MHz,)) laftd 20 cm
(1400 MHz, right). The overlaid ellipse indicates the ogtiassociation for this SNR. The side
bar quantifies the total intensity in mJy per beam. (Radiajieseprepared by Luke Bozzetto.)

the radio emission. Theddand [Su] emission is also stronger than [@. This morphology is reminiscent
of that of the LMC SNR J04536829 Haberl et al. 2012a

Thanks to the higher resolution of the deep UKS& iFhage, it is possible to see a complete optical shell
which follows the radio emission in the east (Fi§.11). Strong Hr and [Si] lines are detected in the 2dF
spectra taken from various regions along the optical shellgg@é14), including the faint optical filament
in the east. The high [§/Ha ratios, ranging from 0.6 to 1.29, reveal the shock-excitation origin of the
optical emission, an expected signature of a SNR.
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The X-ray morphology (Figl0.1Q top left) is remark- |8
able: faint and soft X-ray emission following the 20 cmg
radio-continuum emission is detected, filling out the she
of the remnant. The X-ray emission in the 0.7 keV
1.1 keV band is brighter and encased within the radigigeas
and optical emission, making its central location eviden F'b 2
The central region has a size comparable to the emissi@,
in the same medium band of MCSNR JO5@830 and
MCSNR J05116759, although it is slightly elongated
(~ 2.8 x ~ 1.6). Combining radio, optical, and X-
ray images, one can deduce an extent of the object
304" x 234’ (+4"), or 74 pcx 57 pc &1pc). This places [
the remnant amongst the 20 % largest SNRs in the LMES
(Badenes, Maoz, & Draine 2010 &

. Fib 260 -

Ficure 10.11— He quotient image taken from the
data ofReid & Parker(2006. The positions of the

2dF fibres for the optical spectrocopy are indicated.
10.2.3.B. X-ray spectroscopy

MCSNR J0508-6830: The X-ray spectrum of this remnant is shown in Hi§.12 (left). The most
striking feature is the large Fe L-shell bump@.7 keV to~ 0.9 keV) which dominates the X-ray emission.

Despite the faintness of the source, | could obtain meaningful best-fitqeders and uncertainty ranges
with the simple spectral models. The results are listed in Tablé (p.83). The best fits were obtained
for temperatures of about 0.6 keV — 0.7 keV and a low absorption, consistth Nyy ~ 0 cnm? (90 %
C.L. upper limit of 18 x 10?* cm2). For low Ny values € 107 cm2), absorption fects are small and
mostly dfect photons below 0.5 keV; since the source shows no significant emizsimm this energyNy
cannot be fiiciently constrained. | fixed the LM®Gly to 0 cnT? for the rest of the analysis, stressing that
this does not influence the results presented below. No signififact®of non-equilibrium ionisation were
detected : the ionisation age was close to the upper limit available ip#teckmodel.

The fits greatly improved when the Fe abundance was let free, and intdpmussgginally if O abundance
was free as well. The O abundance tended towards 0, but was essemt@hystrained (upper limit 6§20
times the solar value). This happens because at the best-fit temperat@ KeV), which is set by the
shape of the iron L-shell bump, the oxygen emissivity is relatively low. |dfoee cannot well constrain
this parameter. The Fe abundance was found to be greatly in excessavetiage LMC value, or even
solar value. The upper limit of Aéey is very high or unconstrained because of the degeneracy between this
parameter and the normalisation of thepec(or vpshock component. Indeed, since iron is almost the only
contributor to the spectrum, the fitting procedure cannot distinguish betaveegher iron abundance and
lower emission measure, gice-versa The low contribution of oxygen to the spectrum and predominance
of iron is investigated further in a multi-component plasma analysis (Be&.3. G.

MCSNR J0511-6759: The X-ray spectrum of this remnant (FiD.12 right) resembles that of MC-
SNR J05086830, as expected from their morphological and X-ray colour similarittés.also dominated
by an Fe L-shell bump and has an even lower contribution from oxyges line

The best-fivapecandvpshockmodels are obtained for plasma temperatures of 0.64 keV and 0.56 keV,
respectively (see Tabl&0.6). Initial trial fits were made with a free LMC absorption column. They
consistently returned 0 crh as the best-fit value foNy, although the 90% C.L. upper limit of. 2 x
107 cm2 for Ny is quite high. In the rest of the analysis | fixéN; to 0 cnT? (see the caveat oNy
presented above for MCSNR JO5@830).
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Ficure 10.12 — X-ray spectra of the MCSNR J0568830 (left) and MCSNR J05156759
(right). Data extracted from the source region are shown log lblata points, with the total
(source-background) model as the solid blue line. The red and blué-datted lines show
the instrumental background model measured in the backgramd source extraction regions,
respectively. The X-rayinstrumental background model is shown by the dashed redfior clarity

| do not show the data points from the background extractgion but only the residuals of the fit
(red points in the lower panels).

Again, no oxygen was formally required, whilst an Fe abundance grieaticess of the solar value was
needed. For the same reason as for MCSNR JO6880 | investigated the iron-rich nature of the source
with a multi-component plasma analysis (Séét.2.3. Q.

The ionisation age in the plane-parallel shock model was high (best-fit value. 8810 s cnT?). Its
high 90% C.L. lower limit (16 x 10 scnt3) and its unconstrained upper limit suggests that the X-ray
emitting plasma in MCSNR JO05%86759 is close to or at collisional ionisation equilibrium.

MCSNR J0508-6902: The spectral analysis of this remnant was done in two stgp$ie shell spectrum
was first modelled aloné) The best-fit model of the shell was included in the analysis of the centyiakre
spectrum, to account for the shell emission seen in projection.

i) Initial shell fits with thevsedovmodel resulted in best-fitting values fhifs andkTes (the mean and
post-shock electron temperature, respectively) to be equal within thétr &nhfidence interval and thus
were constrained to be the same, as done for DEM L205 (seel®ebit. Due to the relatively poor count
statistics, metal abundances for the shell emission were fixed at theigavekéC values £ 0.5 solar,
Russell & Dopita 1992 With a reducedk? = 1.21, thevsedovmodel provides an acceptable fit to the
shell spectrum. The LMC column density tended to zero in all fits, with a 90 % @per limit of 8x
107° cm2. LMC Ny was fixed to O ci? in the rest of the analysis. The best-fit temperaturkTis =
KTes = 0.41(*352) keV, a value consistent with other large LMC SNRs (&Agliams et al. 2004 Grondin
et al. 2012 as well as the (simlarly looking, see Seif.2.9 SNRs DEM L238 and DEM L249orkowski
et al. 2006a The high ionisation age indicates that the plasma is in ionisation equilibrium.bSoegion-
corrected X-ray luminosity of the shell isx = 4.5x10%* erg s between 0.3 keV and 5 keV. This also
includes the shell emission in the central region (see below). The speattbmshell is shown in Fig.0.13
(left) with the best-fit Sedov model (parameters listed in TA0l€).

Using the fit results one can further estimate physical parameters usingdos Self-similar model
(Sectb) and the strong shock approximation (S&t.From the X-ray temperature and &dl4 the shock
velocity isvs = 572@36) km s*. The similarity solutionvs = (2R)/(5tayn) yields a range in dynamical age
tayn Of 20 kyr — 25 kyr.
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Ficure 10.13— X-ray spectrum of MCSNR J056&902, extracted from the shell (left) and central
region (right) and associated backgrounds. The shell gpads shown by the green points, the
shell background in blue, the central spectrum in black,theatentral background in red. The best-
fit model for each spectrum (described in Setfs2.3.B& 10.2.3. G is represented by the solid
lines of matching colour. The light grey and dark grey dotiees indicate the particle-induced and
astrophysical background componts, respectively. In patiels the shell emission is represented
by the green dash-dotted line. The black and magenta datdddines in the central spectrum show
the pure Fe and pure O component, respectively. (Figurggped by Dr. Patrick Kavanagh.)

The normalisation of thesedovnodel is proportional to the volume emission measﬁreanV, which
can be rewritten as a function of the pre-shock ambient hydrogen dengity

EM = (”e) ﬁ03R3f (p(r)) (10.7)

whereRs is the shock radius andthe normalised radiusR{Rs). To evaluate the integral one can use
the approximation oKahn (1975 for the normalised mass distribution in the Sedov model (his equation
7.19); numerical integration then gives2.07. MCSNR J05086902 is not spherically symmetric since
the semi-major and semi-minor axes are 37 pc and 28.5 pc, respectiveling Thkse semi-major and
semi-minor axes as the first and second semi-principal axes of an ellipgbasauming that the third semi-
primcipal axis is in the range 28.5 pc — 37 pc, | determine the volumdirqits for the remnant and their
corresponding fective shock radiiRes) to be (37 — 4.8) x 10°° cm® and 31.1 pc — 33.9 pc, respectively.
With these values, the best-fit EM (Tall®©.6, andne/ny ~ 1.2 (for a fully ionised, 0.52¢ plasma),
eq.10.7yieldsny o = (1.5—2.8)x 1072 cm™3. Since the pre-shock density of nuclei is givemgs: 1.1ny 0,
it follows thatng = (1.7-3.1)x 102 cm™3. That s, the SNR is expanding into a fairly rarefied environment.

One can then estimate the mass swept-up by the SNR shd\dk:a$47r/3)R§1.4mpn0 = (32-62)Mep.
Finally, the explosion energy is given I = 1.4m,noR3/2. 02td . Yielding Eg = (0.37-0.75)x 10°* erg.
The physical properties of MCSNR JO56802 are summarlsed in Takle.4

ii) The shell contribution to the central
region spectrum was considered by includ-sLe 10.4— Physical properties of MCSNR J0508902 derived
ing the shell best-fit model of Tablk0.6 from the Sedov model.
| fixed all the shell parameters except the
normalisation. Doing so, | determine that No Vs tayn M Eo
13% to 28% of the total shell emission (102¢cm3) kms™® (10°yr) (M) (10°erg)
cgntributes _to the central spectrum. In 4 5 _31 57236 20-25 32-62 037-075
Fig.10.13 (right) 1 show the X-ray spec-
trum from the central region. On top of the shell emission (green doteddgte), there is a prominent Fe
L-shell bump & 0.7 keV to~ 0.9 keV), very much like in MCSNR J056&830 and MCSNR JO516759.
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Initially fitting the interior emission with a CIE model at LMC abundances resultea wery poor fit
(reducedy? > 2). Large residuals remained around 0.9 keV due to Fe L-shell emissian lki®wing
the Fe abundance to vary resolve most that issue. A best-fit (rechidced1.08) is obtained fokT =
0.76 + 0.03 keV and the iron abundanée. > 2.01 Z. The lower limit of Zg. is already four times higher
than the average LMC value, clearly indicating an iron-enrichment of thgateX-ray emitting plasma.
When freed, other metal abundances such as oxygen did not improfits taed were poorly constrained.

10.2.3. C. Multi-component plasma fits

The X-ray emission of the three new remnants presently described is dothimateon, with a possible
minimal contribution from oxygen. To investigate this further, | modelled thesgces with a multi-
component plasma, each component representing emission from a simgéneld his approach has been
used in the past and allows, under some assumptions, to calculate the massupiimova nucleosynthesis
products (e.gHughes et al. 20Q3¥Xosenko et al. 2010

As initial spectral fits showed (Sed0.2.3. B, the interior plasma is likely to be in CIE. Upon trying
NEI models, | obtained only high ionisation age10' scnT3, suggestive indeed of a plasma in CIE.
Consequently, | later only useépecmodels. The abundance of each element in its respective component
was set to 19the solar values, thus making sure | approximate a pure-metal componelytpl@smas
composed of Fe and O needed to be included in the fit. The temperature ofytpEnglasmakTp) was
not well constrained, given the very small contribution of this element. &fbes, | tied the temperature of
this component to that of the Fe component. This is expected if these two elareatsspatial. | also tried
fits with kTo fixed at the peak emissivity temperature of the strongest oxygen lines in the\0-3 1 keV
range (i.e.kTp = 0.17 keV). This turned out to have very little influence on the results, whidkid i
Table10.5 The fits returned a zero normalisation of the oxygen component in bothNVRCEB508-6830
and MCSNR J05146759, showing the minimal contribution of O in the emission of these two remnants,
as expected from the spectral analyses described above. The natioalisf the oxygen component in
MCSNR J05086902 is consistent with 0 at the 90 % confidence level, but is formally nom-ze

The normalisation of each component is proportional to the emission measlyddiven in terms of
nenyV for each componerX). Therefore, given a knowledge of the number ratiggny andng/nx for an
elementX, | can derive thenassMy of that element produced by the supernova using :

Mx = 1 f%mﬂx (108)

(e.g.Kosenko et al. 200Qwheremy is the atomic mass unify is the atomic mass of elemexitandVy the
volume it occupies. For MCSNR J0526759 | assumed a spherical morphology with a radius of 13.5 pc
(Sect10.2.3. A, and therefor&/x = 3x10°° cm®. The volume of MCSNR J050%830 is derived assuming
an ellipsoidal morphology, with semi-major and minor axes of 16.7 pc and 13.Aga third semi-axis |
took the average of the two others (i.e. 14.9 pc), yielding= 4 x 10°° cm?. The same assumption is made
for MCSNR J05086902, which gived/x = 4.6 x 10° cm®. These two volumes would be 13% higher or
lower in the case of an oblate or prolate morphology, respectively.

The main uncertainty for estimatingx is in the ratio of electron-to-iong/ny. | follow the prescription
of Hughes et al(2003 and consider two limiting cases. In the first one (case I) the emission degina
purely from ejecta, without admixture from hydrogen. Considering tleaddminates the ejecta, with only
minimal contribution from oxygen to the pool of electrons, this meaigge is only set by the average
ionisation state of iron. At this temperature | takgnge = 18.3 (Shull & van Steenberg 1982The second
physically plausible case (case Il) assumes that a similar mass of H hasnbexhwith the iron ejecta.
Therefore, there are 56 H atoms (contributing each with one electrofjeom, anahe/NEe is 74.3. | give
the best-fit parameters and the derived iron mass in both cases inUdble
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TaBLE 10.5— Results of the multi-component plasma fits for the iron-SiRs.

Fit parameter JO508%6830 J05086902 J05116759
KTreo (KeV) 071+0.06 078+003  0.655%°
EMEge X Nre/Ny (10°7 cmi3) 0.8+0.1 2.1+0.1 1.5:0.1
EMo X no/ny (10°7 cmr3) 0(<0.7) 0.6 < 2.0) 0(<0.8)
v 1516.991554  66.4%4  717.46692
V (10°° cn) 4 4.6 3

Mee (M, case 1) 1.020.08 1.78:0.06  1.19:0.05
Mee (Mg, case I1) 0.530.04 0.88:0.03  0.59:0.03

Notes. The derived mass of iron is given for two level of H admixture in the ejee described in
Sect10.2.3.C

10.2.4. Discussion

The SNRs described in this section are remarkable in their morphologicatheamlical structure. They

are particularly notable due to the centrally located iron-rich plasma, whichysetheir type la SN origin.
They join the sample of MC SNRs with a faint, soft X-ray shell containing nich-hot gas (possibly) in
collisional equilibrium. See Sectl.3.2 where | discussed these sources in a broader context, comparing
them with all other type la SNRs. The central location of most of the X-ray sariss reminiscent of

the mixed-morphology SNRs classification (MMSNR$10 & Petre 1998Lazendic & Slane 2006which

has been applied only to Galactic remnants. The MMSNRs are usually cloaedanteracting with, a
molecular cloud environment, showing OH masers. It means that the MMSBIRRdikely have massive
progenitors and are not type la SNRs, as opposed to the three SNiRibedhere.

They are likely more evolved versions of the very similar remnants DEM L2883EM L249. Indeed,
the shell emission of MCSNR J0568902 is fainter compared to that of its central iron-rich plasma. The
age derived from the Sedov model also point to a remnant older than DB8l&and DEM L249Borkowski
etal. 20065 On the other hand, the mainfi@dirence with MCSNR J056&830 and MCSNR JO516759 is
the absence in the data of a detected X-ray shell, whilst very dithg&ission still indicates the locations
of the furthest advance of the SN blast wave. This echoes other icaes SMC, namely DEM S128,
IKT 5, and IKT 25 {/an der Heyden et al. 20D4The faint sulphur emission and lack of soft X-rays from
the shells of MCSNR J056&830 and MCSNR J0516759 indicate that they reached the point when
radiative cooling caused the shells to become either too cool to emit X-ray@ daint to be detected in
the data available. Another possibility is a compositionéflediénce, with Fe in centre and more normal
composition outside which would make for a high emissivity contrast at a ghemal pressure. If the
temperature in the shell is that low, one might expectvj@mission at 25.9um. The detection of faint
filament in the MIPS image, at the south-eastern rim of the] [§hell of MCSNR J05116759, lends
support to that scenario.

As discussed irBorkowski et al.(20063, the long ionisation ages of the iron-rich central plasma is
puzzling given the type la classification of these remnants, becauseitagtiigher densities in the centre
than expected from standard type la SN models. This claim is so far limited bgwitetatistics available.
Indeed, if the emission is maostly from a single element, and possibly dominatesirmyl@ion (e. g. Fevn),
itis hard to determine simultaneou$ly andr, because fits are driven to CIE (largjeat the peak emissivity
temperature of the dominating species. Deeper observations at higheabpesolution will allow to verify
this claim. A possibility for the origin of the long central ionisation ages could h@Eérexplosion fects
of the progenitor on its circumstellar medium (CSM). Several type la pitgerandidates are relatively
massive (main-sequence) stars35—8 M), capable of producing denser CSM, via ejection of their stellar
envelope prior to the SN event.
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TasLE 10.6— X-ray spectral results for new LMC SNRs discovered in the XNWdwtonsurvey.

Model Ny Gal Ny Lmc KT T EM OMH FeH 2/ dof Ly@
(10°°cm™?) (106°°cm) (keV) (10 scntd) (10°7 cm™3) (10**ergs?)
MCSNR J05086830
vapec(LMC abund.) 6.4 0.6< 18) 0.66_*0;§§ — 1.14_*8;2" 0.46 0.63 1508.921554 1.29
vapec(free abund.) 6.4 0 0.7 o — o.ooxfg;%oo . 0 >1.1®  1488.34/ 1554 0.90
vpshockfree abund.) 6.4 0 0.6f5: 2.75¢047) 0.28;3, 0 4123421 1519.42/ 1553 0.93
MCSNR J05116759
vapec(LMC abund.) 5.8 0¢ 21) 0.62_F°;§§ — 1.9+0.2 0.46 0.63 732.85693 2.16
vapec(free abund.) 5.8 0 0.6 :82 — 0.12j§:§8 0 11.4j§§7~8 707.52/ 692 1.56
vpshocKfree abund.) 5.8 0 0.5§5c 0.75¢0.18) 0.607:3 0 3.193749F  700.96/ 691 1.74
MCSNR J05086902 (shell emission)
vsedoWLMC abund.) 7 0£8) 0.4129° 270992 475357 0.46 0.63 267.0219 4.5
MCSNR J05146840
vapec(LMC abund.) 5.9 0€0.13) 0.19:0.01 — 10.2:0.7 0.46 0.63  8041.687960 3.42
vapec(free abund.) 5.9 083 0.19:0.01 — 17.81¢  0.30°2%% o.3ej§:§§ 7979.80/7958  3.81
vpshockfree abund.) 5.9 040.09)  0.30:0.01 0.26 308 5.1+0.3 0.28:0.03 0.38017 8005.27/ 7957 4.01
vsedoyfree abund.) 5.9 040.07) 0.18-0.289 0.3- 6?53 5.11-11.2 0.360.05 0.34:0.10 7975.117958 4.21
MCSNR J05176759
2vapec(LMC abund.) :
Cool component 5.8 35 <014 — 11252 0.47
Hot component 5.8 0 0.58%> — 1.85j8:%2-)8 0.46 0.63  2558.922547 1.96

Notes.Best-fit parameters of the various source models (details are in1Bez3. B. Uncertainties are given at the 90 % confidence level. Parameters with
no uncertainties were frozen. The abundances of O and Fe arergiaéive to the solar values as listedWilms et al.(2000. They? and associated degrees
of freedom (dof) are also listeé®) Absorbed luminosity in the 0.3 keV — 5 keV barl) 3o lower limit.
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TasLe 10.7— XMM- Newtonlog for observations of new SNRs discovered in the LMC survey

Observation ID  Obs. start date Exposure timeks) Off-axis

84

MCSNR
pn M1/M2 anglé®

J0508-6830 0690742401 2012 Sep 09 26.0 27.2 10.9
JO511+-6759 0690742201 2012 Aug 06 25.1 28.9 7.9

0651880201 2010 May 02 8.7 10.0 on-axis
J0508-6902 0690752001 2012 Sep 22 24.9 26.5 on-axis

0690742601 2012 Aug 12 27.3 28.0 10.0
J0514-6840 0690742701 2012 Nov 09 295 33.6 134
JO517#6759 0690741101 2012 Jun25 24.6 26.2 4.1

Notes. (@) Exposure times after removal of high background inter\fQPSAngle in arcmin between the aiming
point of the observations and the centre of the X-ray source (as defirgect10.2.3. A.
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10.3. MCSNR J0514-6840 and J0517 —6759: the role of the environment
in shaping supernova remnants

Even though they display some features in other parts of the EM spectruparticular optical

emission lines), the X-ray emission allows a secure classification. At alllerayths at which they
are detected, the local environment plays a key role in their observatippahrance. | also present evidence
that one of these remnant is close to and interacting with a molecular cloggsting a massive progenitor.
The results below were first publishedBiKM14. Note that most of the description of the data and analysis
are the same as for MCSNR JO5@B30 and MCSNR JO516759 (previous section).

T HIS SECTION reports on two additional SNRs unveiled by observations of the XN@dvtonsurvey.

10.3.1. Source identification and observations

The two remnants described in this section were covered by the X\Mtonsurvey and identified
as bona-fide SNRs according to the criteria described in Sedbetails of the X-ray observations are
summarised in Tabl&é0.7. The exact same set of multiwavelength data as for MCSNR J&&E®) and
MCSNR J05116759 was used, namely ATCA and Parkes observations at radio wgtledegontinuum-
subtracted MCELS images for the study of optical emission linesSmiidets MIPS image (at 24um) in
the infrared. Keeping the nomenclature consistent, | hereafter refee totirces as MCSNR J0518840
and MCSNR J05176759, based on their position.

10.3.2. Data analysis

The X-ray data were treated in exactly the same way as described in &&ct$0.2 In the case of
MCSNR J0514 6840, two observations included the source in the field of view, and | rdenggges from
the two datasets together. | used a circular extraction region centred oantinant to select vignetting-
weighted single- and double-pixel events and build its energy spectrucauBe of the unusual, roughly
triangular morphology of MCSNR J0516759 (see Secit0.3.3. A, | manually defined a polygonal region
following this remnant’s X-ray emission. Background spectra were eeilafrom adjacent regions.
Detected point sources were excluded from the extraction regions. orAMESNR J05086830 and
MCSNR J051%6759, only EPIC-pn spectra were useful, and | disregarded the Ny@Sra.

10.3.3. Results
10.3.3. A. Multi-wavelength morphology

MCSNR J0514-6840: A multiwavelength view of the remnant is shown in Fig.14 In X-rays, this
source exhibits a rather soft colour, being dominated by emission in the 3.3 &7 keV band. Globally,
the morphology is spherically symmetric, although the southern limb is slightly brigidaa the northern
one. A darker lane also appears to separate the two halves along tiveestisiguator. Analysis of the
X-ray spectrum provides clues to the origin of these features (B&8.3. B. The position and size of the
remnant were obtained from the X-ray image in the same fashion as for RCIBE1E6759. | found a
centre located at RA 05"14™ 15.5, DEC= —-68° 40" 14°, and a radius of 1.83:0.12, i.e. 265(+1.7) pc.
Optical emission is present, correlating with the southern edge of the Xaedly(Big.10.14 top right).
Both Ha and [Si] lines are detected in emission: though thei]$la ratio map is still noisy due to the
very low diffuse emission of that region, the ratio at the position of the remnant is cleankgé&s®of 0.6
(Fig.10.14 bottom left), indicative of shock—excitation. In addition,fpemission is present, outlining the
edges of the H and [Siu]-emitting regions. The strong [@] emission suggests partially radiative shocks:
when the shock ageis decreased, the strength of therDline (relative to Balmer lines) increases, whilst
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Ficure 10.14— Same as Fidl0.8for MCSNR J05146840. On the XMMNewtonimage (top left)
the 4800 MHz contours are shown in white. Levels are at 1.8,%,and 3 mJy beam. The yellow
disc in the lower right corner indicates the half-power beddith of 35’. The X-ray contours used
on the optical image (top right) are from the soft X-ray ima@mn the MIPS image (bottom right)
the X-ray contours are used to locate the position of the egmmather than [8]/Ha.

that of [Si] decreases (e. doopita et al. 2012and references therein). The location of the strongiJO
emission probably traces regions with lower densitieg@ghocked more recently.

MCSNR J05146840 is clearly detected at radio frequencies. At 4800 MHz, it looks wdraiklike
the optical line images with the brightest emission on the southern side (seersoatoFigl10.14 top
right). The X-ray image has a more circular outline. The 1370 MHz radio inadge seems to have a
rather sharp north-south gradient across the whole image near the thp SNR. The integrated radio
flux densities of this SNR are quite uncertain due to the low intensity emission anel#tively high r.m.s.
noise surrounding this remnant in the radio images. Consequently, fiicuttito obtain an accurate spectral
index. However, we estimate that betwees 843 MHz andv = 4800 MHz the remnant has a rather flat
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Ficure 10.15— Same as Fidl0.8for MCSNR J05176759. On the optical image (top right) |
show the soft band X-ray contours in white and the medium bBanaly contours in red.

spectrum with a spectral indexbetween-0.5 and 0. The flatter radio-continuum spectrum is indicative of
an older remnant.

There is no infrared emission that can be clearly linked to the remnant. Rliifjhsée emission is seen
towards the south of the remnant (Fl§.14 bottom right), indicating a dengdustier environment in that
direction. | explore this further in Sed0.3.4

MCSNR J0517-6759: The source exhibits a rather atypical morphology in X-rays, that caeberitbed
as “triangular” (Fig10.19. It is elongated along the NE-SW axis with a largest extent 64’ (78.3 pc).
The NE side of the triangle is brighter than the rest of the remnant and exte&® (50.8 pc) along the
SE-NW direction. This NE “bar” includes all the flux in the medium energydhavhilst the fainter SW
“tip” appears softer. As nominal location of the remnant | took the incerftteentriangle delineating the
X-ray emission, which yields RA 05"17"10.%, DEC= —-67° 59" 03",
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[Su] and Hx lines are detected in the SW of the remnant, closely following the “tip” of theyxenaission,
with strong [Si]/Ha ratios (0.6-1.2, see Fi$j0.15bottom left). The brighter and harder X-ray “bar” lacks
such optical emission. [@] line emission is not observed anywhere in this remnant.

The presence of an X-ray point source close to the geometrical cédMi@®NR JO51 76759 is evident
in the image (Figl0.19. | identified an infrarefbptical counterpart 2/4away from the X-ray source,
i.e. well consistent with the typical position uncertainty of XMNewton The counterpart is identified
as SAGE J051710.30-675900.9 in t&pitzercatalogue of the LMCNleixner et al. 200h Based on its
mid-IR colours, it was classified as an active galactic nucleus (AGN)idatelbyKoztowski & Kochanek
(2009. Koztowski et al.(2013 later on spectroscopically confirmed the source as-a 0.427 AGN.
Therefore, | conclude that the central point source in MCSNR JO61%9 is a background AGN rather
than a compact stellar remnant. | discuss later the morphology in greaten(8etztil0.3.4, in light of the
X-ray spectroscopy results (Set0.3.3. B.

The radio image of MCSNR J0516759 only shows weak, compact emission from the central point
source, consistent with the AGN classification discussed just above.htBliffuse 24um emission is
observed at the south-west of MCSNR J05@759. Infrared light intrinsically emitted by the remnant is
however likely to be masked by the emission of a nearby molecular cloudgestukd below). Besides this,
two weak filaments outline the eastern and western rims of the remnant. Theyeaemted and discussed
in greater detail in Sect0.3.4

10.3.3.B. X-ray spectroscopy

MCSNR J0514-6840: Spectra from the two observations of the source were fit simultaneously. T
parameters of the SNR component in both spectra were tied together. ffbphgsical background
components also shared the same parameters, allowing only for a corstmnttfetween the two sets
of spectra. Only the (detector position-dependent) instrumental bagkgjrand (time-dependent) SPC
components had flerent parameters for each observation.

From the first fits using one-temperature CIE and NEI models, good regelliesobtained for relatively
soft temperatures of 0.2 keV — 0.4 keV, depending on the model usetdigbled 0.6. Using a Sedov model
resulted in a minor statistical improvement, but allows to estimate physical prapavieaged over the
remnant (as done below). When O and Fe abundances were let fragy/tohe fits improved significantly
(e.g. x?/v = 797980/7958 instead of?/v = 804168/7960). However, the best-fit values foy@, and
Fe/Fey were both only reduced by a factor-0f0.6 compared to the value givenfitussell & Dopita(19932,
being rather consistent with those frdtghes et al{1998, whilst the ratio @Fe remained well within the
uncertainties of the LMC ISM value given in the two latter references. THisates that the SN ejecta have
no significant contribution to the X-ray spectrum, which is dominated by th@tswe ISM. This justifies
a posteriorithat the remnant is indeed well in the Sedov phase. It also means that ng ofpine SN
progenitor can be achieved through the spectral analysis.

| show the X-ray spectrum fitted with the Sedov model in Eigy16 The formal best-fit parameters with
this model are listed in TablE).6 The best-fit temperature is rather low and the ionisation age rather high
(~ 2x 10*? scnt3). These two parameters are however relatively poorly constrainedestigated th&T
vs. T parameter space: equally acceptable fits are allowed both for low tempesrét.2 keV) with high
ionisation ages<{ 2x10% s cnt3), and for higher temperatures@.25 keV — 0.3 keV) with lower ionisation
ages (a few 18 scnt?). This degeneracy is explained to some extent to the statistics available: @dy lin
from a limited set of elements (O, Fe, and possibly Ne) are detected andceaasel to constrain those
parameters. Another contributor is possibly that the assumption of the Ssattel of a uniform ambient
medium does not hold, resulting in asymmetric evolution and varying plasmétiooisd The presence of
such an inhomogeneous ISM is supported by the optical image, as onlyuthesoedge of the remnant
emits lines; as for the X-ray image, the remnant is (marginally) brighter in thtbewuhalf.

Guided by the morphology of MCSNR J0516840 (Sectl10.3.3. A Fig.10.14, | extracted spectra from
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Ficure 10.16— X-ray spectra of the MCSNR J0528840 (left) and MCSNR J0516759(right).
Same colour coding as in Fi$§0.12 For MCSNR J05146840, spectra from two overlapping
observations are shown by the green squares and blue &gnfhe thick magenta lines show the
source emission component. For MCSNR J05A759, the two components of the best-fit model
are shown by the green and magenta solid lines (see texttaits)e

the southern and northern halves, in order to look for possible plasnpenties or column density (or
both) variations across the remnant. In all this analysis, | assumed thaBthdndve a homogeneous
chemical composition and fixed abundances at their best-fit values.idedithe SNR along the “dark
lane” that crosses the remnant’s equator. First using CIE models, | couktrain the temperature and
Ny of both spectra, despite the degraded statistics. | found that they had semilperature (0.18 keV —
0.22 keV), but thatNy was significantly higher in the south than in the north 1.3 x 10?* cm™ vs.
~ 0.3x 10?1 cm2). Using either thespshockor Sedov model, | found (roughly five times) higher ionisation
ages in the south spectrum as compared to the north, which is again an indifatio inhomogeneous
ISM. More specifically, it indicates a density gradient increasing souttsvd interprete these results as
environmental ffects in Sectl0.3.4

Assuming the Sedov self-similar solution for MCSNR J05G840, | used the same equations as in
Sect10.2.3. Bto calculate its properties. Given the issues discussed in the paragrayd, dhere are
concerns that this model, which assumes a spherical symmetry and hormog &Bl, might yield incorrect
results. However, using the best-fit parameters from the integratetfspess a measure of the properties
averaged over the remnant, | can still obtain rough but useful estimaiegpoftant numbers (e.g. age,
density, etc...). Alternatively, | can compute the physical properties oktim@ant with parameters derived
when fitting the north and south spectra, and use these as limiting cases.

From eql0.7 and given the radiufRs

TasLE 10.8— Physical properties of MCSNR J0518840 derived of 26.5 pc for the remnant, | obtain pre-

from the Sedov model. shock densitiesy o = (0.03 - 0.05) cnt?,
using the integrated spectrum. | can then
No A tayn M Eo estimate the mass swept-up by the SNR

(102 cm‘3) kms1 (103 yr) (Mo) (1051 erg) shock asM = (90 — 150)Mg. Under the

strong shock conditions, the shock velocity
3-5 390-470 22-27 90-150 0.2-0.55 estimated toss = (390 — 470) kms!
(eq.3.14 and therefore the dynamical age
IS tayn = (22 — 27) kyr. The flatter radio-continuum spectrum is consistent with thte @dvanced age. The
explosion energy, given bilp = 1.4mpnoR2/2.02t3 . is Eq = (0.2—0.5)x 10°* erg. The physical properties
of MCSNR J05146840 are summarised in Takl®.3.3. B

89



10. Study of individual supernova remnants

MCSNR J0517-6759: | started by analysing the integrated spectrum of MCSNR J8671%9, excluding
only the central background AGN. An initial fit with a one-temperature ClElehdvaped with LMC
abundances failed to reproduce the spectrum, as indicated by stradgates Namely, the “best-fit”
model, withkT ~ 0.5 keV, could reproduce the Fe L-shell emission (between 0.7 keV andel.1but
underpredicted the data around 0.5 keV — 0.6 keV (dominated by K lines df)@Milst predicting too
much flux at 0.6 keV — 0.7 keV (dominated by the O VIII Lyman series). Ino#tards, the temperature
constrained by the Fe emission is too high for oxygen. This issue could nbihesolved by using an
NEI model, nor by changing the/Be abundance balance, becauskTat- 0.5 keV oxygen is mostly in
the H-like ionisation stageShull & van Steenberg 1982and simply increasing the O abundance would
overproduce-0.65 keV emission even more.

Driven by this result and by the morphological analysis of the sourcet.(B23.3. A, | concluded that
a two-temperature model was required. | used ¥apecmodels with distinct temperatures and absorption
columns, but both with LMC abundances. This time | obtained satisfactorwfitsno systematic residuals.
The integrated spectrum fitted with this model is shown in Figl6(right). Best-fits were obtained with
a “hot” (KThot ~ 0.6 keV) and “cool” kTeeo ~ 0.1 keV) component. The hot component models the
Fe and O VIl emission, whilst the low-temperature component accountthéoextra O VII emission.
Although the absorption was poorly determined, the “cool” componentinedja significantly higher
Ny (0.6-8.%10%! cm2) than the “hot” one, which returned a zero best fit-value with an upper lifnit o
1.7x10?* cm2. | chose to fix the absorption for the “hot” component to 0~émwhilst for the low-
temperature component | fixed thy to 3.5<10°! cm 2, as measured from the HI map Kfm et al.
(2003. | give the best-fit parameters of this model and the luminosity of both coemgsimn Tabld0.6

| then proceeded to apply this model to spectra extracted from varioimmsegf the SNR, namely from
the NE “bar” and the SW “tip” (Figl0.15. Only normalisations and temperatures of the two components
were allowed to change. The best-fit temperatures from the NE and Stitaspeere the same as in the
integrated spectrum. As expected from the images, | found-ti8&% of the flux of the “hot” component
originates from the NE “bar”, ang 90% of the “cool” emission is in the SW tip. Scenarios for the origin
of this peculiar morphological and spectral features are presented Digbession below.

10.3.4. Discussion

MCSNR J05146840 displays a subtle variation of X-
ray colour along its north-south axis (Fi).14, being
harder towards the south. The X-ray spectral analysis 8
Sect.10.3.3. Bstrongly suggests that this is a foregroung
extinction dfect by a varying absorption column density Kt
The higherNy of the southern half suppresses more so
X-ray flux than in the northern half, resulting in the
observed colour gradient. 42:00.0

Direct evidence for the north-south density gradient ca
be found at longer wavelengths, e.g. in the H | maKiofi
et al.(2003 Fig.10.1%). The Spitzer MIPS 24m image gRaa
of the neighbourhood of the remnant (Fi§.14, which IR TS
traces cold d_ust, also shows a dustier environment towa,gg&mE 1017 - Xray image of
the south. It is reasonable to postulate that the X-ray d@fksnr 105146840 overlaid with HI column
lane seen across the remnant is also a consequencgeity contours. Levels shown are 1.5, 1.75, 2.0,
foreground absorption, although the obscuring struct@@s, and 2.5, in units of 26cm™2, increasing from
falls below the spatial resolution of the H | map. north to south.

43:00.0
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Ficure 10.18— Annotated view of MCSNR JO516759, as seen at 24m (left) and in the lines

of Ha (middle) and [S1] (right). The Hr image has been taken with the Blanco 4-m telescope and
has a pixel size of 0.27x 0.27’ (no continuum has been subtracted). The ellipses (“S1” &2i)"
mark faint filaments (see Sebd.3.4for details). The green circle (“C”) shows an unrelated caoip

H 1l region, and the cyan circle (“A’, left image) marks theckground AGN detected in X-rays and

in the mid-IR.

MCSNR J0517#6759 exhibits a more dramatic
asymmetry: a cool{ 0.1 keV) X-ray shell is seen in
the SW, correlating with relatively brightddand [Si]
emission. Inthe NE, we see a “ridge” of X-ray emission
with higher temperature-(0.6 keV) and little to no co-
spatial optical emission.

59:00.0

To provide a better view of the remnant’s emission at
-68:00:00.0 various wavelengths, | show in Fi0.18an annotated
triptych of MCSNR J05176759 as seen at 2dm
and in Hr and [So] lines. Mid-IR point sources
within the remnant are the background AGN discussed
in Sectl0.3.3. A(cyan circle “A” in Fig.10.18 and a
B = 14.75 mag star identified as 2MASS J05170629-
6758401 Zaritsky et al. 2004 Skrutskie et al. 2006
The star is likely to simply lie in projection within
Ficure 10.19 — Same as Figl0.17 for Mc- MCSNR J051#6759 and to be unrelated to the
SNR J05176759, with CO contours from thefeémnant. However, the ionising radiation of 2ZMASS
NANTEN survey added in green. The HI leveld05170629-6758401 is responsible for the compact H I
shown are 2.0, 2.25, 2.5, and 2.75 (in units @kgion around the star that is seen in optical lines (green
10t cm?), in white, cyan, magenta, and redgjrcle “C” in Fig.10.1§ and might hide actual SNR
respectively. CO contours are fronr10 5, in Steps  emjssjon, In spite of these interlopers, it is possible to
of 1o (~ 0.4 Kkms™), and increase westwards. g taint filaments in optical lines, identified by the “S1”
and “S2” ellipses in Figl0.18 which connect the bright
optical arc in the SW to the X-ray ridge in the NE. @ emission is also seen in these filaments, possibly
originating from compressed, heated dust in the pre-shock regione 8iademperature is so low (almost
too cool to emit X-rays), line emission by [ (at 25.9um) is also likely contributing to the MIPS data.
Only the X-ray ridge remains not enclosed by longer wavelength emission.
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10. Study of individual supernova remnants

Again, | conclude that the asymmetry is essentially governed by the inhomogeiSM. Several tracers
indicate a much denser ISM towards the SW of the remnant, namely :

1. atomic hydrogenKim et al. 2003, see contours on Fi§0.19

2. CO emission: MCSNR J05156759 is located at the NE boundary of the giant molecular cloud
(GMC) [FKM2008] LMC N J0516-6807Kukui et al. 2008green contours on Fig0.19. However,
the NANTEN survey only has moderate resolution (beam size 6f,26d the object is not covered by
the MAGMA survey of the LMC \Wong et al. 201}, which has a higher angular resolution45”).
The green contours on Fif0.19are somewhat misleading, as the brightest part of the GMC (i.e.
where most of the molecular material resides) is really towards the SW, inrnhe digection as the
elongation of the SNR.

3. Cold dust: Mid-IR emission (2dm) outlines the outer part of the GMC, as can be seen inlbig.8
(left panel), SW of the remnant.

As Lopez (2014 shows, SNRs interacting with molecular clouds are the most elliptical (or aledy
remnants. In the presence of high density inclusions, the SNR blast waleisd, and consequently the
remnant loses its spherical structure or intrinsic (a)symmetries early in ligtievo MCSNR J051#6759
perfectly exemplifies the key role of environment on shaping the morphalbgyolved SNRs.

The evolution of SNRs expanding in a non-uniform ISM has been invéstigay several authors in
numerical simulations (e.doohm-Palmer & Jones 199@inatyk & Petruk 1999 Orlando et al. 2009
pointing to the asymmetries that develop along the density gradient. Howegsg $tudies dealt with
much younger SNRs than MCSNR JO55759. In particularHnatyk & Petruk(1999 showed the strong
X-ray surface brightness contrast that can be produced by densitljegts. The brightest emission is
expected from the densest region Lasscales with the square of the density. THi®et likely contributes
to the slightly brighter emission in the south of MCSNR J058840, but theoppositetrend is seen in the
case of MCSNR J0516759, which shows brighter emission from the lower density region. Thdea
interpreted as a later-time evolutioffext: Theinteractionof the blast wave with the much denser ISM in
the SW caused the shock to cool down quickly and to become radiativéndetmda lower level of X-ray
emission. The X-rays emitted are also softer and more easily absorbediédispsinceNy is larger in the
SW), further reducing the observed X-ray flux. This scenario alpta@s the stronger optical emission in
the SW.

The low-temperature component in the SW is seen essentially as a line compléxkaty — 0.6 keV.
There could be charge exchange (CX) emission contribution to that linelempmstead of a purely thermal
emission. CX X-ray emission in SNRs has been detected in the Cygnus LdoPugpis A remnants
(Katsuda et al. 201,12012. The fraction of CX to the X-ray emission can be enhanced if the hot gas is
interacting with denser, neutral gas, as | suggest for MCSNR Jd&&/59. However, the data available
allow neither to rule out the presence, nor to constrain the contribution ab@Xe X-ray emission of the
cool SW shell.

The NE part of the blast wave, on the other hand, expands in a moreugeeagironment and is seen
as the X-ray ridge. The higher shock temperature (or expansion velatitiie lower density region is
consistent with the results d@ohm-Palmer & Jone§l996. As a consequence of the bi-lateral velocity
structure, the apparent centre of the remnant shifts away from thd agplasion site, towards the lower-
density region. The shifts predicted Bphm-Palmer & Joneare up to 20% of the apparent radius. The SN
that created MCSNR J0516759 should conversely have exploded south-west of the appaemegrical
centre, i. e. more embedded within the molecular cloud [FKM2008] LMC N 6&&807.

An alternative explanation might be that the SNR shock broke out into the-deresity medium in the
NE, as suggested for e.g. N11L and N&Wiliams et al. 1999h However, the higher temperature of
the plasma in the breakout region and the current lack of detected optwakfits “streaming” ahead of
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the breakout are at odds with this scenario. It is also possible that MCIBRRA6759 is similar to e. g.
DEM L238, DEM L249, or MCSNR J0508902 Borkowski et al. 2006aSect10.2): the X-ray “ridge”
is actually at the centre of the SNR shell but only the SW part of the shellinechaetectable. Unless
deeper data are available, any scenario will remain highly speculativefanour the simpler scenario of
“asymmetric evolution” described above.

Analysis of the local stellar environment and SFH (method described in 9edt.shows that MC-
SNR JO051#6759 is in a region dominated by a burst of recent (12 Myr) star formatidrnch favours
a core-collapse SN origin. The asymme®longated morphology, likely originating from the interaction
with a molecular cloud, with which the remnant is associated, is consistent witlypeig opez 2014.
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11. On the X-ray properties of the rich population
of LMC supernova remnants

substantially large sample of SNRs in the LMC. Analysing this samplepspalationrather than
ocusing on individual objects can provide insights on numerous astsagai processes, such as
galactic chemical enrichment, the role of SNRs in feedback and star formatidrihe progenitors of SNe.

S:ECTION 10rresentTED the discovery and study of several new supernova remnants, addiag to

In this final chapter, | first compile a sample of LMC SNRs (Sg&ttl). | then analyse the X-ray spectra
of all SNRs for which XMMNewtondata are available (Sedtl.?. This allows to characterise the global
spectral properties of the sample, search for emission from Fe K or 8Nnejecta, and measure the
chemical abundance of the ISM gas phase in the LMC. | discuss the spaaifution of SNRs of both
types in Sectl1.3 | apply a new method to tentatively type the complete sample in Skdf.before
discussing the ratio of CC to la SNR thus obtained. The X-ray luminosity fumofi®@NRs is compared for
galaxies in the Local Group (Seitl.5. Finally, | show the (pseudo-) 3D distribution of SNRs in the LMC
(Sect.11.6.

11.1. Compiling a complete sample of LMC SNRs

Obtaining a complete and clean census of LMC remnants is a complex taskyéoalreasons :

o Classification :different authors may useft#irent criteria to classify an object as a definite SNR.

o Literature size :with the exception of the early works, the discovery of most new objectseyested
in separate papers, building up a vast literature.

e Nomenclature an additional problem related to the previous point is the inconsistencies mathiag
convention for LMC SNRs. The common names of many remnants used in thaulieeraspecially
those discovered first, are an unruly collection of various surveyscatalogs in specific wavelengths.
Some are referred to after themHcomplex within which they are located (e.g. “SNR in N44” for
MCSNR J05236753), or worse, a nearbyiregion (e.g. DEM L109 for MCSNR J0518912, though
the former is most likely unrelated to the remnant). Other names use B195irates, with little to no
consistency in the coordinates convention. Consequently, some objeetewgtakenly listed twice in SNR
compilations (Sectl1.1.2.

To bypass these shortcomings, | performed a complete literature surveyidaalist of LMC SNRs,
combining all papers that eithér report the discovery or classification of one or more SNRggive a
list of LMC SNRs, oriii) present new candidates (Seict.1.). The list is then cleaned (Seitl.1.9
from the wrongly identified or misclassified objects. Unconfirmed candidpgesicularly in lights of new
X-ray observations, are also removed. This list is used to study the gipleatral properties of LMC
SNRs (Sectl1.2), the relation with local star formation history (Sekti.4), and the SNR X-ray luminosity
function and size distribution (Sedtl.5.
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11.1.1. Literature survey

The first extragalactic supernova remnants were found in the LMC in tB8s19 Combining Parkes
observations with b photographsMathewson & Healey1963 36 first identified N49 as an SNR, to which
Westerlund & Mathewso(1966 soon added N63A and N132D. Less than ten years Istathewson &
Clarke using the same method, had already discovered 12 new $NRse survey withEinsteinallowed
Long et al.(198]) to list 26 SNRs detected in X-rays, confirming many previously suggestedidates
(based on optical or radio dataMathewson et al(1983 provided a catalogue of 25 SNRs with radio,
optical, and X-ray results. With more observatiokigthewson et al(1984 1985 increased the size of the
sample to 32.

In the 1990s, several new SNRs were discovered with ROSAT pointsehadtions Chu et al. 1993
200Q Smith et al. 1994 sometimes aided by optical spectrosco@hy et al. 1995p1997. Since then,
about twenty new remnants were discovered or confirmed in a collectioapdrg. Some discoveries
stemmed from new radio observations (eBgzzetto et al. 2012b; de Horta et al. 2012 The majority,
though, used XMMNewtonobservations, either of optically-selected candidatdamnek et al. 2010,
ROSAT-selected candidatesrondin et al. 2012Bozzetto et al. 203,AVhelan et al. 201y} or serendipitous
discoveries during the LMC surveiM@aggi et al. 2012a2014 Kavanagh et al. 2035

Several groups compiled lists of SNRs in the (Large) Magellanic Cloutl@)purpose being to analyse
some of their global propertieddVilliams et al. (19999 were the first to compile a sample of all known
LMC SNRs at that time, in order to study their X-ray morphology. They slibR@SAT images for 31 out
of their list of 37 SNRs.Blair et al. (2006 hereafteBGS06 compiled a sample of 39 SNRs in the LMC
which was observed with tHear Ultraviolet Spectroscopic Explorer (Fussatellite. The goal was to study
UV emission from SNRs, in particular in the light of highly ionised oxygernv(@1032). A sample of 52
confirmed and 20 candidates radio-selected SNRs was observedspepically inPayne et al(2008,
but the exact list was not given. Instead, they reported the resultedd?5 objects which were detected.
Desai et al(2010 studied the trigerring of star formation by SNRs. To that end, they exantireegoung
stellar objets and molecular clouds associated to LMC SNRs. Their cersiedein a list of 45 objects.
On the other hand, a total of 54 SNRs was usedhbgienes et a(201Q hereafteBMD10) to study their
size distribution. The dlierence stems from their including objects from unpublished sources(iline
catalogues).Seok et al(2008 2013 combinedAKARI and Spitzerobservatories to survey the infrared
emission of LMC SNRs. They presented a list of 47 SNRs, warning that sommees inBMD10 still
needed confirmation.

11.1.2. Cleaning the sample: Objects not included

To build the final list of LMC SNRs, | combined objects from the older catadésgilathewson & Clarke
1973 Long et al. 1981 Mathewson et al. 19831984 1985 with those reported in individual studies
since then. | also included all sources present in the various compilatestilded in the previous
Section. After removing all multiple occurences of the same object, | “cléathedsample, searching
for i) misclassification: the object is something else than an SNR, e.g. a suplerbijblinconfirmed
candidate: new data obtained since the classification as arc&hdRdate argue against this interpretation;
iif) misidentification: spurious source due to confusion (of the coordinatezenclature) in the literature.
Below, | describe the objects erroneously classified as SNRs or céesl@mad the evidence motivating the
decision. These objects are listed in Tableland were not included in the final sample.

368, E. Westerlund was also co-author.
$7Counting the two distinct shells they identified in N135 (the remnants to be keswDEM L316A and DEM L316B) and
including the two objects in the 30 Doradus region that they identified as cedid
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[BGS2006b] J0449 —693: This object was observed in the UV IBlair et al. (2006 and in optical by
Payne et al(2008, although the latter used affirent location, further to the south-east than the former.
None of these studies gave conclusive evidence of an SNR nature/tindsg detected, moderate ifHa
ratio). Klimek et al. (2010 used MCELS and XMMNewtonto identify the true SNR in that region,
that they named SNR0448921, now registered as [BMD2010] SNR J044%920 in Simbad. The
X-ray emission originates from an optical shell clearly distinct from thetiposgiven for [BGS2006b]
J0449-693. InBadenes et a{2010), both sources are listed, although only [BMD2010] SNR J0448920
(SNR0449-6921) is the true source. This is an example of a misidentification due to catediconfusion.

LHA 120-N 185: Blair et al. (2009 observed but could not detect UV emission from this source (that
they incorrectly listed as SNR 0453-672). It was not included in the compigefiemDesai et al(2010
andSeok et al(2013. Only Badenes et a(2010 classified the source as an SNR. X-ray emission detected,
surrounded by the large, bright optical shell N 185. However, ther@atithe source remains uncertain.
Most likely, N 185 is actually a superbubble, and not the remnant of a shuglernovaZhang et al. 2014
Reyes-Iturbide et al. 20}4

SNR J051327-691119: This source is located north-westwards of SNR BOSE®R (which has the
name MCSNR J0513912 in my list).BojiCic et al.(2007) present the optical and radio observations of this
region, identifying the large (4. 3.3) shell of MCSNR J05136912. They detected a strong unresolved
radio source at its north-western edge, that they classified as antadrel@region or background galaxy
(GH 6-2, see references Bojicic et al. 2007.

In addition, they observed a faint optical shell seen in both MCELf] @d AAQ/UKST deep Hr
images. Follow-up optical spectroscopy revealed distinct, highet/I ratios from this faint shell,
was covered by the XMMNewtonsurvey, revealing in details the X-ray emission of MCSNR JOSIRL2
(Sect11.2. On the other hand, the candidate JO51391119 lacks any X-ray feature. The small extent of
the source (40diameter in H) would suggest a young, X-ray bright SNR, easily detectable in oatens
of the XMM-Newtonsurvey. With only weak optical evidence, a confused field in the radobaastringent
non-detection in X-rays, one is forced to conclude that J052897119 isnotan SNR.

LHA 120—-N 204: Itis only listed as an SNR in the compilation Badenes et a[2010. It was selected
from the observations dfayne et al(2008 where it appeared for the first time in the literature. Therefore
it was selected from radio catalogues. The “SNR” lies within the large (diaraklel') optical shell N 204,
although a size of’lwas given inPayne et al(2008. The field 61 of the XMMNewtonsurvey covered
this region, detecting no extended X-ray emission. With the small size of thisesdoright emission is
expected. Instead, an X-ray point source is detected in projection iMiNa@tich correlates with a mid-IR
selected AGN (MQS J052749.0803641.7 Koztowski et al. 2012 The background AGN is most likely
the origin of the radio emission which led to the misclassification of the target 85lRcandidate.

[BMD2010] SNR J0529.1 -6833: The classification as an SNR candidate (in the MCSNR online
database) stems from the detection of radio emission correlating with the latigel shell DEM L203.
This object is however in the compilation of “confirmed” SNRsRddenes et al(2010. Again, X-

ray observations can shed light on the nature of the source. DEM L2831t X-ray counterpart in the
ROSAT catalogue. More importantly, XMMlewtoncovered the object on three occations during the LMC
survey. Combining- 35 ks of EPIC data, only unrelated large-scal@usie emission is detected, without
any correlation with the optical shell, as shown in Higl.1 A very old age, as indicated by the large
extent, might explain the lack of X-ray emission, although XMddwtoncan and did detect the largest
SNRs, such as MCSNR J0450050 (5.7 diameter,Cajko et al. 200por J0506-6541 (6.8 Klimek et al.
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2010. Furthermore, the MCELS image reveals no clear enhancefd®ission, and the source was not
spectroscopically observed Bayne et al(2008. In light of this and the absence of X-ray emission, | do
not confirm the classification of this object as an SNR and did not includetifinal sample.

Ficure 11.1— The rejected SNR candi-
date in DEM L203 in optical lines ([H)]
(red), Hx (green), and [Gx] (blue), data
from MCELS), with soft X-ray contours
(from XMM-Newtor) overlaid in white.
The image spans 2@cross. The bright
star seen in X-rays (lower right corner) is
the Galactic star HD 269602.

RX J0533.5-6855: Lowry et al.(2004) used ROSAT to study the X-rayftlise emission around the point
source RX J053335854.9 (referenced as RX J0533@B55 in Simbad) and concluded that the X-ray arc
seen was a large SNR candidate; they classified the X-ray point saiecdvearf M2-M3 star in the Solar
neighbourhood. This region was covered in the XNNdwtonsurvey. The dtuse emission detected with
ROSAT is found to be part of larger scale structures from the hot pifabe LMC ISM. There inolarge
SNR around RX J0533-5%855.

30 DOR C: This is the well-known large shell seen in X-rays with a non-thermal spacBamba et al.
2004 Kavanagh et al. 20)5Its nature as a superbubble rather than a standard SNR was akeadyised
by Mathewson et al(1985. It was however listed as an SNR Blair et al. (2006 with the identifier
[BGS2006b] J0536692) andBadenes et a{201Q as [BMD2010] SNR J0536.2-6912). Interestingly, there
isan SNR (in projection) in 30 DOR C (MCSNR J053013,Kavanagh et al. 20)5but it was revealed
only later and is most likely distinct from the non-thermal shell.

SNR B0538-69.3: The first classification as an SNR dates backvtathewson et al(1984), based

on radio and weak optical evidenc&adenes et al(2010 included that source with the wrong J2000
coordinates.Blair et al. (2006 used the correct position but did not detect UV emission from the object.
B0538-69.3 is unusually bright in radio (Miroslav Filipavi personal communication) considering the
general lack of X-ray and optical emissiorMathewson et al(1984 noted that the absence of X-ray
emission might be due to the hidiy towards this region of the LMC. However, other SNRs are found
in that region (e.g. MCSNR J0536913, DEM L299, the Honeycomb nebula), so a negative results with
XMM- Newtonargues against the source being an SNR.
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TaBLE 11.1— LMC objects erroneously classified as SNRs or candidatésnalnded in the final

sample.

Name Alternative name Category Ref. code
[BGS2006b] J0449693 B04506-6927 Wrong identification BGS06
LHA 120-N 185 N185 Wrong classification (superbubble) PWF08
SNR J05132%691119 DEM L109 Unconfirmed candidate BFPO7
LHA 120-N 204 B0528-7038 Wrong identification PWF08
[BMD2010] SNR J0529.16833 DEM L203 Unconfirmed candidate BMD10

X-ray arc around . .
RX J0533.5-6855 RX J053335.6854.9 Unconfirmed candidate LCGO04
30DORC [BGS2006b] JO53®92 Wrong classification (superbubble) MFT85
SNR B0538-69.3 [BGS2006b] J053893 Unlikely MFD84

Notes.See text in SeclL1.1.2for a description of each object. Reference cod@4F[84) Mathewson et al.
(19849); (MFT85) Mathewson et a[1985; (LCG04) Lowry et al.(2004); (BGS09 Blair et al.(2006; (BFWO07)

11.1.3. The final sample

My compilation results in a list of 59 definite SNRs. In TaBlel (p. 160) | list the final sample of LMC
SNRs used in this thesis. Basic information is given for each object: MCSBIRifiitr and old name (see
Sect10) , position, X-ray data available, and reference. In addition, | addéthmns with X-ray results:
X-ray luminosity (Sectl1.2and11.5), size, and\}y fraction (Sectl1.6). Finally, | give for each SNR the
values of the two metrics used to assess the local stellar environment ddgariBect11.4.1 See text in
AppendixA for detailed description of each column.

This work focuses on the X-ray emission of LMC SNRs. Therefore,etlzee only confirmed SNRs
in the final sample (no candidate), although some have been confirmed) dyirPhD thesis, by me
and collaborators (e.g. MCSNR J0536707, J05366913). The resulting list provides the cleanest, most
complete sample of SNRs in the LM@&s far as X-rays are concerneMMM- Newtonobservations exist for
51 SNRs. Out of the eight objects without XMMewtondata available, three were covered withandra
and two only by ROSAT. Only three objects have not any X-ray informati@ilable (yet), though their
radio and optical properties warrant their classifications as SNR. IhRe6and SectlV, | discuss the
total number of LMC SNRs and the overall completeness of the sample
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11.2. The X-ray spectra of LMC SNRs

and chemical composition of the plasma. This, in turn, provides clues to theatiemnary state

of the remnant, ambient density (of the inter- or circum-stellar medium), agdosian energy,
and the type of supernova progenitor. The distribution of these paran#ierimpact of the environment
(position in the LMC, local SFH) on them, and their interrelations (e. g. tenyeras. sizégage, luminosity
vs. ambient density) are valuable information to understand the evolutiohNRE @nd their role in the
hydrodynamical and chemical evolution of galaxies.

The (Large) Magellanic Cloud population is ideal for such a study. As s&&ectll.l, the sample
of known LMC SNRs is large (about 60 objects and growing), relativelnplete, and many (X-rays)
observations are availabla.contrarioin our Milky Way, the absorption, distance uncertainties, and lack of
sky coverage preclude a similarly clean work. In more distant galaxigsM81, M33), the current angular
resolution and sensitivity make the identification and analysis of SNRs asdliiniting these studies to the
brightest objects

However, the X-ray spectral analyses of LMC SNRs are presentedniide collection of individual
papers with little consistency in

T HE X-rAY Spectrum of an SNR encrypts precious information about the temperiaioisstion state,

e the instruments: Spectra have been studied with many observatories, framXA(ASCA to
XMM- Newtor), using various instruments and settings. Simply comparing the results froousa
instruments can introduce cross-calibration uncertainties;

¢ the spectral models: The model used to account for the X-ray emissiqradieular remnant depends
first on the level of details need@dlowed by the available data. For instance, a single-temperature
CIE model with fixed abundances might have provided satisfactory fits tRERAT spectrum of a
remnant, but deep XMMNewtonobservations could reveal elevated abundances for some elements,
or require a second component with a higher temperature. Then, sonsesaddhnot explore a wide
range of possible models (e.g. CIE vs. NEI, single ionisation age vs.aibmisage distribution).
Furthermore, there areftierences even in the same class of models, since they fliseedt atomic
databases (which also improve with time) and codes to simulate spectra;

e the analysis methods: There are almost as many ways to analyse SNRseasrtheesearch
groups investigating them, particularly in the way that the background is déhlt Sometimes,
the background is simply ignored or subtract&din other cases, the instrumental background
is estimatefineasured, subtracted, and the source and astrophysical baakgaoeirmodelled
simultaneously; finally, as | did in Sedl0, the source can be modelled simultaneously with the
astrophysicabnd instrumental background components. This prevents a direct compaifisba
parameters and their error bars, because the various methods fiexendisystematic uncertainties.

Finally, several known SNRs were observed for the first time with moderayXnstrumentation during
the LMC survey and their spectral properties are as yet unpublishexhuBe of these limitations, it is not
feasible to study the spectral properties of the whole population of LMCaatanwvith a mere survey of the
available literature. Insteatlperformed a systematic and homogeneous X-ray spectral anadys of all
LMC SNRs for which XMM- Newton EPIC data are available.

11.2.1. Extraction of the spectra

The first step of the analysis is to extract spectra for each SNR of thelesaagpwell as corresponding
background spectra from nearby regions (using the same obsejvafiorthat end, a source spectrum

38For bright objects, or cases with very high signal-to-noise, this simpleapp is usually sficient.
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extraction region (th&RC region) and a background spectrum extraction region Etheegion) must be
defined. Due to the spread in morphology and size of the SNRs, uneaqumdres of their background
(diffuse emission and point source crowding), and their varying location deRHe detectorsSRC andBG
regions cannot be created automatically.

Therefore, | manually defined extraction regions for each SNR. FogRGaegion, the constraint was
simply to include all the remnant’s emission and exclude unrelated point sotitaemight be located
in projection (as in the case of e.g. MCSNR J056759, see Sect0.3.3.B. | used the contours taken
from the X-ray image, combining all observations of each remnant, to idehgfypoundaries of the SNR
emission. If the morphology of the object requires it, an arbitrary shaggdpnal region) is used instead
of a circle or ellipse.

TheBG regions are chosen fromftBrent locations on the pn and MOS detectors if needed, in order to be
on the same CCD chip as (most of) the SNR emission. In most cases wheeenii@nt was the target of
the observation (i. e. was observed on-axis), the sBénegion defined for pn can also be used for MOS
data, because of the chip configuration of the latter with one central ctipiaperipheral chips. Detected
point sources are also excluded from B@regions.

Two examples are shown in Figl.2 In the simple case (that of MCSNR JO58902), | used a
circular SRC region and the samiG regions for all EPIC detectors. In the more complex case of MCSNR
J05476943 (or DEM L316B), | used a polygon8RC region; theBG region is narrower for pn than for
MOS to fit on a single CCD chip. In addition to point sources, | excludeeshaped regions which are
affected by instrumental artifacts (single-reflections from LMC X-1). Esttoacregions for all LMC SNRs
analysed in this work are shown in Appendix Instrumental background spectra were extracted from FWC
data at the same detector position as3Re andBG regions following the method described in S&c4.

11.2.2. Spectral analysis and models

The next step is naturally to analyse all the extracted EPIC spectra. abewefigurations are possible,
depending on the data present. The spectral analysis method, which sgouklibnfits the instrumental
and astrophysical background with the source emission, requires FAtC Tihis limits the use of MOS
data in some cases, because FWC data for MOS are only available in fo#-freode. It also happens
that the SNR is outside the MOS field of view (too fdf-axis or on one of the damaged chips of MOS1,
Sect6.3.2. In these cases only the pn spectrum is used for analysis. The gofdardy MOS spectra
available) occurs in rare cases.

About 80% of the SNRs in the sample were observed only once. A few wlaserved twice in
overlapping survey observations. The deep field centred on SNRA1IG#®ains four SNRs in total, and a
plethora of XMM-Newtondata are at hand for those (see S@ct.To keep the analysis the same for most
sources, | restricted the number of observations analysed simultanéobsty for these two cases. When
more are available, | selected the deepest two datasets (i. e. longesitdaed exposure times). Finally,
N132D is a calibration target and frequently observed. It is howevdrrigbt for the full-frame mode; only
Small Window and Large Window modes have been used and thus | onlyhesddepest pn dataset.

| followed the method outlined in Se@&to analyse the spectra. | found however madfecient to first
pre-fit the instrumental and astrophysical background of each SRt fitted the (FWC+ AXB) EPIC-pn
spectra alone and FWC MOS spectra alone. The visual examination ofrtiiebaekground fits allows
to identify problematic cases, e.g. MOS in “anomalous” stien(z & Snowden 200Bor presence of a
significant SPC (see note below). If the pre-fitting of the backgroumdpoments was satisfactory, their
best-fit parameters were used as starting points in the final fit, which irccthéeSNR emission model.
Doing so speeds up the process of analysing the SNR spectrum alone.

The model of the SNR emission was build iteratively, in increasing order wiptexity. First, one-
component models are tried, using either Claged or NEI (vpshock XSPEC models. | refer to these
models as “1T” (one temperature). The elemental abundances are initiatty the values measured by
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Ficure 11.2— Top: Extraction regions used to extract spectra of MCSNR J656992 from EPIC

pn, MOS1, and MOS2 detectors (left to right). For the scalecall that pn chips are 44vide. The
X-ray contours (in red) are used to outline the boundary efrdmnant emission and set the radius
of the circularSRC region (in green). Th&G regions are shown by the blue dashed rectangle. The
barred blue circles show detected point sources andféeiiarea around theRC region. Those are
excluded from th&G region.

Bottom: Same for MCSNR J054%6943, outlined by the green polygonal region. The barreé blu
arcs are excluded to avoid single-reflections from LMC X-1.

Russell & Dopita(1992. Their abundance of silicon is highly uncertain, however, and thexdfase an
initial value of half solar for Si. Analysis of the residuals and goodnédg-oeveals if some elemental
abundances need to be thawed. | evaluate the significance of the fit enpeats (if any) with F-tests. A
second component, again either CIE or NEI, is added if needed. Thesbea“2T” SNRs. For several
SNRs, the analysis of X-ray colour images already hints at the preséme® components, with e.g. a
different temperature\ly, or abundance pattern. This iterative process is done until a satigfdittes
achieved, at which point 90 % C..errors are computed for all free parameters. More complicated models
may be applietheeded for a handful of SNRs, particularly amongst the brightest oflesse cases are
presented in Sect1.2.3.B

Note: Cases with a problematic background Several situations can occur where the instrumental and
X-ray backgrounds cannot be properly accounted for at firstgning the analysis of the SNR emission.
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e Bad extraction region: If the SNR is very bright, a background spectximacted too close to the
SNR will include contamination from the telescope PSF wings. Alternativelgaahy bright X-ray
source can produce artifacts such as singly-reflected photons ugédagular distances-{ °).
When this happens, | selected the background in another region bétgek. su

¢ Anomalous MOS states: The model for the instrumental background of the tiéBectors (Sed)
was developped for data obtained in the normal st@tetz & Snowden(2008 identified periods of
“anomalous” background of EPIC-MOS. The instrumental backgrapettrum of this anomalous
state is markedly stronger below 1 keV, which complicates the analysis ofvatisas obtained
during these epochs. If the SNRected was faint, including the MOS data usually do not add much
information, and only the pn spectrum was used. Conversely, if the SNyt [the error induced
by fitting the anomalous spectra with the standard model is unimportant, bebauseurce count
rate is much higher than the instrumental background, and this issue céstarldd.

e Soft proton contamination: Observationfegted by a strong SPC are easily identified by fitting
the FWC and astrophysical backgrounds spectra together. Indeethatkground above 2 keV
is almost purely instrumental. Therefore, a residual component at higigyeim the background
spectrum (extracted from science observation) that is not preserg IRVIC spectrum betrays the
SPC. An extreme example is shown in Fig.3 An extra component needs to be added to the X-ray
background and SNR models to account for the SPC.

o
-

Ficure 11.3 — Example of a
strong soft proton contamination
(SPC) dfecting the spectral anal-
ysis of MCSNR J05296653
(ObsID 0700381101). The
instrumental background, ex-
tracted from FWC data, is shown
in the top panel in gray and blue.
The spectrum extracted from the
BG region is shown in red. The
strong flat tail above 2 keV is the
SPC, which the instrumentai
AXB model cannot account for.
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11.2.3. Results
11.2.3. A. General properties

Out of the sample of 59 SNRs and 51 with XMNkewtondata available, 45 are fitted with 1T or 2T models,
while 6, amongst the brightest, are fit with more complex models (seel3e2i3. B. The results of the
spectral analysis for the AT sample are given in the Appendix (TaBle, p.163). All relevant parameters

are listed with their 90 % C. uncertainties: The fitted LMC absorption column density (column 2), plasma
temperaturkT (3), ionisation ager (4), emission measure EM (5), and abundances (6). When a second
component is used, its parameters are given in columns (7) — (11). Hheyaf the fits are evaluated by
they?/v of column (12), where is the number of degrees of freedom. The median redy¢ei1.16. 90 %

of the fitted objects have a reducgtlless than 1.4.
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In 32 cases, the SNR s fitted with, or the available data only require, a omgorent model. Amongst
these, 9 do not show significant NEfects and are fitted with a CIE model; in the 23 remaining objects,
better fits are obtained with an NEI model. The plasma temperature for the “Rs'S®usters in the
0.25 keV — 0.45 keV range. The highest values of temperature (aboed/)Yldte associated with the
smallest ionisation ages. In at least some cases, this could be an artifaetasfalysis due to unficient
data. The ionisation ageof this sample is broadly distributed around a median value®k 10! s cnT3.

There are 13 SNRs in the 2T sample. Two objects are fitted with two CIE comporalels (MCSNR
J05306-7008 and J05176759, see Sect0). The rest was fitted with two NEI components, although for
three SNRs the ionisation age of one of the components was unconstrathed the high endr(> 10'3),
indicating a plasma close to or in CIE. The medtanf the main component (i. e. that with higher emission
measure) for the 2T sample is slightly higher (5 <Z0' scnT? than that of the 1T sample, but low
number statistics preclude a direct comparison. The temperature distribuionddal: one component
has a median temperature lof = 0.31 keV, the second a higher median of 0.8 keV. In several cases the
highkT component also requires dfirent abundance pattern, revealing SN ejecta ($2@.3. D.

For 9 SNRs, the data did not require or allow to fit elemental abundanoces few cases, this happens
because the spectrum is contaminated by a bright pulsar (N157B and RG8B406-6920), or by LMC
X-1 (MCSNR J05466944), and the thermal emission is not well separated by XNidvton The other
SNRs fitted with abundances froRussell & Dopita(1992 RD92 in TableA.2) are relatively faint. The
limited available data therefore prevent the use of free abundances itsthe fi

Oxygen and iron are the main contributors to the 0.5 keV — 2 keV X-ray emifsidhe relevant plasma
temperatures. Consequently, they are the first elements for which atm@sdean be fitted. Out of the 45
1T/2T SNRs, 35 have at least free O and Fe abundances. Neon andsinagiaéso have prominent lines
routinely detected below 2 keV, and their abundances were fitted in 33068MNRs, respectively. Silicon is
detected and its abundance fitted, in 23 SNRs. This subset has a highan teedoeraturek( ~ 0.6 keV)
than the whole sample, as expected. Indeed, Si emission becomes prdimirtegiher temperatures than,
say, O, Ne, or Fe. While obvious and fitted in all the brightest SNRs, whielyaungethotter, lines of
sulphur are not detected in most/2T SNRs. Only a handful (MCSNR J0538955, J05477025, N63A)
allow to fit the S abundances. All have plasma temperatures in excess oé\0.8 ke fitted abundance
patterns can be used to type of supernova progenitor, if ejecta ar¢edie{Sect11.2.3. D, or to measure
metallicity of the LMC ISM (Sect11.2.3. B.

11.2.3.B. The analysis of the brightest SNRs

For six of the brightest SNRs, the simple/2T models approach was clearly ifiscient to satisfactorily
model the spectra. This is expected, because on the one hand, thatexstaisstical quality of these
spectra imply that even a two-component model is not adequate to repradueicomplex multi-phase
structure in these objects. On the other hand, the very young SNRs,itioadd a small ambient medium
contribution, are dominated by ejecta. Because of stratification of the ejeatachby the reverse shock,
elements synthesised affdirent radii in the SN explosion can have distinct spectral properties.

All the “bright SNR” sample was observed in individual XMMewtonandChandrapointings. Detailed
results are published in several papers (references are givem beith which my results were never at odd.
Here, | used multi-temperature empirical modesl to reproduce the spatiallydatedgpectra. This allows
to derive accurate X-ray fluxes, so that the luminosity function is complateediright endii) to measure
the properties of the Fe K emission, if present (see 3&c2.3. G, andiii) to obtain spectral properties (e. g.
Ny, KT, 1) for statistical studies and comparison of their distributions for varioussantiples (SecL1.5).
The adopted models are described below. The spectral parameteigearadableA.3.

DEML71 (MCSNR J0505-6753): DEM L71is notoriously atype la SNR, owing to the detection of iron-
rich ejecta (e. gHughes et al. 1995 van der Heyden et a{2003 presented the XMMNewtonEPIC and
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RGS results for this remnant, aktilighes et al(2003 those obtained witlChandraobservations. Dferent
conditions are measured in the shell and central regions. It is thenpuisdug that a 2T model as used for
other SNRs did not produce acceptable fits. Instead, | obtained stdisfagsults with three components:
Two components (“Fe-low” and “Fe-high”) had Si, S, and Fe (the maitewsynthesis products of la SNe)
freed and common to the two components, while other metals were set to zese démponents account
for the ejecta-rich emission, as well as the Si, S, and Fe contribution of MeAShird component, with
O, Ne, and Mg abundances free and Si, S, Fe set to zero, accoutits fiulk of ISM emission.

In addition, Fe K emission is clearly detected, pointing to the presence ohetgjecta KT > 2 keV).
The statistical weight of this feature remains small. Therefore, insteadlofgdnother thermal component,
I modelled the line with a Gaussian. The parameters of the Fe K line are usethpadson with other
SNRs in Sectl1.2.3.C The ejecta components have best-fit temperatures @# keV and~ 0.9 keV
(TableA.3). The ionisation age of the cooler component is twice that of the hotter dm@elSIM component
has a temperature &T = 0.46 keV, the same as measured w&handra(Hughes et al. 2003 and in
between the two temperatures used for the shell emissioamger Heyden et a{2003.

N103B (MCSNR J0509-6844): The spectrum of N103B is remarkable because of the numerous lines
from highly ionised metals: Si Xll and Si XIV S XV and (marginally) S XVI, XwIl, and Ca XIX. A strong
Fe K blend is also detected. | fit the spectrum with the same three-temperatuekasdor DEM L71. One
component had abundances fixed to RD92, accounting for the ISM emi3swo components with dierent
kT andt were used to reproduce the (dominating) ejecta emission. All relevant ae(@mNe, Mg, Si,
S, Ar, Ca, and Fe) were freed, but common to both components. A Gawgagalso included to fit the
Fe K feature.

With this model, the spectrum of N103B is well reproduced across the whdlkeY — 8 keV band.
The results are comparable to thosevah der Heyden et a{2002 focusing on XMMNewtondata) and
Lewis et al.(2003 with Chandrg, especially regarding) the column densitiNy ~ 3 x 10?1 cm2; ii) the
presence of one high ionisation age componenkfat~ 0.7 keV) and a hotter (1.6 keV) underionised
component. Because the Fe K blend is modelled separately with a Gaussitttethtemperature of the
hottest component is lower than in the previous referernicesiigh abundances of S, Ar, and Ca.

N132D (MCSNR J0525-6938): Behar et al(200]) presented the XMMNewtonobservations of N132D
from the Performance Verification programme. Results oiGhandraACIS-S observations can be found
in Borkowski et al.(2007). Both instruments spatially resolve the SNR into regions witfedént spectral
properties. Therefore, though a three-temperature model can uegrdite main features of the spectrum
(therefore allowing to measure accurately the integrated flux of the remstot)g residual structures are
seen between 0.5 keV and 1 keV, where the strongest variations amweth¢lines of O, Ne, Fe).

The best fit is obtained with a coot (0.5 keV) component with abundances close to the normal LMC
values (i. e. it represents a blast wave component) that dominates thengefion (below 1.5 keV). A
second component witkT ~ 1 keV is characterised by enriched levels of O, Ne, and Mg, as well as a
higher column density~ 10?2 cm2). This component thus describes the bulk of the ejecta emission, and
accounts for most of the Si and S emission. Finally, the presence of higtietiron is evident from
the kT = 6.67 keV line (Ko energy of Fe XXV). This indicates a third, very hot componenty keV).

In this component only Fe, Ar, and Ca are included. The two latter elementsvmfre residuals around
3.1 keV (Ar XVIl), and 3.94.1 keV (Ca XIX and Ca XX). These K lines were already mentioned in tHg ear
XMM- Newtonresults Behar et al. 20011

SNR 1987A (MCSNR J0535-6916): The observations, spectral modelling, and results for this remnant
are presented in Seé&.
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0519-69.0 (MCSNR J0519-6902): The SNR was observed early in t@handraand XMM-Newton
missions. In addition, the LMC survey covered the source, atfiaaxis angle of~ 9, adding 23 ks and
27 ks to the existing (full-frame) 8 ks and 46 ks pn and MOS data, respctiBpectra from the two
observations were fitted simultaneously. 0569.0 exhibits strong lines of Si, S, Ar, and Ca, as well as
prominent Fe L and K blends. To reproduce the spectra | used the multiecempapproach dfosenko
et al. (2010, who extensively studied the XMNMlewtonandChandradata.

First, one NEI component with LMC abundances accounts for circumgiet&stellar medium emission.
Then, one NEI component for each (group of) element(s) havingteetboes: oxygen, silicon and sulphur,
argon and calcium, and iron. In the latter case two NEI components with dip@naieters are used, as
the spectrum evidently includes both medium temperature and very hot itentolhe low count rate, and
therefore statistical weight, of the Fe K blend, the hot iron component viiendo fit lower energy lines
instead. To alleviate this issue | fitted the high-energy part of the specaparately with this component,
then froze the best-fitting parameters in the global fits. Residuals aroub#&éV7(lines of Fe XVII) were
fitted with an additional Gaussian line.

0509-67.5 (MCSNR J0509-6731): XMM-Newtonobserved the SNR for 40 ks in 2000, with pn
operated in Large Window mode. This dataset is presentébgenko et al(2008, while Warren &
Hughes(2009) report the spectral and imaging analysis dflandraobservation. FinallyBadenes et al.
(2008 attempted to reproduce spectra from both instruments using a grid ofdydmical models and
an X-ray emission code. Inconsistencies between pn and MOS specgdomad, with lines in the pn
spectrum (red-)shifted relative to those in MOS spectra by about 1 %s iFtikely a gain issue of the
pn instrument. | discarded spectra from the MOS instruments, as they werated in Small Window
mode, for which no FWC data are available. To get the spectral model to megtadbserved energies of
atomic lines, | freed the “redshift” parameter available in XSPEC models, vdliotvs anad hocchange
of the energy scale. Satisfying results were obtained for a sh#t b6, which is the measured fMOS
discrepancyosenko et al(2008.

As for J0519-6902, lines from heavy elements are prominent, and | used a multi-compuondet. Iron
was included in two NEI components, one with a medium temperaturé.4 keV) and a high-kT one
(~ 11 keV) that reproduces the strong Fe K line. The latter component alswl@sccalcium. Si, S, and Ar
were grouped in another NEI component, and shared the same temparatuomisation age. A last NEI
component modelled the continuwtimes emission from the CSNEM. No Si, S, Ar, or Ca were included
in this component. Even with this model, residuals remained around Fe lines @/rand 1.22 keV),
which [ fitted with two Gaussian lines.

11.2.3.C. Fe K emission from LMC SNRs

Yamaguchi et al(2014 usedSuzakuo systematically search for Fe K emission from Galactic and LMC
SNRs. Fe kK emission was detected in 23 SNRs, including seven remnants in the LMC. Bkeintil
finding is that the centroid energy of the Fe K emission, determined by the fiomisdate of iron, is a
powerful tool to discriminate between progenitor types. Indeed, the Famikseon of type la remnants is
significantly less ionised than in CC-SNRs. Furthermore, there is a poditivelation between the FedK
line luminosity and centroid energyithin each progenitor group

Because the Fe K blend is a promising typing tool, | extended the search Foemission oframaguchi
et al.(2014) to all LMC SNRs observed with XMMNewton Compared to th&uzakisample, the coverage
is more complete (i.e. more SNRs observed) and more sensitive (the ERd#Beptive area is slightly
higher than that oSuzakis XIS, even combining all four detectors), and Fe K can potentially bectile
from more SNRs.

In Table11.2 | give the results for all LMC SNRs where Fe K emission is detected, chbikéncreasing
centroid energy. The XMMNewtonand Suzakuesults are consistent within the uncertainties. Strikingly,
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TaBLE 11.2— Fe K line properties of LMC SNRs

MCSNR Alt. name type Energy centroid (eV) Line flux (2@h s
XMM-Newton Suzaku XMM-Newton  Suzaku
JO509-6731 B0509675 la 64325 642514 0.87+0.21 0.96:0.12
JO505-6753 DEM L71 la 649458 — 0.26_*8:88 —
JO509-6844 N103B la 651}%% 6545+6 5.10:0.87 6.43:0.30
J0519-6902 B0519690 la 654327 6498_*2 1.71+0.45 2.78:0.15
J0526-6605 N49 CC — 6628, <4.759  0.540.12
JO536-6916 SNR 19878 cCC 663570 664(fSg 0.64+0.18 0.5%0.24
JO535-6602 NG63A cC 668538 6647_*?731 2.36j~8g 2.57+0.36
J0525-6938 N132D CC 668~ 8 66569 4.58:0.58 5.4%051

4

Notes.Suzakuesults are fronvamaguchi et al(2014). @ 3 upper limit. ®) The quoted numbers are average
values over the last six observations (see Srcthe uncertainties are the RMS scatter.

| found Fe K emission undetected wisuzakufor only one source, DEM L71. lIts line flux is smaller
than from any other LMC remnant. Likely, this fact and the smallective area of XIS explain why

it was undetected in the 100 ks-lor8uzakuobservation of the remnant (Hiroya Yamaguchi, personal
communication). On the other hand, the second faintest Fe K line from LMRsS&found in N49. With
XMM- Newtonone does not formally detect the line. Including a Gaussian at the ener@suneel with
Suzakuthe XMM-Newtonspectrum allows a line flux an order of magnitude above that actually detected
This is only a statistical issue. Indeed, there are less than 10 ks of BEPd@ta, which is no match to the
158 ks spent byuzakiwon N49 when detecting the Fe K line.

The properties of the Fe K emission from DEM L71 fit well with its type la natuFarthermore,
Yamaguchi et al(2014 their Figure 1, right) used simple (one-dimensional) theoretical models ef typ
la SNe exploding in uniform ambient media of various densities to predict thenasity and energy of
the line. Even with this simplistic approach, they are able to reproduce all taenpter space spanned by
type la SNRs. In this context, the location of DEM L71 in the Fe K luminosity —gndiagram is well
reproduced by a delayed-detonation model with a rather high explosame(l4 x 10°! erg, DDTa in
Badenes et al. 2002005, in an ambient medium of density= 2 x 10724 g cnT 3, at age between 2000 yr
and 5000 yr. This is in line with the measured density and age of DEM & der Heyden et al. 2003
Ghavamian et al. 2003 Furthermore, the DDTa model predicts a silicon-to-iron mass ratio of 0l68e
to that measured in X-rays-(0.15, Hughes et al. 20Q3san der Heyden et al. 20P3Since the hot, K-
emitting iron was previously overlooked, tisi/Mge ratio should be even lower, closer to the prediction
of the DDTa model.

The dearth of Fe K-emitting remnants, aside from the combined XN##oriSuzakusample (eight
objects), is somehow expected. Indeed, most of the SNRs have plasmaaemgseiess than 1 keV
(Sect11.2.3. A, which is too low to excite iron K-shell electrons, so that no emission is ¢égge&ven if a
spectrally-unresolved hot iron component exists in more LMC remnantstleef issue is detectability. The
LMC SNRs of Yamaguchi et al(2014 have hard X-ray (2 keV — 8 keV) luminosities above’16rg s*.
There are only two other SNRs in the LMC above this level, MCSNR J86820 and N157B, which are
powered by a bright pulsar and pulsar wind nebula, respectively.

Despite these observationaffitiulties, it is very likely that the sample of LMC Fe K-emitting remnants
(of Yamaguchi et al. 2014plus DEM L71) is complete, because all young SNRs %000 yr old) are
now known and observed in X-rays. Translating the fraction of remnaititsFe K emission in the LMC
(~ 13 %) to the Galactic population (294 objecB&reen 2013 we expect more than 40 such sources in
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the Milky Way. This number is a lower limit, since fainter line fluxes than in the LM@ ba reached.
Yamaguchi et al(2014) list 16 Galactic SNRs detected, out of 56 objects observed SuittakuFerrand
& Safi-Harb 2012 online databas®). About 80 more SNRs were observed and detected @lithndraor
XMM- Newton and 150 have not been covered in X-rays. A systematic analysis ofraly-detected SNRs
and nevideeper observations of promising candidates with more sensitive instrufaegutMM-Newton
vs. Chandra future missions such as Athena) will provide a better census of Fe K lirf@iRs. This will
allow to type more remnants and to study the pre-SN evolution of their progenitor

11.2.3.D. Detection of SN ejecta

When SN ejecta give an observable contribution to the X-ray emission oN&) the fitted abundances,
or rather the fittechbundance ratioswill reflect the nucleosynthesis yields of either thermonuclear or CC
SNe. To identify SNRs with detected ejecta and the origin thereof, | compi&ttance ratios ke,
where X is O, Ne, Mg, or Si. The ratios are normalised with respect 16&Xvc, the corresponding
ratios with the LMC abundances. As CC-SNRs produce large amounts ofdiglgments and little iron,
high (X/Fey(X/Fe)mc ratios (in excess of one) indicate a massive star progenitor. On the gorbra
main product of thermonuclear SNe is iron, and ejecta in type la SNRs (iftdel)e are expected to have
(X/FeY(X/Fe)vc < 1.

In Fig.11.4, | show the abundance ratio diagrams
of all SNRs with corresponding fitted abundance$asLe 11.3— Constraints used for the identification of
The samples of SNRs with a secured CC or tygiectain SNR spectra.
la classification (as described in Sect.3.) are :
marked. Evidently, many of the known CC SNRs X  ‘high X/Fe”flag “low X/Fe” flag
are located in regions of super-LMC/Be. The 1) ) 1) 3)
known type la SNRs are unsurprisingly in the o -10 >083 <060 <0.83
(X/Fe)(X/Felmc < 1 regions of the diagrams, Ne >143 >130 <055 <1.30
because in most cases itis this very iron-enhancement \ig >~ 062 > 048 <022 <048
that was used to classify them. Si >270 >160 <130 <160

Several sources without previous classification are
located in the high- and low-ratio regions of the Notes.(1) Constraints on the ratio {ke)(X/Fe)uc.
diagrams. For typing purpose, | assign “higfFx’ (Az(l(?lf:)s_‘tra'”gg)onégﬁéﬁgﬁi!mgnwﬁ]yéxﬁ i&“ﬁc it
and “low X/Fe” flags to these objects, using the (xreyx/Fe)uc +A(X/Fe).
following scheme: For each element X, | plot the
cumulative distribution of the ratio (keY(X/Felmc. | then assign a “high )e” flag to an object if
its ratio is above the 68percentile ¢ 10) of the cumulative distribution. Symmetrically, a “low/Ke”
flag is given if the ratio is below the 82percentile. Since the uncertainties in the fitted abundances can be
large, it is necessary to put a second constrain using the uncertaingy i@ttt A “high X/Fe” flag is only
given if the lower limit (i. e. ratio minus the uncertainty) is above the median ofuhsutative distribution.
For a “low X/Fe” flag the upper limit must be below the median. This excludes all case® weratios
are elevated (or much smaller than one) but highly uncertain. Though sotime criteria for “low X/Fe”
flags may seem high, the selected SNRs have actual ratios well below halfitaverage (well below 0.2
times the average for Mg). There are 23 SNRs in th2TBample with high or low abundance ratio flags,
as listed in Tabld 1.4 These flags are used in Sekt.4to help the typing of all LMC SNRs.

11.2.3. E. Metal abundances of the LMC ISM

When no SN ejecta is detected, the X-ray emission is dominated by the ISM sp/bgtthe SN blast wave.
Therefore, the fitted abundances in these cases provide us with nraastsef the chemical composition

%nttp://www.physics.umanitoba.ca/snr/SNRcat/

108


http://www.physics.umanitoba.ca/snr/SNRcat/

11.2. The X-ray spectra of LMC SNRs

ot 0 all +
8 L E 2 Ia — 4
: 18 cc - 7
T S |
@) [ ] [ ]
s E 1 S <t E
P 6: 1 56: ]
éﬁ 5: 1 o H— ]
3 3 1 °5¢ E
Z 3 1 » ]
= 4r 1 <X 4¢F ]
(] r ] (]
& 3 R 2 IS E
2 Ot r 180 ]
o2k T : 2 F .
[ — h{' I 74"'77 7%:
1F[ ' aIll - 1| 1\ ]
q -
0 _HFTTI 1 1 1 1 IC:(:I+ I_ 0 if...ﬁ. I....I....I....I....I....I_
o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 17
(O/Fe)/(O/Fe); yc (O/Fe)/(OfFe) pic
4_|""|""|""|"'v'_'|""|""
o | "
Z3F )
> I
S
S 2F ]
>
S 1F | ]
= I ke all +
~ :L’,/\ \ Ia -
0 1 2 3 4 5 6
(O/Fe)/(O/Fe); mc

Ficure 11.4— Abundance ratio diagrams of LMC SNRs with fitted abundan&surces firmly
classified as type la or CC-SNRs are plotted in red and blgperively.

of the gas phase of the LMC ISNRussell & Dopita(1992 andHughes et al(1998 have used samples of
SNRs to obtain the abundance of some elements (using optical and X-ryatians, respectively), but
the smaller sample of known SNRs and sensitivity of the X-ray instrument(@sxdA at the time limited
the number of SNRs eligible to measure LMC abundances.

| first selected all 12T SNRs with fitted abundances but no high or low abundance ratios. fease
that sample, | included SNRs where some abundances are enhanathdoatcan still be used. E.g. for
MCSNR J04536829, the spectrum is enhanced in Mg and Si, but the fitted values for Gndd-e, are
still (assumed to be) reflecting the LMC ISM abundance. Furthermore, #gtibedance of a given element
is too uncertain, then the SNRs is not used to measure the average atmiafiivat element. This limits in
particular the size of the SNR sample allowing the abundance of silicon to beiredas

In Table11.41 give the list of SNRs used to measure the abundance of O, Ne, Mg,dBkeror a subset
of these elements. The measured abundances for this sample are plotiesl teekolar values in Fid.1.5
The final LMC abundances are obtained by taking the average vahmsalt SNRs where an element is
used; the errors given are the RMS scatter amongst the SNRs usedhethad is similar to that dflughes
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Ficure 11.5— LMC ISM abundances, relative to the solar value$\dlims et al.(2000, measured
in a sample of 16 X-ray SNRs. The selection of the sample amdibasurements of abundance are
described in Sec11.2.3.E

et al.(1998. Resulting abundances range fren).2 solar for oxygen te- 0.7 solar for silicon. The results
are listed in Tablel1.5 The absolute abundances, in the form+1®g(X/H) (by number), are given, in
comparison with results frorRussell & Dopita(1992 andHughes et al(1998. Abundances of Fe and Si
measured with XMMNewtonare in good agreement with the results measured forfferdnt sample of)
SNRs byHughes et al(1998. More recent studies of abundances in the LMC, using large sampliescof
stars Cole et al. 2006Pomgeia et al. 2008Lapenna et al. 2032/an der Swaelmen et al. 20f,3an be
used to evaluate my results. The metallicity distributiongHif® peak at about0.5 dex for most field star
samplesl(apenna et al. 2032 The [F¢H] based on XMMNewtonSNRs 60.46f8:}§) matched that very
well, indicating no metallicity dierence between field stars and gas-phase ISM.

However, the abundances of lightelements tend to be lower (by0.15 dex — 0.2 dex) compared
to Hughes et al(1998, although the results for Mg and Ne might still be reconciled given the Harge
uncertainties. Still, | measured a ratio/f@] of —0.21 whileASCASNRs gave-0.06. The likely explanation
is two-fold. First, thex-elements abundance has an intrinsic scatter (about 0.05 dex — 0.08ltkeredevant
metallicity, Van der Swaelmen et al. 20L&hat can partly explains the discrepancy. The second reason is
the sample used biughes et al(1998: six out of the seven SNRs they used are well-established CC-
SNRs, including N132D, N49, N49B, in which regions enhanced in lovlefhents have been (since then)
detected (this work, references in Sddt.3.1). The bias towards CC-SNRs, and the contribution of ejecta
in the integrated spectra can explain the highefFED (or more generallyd/Fe]) obtained byHughes
et al. (1999. On the other hand, the XMNilewtonsample used here is explicitly cleaned of SNRs with
abnormal abundance patterns (i. e. those with ejecta detected), resultipgrier sample better suited to the
measurement of the ISM composition. However, this sample comprises SMEs fhan used in previous
studies, and the abundances thus obtained are consequently relatwetiain.

The abundance pattern of metals should reflect the past history of chemitdment, and in particular
the relative number of CC and la SNRs (heredfiigg/N,3), because their metal yields are markedfjatient

40ysing the conventional notation: [X]= log (X/Y) — log (X/Y)o.
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(Sectb). In Fig.11.61 show the [@Fe] and [MgFe] vs. [F¢H] diagrams. Abundances measured with SNRs
(i. e. that of the ISM gas phase) are compared with that measured in olplelagions: old globular clusters
from Johnson et al(2006 ages~ 10 Gyr) and Bar and disc field red giant stars frofan der Swaelmen
etal.(2013 ages> 1 Gyr). Although uncertainties from X-ray spectral fitting are substarkiate is a very
clear trend for SNRs to be at higher metallicity ([A® and lower /Fe] (in particular [@Fe]). This reflects
the continued enrichment by type la SNe in the kagt Gyr, which inject large amounts of Fe back in the
ISM and drive younger populations towards the bottom right cornereofattire] — [F¢H] diagrams. There
are SNR-to-SNR variations in the abundances abundances, but the nteistidter in the ISM gas phase
is less than for field stars. In particular there is no metal-poor populatig/HJ — 0.8). | also checked
that there is no clear correlation between location of an SNR indfee] — [F¢H] diagrams and the SFH
around the SNR. For instance, SNRs with relatively higlfrg] are not necessarily in regions with increased
recent SF, which would produce massive stars that release low-Z dkeni2espite the uncertainties and
the limited size of the sample, this lack of correlation likely indicates that SNedpeatielements are well
mixed in the ISM. In other words, the ISM is quickly homogenised, at leastaspatial scales over which
SFH is measuredy(200 pc).

After LMC abundances were measured (eRgissell & Dopita 199 Tsujimoto et al.(1995 found
with chemical evolution models that the deficit of lightlements of the MCs (i. e. lowet[Fe] for a given
[Fe/H]) compared to the Galaxy must be explained lsyraaller Noc/Nja (more type la SNe). They measured
a Galactic ratio of 6.7, bulcc/Nia~ 4 — 5 and~ 3.3 for the LMC and SMC, respectively. My results for
the LMC ISM abundance suggest an even lower rikie/N;, because the deficit of light-elements is
wider than previously assumed bgujimoto et al(1995. By tentatively typing all LMC remnants, | show
in Sect.11.4that indeedNcc/Ni4 is particularly low, compared to previous measurements of the ratio in the
LMC or infered from galaxy cluster X-ray observations, and discusdylikxplanations.
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TaBLe 11.4— 1T/2T SNRs with detected ejecta (top part), and used for meamms of ISM
composition (bottom part)

High X/Fe flags

Low XFe flags

MCSNR Old name SN type O Ne Mg Si O Ne Mg Si
J0453-6829 B0453-685 CcC - — Y Y= - — —
J0506-6541 — - Y - —4— - — —
JO506-7026 [HP99] 1139 —- — — =+=Y Y Y —
J0508-6830 — la —_ = - —4Y - — —
J0508-6902 [HP99] 791 la —_ = - =Y - - —
J0511-6759 — la —_ = - —4Y - — —
J0519-6926 B0520-694 - Y Y Y- - — —
J0523-6753 N44 Y vy ¥ |— — — —
J0525-6559 N49B CcC — Y Y Y- - — —
J0526-6605 N49 CcC Y — Y Y— — — —
J0529-6653 DEM L214 Y — — H4—= - — —
J0531-7100 N206 Y — — Y — — - —
J0533-7202 1RXSJ053353.6-7204 — — — — Y -
J0534-6955 B0534-699 la —_ - — —|Y Y Y -
J0534-7033 DEM L238 la — — — —2<Y Y Y Y
J0535-6602 N63A CcC Y ¥ — —4— — — Y
J0535-6918 Honeycomb _  — - Y= - - —
J0536-6735 DEM L241 CcC Y vy ¥ A— — — —
J0536-6913 B0536-6914 CcC Y — - 44— - — —
J0536-7039 DEM L249 la —_ — — =Y Y Y Y
J0537-6628 DEM L256 _ = - 4= - Y —
J0547-6941 DEM L316A la — — — =2Y Y Y Y
J0547-7025 B0548-704 la —_ - — +Y Y Y —

ISM abundance
O &Fe Ne Mg Si
J0450-7050 B0450-709 Y Y Y —
J0453-6655 N4 Y Y Y —
J0453-6829 B0453-685 CcC Y Y — —
J0454-6626 N11L Y Y Y —
J0505-6802 N23 CcC Y Y Y Y
J0514-6840 — Y — — —
J0518-6939 N120 Y Y Y Y
J0519-6926 B0520-694 Y — — —
J0527-6912 B0528-692 Y Y Y Y
J0528-6727 DEM L205 Y — — —
J0531-7100 N206 CcC — Y Y —
J0532-6732 B0532-675 Y Y Y Y
J0533-7202 1RXSJ053353.6-7204 Y Y — —
J0535-6918 Honeycomb Y Y Y —
J0543-6858 DEM L299 Y Y Y Y
J0547-6943 DEM L316B Y Y Y Y

Notes.The classification given (type la or core-collapse) is described in 8e&t1
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TaBLE 11.5— LMC abundances

Element XXo N RMS 12+ log(X/H) Hughes etal. (1998) RD92

w @ ©
o) 021 15 0.08  8.0%3 8.21:0.07 8.35:0.06
Ne 028 13 0.08 73§84 7.55:0.08 7.610.05
Mg 033 11 019  6.92% 7.08:0.07 7.4%0.13
Si 069 6 042 7.19029 7.04:0.08 7.819
Fe 035 15 0.12 6.9%13 7.01:0.11 7.230.14

Notes. (1) Abundance relative to the solar valueWfims et al.(2000. (2) Number of SNRs used to measure
X/X@- (3) RMS scatter amongst the N SNH®) Silicon abundance was quoted as highly uncertaiRussell
& Dopita (1992
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11.3. Phenomenology as function of SNR type

fraction of the LMC SNR sample. Doing so, | can study their evolution, loaksimilarities

between SNR classes, or establish the main factors resultingfénesices. Ways of deducing the
type of SN explosion that created a given remnant were introduced in53&d applied them to the SNR
sample of Secil1.3.] before discussing the properties of the type la and CC SNRs (Se8i2and11.3.3.

l | SING ALL possible typing methods, it is possible to firmly establish the SN origin for a densib

11.3.1. Selection of SNRs with secured classifications
11.3.1. A. Type la SNRs

The spectacular case of MCSNR J0509 -6731: One of the few SNRs less than a thousand years old,
this object was first typed as a type la remnantTophy et al.(1982 based on the Balmer-dominated
optical spectrum. This classification was confirmed by the analysis &3@@Aspectrum, revealing ejecta
emission rich in nucleosynthesis products of thermonuclear SiNgHes et al. 1995 Finally, light echoes
from the SN, scattereditinterstellar dust, were detected around four LMC SNRsgt et al. 2006 Optical
spectroscopy of the light echoes of MCSNR J056831 allowedRest et al(2009 to determine the SN
spectral type as an overluminous 1991T-like SN la.

Balmer-dominated SNRs with X-ray-detected ejecta: Tuohy et al.(1982 also detected Balmer-
dominated emission from MCSNR J0548902, J05056753 (DEM L71), and J054+77025, concluding
that they were produced by type la events. In the two former cases,-thg Xpectra clearly showed
emission from the ejecta of thermonuclear Seighes et al. 19953003 van der Heyden et al. 20R3

For J05477025, theChandraspectra revealed ejecta but thé=® ratio was not as decisivéi¢ndrick

et al. 2003. Furthermore, this remnant was an outlierLiopez et al.(2009 2011), with a morphology
more consistent with the sample of CC-SNRs. The observations of the XdMonsurvey confirm the
iron-rich nature of J05477025 (TableA.2), and therefore secure a type la classification consistent with the
optical data.

Middle-aged to evolved iron-rich SNRs: Several remnants with ages exceedindg ¥0 revealed
iron-rich X-ray spectra (observed with XMMewtonand Chandrg that betrayed their type la nature.
MCSNR J05346955 was first identified as such wi@handra(Hendrick et al. 2008and XMM-Newton
observations give similar results (Tal#le2). Slightly more evolved, MCSNR J0534033 and J05367039
(DEM L238 and L249, respectively) have a more pronounced stipamaf the shell and central iron-rich
plasma Borkowski et al. 2006 The shell A of DEM L316 (MCSNR J0546941) has striking spectral
differences to the very close neighbour MCSNR JO®H9A3 (DEM L316B): the former is also mostly
exhibiting Fe L-shell emission, which leads to the interpretation that it is antygheda remnantNishiuchi
et al. 2001 Williams & Chu 20095.

Then come the three iron-rich SNRs that | presented in $8@. Finally, since the publications of those
remnants iMMHK14 andBKM14, me and collaborators obtained XMMewtonfollow-up observations of
two remnants, which we classified as type InRMCSNR J0506 7026 was a ROSAT-selected candidate
([HP99] 1139), which revealed a remnant similar to DEM L238 and L2B8ual17-21 kyr old and holding
about 0.9Mg - 1 Mg in the central regionWhelan et al. 2014 TableA.2); i) MCSNR J052#7104 was
confirmed by our group in a multi-wavelength stud§ayanagh et al. 2033 A subsequent observation
(performed 2014 May 31) revealed yet another iron-rich core (withrarsual morphology, see below), so
that this source completes the (currently known) sample of LMC SNRs witbuaextype la origin.
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11.3. Phenomenology as function of SNR type

11.3.1.B. Core-collapse SNRs

Remnants hosting a compact object: Several neutron stars have been detected inside LMC SNRs,
mostly powering a pulsar wind nebula (PWN). MCSNR J05@820 is the prototypical example: It hosts
the pulsar PSR B054®9 and is known as a twin of the Crab nebulkaéret et al. 2000 MCSNR
JO537%6910 (N157B) is also dominated by a PWN around PSR JO638Y0 Chen et al. 2006 Fainter,

less obvious PWNe have been found in MCSNR JO8B29 Gaensler et al. 20Q08{aberl et al. 2012sand

in MCSNR J05356602 Williams et al. 200%. In the latter, the case for a PWN is not as strong; however,
analysis of the X-ray morphology using a power-ratio metHap€z et al. 200Pconfirm the classification

as CC-SNR.

ChandraobservationsHughes et al. 200®f MCSNR J0505 6802 (N23) revealed, in addition to regions
with enhanced O-group elements, a point source in the centre of the rethaashows properties similar
to compact central objects (CCOs) seen in other CC-SNRs, such as.@asally, a point source was
detected in the “Head” of MCSNR J0536735 (DEM L241, se®amba et al. 2006and Figl11.9 using
XMM- Newtonobservations and first classified as candidate PWN. GfithndraobservationsSeward et al.
(2012 could show that the source was not extended and identified the optigateepart as an O5III(f) star.
Based on this and the X-ray variability and spectrum, they concluded th&NRewas hosting an HMXB,
akin to SXP1062 in the SMOHgénault-Brunet et al. 20)2

Detection of the remains of massive star nucleosynthesis: MCSNR J05256938 (N132D), the
brightest SNR in the LMC, belongs to the class of oxygen-rich remnantay ldlamps of X-ray emitting
O-ejecta are detected in X-ray observatidBsrkowski et al. 200yand match the optical ejecta morphology
seen byHubble Park et al.(2003H have revealed a highly-enhanced Mg abundance and derivedea larg
mass of Mg ejecta from MCSNR J0526559 (N49B), strongly suggesting a massive stellar progenitor.
This classification is supported by the X-ray morphology of the remnaigz et al. 2000

The nearby MCSNR J0526605 (N49) is a more puzzling case. No compelling evidence for
overabundant O or Fe is found, but Si- and S-rich ejecta featuredeseeted byChandra(Park et al.
2003a2012. These can be interpreted as explosive O-burning or incomplete Sinljuteep inside a CC
SN explosion; however, the /Si ejecta mass ratio favour a type la origitatk et al. 2003a2012. The
soft gamma-ray repeater SGR 0526-66 lies in projection in the remnantirfiagadhe CC-SNR scenario,
although the physical association between the remnant and the SGR itaim{@aensler et al. 2001
Kaplan et al. 200l The best evidence to terminate the debate over the nature of N49 cameshiz
properties of its Fe K emission, which is clearly in the region occupied by NBsSYamaguchi et al.
2014 Sect11.2.3.G. MCSNR J05356916 (N63A) is another case where ejecta features are detected but
cannot yield a definite classificatiowrren et al. 2008 As for N49, however, the Fe K emission allows to
include N63A in the sample of secured CC-SNRs.

SNR 1987A: Last but not least comes the remnant with the most secured classificatinas the SN
itself was observed and its progenitor identified in pre-explosion image$SEe9 and references therein).

The list of LMC remants with secured CC and type la classifications is givéabte11.6
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11. On the X-ray properties of the rich population of LMC supernova egrtsn

TasLE 11.6— LMC remnants with a secured SN classification

MCSNR Other name Age Evideriée Reference®
(yr)
Core-collapse SNRs
J0536-6916 SNR 1987A 28 Historical Maggi et al.(2012h
JO5406-6920 B0546-693 ~1600 Pulsar Kaaret et al(200))
J0525-6938 N132D ~3150 Ejecta, morphology Borkowski et al.(2007)
J0535-6602 N63A 200685000 Ejecta, Fe K Warren et al(2003
J0536-6913 — 22064900 Ejecta Kavanagh et al2015
J0505-6802 N23 ~4600 Ejecta, CCO, morphology Hughes et al(2009
J0526-6605 N49 ~4800 Ejecta, SGR, Fe K Park et al(2012
J0537-6910 N157B ~50000©) PWN Chen et al(2006
J0525-6559 N49B ~10000 Ejecta, morphology Park et al(20030
J0536-6735 DEM L241 > 100 © HMXB Seward et al(2012)
J0453-6829 B0453685 1200615000 PWN, morphology Haberl et al(20123
JO5317100 N206 ~25000 PWN candidate, morphology  Williams et al.(2005
Type la SNRs
J0509-6731 B0509675  40@-120 Light echo, ejecta Rest et al(20089
Fe K, morphology
J0509-6844 N103B 860 Ejecta, Fe K Hughes et al(1995
J0519-6902 B0519-690 60Q:200 Ejecta, Fe K, morphology Hughes et al(1999
JO0505-6753 DEM L71 ~4700 Ejecta. Fe K, morphology Hughes et al(1998 2003
JO05477025 B0548704 ~7100 Ejecta Hendrick et al(2003), this work
J0534-6955 B0534-699 ~10000 Ejecta, morphology Hendrick et al(2003
J0534-7033 DEM L238 ~13500 Ejecta Borkowski et al. (20063
JO536-7039 DEML249  ~15000© Ejecta Borkowski et al.(20063
JO506-7026 [HP99]1139 1700621000 Ejecta Whelan et al(2014), this work
JO508-6902 [HP99] 791 2000625000 Ejecta BKM14, Sect10.2
JO5277104 [HP99]1234 ~ 25000 Ejecta Kavanagh et al(2013, this work
JO547-6941 DEM L316A ~27000©) Ejecta Williams & Chu (2005
J0511-6759 — > 20000 Ejecta MHK14, Sect10.2
J0508-6830 — > 20000 Ejecta MHK14, Sect10.2

Notes.Ages for the first three type la SNRs are from light echo measurer(iRass et al. 2006

@) Morphology: Typed from X-ray morphology byopez et al(2009 2011). Fe K: Typed from the properties

of the Fe K emission byyamaguchi et al(2014 see also Sect1.2.3. . CCO: Central compact object. PWN:
Pulsar wind nebula. SGR: Soft gamma-ray repeater.

(b) Because of the multiple studies on most remnants, the given referamctee [...] and references therein”.
(©) uncertain age.

11.3.2. Snapshots of type la SNRs life: A new evolutionary phase

X-ray images of all the type la SNRs listed in Tallé.6 are shown in Figll.7 SNRs are arranged
by increasing age (although it can be quite uncertain for some of the olgects).
corresponding sequence is seen in optical lines (data from MCEL®).s€huence shows a strikingly
contiguous evolution, considering that all images show unrelated objeatserdd phases are readily

observable:
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11.3. Phenomenology as function of SNR type

() Ejecta-dominated phase in X-raysfor SNRs less than a thousand years old (Fe2l. These
remnants are only a few parsecs in radius. The images @itndrg reveal the clumpy structure of
the X-ray emitting ejecta.

(I SNRs between 1000 and 10000 yr (early Sedov phase) wéthdefined limb-brightened X-ray
shells around central emission The spectra of the shell have ISM abundances and mark the
propagation of the blast wave in the ambient medium. Abundance measurersilsh that the
central regions are dominated by hot ejecta (chiefly iron), which pegueminent X-ray emission
(similar surface brightness than the shell).

()-(I) SNRs att < 10* yr areoptically Balmer-dominated: Almost exclusively H is detected, which is
interpreted as non-radiative fast shocks overtaking (partially) neystsaChevalier & Raymond 1978
Chevalier et al. 19805ect5.5). This type of emission becomes fainter with time (e. g. BOSAB1)
and fades out after 10* yr. SNR B0534-699 marks this optical transition, with only faintaH
emission and wisps of [ along the northern limbs, indicating slower shocks.

(1) Between roughly 1 and % 10* yr (late Sedov phase), thé-ray emission of the shell becomes
fainter and softer, but the iron-rich cores remain bright and hot (0.6 ke\kT < 0.9 keV). At the
same time, optical emission resumes but is qualitativefedint. In particular, the [@] emission
detected all around the shells marks the radiative cooling of the ISM avesrslow shocks. This
culminates in MCSNR J056&902, which also has the faintest shell detected. With these type la
SNRs, we are therefore witnessing the transition of the shell into the radjatiase, as shocks are
getting slower and slower, Udptical lines are quickly cooling down the shell, and X-ray emission is
fading out.

(IV) Older SNRs are best seen in X-rays, becahgaron cores remain at X-ray emitting temperatures
In optical lines, only weak features are found, such as the elliptical slitllenhanced [8]/Ha
around MCSNR J05277104 Kavanagh et al. 2033 Only the shell of DEM L316A remains
relatively bright in [Si] and He. This might be the last cooling stage of the swept-up ISM,
which leaves only the very faint, “fossil” [ shells around the two oldest object of the sequence
(J0511-6759 and JO5086830, see Seci0.2.3.A

This evolutionary interpretation is also supported by the (sparse) UV datalsle. In the early stages
(up to DEM L71), the UV spectra are dominated by broad Lyman lines franrfan-radiative shocks
(Ghavamian et al. 200Q7the same shocks that produce the Balmer-dominated spectra in the odiea. S
at the end of the Balmer-dominated phase (BO54B)4 and B0534699) are not detected in the UBlair
et al. 2006. The detection of UV lines resumes for older SNRs in the phase (lIhriexl above. In DEM
L238 and L249Blair et al.(2006 reported the detection of i@ 1977 and Oi1 11032, 1038 lines, which are
the main coolant for plasma @t~ 0.8 and 32x 1(° K, respectively Cox & Daltabuit 197). Together with
their [Om] emission (main cooling line in the optical fdr ~ 10° K) we see the radiative cooling behind
the blast wave. The relative contribution ofuC(vs. Owi) is higher in DEM L249 than in DEM L238,
consistent with the former being slighlty more evolved, and therefore haworg cooler material than the
latter. No UV observation of MCSNR J0508026 or J05086902 exist, but it is clear from the prominent
[O ] shell of J0508-6902 that it is similar to DEM L238 and L249. Based on the smaller contribution of
the shell in X-rays, | can predict that UV observations of JOS8802 should reveal an even largemf vi
line ratio than in DEM L249, because most of the shell cooled down belSWK16rom phase (1V), only
DEM L316A was observed in UV (the other SNRs were not known at the tifriglar et al. 200§. No
emission was detected, indicating that most of the material is too cool to emit ZrgV light. It is
likely to be the case for the other old SNRs as well, since their optical emissioalisagively similar (only
[Su] and Hx) but fainter.
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Ficure 11.7 — Evolutionary sequence of well-established type la SNRshan tMC (sample described in
Sectl11.3.1. A For the three youngest objectshandraimages are shown, using event files available from
the ChandraSNR catalogue (see Seti.5. For all others | show XMMNewtonimages. For those, the red,
green, and blue components are soft (0.3-0.7 keV), mediuf-1aL keV), and hard (1.1-4.2 keV) X-rays.
The medium band is dominated by Fe L-shell lines, and theri@ninteriors, appearing greenish, are readily
distinguished from the limbs (when existing) in evolvedestt§ (second and third row). The white bars indicate
the scale of 1 The sequence is sorted by increasing age (referenceslehlb North is up and east is left.
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Ficure 11.8— Same as Figl1.7 but in the light of [Si] (red), Hx (green), and [Qu] (blue), where all data
are from the MCELS. Continuum-subtracted images were yzegéred by Sean Points), except for five SNRs
(where nearby stars are evident).
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11. On the X-ray properties of the rich population of LMC supernova egrtsn

Before my PhD thesis, the only known old type la SNRs in the sequence dflFigvas DEM L316A
which appeared atypical at best, while the middle-aged SNRs DEM L238®BMIL249 were potentially
considered to originate from a distinct class of SNBarkowski et al. 2006 The five new type la SNRs
added to the sample during my thesis provide the missing link in the evolibnary sequence. They
also establish the existence of a previously overlooked phase in theelibf SNRs wherei) the outer blast
wave is too slow to produce fresh X-ray emitting materialthe shocked shell has radiatively cooled down
below X-ray and UV temperatures, biij the iron-rich ejecta in the central region are still hot. In this last
phase, the remnants are most obvious in X-rays.

The reasons why iron cores remain hot are unclear, and could inchadi@d at later times by (secondary)
reverse shocks propagating within the ejecta. Thermal emission coulddoeiradiered at the boundary of
the ejecta, which is expanding in the low-density region excavated by theldast wave, leaving only the
inefficient radiative cooling by iron lines and Bremsstrahlung.

Another puzzling feature is the morphological diversity of the iron cotdata times { = 13500 yr).

All show departures from spherical symmetry. Many are elongated (irseltis). MCSNR J05277104

is the extreme example. In that case and also for J86982, the elongation runs along the same axis as
the symmetry axis of the shdllast wave, suggesting a common origin. On the other hand, no connection
between the morphology of the cores and shells is apparent in DEM L2ZB&240. In DEM L316A,

the iron-rich emission is enhanced in the centre {@@&ams & Chu 2005 for analysis of high-spatial
resolutionChandradata). At the old end of the sequence, data are too shallow for a defimitdusan,
although I noted in Sect0.2.3. Athat J05086830 is likely elongated in the north-south direction, while a
candidate ejecta schrapnel is visible at the east of the main emission of~-B¥&RL

One final question is whether the remnants of the sequence it Fif.in particular the evolved ones,
are created by a special kind of type la SN (provided all la SNe arstriotly the same), as was initially
suggested biBorkowski et al(20063. That question is inherently filicult to address because of the lack of
a “control group”: If some evolved type la remnants exist without retgihiot ejecta, we will not be able to
identify them as such, because other typing method (light echoes, Batménated optical spectra, Fe K
line properties) are not applicable beyond 10000 yr. However, usmgamethod to tentatively type all
LMC SNRs (in next section), | propose thatj%?SNRs (out of theeurrentsample) are of type la. In other
words, the SNRs shown in Fifjl.7represent at least half of all type la SNRs. If several classes efltyp
SN exist, then it is likely that those producing remnants with hot iron coreseatitaes are the rule rather
than the exception.

11.3.3. The wide variety of core-collapse SNRs

In Fig.11.91 show XMM-Newtonimages of the CC SNRs from Tablel.6 again sorted by increasing
age. In stark contrast to the type la SNRs of Eity.7, no clear evolutionary trend emerges from this
sequence. Core-collapse SNRs display more morphological and $peciety than type la. The presence
of a compact stellar remnant can profoundly modifies the apperance ofrtireant: the young pulsar in
MCSNR J05466920 dominates its X-ray emission. In JO58B10 (N157B) the supersonic motion of the
interior bright pulsar and its wind nebula result in the comet-shaped né€linda et al(200§. A similar,
elongated morphology is seen for DEM L241, except that instead of pahe&abright point source in an
HMXB (Seward et al. 2002 In other cases (MCSNR J0458829, N23, N49), a stellar remnant is detected
but has a very minute impact on the evolution of the SNR or its apperance. &dime CC SNRs were
typed as such based on the detection of ejecta emission. However, agdppohe evolved type la SNRs,
there are no mature CC SNR were the ejecta is dominating the emission.
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Ficure 11.9— Same as Fidl1.7for CC SNRs. Only XMMNewtondata are used. The white bar
indicates the scale of lwhich is used for all images.
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11. On the X-ray properties of the rich population of LMC supernova egrtsn

11.4. Measuring the ratio of CC to type la SNe using “SFH-typing”

sample is presented in Setl.3.1and listed in Tabld 1.6 Based on the local stellar environment

of LMC SNRs, which is assessed as described in 3éct.], | devised a method to tentatively type
the rest of the sample. This method is calibrated with the “secured-type” sanmbkgpplied in Secl.1.4.2
Finally, | discuss the measured ratio of CC to type la SNRs and its implicationsinl$et.3

ONLY A FracTiON Of the LMC remnants has been given a secured classification. Thisrésktype”

11.4.1. Evaluating the local stellar environment

| devised two metrics to assess the local stellar environment of LMC SNRB. Banately stem from the
same set of data (the MCPS catalogu&afitsky et al. 2001 Although connected, they still measure two
distinct properties and are therefore complementary, as | discuss below.

e Nog, the number of blue early-type stars in the
immediate vicinity of the remnant:
To obtain this number, | constructedvavs. B — V) CMD
of all stars within a 100 pc radius around each SNR. This
value corresponds to the drift distance for a star of age 13 |-
107 yr at a velocity of 10 kms' and was used bghu
& Kennicutt (1989. The upper main-sequence of stars in 14 [
the LMC was identified by adding the stellar evolutionary
tracks ofLejeune & Schaeref2001), for Z = 0.4 Z; and
initial masses from 3 M to 40 Mo. | assumed a distance @i 16 |-

T P S B E R B B R |

11 |

12 |

15 |-

modulus of 18.49 and an extinctidk, = 0.5 (the average §
extinction for “hot” starsZaritsky et al. 2004 From there, > 17 [
| used the criteria oV < 16 andB -V < 0 to identify 18 L

OB stars. This was used in Set.1for DEM L205: In the e
resulting CMD (Fig10.7, pages9), a prominent upper-main -~ 19 |~ .-
sequence is obvious. The number of OB stars identified is in S
that caseNog = 142. Another example (Fid1.10 shows 20 |7
the CMD of the region around MCSNR J053055, devoid

. . . 21
of young massive stars. For this remna¥g is only 8.

22 a l 1 1 l....l' : l 1 1 l. 1 l 1 1 1 1 l ]

e I = Ncc/Nja, the ratio of CC SNe to thermonuclear
SNe expected from the observed distribution of stellar -1 0 1 2
ages in the neighbourhood of the remnantsThis number B-V (mag)
is obtained via the spatially resolved SFH mapHHrITris Figure 11.10— CMD of the MCPS stars around
& Zaritsky (2009 see Sec#.1.3. For each SNR | plot MCSNR J05346955. Stellar evolution tracks
the SFR of the cell including the remnant as a functigred) and selection criteria (green) as in HiQ.7.
of lookback time and metallicity. Two example SFHs are
shown in Fig11.1], corresponding to MCSNR J0528727 and MCSNR J0534955, for which CMDs
are shown in Figsl0.7& 11.10to exemplify the use dNpg. They are strikingly dierent: The SFR around
J0528-6727 soared in the last 20 Myr, when the numerous early-type stars incihéywof the remnant
were formed. On the other hand, the star formation around J&&856 peaked (at a lower absolute rate)
about 125 Myr ago and was shut down in the most recent 20 Myr.

Because stars might drift away from their birth place, one potentially importaeat is that the SFH of a
cell hosting a SNR may be derived from stars having no physical ctionexith the SNR progenitor. For a
detailed discussion on the relevance of local stellar populations to the stpidhygenitors, | point t@adenes
et al.(2009. However, | stress that most of the information that can be gained frersttltly of the local
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11.4. Measuring the ratio of CC to type la SNe using “SFH-typing
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Ficure 11.11- Star formation history around MCSNR JO52% 27 (left) and J05346955 (right).
Data are taken fronarris & Zaritsky (2009. The star formation rate in four metallicity bins
are plotted against lookback time. The errors (combinimgnetallicities) are shown by the gray
shading. The vertical dashed line at 40 Myr indicates theimalifetime of a CC SN progenitor.
Note the changing vertical scale.

SFHs, in the context of typing remnants, is contained in the most recent timeNangely, the presence of
recent star formation episode is a strong necessary (but fimient) condition to tentatively type a remnant
as having a CC origin. Conversely, the lack of recent star-formingigctavours a thermonuclear origin.

To approach this question in a quantitative way, | did the following: | usediétay time distribution
(DTD) Yi(r), the SN rate at time following a star formation event, measuredMwnoz & Badene$2010
in the Magellanic Clouds, with= 1, 2, and 3 designating the time intervals they used35 Myr, 35 Myr
<t < 330 Myr, and 330 Myr< t < 14 Gyr, respectively). From timescale arguments it is reasonably
assumed tha¥; will correspond to the CC-SN rate, whil¥b and¥3 will be that of SNe la (regardless of
their “prompt” or “delayed” nature). The SFR is integrated to obtdin the stellar mass formed in each
time interval. The SFH oHarris & Zaritsky (2009 is only given at = 25 Myr andt = 50 Myr. To obtain
Ms, the mass formed at< 35 Myr, | approximateM(25 < t < 35) as half that formed between 25 Myr and
50 Myr (the second half is included il,). Likewise, | split the mass formed betwets 250 Myr and
t = 400 Myr in two and include a half in botil, and Ms.

Then, | compute = Ncc/Nia as the ratio of theatesof CC and la SNe, since the visibility times are the
same for both types, i. e.:

1My
- \P2M2+‘P3M3 (11.1)
Over the visibility time of a remnant — taking 100 kyr as a very conservative limihe-stars in the
SFH cell including the remnant will not drift away. In other words, the thstion of stellar ages observed
nowis the same as that when the SN exploded therefore a measure of the relative size of the pool of
possible progenitors of both types. Using the same example SNRs as 11 Hifj.a value ofr = 9.0311:8 is
obtained for J052867274 while for J0534-6955 it is onlyr = 1.2 + 0.1.

“IThe uncertainty given for solely includes that of the mass formbti, which is computed from uncertainties of the SFR given
in Harris & Zaritsky(2009. The uncertainties o, and¥; are larger, but are the same for all SNRs in the sample, allowing
to user in a comparative fashion. | adopté# = 0.26 SNe yr! (10'°Mg)~t and¥s < 0.0014 SNe yr! (10'°°Mg) 1. Note that
becausél; is an upper limity is formally a lower limit.
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11. On the X-ray properties of the rich population of LMC supernova egrtsn

11.4.2. “SFH-typing” all LMC SNRs

| now proceed to give a tentative type to the whole sample of SNRs in the LBy Nog andr. | assign
two numbers called “Hint—-CMD” and “Hint—-SFH”, depending on tNgg andr-value obtained for each
SNR, respectively. The numbers range from 1 meaning “strongly faatype la SN origin”, to 5 meaning
“strongly favours a CC-SN origin”. | used the distributiond$g andr for the sample of “secured-type”
SNR to establish the correspondence between their values and the hints.

This method is conceptually similar to that used Gju & Kennicutt (19898, albeit with several
improvements: Firstly, the sample in this work is twice the size of that availab@&hto & Kennicutt
Secondly, many~ 25) SNRs have now a secured type (S&tt3.]) and can be used to calibrate the method
and evaluate the rate of erroneous classification. Then, the completétiessensus of early-type stars in
the vicinity of the remnants is higher, owing to the use of the MCPS catalogual\i-the spatially-resolved
SFH reconstruction was simply unavailable befdeeris & Zaritsky(2009.

Calibration of the “SFH-typing”: The number of OB stars in the vicinity of the secured type la and CC
SNRs is shown in Fidl1.12 The two samples are rather well separated: The majority of type la SNRs
have less than 20 early-type stars in their neighbourhood, while most GIGH8NRs havé&pog > 30. The
single major type la outlier is N103B\Npg = 99), which is known to be in a region with a vigorous recent
star formation activity (e. gBadenes et al. 2009 MCSNR J04536829 is the only CC-SNRs to have a
moderateNpg (< 25). The choice of “Hint-CMD” is given in Tabl&1.7to reflect this distributionNpg
less than 5 (less than 35) strongly (moderately) favours a type la clasisificwhile Nog in excess of 80
(35) strongly (moderately) favours the CC-SN case.

Intuitively, any valuer > 1 should favour a CC SN origin (conversely for a thermonuclear origin).
However, an important caveat to interpras that the rates dflaoz & Badene42010, especially¥, and
Y3, are quite uncertain, due to the still limited sample of SNRs. Specifitiliras a value that changes by
a factor of four depending on the tracer used to constrain the SNR visibility Timprovide a better feeling
on whatr-value to expect in either case (and to decide where is the separatibayy ttse count distribution
of secured type la and CC SNRs in thdomain in Figl1.12 There is a stronger overlap of both types in
the intermediate range @< r < 3.5) than withNpog. However, the lower end (< 2.2) still includes most
of the type la SNRs, without contamination by the other type. N103B is agaioniyeoutlier atr = 6.2;
above 3.4 only CC-SNRs are found. In view of this observed distributi@nratior = Ncc/Nja still is a

T
whole sample [
10 F CC-SNRs 7]

T

whole sample [ |
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type Ia SNRs [ ]

type Ia SNRs [ ]

Count
[\ (%) BN W (@) < [el) O
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Nop r
Frcure 11.12 — Count distribution of LMC SNRs as function dfiog and r (left and right,
respectively). The distribution for the SNRs with a secu@d classification is shown with the
hatched boxes; that for type la SNRs is outlined in red.
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TasLE 11.7— Criteria and “Hints” attributed to SNRs as function§g andr.

Value Hint-CMD Hint-SFH Meaning
1 Nog < 5 r<217 Strongly favours a type la SNR
2 5<Npop<15 17<r <22 Moderatelyfavours atype la SNR
3 15<Nog<35 22<r<34 Undecided
4 35<Npg<80 34<r<5 Moderately favours a CC-SNR
5 80< Nos 5<«r Strongly favours a CC-SNR

; ; Ficure 11.13—-r—Nog diagram of
0 o ‘ ‘ 1 LMC SNRs. Secured la and CC

—
hint-SFH

SNRs are marked by red triangles
‘ and blue squares, respectively; the
ot o 1A rest of the sample is shown with
“ : f +‘ 'f‘ | black dots. The arrow in the lower
O I L L FES left corner indicate an SNRNpg
M . = 0. The regions corresponding
l LN to different “Hint-SFH” and “Hint-
‘ ‘ { CMD” are marked by the gridding.
2 3

useful tool to assign a type to SNRs using the observed local SFH, anttidie valid in a comparative and
statistical sense. The “Hints-SFH” attributed to the sample basedaom listed in Tablel1.7. r andNog
are also displayed as scatter plot for secured la and CC SNR4.{F1. There, the regions corresponding
to different “Hints” are marked.

Caveat on the complementarity of Npg and r: It is clear that the two metrics are connected. Both
are based on the MCPS catalogue; the early-type stars detected in aveethdrfitting of the most recent
time bins in the SFH reconstruction bfarris & Zaritsky (2009. However, ther-value of a cell can be
moderate even thoudWog is high, as evident from the scatter along the horizontal axis inl#ig.3 That

is because is arelative measure of the recent SFR compared to that at earlier epochs,Nggilgives a
measure of thabsolutestrength of the recent star formation. In the (hibs— moderate) case, there are
many available progenitors of both CC- and type la SN; these are typicalys eehere the classification is
inconclusive.

Results for the whole sample: The count distributions for all LMC SNRs in thdpg andr spaces
are shown in Figl1.12 and as scatter plot in Fi§1.13 They are similar, with larger numbers, to the
distributions of the secured-type SNRs. About twenty remnants are imegiith a low number of early-
type stars Kog < 15) and not dominated by recent SF € 2). There is a peak at ~ 6 with a dozen
remnants. Those are SNRs in star-forming regions which are widelydspmass in the LMC. They are
often associated with giant H 1l complexes (e.g. LHA-120 N4, N11, N4 objects with extreme values
for r (= 8) also have the largedipg. Those are located in the two most intensively star-forming regions
of the LMC: 30 Doradus, and the rim of the supergiant shell LMC 4 (wiictbeds the “Constellation 111"
region,Harris & Zaritsky 20082009.
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11. On the X-ray properties of the rich population of LMC supernova egrtsn

To combine the two “Hints” into one, | T . . . . . . . .
computed the arithmetic mean of Hint-CMD and |, | B whole sample
Hint-SFH. The resulting “star-formation Hint” i CC-SNRs
(Hint-SF) again range from 1 to 5. Its distribution |, | [ typeIa SNRs
for the whole sample and the secured-type SNRs
is shown in Figl1.14 There are 19 remnants g
with Hint-SF < 2; they most likely all result
from a type la SN. | call this sample “likely-la”.
Likewise, the 28 objects above Hint-SF4 are
probably most of the CC-SNR population. They 4
form the “likely-CC” sample.

The single type la SNR contaminating the 2
sample (N103B) allows to estimate a false-
positive rate of 5 % — 10 %. The false-positive 0
rate of the “likely-la” sample is probably lower:

The massive stars formed at (roughly) the same

gme ?S tzebpmﬁetnltor to.f a CC_SNb can har?||¥1GURE 11.14 — Count distribution of the LMC SNRs as
€ missed by p pome ric survey, ecguse hf%}(uction of “Hint-SF”, combiningNpog andr (see text for
would form the bright end of the population.  getails). Hatching and colours as in Fig.. 12

There are 12 SNRs in betweerbX Hintsg <
3.5, for which the local stellar environment cannot be used to decisively tlyp origin; they form the
“SFH-untyped” sample. Interestingly, two and five of these remnantseatabsified from other indicators
as type la (the iron-rich MCSNR J0568830 and DEM L71) or CC-SNRs (e. g. the oxygen-rich N132D or
MCSNR J0453 6829, which hosts a PWN), respectively.

=
=)
3
]
@)

1 15 2 25 3 35 4 45 5
Hintgp

Including the spectral results for typing purpose The spectral analysis of Setfl.2 revealed the
presence of ejecta-enhanced plasma in almost half of the sample (TatBes1dA.3). One should take
advantage of this for the typing of the remnant, in combination with the SFH-Imastthd | just presented.
| assign another number, “Hint—spec”, which depends on the high- calmwdance flags of each SNR
(Sectl11.2.3.D. The numbers range from 1 (strongly favouring a type la origin) if “lyfre” flags are
raised (i. e. the SNR is iron-rich), to 5 (strongly favouring a CC origingmhbhigh X/Fe” flags are raised
(i. e. CC nucleosynthesis pattern is detected).

TaBLE 11.8— “Hint-spec” attributed to SNRs as function of spectral tesu

Hint-spec Criteria
1 at least three “low #e” flags, no “high XFe” flag
15 two “low X/Fe” flags or low QFe, no “high XFe” flag
2 one “low X/Fe” flag (except @Fe), no “high XFe” flag
2.5 low SfFe, no “high XFe” flag
3 ISM abundances, unfitted abundances, or no XM&wtondata
3.5 high SiFe, no “low X/Fe” flag
4 one ‘high XFe” flag (except @e), no “low X/Fe” flag
4.5 two “high X/Fe” flags or high @Fe, no “low X/Fe” flag
5 at least three “high )e” flags, no “low XFe” flag; pulsatPWN detected
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L L S s B The choice of “Hint-spec” is given in Ta-

7 1 B whole sample 1 ble 11.8 Note that a bigger impact is given to

i CC-SNRs the low or high QFe ratio, as these elements are
[ type Ia SNRs the most abundant. Therefore, this ratio is easier

5k | to fit, more reliable, and sometimes the only one

available (e.g. for the new SNRs of Self.2).

4 1 Avalue of 5 is also attributed to remnants where

3

2

1 15 2 25 3 35 4 45 5
Hintg,

Count

a pulsafPWN is detected in the remnant. |
combined “Hint—SF” and “Hint—spec” by taking
their arithmetic mean. The distribution of the
resulting “Hint—final” is shown in Figl1.15 The
contamination (i. e. misclassification of N103B)
is slightly alleviated, while a better separation
of the “secured-type” SNRs is evident. There
are 23 SNRs with “Hint—final’< 2.5 which are
likely of type la, and 31 SNRs where “Hint—final”

Yo . .
Froure 11.15 — Count distribution of the LMC SNRs > - "hich are likely attributed to CC, although

as function of “Hint—final”, combining spectral and SFl-li\llOBB (Hlnt—flnai:3..5) IS Stlllcontgmlnatlng the.
information. Hatching and colours as in Fig..12 sample. There are five sources with unconclusive

“Hint—final”, including one secured-CC (N23).

11.4.3. Ratio of CC to type la SNe and implications

The observed number of SNRs of both types provides a measuremeatrafithof CC to type la SNe that
exploded in the LMC over the last few 49r, i.e. very close to the current ratio of @€ rates Based
on the “star formation Hint”, the numbers of SNRs in the “likely 1a” and “likely ‘C&amples translate in
Ncc/Nia = 1.47 (2819). Assuming all “SFH-untyped” SNRs which do not have a securesldyp of type la
then the ratidNcc/Njais 1.27 (3326). Conversely, if the ‘SFH-untyped” are all CC, the ratio is 1.81238
Even correcting for N103B\cc/Njais conservatively in the range 1.2 to 1.8.

Including the spectral results (detection of ejecta in X-rays), we ha@ti@Mcc/Nia = 1.35 (3123).
Correcting for N103B and N23 (with wrong and uncertain classificatiahg) ratio CC:la based on SFH
and X-ray spectroscopy is between 1.11/28) and 1.46 (324), depending on the type assigned to the
remaining four objects. This range is compatible with that derived from tie“§ping” alone, albeit
narrower because of the greater amount of information included in thela@dn.

This ratio can be compared to two kinds of measurements: First, to the othsatieof current rates,
obtained from SNe search. For instancegt al. (20110H measured a ratio of about 3:1 in a volume-limited
sample. Second, to the ratirc/N3 derived from ICM abundances. Galaxy clusters retain all the metals
produced by SNe. The X-ray spectrum of the ICM reveals the elememialdances, which are used to
constrain the integrated numbers of CC and la SNe. Barakwbservations of a small sample of clusters
and groups of galaxie§ato et al(2007) estimatedNcc/Nia ~ 3.5 (ranging between 2 and 4, depending on
the type la model used). With XMNi¥ewtonand a larger cluster samplge Plaa et al(2007) measured a
Ncc/Nia between 1.7 and 3.5, again depending on the adopted SN la models. Havemeeof the models
explored could reproduce the /&a ratio.Lovisari et al.(2011) derivedNcc/Nja ~ 1.5 — 3. Thereforethe
current ratio of CC /la SNe in the LMC is significantly lower than that measured in local SNe grveys
and in galaxy clusters.

One possible caveat could be that we are missing CC-SNRs. For insieexploding in superbubbles
(see references in Sedt3.2.B will not be directly recognised as SNR&Vang & Helfand(1991) and
Dunne et al(200]) found a dozen SBs with an X-ray luminosity, measured Viathsteinand ROSAT,
brighter than theoretically expected for a wind-blown bubble, and possitdygised by interior SNRs. The
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limited spatial resolution of the instruments used may resulistinct SNRs to have been overlooked and
the X-ray emission of the SB overestimated (e.g. MCSNR JO6283, near the H Il regig8B N44 in
Wang & Helfand 1991 see alsalaskot et al. 2001 With a dozen extra CC SNRs, the ratigc/Nj5 is
pushed to~ 1.5 — 2. However, the number of type la SNRs currently known in the LMC is alpeeed

to be below the actual number (see Sétt5for a discussion on sample completeness). Therefore, it is
unlikely that the ratioNcc/Nia is significantly underestimated. Furthermore, the abundance pattern of the
LMC, with its low [a/Fe] (Sect11.2.3. B, lends support to such a loMcc/Nja. This should be lower than

the value oNcc/Nja~ 4 — 5 estimated by'sujimoto et al(1995.

The low Ncc/Nja ratio measured in the LMC therefore has to be a consequence offtaeedt SFH
of the Cloud compared to that in other nearby galaxies or galaxy clustdrs.lotal SNe rates depend
on the summed SFH of galaxies included in the SN surveys. The higher ratBuraday e. gLi et al.
(2011h simply indicates that many star-forming galaxies are included in the local vodxplered. The
SFHs of galaxy clusters are relatively simple, with short episodes of@taation at a redshift o ~
3 (Eisenhardt et al. 2008so that the integrated numbers of type la and CC SNe inferred fromay X-r
observations correspond to the fractions of stars formed that end ttesirals SN of either type.

In the LMC, star formation occurred during several episodes. In additianany regions with recent or
ongoing star formation where, unsurprisingly, the CC-SNRs are foBadt(1.6), the LMC had enhanced
star formation episodes 100 Myr, 500 Myr, and 2 Gyr ago as Wialti(s & Zaritsky 2009Sect4.1.3. The
SN la DTD follows fairly well at™* power law for delays > 1 Gyr, and appear to keep increasing below
1 Gyr (for a review of SN la DTD measurements, $¢@0z & Mannucci 2012 The majority of type la
SNe explode within 2 Gyr after star-forming episodes. We are therefoneidentally observing the LMC
at a time when the rate of type la SN from the stellar populations formed 50QdV&1Gyr ago is high.
Integrated over an SNR lifetime (a few.r), it results in the relatively large number of type la SNRs. It
is not possible to usBlcc/Nja to estimatey, the fraction of stars that eventually explode as la SMadqz
2008, because of the complex SFH of the LMC: stars exploding now (as eitlig¢y[®s) were created at
different epochs. Furthermongjs also dependent on the initial mass function (IMF), over which one has
little freedom, since the SFH-reconstruction already assumes a particuta(tfe Salpeter IMF).

There are no galaxy with which to compare t&-/N;, of the LMC. In our own Milky Way, there remain
too many untyped SNRs. More problematic are the distance uncertaintiesdhamnipassociating remnants
to regions of star formation (e. g. spiral arms). In the Local Group (M323) and beyond (e.g. M83
Dopita et al. 201)) the problem is again the lack of secured typing methods, and generalabtesce
of spatially-resolved SFH. The situation is likely to improve in the near future mibhe sensitive X-ray
observatories (e. Atheng, and large observing programmes of M31 and M33 wtibble which allow
to build SFH maps (so far, this was done in the few archival field availdelenings et al. 2012014).
The SMC is the only obvious target remaining where a similar study can bentiyrperformed, although
the smaller sample of SNRs and inclination of the galaxy (and correspondégflisight confusion) might
complicate direct comparisons to the LMC.
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11.5. X-ray luminosity function of SNRs in the Local Group

between populations. The XMMewtondataset is ideally suited to derive the XLF of LMC SNRs.

Out of the 59 objects in the sample, XMMewtoncovered 51 of them, to which | fitted spectral
models (Sectl1.?). For all these, the X-ray fluxes in various bands are obtained frorbebefit models
(TablesA.2 andA.3) with the XSPEC commanfilux. The final results are presented in the “broad” band,
from 0.3 keV to 8 keV (the fect of including the high-energy part is very minor and discussed below)

Three SNRs have been covered whandrabut not XMM-Newton For MCSNR J04546713 (N9), |
used the spectral results 8eward et al(2006 to measure the flux. MCSNR J045B008 (N186D) was
covered in theChandraobservation of the SB DEM L50Jaskot et al(2011) published the results from
these data. | used their best-fit NEI model for the SNR emission, which imkpaesolved from the SB,
to derive the X-ray flux. Finally for MCSNR J0556823, | used the spectral parameters given in the entry
of the ChandraSNR catalogué?.

Two SNRs have neither XMMNewtonnor Chandra observations available, but were covered with
ROSAT.Williams et al.(1999h present a spectral analysis of MCSNR J046839 (in N86). | obtained the
X-ray flux of the SNR using their best-fit model. MCSNR J048800 corresponds to the ROSAT PSPC
source [HP99] 460, with a count rate a#1 x 1072 cts s1. With the multi-mission count rate simulator
WebPIMMS?*3, | calculated the flux in several energy bands for various temperafigs APEC model,
assuming a total absorbing columy = 7 x 10?° cm™ towards the source and a mean abundance of
0.4 solar. The observed hardness ratios could be reproduckd fer0.97 keV. These spectral parameters
and normalisation can be converted into fluxes in the same bands as utezlrest of the sample.

In total, 56 objects have well-defined X-ray fluxes and make it into the XbE.adopted values are listed
in TableA.1. Only three SNRs have no X-ray data available. The cumulative XLF isshoWwig.11.16
TheLx used is the observed value, uncorrected for (LMC) absorptionusedhe fitted column densities
can be quite uncertain, in particular in the faint end. The sample spans dupstders of magnitude in
luminosity, from the brightest (N132D) & = 3.15x10%” erg s down to~ 7 x10*3 erg s1.

X -RAY LUMINOSITY FUNCTIONS (XLFS) are valuable tools for the study of X-ray sources and compasiso

SNR XLF from other Local Group galaxies: The LMC XLF can be best compared to other Local
Group galaxies such as M31, M33, and the SN¥@saki et al(2012 studied M31 SNRs and candidates
identified in the XMMNewtonLarge Programme survey of the Andromeda galatiefe et al. 2011
They converted EPIC count rates into 0.35 keV — 2 keV luminosities assuntivegraal (APEC) spectrum
with KT = 0.2 keV, Ny ma1 = 107t ecm™?, andNy mw = 0.7 x 107t cm™2. The quoted values, however,
are corrected foNy mw, While for the LMC 1 give the observed luminosities. For consistency with the
LMC XLF, | re-includedNy mw = 0.7 x 107X cm2 in the results ofSasaki et al(2012 and converted
the luminosity in the 0.3 keV — 8 keV by scaling théig by 0.577 (a factor derived from simulating their
assumed spectrum with and withdw; mw). Note that the fect of the foreground absorption should be
very minor, sinceNy yw Vvalues are very similar in the directions of M31, M33, and the LMG-(3 x
10%t cm2). 26 objects were confirmed SNRsSmsaki et al(2012, and another 20 were candidate SNRs.

Long et al.(2010 present the most complete catalogue of M33 SNRs, based @hdr@raACIS survey
of M33 (ChASeM33), which contains 82 detections (i. e. confirmed SNR®y givelLy in the 0.35 keV —
2 keV band, converted from ACIS count rates, assuming a thermal plas& solarkT = 0.6 keV,
and totalNy = 10?2 cmi 2 (i. e. the spectrum found for the brightest source). | obtained thesponding
0.3 keV — 8 keV luminosity by scaling up the valueslaing et al.(2010 by 4 %.

Converting count rate to luminosity inftéierent energy bands assuming a single temperature nfigict a
the slope of the XLF. For instance, from a count rate in the 0.35 keV — 2desM, the luminosity in the

“2Maintained by Fred Sewarchittp://hea-www.cfa.harvard.edu/ChandraSNR/index.html
“http://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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I LMC —
SMC (a =-0.51) —
I ~. M31 (with candidates, a =-0.89) ——
- M3I (confirmed SNRs only) -----

M33 (a =-0.87)

log N (> Ly)

0.3-8 keV luminosity (erg s'l)

Ficure 11.16— Cumulative X-ray luminosity function of SNRs in Local Grogjalaxies. See
text for details and references on haw was measured for each sample. The brightest SNR in
each galaxy is marked by a dot. The dashed lines are nonlieast-square fits of a power law
(N(> Lx) « Lx @) for Lx > 2x 10**erg s* (SMC), 16° < Ly < 10°® erg s* (M33), and for the full
luminosity range of M31. Slopas are given in the legend. These fits are only used to charseteri
the slopes and illustrate thefidirences between galaxies; they do not represent a physichtHie
population.

broad band is 25 % higher wittiT = 0.6 keV than if it is 0.2 keV. The two studies have limited knowledge
of the actual spectrum of each remnant, because the larger distanbésitpnore complex spectral fits,
and they have to assume a particular spectrum, regardless of luminosityis Tibisthe case in the LMC.

| found a trend for brighter remnants to have higher plasma temperatwes(52.3. A. Quantitatively,
the median temperatures && = 0.31 keV for luminosities less than ¥0erg s, 0.55 keV between
10°° erg st and 1§% erg s, and 0.8 keV above P8 erg s1. The luminosities of M31 SNRs were given
assumingkT = 0.2 keV; | scaled the 0.3 keV — 8 keV luminosity up by 1.05, 1.20, and 1.35 forces
with Ly < 10%°, 10® < Lx < 10%, andLx > 10°¢ erg s, respectively. M33 SNRs were assumed to
have a higher temperature (0.6 keV), which means that the luminosity of obgots~ 10 erg s* was
overestimated by about 15 %, while for those abo® &8y s it was understimated by 8 %. Correcting
for this efect ensures a meaningful comparison between M31, M33, and the LMC.

The SMC SNR population is comparatively smallean der Heyden et a(2004 presented an X-ray
spectral analysis of all SNRs in the SMC known at that time. | used theirfibeatbdels to measure
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the observed (i. e. absorbed) X-ray luminosity in the same 0.3 keV — 8 kaW*haexcept for IKT 16.
For this SNR | used results fro@wen et al.(2011), which included more data from subsequent XMM-
Newtonobservations. Three additional SNRs were covered with XM#&dvton the results were published
in Filipovi€ et al.(2008, from which | borrowed the best-fit spectral models. The latter studyralsorted
anew SNR, HFPK 334. For this one, | used the best-fit model fLoawford et al(2014), which combined
XMM- Newtonand Chandraobservations. Also included is the SNR XMMU J0056/208 identified
during the SMC surveyHaberl et al. 2012bSturm 2012. Finally, the BéX-ray binary pulsar SXP 1062
was found to be associated to an SNR, of which it is most likely the progehiéargult-Brunet et al. 20)2
The thermal emission from the SNR was studiedHaperl et al(20129. This sample of 19 SMC SNRs is
the most up to date.

Comparative study of SNR XLFs: The cumulative XLFs of M31 and M33 in the 0.3 keV — 8 keV band,
corrected for th&kT — Lx trend, are shown along that of the SMC and LMC in Bif.16 In terms of
depth, the LMC XLF dominates. There is a single SNRLat < 2x10%* erg s in M33 and in the SMC,
but the bright interior pulsar in the SMC case (SXP 1062) makes the measutref the thermal emission
luminosity uncertain. In contrast, there are eight SNRs Wwith< 2x10** erg s in the LMC, of which
seven were discovered or confirmed thanks to XMigwtonobservations.

In terms of number, the largest population so far is found in M33 (82 X-ray-confirmed SNResbably
owing to the depth of th€handrasurvey (using 100 ks pointings) and the favourable (face-on) otienta
of M33. However, the population of M31 SNRs is larger than any othéral 5x10% erg st and is
only limited by the depth of the survey (10°® erg s1). The ratio of M31-to-M33 SNRs in the $9—
10% erg s range is at most two, i. e. substantially smaller than the mass ratio of the gala®ie20(
Corbelli 2003 Peiarrubia et al. 2014 This shows theféect of the higher (recent) SFR in M33 compared to
M31 (0.45Mg yr~tvs. 0.27Mg yr-1, Verley et al. 2009Tabatabaei & Berkhuijsen 201 @ading to a larger
production of CC SNRs in M33. In the same luminosity range, the number of EMRs is comparable to
that in M33. This is expected because the LMC is only slightly less massiveMBan Furthermore, the
recent SFR of the LMC is high, 0.3-0Mg yr~ in the last 40 Myr (Fig4.1, Harris & Zaritsky 2009. This
conspires with the high current type la SN rate (SEt#4.3 to build up the large population of SNRs in the
LMC. Finally, the “feather-weight” SMC (about ten times less massive thahMh@, (Stanimirovt et al.
2004 Harris & Zaritsky 200§ has a smaller, yet decent population of remnants, likely owing to its recent
star formation activity (0.08-0.Blg yr—1, Harris & Zaritsky 2003.

In terms of shape the XLF of M31 SNRs is the most uniform, following a power laM(§ Lx) « Lx %)
with @ ~ —0.9 down to~2x10%® erg s*. This holds with or without including the candidates, which
means that most are indeed bona-fide SNRs. The M33 remnants follow messigrite distribution. There
was a marginal indication that the M33 distribution was steeper than that of (B&daki et al. 2012
but this diference disappears once tkie-Ly trend is taken into account. A small excess is seen above
5x10% erg s1, as already noted b$asaki et al(2012). Towards the faint end, the M33 XLF flattens and
diverges from the power law below ¥0erg s, indicating incompleteness$.ong et al.(2010 concluded
that no SNR brighter than-d.0°® erg s was missed across the surveyed field. It is likely that they were
over-conservative and that missing SNRs are only those which have Isityibe@low 1§° erg s1. The
ChASeM33 survey does not cover the total extent of the galBkyc{nsky et al. 2008 so a number of
SNRs are also expected to be still absent from the XLF. In the SMC, alththeypopulation is limited
to about 20 objects, the distribution is relatively uniform. The XLF is howéadter @ ~ —0.5), which
might indicate that SMC remnants evolve faster (and fade earlier) than iralt3M33, due to a lower ISM
density. The lower metallicity in the SMC (about 0.2 soRssell & Dopita 199palso participates in the
lower luminosities of the SMC SNR.

44The luminosity given irvan der Heyden et 802004, Table 3, for IKT 22 (1E01027219, the brightest SMC SNR) was mistyped.
Instead of the 156 1077 W, it should read 1508 10?7 W (1.5x10% erg s?).
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In contrast to the other galaxies, the luminosity function of SNRs in the LMGb#ézha complex
behaviour and does not follow a smooth power-law distribution over mosteoflynamical range. The
most striking and robust result is the very prominent bright end of the DEIE. There are 13 SNRs
with Lx > 10% erg s, more than in M31 and M33. Amongst these, there are two SNRs hosting brigh
pulsargPWNe and a harder non-thermal spectrum. Even restricting the XLF to thiesswl or excluding
these two objects, the population of bright LMC SNRs is still above the othes. drhis bright population
is not a clearly distinct group. In particular, it is not made up of remnants fonly one SN type. There
are four type la SNRs and nine CC-SNRs, soNae /N, ratio is higher than overall (Sedtl.4.3, but not
exceedingly so. Higher luminosities are expected from SNRs interacting efitbed ISM. | compared the
average LMC HI column density (from the map I6im et al. 2003 around the position of remnants in
various luminosity bins, but no trend could be found. However, the lirgigift integrated column density
might not be a good indicator of the ISM denditgal to the remnant, considering that the SNR could be in
front of or behind the regions where most of the neutral hydrogerees $ectl1.6).

A possible explanation for the population of bright SNRs in the LMC stems ftsriower metallicity.
Massive stars lose a considerable amount of mass in the form of wirgls{edritzki & Puls 200Q. The
stellar winds blow low-density cavities, bordered by dense shells, atbersiars that eventually explode as
(core-collapse) SNe. The interaction of the SN shocks with the modified @Siuts in a dferent evolution
compared to that in a constant-density |ISMvarkadaq2005 2007, and references therein) explored the
evolution of remnants in wind-blown cavities. It was shown that it criticallyed&s on one parameter
(coinedA), the ratio of the mass of the dense shell to that of the ejected material. Foallogs\\ < 1) the
X-ray luminosity increases sharply when the shock reaches the desibeaty on ¢ < 10° yr). If instead
the shell is more massive compared to the ejecta material, the shock propatjaesry low density of the
(much larger) bubble, producing less X-ray emission. The increaseraf Xuminosity upon impact (after
a few thousand years) is also smaller than in the fowase Dwarkadas 2005his Figs. 7 and 12). The
properties of the cavities around massive stars are determined by the smestéM during their various
evolutionary stages. This in turn iffected by the elemental abundance (i. e. metallicity), because the main
driving mechanism of stellar winds is the transfer of momentum from phototigetstar atmospheric gas
by line interactiong® (Kudritzki & Puls 2000 Vink et al. 200). By measuring mass-loss rates of early-type
stars in the Galaxy, LMC, and SM®Jokiem et al.(2007) could quantify the dependence Bf on the
metallicity asM o« 2983, |t is therefore expected that in lower metallicity environment (e. g. LMC)sinas
stars explode in wind-blown cavities with lowar, and are more likely to produce X-ray bright remnants.
It is important to note that in M33, which has a metallicity of about 0.4 solar @lajr & Kirshner 1985,
the SNR XLF exhibits an excess of bright sources as in the LMC; in M31digtebution shows no such
effect. The very small number of remnants in the SMC, which has the lowest metallictigt sample of
galaxies (0.2 solar), prohibits conclusion regarding an excess oftlsoginces.

Finally, there are also four type la SNRs amongst the bright end of thalggam, to which the
explanation discussed above does not apply. If | exclude these boviigre is still an excess. Because
they are prominently young (three are less than a thousand years ofupe#ra that the high current type
la SN rate in the LMC (Secl1.4.3 will also contribute to a larger population of bright remnants.

Between~1x10%° erg s and 5<10°° erg s, where many SNRs reside (a third of the sample), the LMC
XLF is comparable in shape to the M31 and M33 XLFs, with a power-law digtabyconsistent withy
between-1 and-0.8), and in number to M33 (M31 begins to have more sources bel8w10°® erg s1).
Towards the fainter end, the LMC XLF is again remarkable via its significattefiing. It is unlikely
that this represents an overall flatter distribution (at least not as strasgtythe SMC), because it would
imply that a lot of SNRs withLx ~(5-8)x10%® erg s (thus easy to identify) have been missed. It is
more plausible that the flattening of the XLF is almost exclusively due to inconmgiste The majority of
the remnants dty < 8x10% erg s (15/22) were identifiettonfirmed thanks to (pointed or serendipitous)

45The product abundanceionisation fraction< number of available lines for metals is comparable to that of hydrogehelinan.
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XMM- Newtonobservations. Though many were already detected with ROSAT, the caiohinthe large
effective area and resolution of XMMewtonis usually needed to confirm the extent and thermal emission
of candidates. Even with the VLP survey, the area of the LMC coverexiNiyl- Newtonis less than 20
square degrees, i. e. only less than a third of the whole galaxy. Extetidirapvered fraction warrants to
find the missing remnants. The M31 survey with XMNewtonexemplifies how a full coverage results
in a high completeness: the M31 SNR XLF is uniform down to the sensitivity limit efsilrvey, which
fully covers theDys ellipse of M31 Gasaki et al. 2012 In contrast, th&Chandrasurvey of M33 is focused
on the inner part of the galaxy(ucinsky et al. 2008 many fainter SNRs are found thanks to the deep
observations and good angular resolutiorCbiandrag at the expense of missing the SNRs in the outskirts
of the galaxy. In the LMC, the situation could easily be improved with more Xetzgervations. | briefly
discuss possible strategies in S&¢t.
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11. On the X-ray properties of the rich population of LMC supernova egrtsn

11.6. 3D spatial distribution

column density map ofim et al. (2003, showing the LMC gas disc (Fig1.17. The population

exhibits correlations with neutral hydrogen structures. The most strikiagnpbe is the many SNRs
(a dozen) around the supergiant shell (SGS) LMG@®Mgburn 1980SGS 11 in the notation dfim et al.
1999. SGSs are formed by the combined action of multiple generations of massifersnation. Their
expansions shock and sweep up the ISM, which can trigger furthefostaation along the SGS rims
(EImegreen 1998nd references therein). The impact of SGSs on star formation, pariycn the LMC,
was demonstrated byamaguchi et al(2001gb). They found that the concentration of molecular clouds
and young star clusters is enhanced by a factor of 1.5-2 near the SG&wmninsiost of these clusters are
on the side of the molecular clouds facing the interior of the SB8sk et al.(2009 added massive YSOs
and H 1l regionfOB associations to the list of tracers of recent star formation that are oredlated with
the shell peripheries.

Because (core-collapse) SNRs are themselves very good indicataecerfit star formation, the
distribution of many SNRs around the edge of LMC 4 is a further sign of the firmpbrole played by
SGSs in triggering star formation. In turn, this could be used to look&wSNRs The high number of
remnants around LMC 4 is explained in part by the large size of the SGE&2Z kpc), but also by the
good X-ray coverage (only two out of twelve SNRs around LMC 4 weteobserved with XMMNewtor).
Exploring SGSs less well studied, e.g. in the west and south-west segidhe LMC, is promising, as |
discuss in the Outlooks (SetY.).

COMPARISON WITH OTHER WAVELENGTHS: The distribution of SNRs in the LMC is plotted on the HI

-66.000

Ficure 11.17— Distribution of LMC
SNRs (red circles) on the HI column
density map ofKim et al. (2003,
displayed on a linear scale ranging
from 0 to 6 x 10?* cm2.  Black
and blue contours indicate levels of
1 and 3x 10%* cm2, respectively.
The green contours are ther3Jevel
(1.2 K km s?t) of the velocity-
integrated map of?’CO (J = 1 - 0)
from the NANTEN surveyukui et al.
2008. The position of the SGS LMC 4
is marked with a dashed black circle.
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Another prominent H | feature is the density enhancement in the east teatlsxsouthwards into “arms
B and E” (seeStaveley-Smith et al. 2008ig. 1), which are interpreted as tidal features. Most of the SNRs in
the south-east of the LMC are associated to the 30 Doradus complex (igalfimight be a manifestation
of tidal shear). Only a handful of sources are known in the regiotiseoB and E arms (and a single SNR is
confirmed south of a declination ef7/1°, Bozzetto et al. 2013 The southern region of the LMC is poorly
studied in X-rays, preventing conclusions regarding the dearth of SIR=rved there. However, it could
be an interesting target for future studies (SAt).
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Frcure 11.18— Left: Location of LMC SNRs (red circles) on the MCELSHnosaic, displayed
logarithmically in grayscale. Blue contours outline a H lwan density of 1x 10°* cm™2 (see
Fig.11.17%. Right: Same as left on a red continuum image from the SHASSA survey.

In Fig.11.18 | show the position of SNRs relative toaHleft, MCELS data), and to a red continuum
image from the SHASSA surveg@ustad et al. 2001 The location of many SNRs near large H I regions,
which trace regions of active star formation, is evident. This is the populafi@C SNRs. On the other
hand, many SNRs are not associated to étnission, e. g. in the Bar, or south-east and north-west of it.
These are likely the type la SNRs. They concentrate in regions of highrstefigity (e. g. the Bar, as traced
in the red continuum image) but are also present in more isolated, lessracfivas, where intermediate-
and old-age stellar populations dominate.

Adding the third dimension: So far, | discussed the 2-D distribution of SNRs, projected on the sky.
It is possible to gain a rudimentary sense of depth, by comparing the afpa@diumn density derived
from X-ray observations (hereaftd}), to the line-of-sight integrated H1 column density, derived from
21 cm observations (hereaftNﬁ1 M. 1 recall thatNHX is anequivalentneutral hydrogen column density
assuming a given chemical composit§nThe ratioNHX/N,_2|1 M (hereafter Ny fraction”) is a measurement
of how deep an SNR is with respect to the H | structure. InterpretingN\th&action is made easier by the
favourable orientation of the LMC. Neutral hydrogen is mainly distributed irearly circular disc at a
moderate inclination angle (see Seit.with a thickness ot 360 pc Kim et al. 1999. SmallNy fractions
(£03,e.g. WherNHX is consistent with zero) indicate that the SNR is well in front of the disc; intdiate
values (0.3 to 0.8) are expected from sources within the disc; high fracfib8-1.2; a value of 1.23 is
expected when including contributions of neutral and singly-ionised helirahadjis & Bregman 1999
are associated to remnants on the far side, or behind, the disc. Valuifieaigly above 1.2 are discussed
below.

NHX is taken from the spectral results of Sddt.2 For the 1 72T sample, the adopted value is simply that
in TableA.2. Only two 2T remnants have twoftirent absorption components: For MCSNR JO5E759 |
used the higher values. For MCSNR J058602 (N63A), the highly absorbed component is ejecta-rich and
has a lower EM; | therefore adopted the (lowkk) of the ISM component, which is more representative.

46X-rays are absorbed not only by H1, but also by molecular hydrplgelium, and metals/ilms et al. 2000.
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For the brightest SNRs, | adopted the best-fit values of TAII¢SNR 1987A) and Tabl&.3. For three
SNRs withChandradata only, | obtained\,; from the references given in Sett.5 Five remaining SNRs
have either no or only ROSAT data available, and are not used in this enalys

Nﬁlcmis measured from the map Kfm et al. (2003, by averaging the column density around each SNR
over a 3 radius (the resolution of the map is about 1 pc). | checked that using a saieaging radius,
closer to the typical SNRs size, gave essentially the same results. | thentedrtipuratio, propagating only
the uncertainties ohIHX since they should dominate the error budget in most ca$g$ractions are plotted
againstLx in Fig.11.19 No correlation is evident, as expectdd; depends mostly on the evolutionnary
state of the remnant, while the depth within the LMC does not. At lower luminosit®sever, there are
more remnants with only upper limits driHX (and thus on théNy fraction). This likely stems from the
difficulty of deriving NHX from limited X-ray statistices. For the same reason, the error bars are large
the handful of cases below a few®f@rg s, and the sense of depth provided by Mg fraction becomes
blurry.

In Fig.11.2Q the Ny fraction is projected on the sky, on the same field of view as showed inIHids!
and11.18 Remarkable LMC structures are labelled. In the Bar regions, SNRsiarargy on the near side
(low Ny fraction). Some of these remnants must originate from the stellar populatiba Bfar. Therefore,
this lends support to previous findings that the Bar is indeed “floating’t@ntf of the disc (see references
in Sect4.1.2. This method has the advantage that it does not need distance meagsareinbeth disc and
Bar objects; it directly gives locationslativeto the disc. In the bulge model &aritsky (2004, SNRs in
the Bar, but behind the di$¢ should have largbly fractions, while some scatter should be found along the
line of nodes, where the disc and bulge intersect. Unfortunately, thete@afew SNRs known in the Bar
region to adequately test this alternative model.

The remnants in the 30 Doradus region and directly south of it (MCSNRQJE2R0 and J05466944)
are the most absorbed, both in absolute and relative terms (la¥gesind largesNy fractions). From
distance measurements with red clump stdogrwer (2009 found that 30 Dor was further away, although
it was noted that this could be affect of 30 Dor being next to the Bar floating in front of the disc. With
my analysis it is confirmed that not only 30 Dor lies at a larger distance caupaneighbouring features,
but is indeedehindthe plane of the gas disc.

4"The obscuring fect by the disc on X-rays is moderate, noffisient to mask SNRs as it does on stars in optical surveys.
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Finally, it is striking from Figsl1.19and11.20that a few SNRs have axy fraction in excess of 1.2, and
up to 2.3. The extra absorption is likely to come from molecular hydrogen im &fthe object Arabadijis
& Bregman 199%. | show in Fig.11.17CO contours from the NANTEN survey(kui et al. 2008 CO
is used as a tracer of molecular hydrogen. In the east of the LMC thetarge regions of molecular gas,
following the peak density in HI. In most cases with lafgg fractions, | could find nearby (less than a
few arcmin away in projection) CO clouds, using either the NANTEN catalagube higher resolution
MAGMA survey (Fukui et al. 2008Wong et al. 201 lrespectively). | stress that this does not imply that the
remnants and the molecular clouds are physically connected, but is usuadlly m@rojection fect, with
the remnant behind, and not interacting with the molecular cloud. This cgehabowever, as exemplified
by the case of MCSNR J0516759, where secondary evidence hints at a physical connection 184
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Frcure 11.20— “Pseudo-3D” distribution of LMC SNRs, usinyy fractions (quantified by the
colour bar) as indicators of location along the line of siglbjects “in front of the disc” Ny
fraction < 0.3) are marked by upward pointing triangles; downward poantriangles are used for
those “behind the disd\ fraction> 0.8). Objects within the disc (0.3 to 0.8) are marked by dots.
The black and blue contours delineate H| column densities ahd 3x 10°* cm2, respectively
(same as in Fidl1.17. Remarkable LMC structures are labelled.
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Cloud, using data from the XMNNewtonobservatory. First, | focused on individual SNRs, including

new objects serendipitously discovered during the large XM&vtonsurvey of the central regions of
the LMC, and the remnant of the historical SN 1987A, target of a monitomgpaign. Later, | expanded
my focus to study LMC SNRs aspopulation This holistic approach provides insights on the evolution of
SNRs and the interplay with their host galaxy.

For this work, | used all existing XMMNewtonobservations towards the LMC. | combined archival
observations with dedicated pointings of SNR candidates and data fronL_fhavey of the LMC. Data
were reduced using a pipeline developed in our research group, idxtamded with several scripts tailored
to the analysis of SNRs (or any faint extended object).

A vast variety of SNRs is encountered in this work. The youngest is SB8A, which is less than 30
years old. It is a key system to study the first stages of a remnant. | adaldM-Newtondata from the
2007-2012 monitoring campaign. The soft X-ray flux keeps increagidigating that the outer blast wave
is still propagating into dense regions of the Equatorial Ring. Fe K lines 8biR 1987A could be studied
in detail for the first time. The centroid energy and width of the line complex imfhtiasFe is in the form
of many ions, including near-neutral iron, possibly in unshocked ejecta.

In contrast to SNR 1987A, all the new SNRs found in the course of my Pbix are old systems
(> 10% yr). | led detailed multi-wavelength studies of six new SNRs found in the VIrResuobservations.
The XMM-Newtondata are critical to investigate the morphological and spectral features oéittmants,
allowing me to measure physical conditions of the hot plasmas, search fejeSid emission, and constrain
some of the SNR properties. Complementary data at optical, infrared, disdwavelengths are used to
show the key role played by the local environment in the current appear the remnants.

After | presented analyses of individual objects, | studied the complgtelaiion of SNRs in the LMC.

I compiled a sample of 59 definite SNRs, cleaned of misclassified objects abtfulcandidates. XMM-
Newtondata are available for the vast majority (51 SNRs) of the sample, which caledibmogeneous re-
analysis of the X-ray spectra of the entire population. This alleviates thasigtencies in spectral models
and analysis methods used, and allows meaningful comparions of, e. ger&durp, chemical composition,
and luminosity of SNRs. This systematic spectral analysis has multiple benefits:

I N THIS DISSERTATION, | have studied the X-ray emission of supernova remnants in the Largellsliaig

o First, it provides the best census of LMC remnants with an Fe K kn&3 % of the sample), which
is a powerful tool to retrieve the type of SN progenitor.

e Second, it reveals the contribution to the X-ray emission by hot SN ejecPBfBNRs & 39 % of the
sample). Since the abundance ratios measured in the ejecta componecatshefteicleosynthesis
yields of either type la and CC SNe, this is of great help for the typing obatantial fraction of the
sample.

e And third, it allows me to select 16 SNRs (27 % of the sample) where the X-ray emission
is dominated by swept-up ISM. In these objects, the fitted abundancesl@mmeasurement of
chemical abundances in the gas phase of the LMC ISM. A metallicity gH]Fe —0.4668&2) dex
is found based on XMMNewtonSNRs. Lighta-elements (O, Ne, Mg) have lower abundance ratios
[a/Fe] than in the Milky Way. Although this general result was previously kmawme can now study
abundance ratios within the LMC as function of age. In comparison to oltectig 10 Gyr) and red
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giant stars (1 Gyr and older), the relatively young gas phase [S00 Myr) has a higher metallicity
[Fe/H] and lower p/Fe] (in particular [QFe]). This reflects the continued enrichment by type la SNe
in the last~ 1 Gyr, which injected large amounts of Fe back in the ISM.

Perhaps the most remarkable sub-sample of SNRs in the LMC are thoseadftyisorting them by
age, | found a well-ordered evolution: The youngest are in the ejextardted phase, before the transition
to the Sedov phase, when swept-up ISM is visible as X-ray shells. Theateggions, however, are still
dominated by hot ejecta. After 10* yr, the outer blast wave becomes radiativicently losing energy
in optical and UV emission lines. In X-rays, the Sedov shells become msigedy fainter and softer.
Strikingly, ejecta in the centre of older remnants are still hot enough to enayX-resulting in SNRs seen
in X-rays but essentially absent at longer wavelengths. Five sucletebyéth iron-rich central emission
have been found during my PhD thesis, thanks to the sensitivity reach¥tMbi+ Newtonobservations.
They make up most of the old end of the type la SNR sequence, revealitgttaria evolutionary phase
previously overlooked.

| devised a new method to tentatively type all LMC SNRs, based on their Idedk &nd stellar
environments, combined with spectral information (i. e. detection of SN ejbien present). | calibrated
this method with SNRs having a well-established type based on robust indicate resulting ratio of CC
to type la SNe that exploded in the LMC over the last fe# yii(i. e. very close to the current ratio of QI&
rateg is Ncc/Nja = 1.35@8:%}). This is lower than the ratio typically measured in local SNe surveys and in
galaxy clusters. After arguing that SNRs of both types might be absamt tihe sample (i. e. the current
sample is not biased towards one type only), | concluded that theNigw/N,, ratio is a consequence of
the specific SFH of the LMC, and particularly the enhanced star formatisodgs that occured 500 Myr
and 2 Gyr ago. Because the majority of type la SNe explode within 2 Gyrstieforming episodes, we
are coincidentally observing the LMC at a time when the type la SN rate is higégrated over an SNR
lifetime, this results in the relatively loMcc/Nj5 observed.

| also assessed the spatial distribution of SNRs with respect to cool gasdtby HI and molecular
emission), star-forming regions @), and stars (red continuum). A concentration of SNRs around the edge
of the SGS LMC 4 exemplifies the role of SGSs in triggerring star formation. cbhemn densityN,
obtained during the X-ray spectral analysis of the whole sample, whenaredhfn the H | column density,
provides a measurement of the position of each SNR relative to the H | sgu&imce most of the neutral
gas lies in a well-defined thin disc seen at a moderate inclination angle, tltierirak;f(/Nﬁl ¢Mis a good
indicator of the depth along the line-of-sight, revealing the “pseudo-38ifidution of SNRs in the LMC.
Previous studies found that the Bar is “floating” in front of the disc, big skatement was challenged by
some authors. My analysis shows that SNRs in the Bar regions are primarilyeonear side (loviNy
fraction), lending support to the foreground location of the Bar.

Finally, | compared the populations of SNRs in Local Group galaxies viaXxedwy luminosity function.
The XLF of SNRs in the SMC, M31, and M33 are relatively homogeneoas alVthe observed luminosity
range, although that of the SMC is flatter. The LMC XLF is remarkable by asnprent bright end. The
largest population of SNRs brighter thar > 10%¢ erg st is found in the LMC (13 SNRs vs. 8 and 7 in
M31 and M33, respectively). This is possibly affieet of the lower metallicity in the LMC: Massive stars
have smaller mass loss rates (less heavy elements to drive stellar windskedntkthction of SN ejecta
with less massive CSM shells produce brighter remnants. The number of BiWfRter than 1% erg st
in the LMC is comparable to that in M31 and M33, likely owing to its high recent @R& high current
type la SN rate. The LMC XLF flattens significantly because of incompleteridany X-ray-faint SNRs
have been missed so far, due to the incomplete coverage of the LMC wiitiveeKsray instruments (i. e.
Chandraor XMM-Newtor).
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Outlooks

This work presents the state of the art on X-ray emission of SNRs in the Hd®ever, only SNRs known
prior to, and those found during my PhD thesis are included. It is cleatitbatirrentsample (Table\.1)
is incomplete, as evidenced by the flattening of the X-ray luminosity functioMsZ ISNRs. In the last 15
years, new SNRs were confirmed or discovered in the LMC at an almostaod rate (one or few per year),
principally using X-ray observations. There is no indication that this trefficstep in the near future, so
that more observations of the LMC will increase the sample of SNRs.

Nevertheless, the observing time of major observatories is limited and expehgiresent here several
strategies to maximise the chance of finding “missing” SNRs:

e As shown in Sectl1.6 star formation is intense around the SGS LMC 4, and the edges of the shell
abound in SNRs. Many LMC SGS have not been (fully) surveyed by XM&ivton for instance (in
the notation oKim et al. 1999 SGS 3 and 6 in the north, SGS 2and 5 in the west, and SGS 4 in the
north. Targeting in particular SGSs associated to star formation (e. g. witregion along the rims)
warrants successful SNR searches.

e The follow-up of X-ray-selected candidates (usually ROSAT sourats) XMM- Newtonhas been
extremely successful. This programme should be continued until completiba it of candidates.

e Eventhe ROSAT (targeted) survey of the LMC was not covering the Lid@uits outskirts. To find
SNRs in these regions, the futleBOSITAsurvey Merloni et al. 2012 will be most useful, covering
the full sky in the 0.5 keV — 8 keV band. The LMC is located close to the SoultiptiEcPole and
will be observed with a deeper exposure than the rest of the sky. Lgédamew SNR candidates,
especially evolved X-ray-only SNRs, will be of special interest.

Even inexistingdata, some SNRs might be as yet unrecognised. There is signififaised2mission from
large-scale structures of the hot ISM in the LM&akaki et al. 2002 which is seen in greater spatial and
spectral detail by XMMNewton(this will be studied in a future work). By looking for ejecta-enhancement,
it might be possible to distinguish old SNRs with low surface brightness hidingeidiffuse emission, e. g.
Fe-rich SNRs even older than those in S&0t2

Finding new SNRs is desirable. Individual objects of special interesbtien found serendipitously,
without prior knowledge of their exciting nature. The evolved type la SbifSect.10.2, are good examples;
the discovery of the SNR around the/Beray binary SXP 1062 is another ondé&nault-Brunet et al. 2012
Haberl et al. 2012c Furthermore, as demonstrated in this dissertation, SNRs are poweyhdspof the
ISM of their host galaxies. With more SNRs where metallicity can be measumdyilwobtain a more
accurate knowledge of the chemical composition of the hot ISM or bettessi#s homogeneity.
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A. SNR sample and X-ray spectral results

the results of the X-ray spectral analysis (S&tt2) for the 1T72T sample (Tablé\.2) and the “bright

I N THE FOLLOWING pages, | list the sample of LMC SNRs used in this thesis (TAbl®. Then, | give
SNR” sample (Tablé.3). The columns of Tablé.1 are the following:

(1) MCSNR identifier, in the form “*JHHMMDDMM”.
(2) Right ascension of the remnant, in J2000 equinox.
(3) Declination in 32000 equinox.

(4) Old “common” name used in the literature.

(5) Flag coding the type of X-ray data available and used in this thesis. ‘tK¢ates that XMMNewton
data are present, and “MX” that multiple XMMewtonobservation of the remnant exist. “C” or “R”
are used when no XMMNewtonobservations are available lDhandraor ROSAT observations were
used, respectively. “N” means that no X-ray information was found.

(6) Lx, the X-ray luminosity in the 0.3 keV — 8 keV band, in units ofi@rg s, obtained as described
in Sect11.5

(7) X-ray size in arcsec. Only thmaximalextent is given (corresponding to the diametre in a circularly
symmetric case). The number between brackets gives the position anyte (R& maximal extent in
the non-symmetric case. The PA is measured in degree, eastwards ofSinethivas measured from
XMM- Newtonimages whenever applicable (“X” and “MX” flags). For “C” SNRs, theoted value
is taken from the entry in th€handraSNR catalogue. For the ROSAT-only SNRs (J04@800
and J04556839), | used the value quoted Badenes et al(2010 and Williams et al. (19993,
respectively.

(8) Ny fraction, as defined in Sedtl.6 Uncertainties are given at the 90 % C.L.
(9) Nog, the number of blue early-type stars within 100 pc of the remnant (seel3ett).

(20) r, the ratio of CC SNe to thermonuclear SNe expected from the observedutisin of stellar ages
in the neighbourhood of the remnant, as obtained bylEdL(see Sectl1.6for details).

(11) Reference in which the SNR was first published. The acronynaedireed in the Notes of Tabk. 1.

For TableA.2, columns are described in Setl.2.3. A TableA.3 use the same columns, except that
abundances are explicitly given for each element.
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TasLE A.1 — SNRs in the LMC

MCSNR RA DEC Other name X-ray Lx X-ray size Ny fraction Nog r ref.
(J2000) data

@) (2) ®3) (4) ®) (6) 7) (8) ©) (10) (11)
J0448-6700 04:48:22 -66:59:52 [HP99] 460 R 046 220 — 3 1¥E BGS06
J0449-6920 04:49:20 -69:20:20 X 007 162(85) 2:8% 26 6.2923%  KPS10
J0456-7050 04:50:27 -70:50:15 B0450-709 X 059 340(85)  00&3 2 18902  MFT85
J0453-6655 04:53:14 -66:55:13 N4 X 117 256(122) O%F 83 63653 SCM94
J0453-6829 04:53:38 -68:29:27 B0453-685 X 1385 120 034 5 24203  LHG81
J0454-6713 04:54:33 -67:13:13 N9 C 158 216 (5) 1.32 72 %69 SCm94
J0454-6626 04:54:49 -66:25:32 N11L X 063 106(50) 0®% 33 584038  MC73
J0455-6839 04:55:37 -68:38:47 N86 R 1.42 366 — 288 MC73
J0459-7008 04:59:55 -70:07:52 N186D C 1.09 114 0% 51 373058  MC73
J0505-6753 05:05:42 -67:52:39 DEML71 X 4459  76(5) 001 13 23832  LHG81
J0505-6802 05:05:55 -68:01:47 N23 MX  26.25 96 0% 26 2739  MC73
J0506-6541 05:06:05 -65:41:08 DEM L72 X 053 410(170) 03% 12 1.005%  KPS10
J0506-7026 05:06:50 -70:25:53 [HP99] 1139 X 144 262(10) <O(11) 82 3.0853) WKS14
J0508-6902 05:08:37 -69:02:54 [HP99] 791 X 037 304(33) <@48) 22 127097 BKMI14
J0508-6830 05:08:50 -68:30:50 J0508-6830 X 009 138(160) < @7) 27 3.095%)  MHK14
J0509-6844 05:08:59 -68:43:35 N103B X 517 30 g8 99 6.18953 MCT3
J0509-6731 05:09:31 -67:31:17 B0509-67.5 X 1651 31.8 1942 2 18697 LHGS81
J051+6759 05:11:11 -67:59:08 MX  0.16 112 ©(0.08) 3 1.230%  MHK14
J0512-6707 05:12:27 -67:07:18 [HP99] 483 X 009 120(45) 0P8 25 55632 unpublished
J0513-6912 05:13:14 -69:12:20 DEM L109 X 051 240(155) O%g 16 1.64033  MFT85
J0514-6840 05:14:16 -68:40:22 MX 0.4 220 90.05) 7 105525  MHK14
JO517-6759 05:17:08 -67:59:29 X 0.24  324(30) 148 12 6.3729  MHK14

=119

-3.23
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TaBLE A.1 — (continued)

MCSNR RA DEC Other name X-ray Lx X-ray size Ny fraction Nog r ref.
(J2000) data

@) ) ®3) (4) () (6) (7) (8) ©) (10) (11)
J0518-6939 05:18:41 -69:39:12 N120 MX  0.88 148(110) <@75) 133 457032  MC73
J0519-6902 05:19:35 -69:02:09 B0519-690 MX  34.94 33.6 0¥3 13 17132  LHGS1
J0519-6926 05:19:44 -69:26:08 B0520-694 X 269 190(140) <005 114 3.415%  MFD83
J0521-6543 05:21:39 -65:43:07 DEM L142 N — 168 — 36 5939 BGS06
J0523-6753 05:23:07 -67:53:12 N44 X 09 255(90) 0¥ 99 6.172% CMG93
J0524-6624 05:24:20 -66:24:23 DEM L175a N — 240 — 39 68  MFT85
J0525-6938 05:25:04 -69:38:24 N132D X  315.04 126(60) OXZ 56 272533  WM66
J0525-6559 05:25:25 -65:59:19 N49B X  38.03 170 09% 33 44219  MC73
J0526-6605 05:26:00 -66:04:57 N49 X = 6437 84 04 37 63333  WM66
J05276912 05:27:39 -69:12:04 B0528-692 MX  1.99 198(142) <005) 224 7.5992%  MFD84
J05276550 05:27:54 -65:49:38 DEM L204 N — 282 — 9 1845 LHGS81
J05276714 05:27:56 -67:13:40 B0528-6716 X 025 270 (40) 2.28 97 X2 MFT85
J05277104 05:27:57 -71:04:30 [HP99] 1234 X 021 369(155) 0%6 6 24032  KSP13
J0528-6727 05:28:05 -67:27:20 DEM L205 X 0.58  324(40) <O(18) 142 897:3% MHBI12
J0529-6653 05:29:51 -66:53:28 DEM L214 X 1.04 145(140) 03 222 1412337 BFCl2a
J0530-7008 05:30:40 -70:07:30 DEM L218 X 072 325(50) 028 19 197015 DFBI12
J0531-7100 05:31:56 -71:00:19 N206 X 255 180(90) 02 49 536072  MC73
J0532-6732 05:32:30 -67:31:33 B0532-675 X 248 285(145) 33 173 8.07335 MFT85
J0533-7202 05:33:46 -72:02:59 1RXSJ053353.6-7204 X 057 205(85) ‘P26 1 0.8917  BFC13
J0534-6955 05:34:02 -69:55:03 B0534-699 X 633 135(35) 0092 8 11839  LHGS81
J0534-7033 05:34:18 -70:33:26 DEM L238 X 155 186(110) <@02) 4 20753, LHGS81
J0535-6916 05:35:28 -69:16:11 SNR1987A MX  27.39 1.62 B 84 5857128 historical
J0535-6602 05:35:44 -66:02:14 NG63A X  185.68 84 088 45 395932  wWM66
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TaBLE A.1 — (continued)

MCSNR RA DEC Other name X-ray Lx X-ray size Ny fraction Nog r ref.
(J2000) data

@) (2) ©) (4) () (6) 7) (8) ©) (10) (11)
J0535-6918 05:35:46 -69:18:02 Honeycomb MX 0.4  105(155) @@@2 108 8.32352  CDS95
J0536-6735 05:36:03 -67:34:36 DEM L241 X 384 310(155) O%E 39 27133  MFT85
J0536-7039 05:36:07 -70:38:37 DEM L249 MX  1.43  200(35) <0Q.03) 2 1560715 LHG81
J0536-6913 05:36:17 -69:13:28 B0536-6914 MX 022 66(90) 1Xi 92 585738  KSBI15
J0537-6628 05:37:27 -66:27:50 DEM L256 X 032 227(42) 022 48 1620)7 KPS10
J0537-6910 05:37:46 -69:10:28 N157B MX  15.0 120 1g¥ 83 1956575  MC73
J0540-6944 05:39:59 -69:44:02 N159 X 043 92(1100 ¥ 60 353052  CKS97
J0540-6920 05:40:11 -69:19:55 B0540-693 X 8735 72 4 119 2441331 MC73
J0541-6659 05:41:51 -66:59:04 [HP99] 456 X 077 300  <@O06) 10 2.083%  GSH12
J0543-6858 05:43:08 -68:58:18 DEM L299 X 168 330(55) @ 38 4.98288  LHG81
J0547-6943 05:46:59 -69:42:50 DEM L316B X 147 190(95) OB 0 1.0352  MC73
J0547-6941 05:47:22 -69:41:26 DEM L316A X 126 190(170) 092 0 10332  MCT73
J05477025 05:47:49 -70:24:54 B0548-704 X 294 118(75) 048 3 072320 MFD83
J0550-6823 05:50:30 -68:22:40 C 1.22  312(90) 1.22 4 2X¥8 BFCl2b

Notes. Acronyms for column (11) :
WM66: Westerlund & Mathewso(1966; MC73: Mathewson & Clarkg1973; LHG8L: Long et al.(1981); MFD83: Mathewson et al(1983; MFD84:
Mathewson et al(1984); MFT85: Mathewson et al(1985; CMG83 Chu et al.(1993; SCM94 Smith et al.(1994); CDS95 Chu et al.(19950; CKS97.
Chu et al.(1997; BGS06 Blair et al. (2009; KPS10 Klimek et al.(2010; GSH12 Grondin et al.(2012; BFC12a Bozzetto et al(20123; BFC12h
Bozzetto et al(20121; DFB12 de Horta et al(2012; MHB12: Maggi et al.(20123; KSP13 Kavanagh et al(2013; BFC13 Bozzetto et al(2013;
MHK14: Maggi et al.(2014); BKM14: Bozzetto et al(2014; WKS14 Whelan et al(2014; KSB15 Kavanagh et al2015.
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TaBLE A.2 — X-ray spectral results of LMC SNRs.

Component 1:

Component 2:

X2y
MCSNR NH Lme kT T EM Abundances Ny Lvc kT T EM Abundances
(10t cm?) (keV) (10%scntd) (10°8 cmr3) (10t cm?) (keV) (10'scnt3) (10°8 cmd)
1) 2 3) (4) 5) (6) ) 8 ©) (10) (11) (12)
J0449-6920  6.97277 0.200%  CIE 18.33% RD92 — 1985.21863
0: 0.20014
J0450-7050%)  1.31:9% 0.24:002  CIE 33.6388  Ne: 0.4Q§f§§ — 4669.43294
Mg: 0.20 < 0.48)
O: 0.13_*§:§3
J0453-6655  1.10°%61 (.36'010 1 38207 30739 Ne:0.1Zpn 4460.94214
o5 Y9000 19C%063 156 Mg:0.15f§f§§ — 9
Fe: 0.29912
O: 0.1A40.01
Ne: 0.25593
J0453-6829°)  0.93912 03709 15895t  27.271828  Mq:0.37:0.05 — 2156.71860
Si: o.etgég
Fe: 0.289%
O: 0.14705¢
J0454-6626  1.15076 0.341009 11714 167138  Mg:0.15< 0.39) — 2136.81811
Fe: 0.26329
O: 0.11982
Ne: 0.16:0.02
J0505-6802°)  1.5831) 0.3200% 3.407% 1074785 Mg:0.18:003 158  1.0900] 24693  6.507%) — 454.4407
Si: O.37j§:§§
Fe: 0.202
J0506-6541  0.59¢ 1.34)0.18001 CIE 2.27L%°  Ne:1.26%41 — 8549.47232
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TaBLE A.2 — (continued)

Component 2:

Component 1:
p X[y
MCSNR NH Lvc kT T EM Abundances Ny Lmc kT T EM Abundances
(10?*cm?) (keV) (10'%scnT®) (108 cmid) (10”r*cm?) (keV) (10" scnT®) (10°8 cmd)
@) 2 3) (4) (5) (6) ™) (8) (9) (10) (11) (12)
0: 0.335%1
J05067026 0 012) 0.709% 1.99°7%  0.61:0.09 I\NASf ooza — 9026.48365
. 14901
Fe: 1.49%17
3050868309 0(<180) 0.713% CIE  10(}9)x10% 29 ot 1) _ 1488.31554
e) 0.05 422 025 <488 pure O
J0508-6902%)  0(<0.8) 0.41%% 27.0¢2 0.48925 RD92 0 0780038 CIE 410001  pueFe 2674219
J0511:-67599 0(<2.10) 0.653%  CIE  1.2¢89)x 102 ga 21 46 4.7) — 707.5692
J0512-6707  0.823% 0.24:001  CIE 0.15534 RD92 — 3059.42083
0: 0.279%
Ne: 0.468382
J0513-6912  1.349%9 0.43:008 10.9%%°  1.2816 Mg: 0.75033 — 5352.34996
' ‘ ' Si: 1.33;3{%2
Fe: 0.20,5,
J0514-6840%9 0(< 0.09) 0.3:0.01 2.605&  0.51+:0.03 I?e %'2%091'83 — 8005.37957
CUrY=011
Jo517-67599 3548 0.1:9%  CIE 11.272 RD92 0k 17) 059%%  CIE 0.192992 RD92 2558.82547
0: 0.149%
Ne: 0.23:0.15
J0518-6939 0k 1.16) 0.4433 4.911%9  1.53143 Mg:o.31j§;§§ — 2292.92190
Si: 0.96%

Fe: 0.270%4
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TaBLE A.2 — (continued)

Component 1:

Component 2:

MCSNR NH LMC kT T EM

(10t cm™?) (keV) (10%scnt®) (10°8cm3)

1) ) ®3) (4) ()

Abundances Ny Lmc
(10?r*cm?) (keV) (10" scnT®) (10°8 cm3)

(6)

Abundances

X2y

(12)

J0519-6926 0k 0.09) 0.399% 358165 45316

J0523-6753  0.75045 0.62:0.04 22.7119 0.66/002

J0525-6559 21792 0.600% 23498 503713

f . . .
J0526-6608"0  2.64'91% 0.42:002 526975  112.32%

J0527-67149) 20 018001 CIE 1.3%0.23
J0527-6912N) 20 0.18001 CIE 1.31:0.23

J0527-7104  1.333% 0377098 133457 03099

0: 0.15901
Ne: 0.36_‘§:§§
Mg: 0.34:0.10
Si: 1.219%2

~0.36
Fe: 0.23%0.03

O: 1.49086
Ne: 3.08_‘%%
Mg: 1.57 572
Si: 1.13:0.43

Fe: 0.480.16

O: 0.0%#0.05
Ne: 0.240.04
Mg: 0.43:0.09
Si: 0.33:0.07

. 0.0
Fe: 0.109%

O: 0.30:0.03
Ne: 0.42002
Mg:0.52j§:§§
Si: 1.0:0.11

. 0.02
Fe: 0.41092

RD92

035012x RD92

—-0.06

O: 0.052%
Ne: 0.86;83§§

Fe: 1.4307

0.320.07 4.34%%!

3602.33033

5075.94532

3981.82884

3509.32038

5999 6237

1211580771

6801.85788
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TaBLE A.2 — (continued)

Component 2:

Component 1:
p X2y
MCSNR NH Lvc kT T EM Abundances Ny Lmc kT T EM Abundances
(10t cm?) (keV) (10'%scnt®) (10°8cm™) (1Pt ecm™2) (keV) (10" scnT?®) (10°8 )
1) (2 Q) (4) (5) (6) (7) (8) 9) (10) (11) (12)
0: o.3q§;21§
J0528-6727 0K 0.39) 0.22002 CIE L7058 Ne: 066, — 5510.05265
Fe: 0.66,3,
0O: 0.09:0.02
_ Ne: 0.03k 0.05)
J0529-6653)  0.48937 1.51+0.28 0.3092  0.832%2  Mg:0.07:0.06 — 1961.32987
Si: 0.21k 0.49)
Fe: 0.07953
J0536-7008  0.37%45 0.18%92  CIE 1.34045 RD92 0.37 0.74006 CIE  0.36:0.06 RD92 92845105
J0531-7100 <012 052%% 250179 16302 RD92 — 2864.22361
0: 0.25006
Ne: 0.24_%%2
J05326732  0.943% 0S53R 0835 2309%  Mg:017.3 — 3824.03562
Si: 1.4{8:§§
Fe: 0.3{0103
0: 0.27093
202 70.44 +0.06 gr116 3087 Ne: 0-37f§:§2 2 2
J0533-720 04733 03LRE 1395 1AL o0 — 4128.03265
Fe: 0.3791/
O: 0.14:0.01 Si: 0.05:0.01 130.@3%363 pure
- Ne: 0.23002 S: 0.75%44  1.044%9  pure
) 018 +0.03 0.66 +10.83 50,03 0.09 3o Yo
J0534-6958) 227018 (0.31:003 304066 26.1+108 Mg:o_zt%g% 227  1.320% Fo: 05700 1068% pue 340082727
Fe: 0.34;

—0.03
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TaBLE A.2 — (continued)

Component 1:

Component 2:

X2y
MCSNR kT T EM Abundances Ny Lmc kT T EM Abundances
(keV) (10" scnT3) (10°8 cnid) (1Pt cm™2) (keV) (10" scnT?) (10°8 cm®)
1) ®3) (4) (5) (6) () (8) (9) (10) 11) (12)
Mg: 0.30:0.18
J0534-7033%  0(< 0.03) 0.780.01208¢ 631) 0.8721% S 0.08c027) 0 02700 2653383 046958 RD92  3496.612922
Fe: 1.26035%
0: 0.7102
0: 02388 Ne: 0 0.12)
Ne: 05755 Mg: 085452
J0535-6602)  0.68307 0.52:001 7.49%3  25L.I0  Mg:0.12¢0; 24830 110001 104350  99.U5% Si 0.76p  1962.41634
Si: 0(< 0.13) S: 0.48:0.05
Fe: 0.28:0.01 Fe: 0k 0.02)
Ar: 0.14(< 0.14)
0: 0.159%%
Ne: 0.34_*%%2
J0535-6918  2.3%003 0.319% 17119 18509  Mg:0.34018 — 1999.91589
Si: 1.60 50
Fe: 0.30%10
O: 15708
J0536-6733™ 2.26:020 0.560% 7.59112 200087 I\NAS f_'%g}g — 6015.74816
Fe: 0.04§f§§
O: 16895
30536-6913" 0.75927 1052%  0.11:0% RDY2 489 42204 00809  0.06:002 ,\NAS f_'é’%g{gg 1107.41139
Si. 7.9178
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TaBLE A.2 — (continued)

Component 2:

Component 1:
P X2y
MCSNR NH Lvc kT T EM Abundances Ny Lmc kT T EM Abundances
(10?*cm?) (keV) (10'%scnT®) (108 cmid) (10”r*cm?) (keV) (10" scnT®) (10°8 cmd)
1) 2 3) (4) (5) (6) (7) (8) ) (10) (11) (12)
Ne: 0.12¢ 1.12)
Mg: 0.37°957
J0536-7039% 0(< 0.07) 0.27%i 3.853529 0.567022 RD92 0 073505 7-265% 05005 . 0.37_@'25.77) 3555.73441
Fe: 1.8905%
O: 0.32073
J0537-6628 0.56¢ 1.13) 0.42011 10,2234 .60t Ne 0345?)5‘1% — 3489.72983
56€ 1.13) 04255,  10.2%7 92055 Mg:0.07k 0.31) '
Fe: 0.26023
J0537-6910P)  9.11:93% 4.92:035 0.19%%7  0.53018 RD92 — 3866.83452
J0546-6920%  6.8591¢ 0.49:0.06 1.871%  6.03132 RD92 — 5528.04763
J0546-69440  11.4121 0.20:0.02 CIE 30.641870 RD92 — 1323.4770
J0541-6659 0 0.07) 0.409%%° 0.36912  0.38910 RD92 — 6933.5886
O: 0.3#0.10
Ne: 0.36_“§:§
J0543-6858  2.09°057 11202 03504 L1471 Mg:0.29°0% — 7211.46717
Si: 0.36k 0.98)
Fe: 0.32918
0: 0.26928
Ne: 0 < 0.37)
J0547-6941  4.91131 1.25:018 2.389%7  0.839% l\gg:ggijgié — 3451.73196
O Ly57

Fe: 2.3@&:0.70
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69T

TaBLE A.2 — (continued)

Component 1: Component 2:
p p XZ/V
MCSNR NH Lvc kT T EM Abundances Ny Lmc kT T EM Abundances
(10 cm?)  (keV) (10"scnt®) (10°8cm3) (107 cm?) (keV) (10" scnT) (10°8 cm3)
@ @ ®3) (4) (5) (6) (M (8) 9) (10) 11) 12)
0: 0.22040
Ne: 0.27_*%%2
. .45
2054760439 373115 0279% 493¢-532) 3673 o) 078 4 373 213" 233i% 0894 — 4468.74356
S: 0.3:{%}31
Fe: 058020
0: 0 (< 0.08)
Ne: 0.32:0.01
J0547-7025  3.040% 031001 3117 47231 RD92 304 08% 1189% 16593 "0 007 O12) 5040 10550

S: 1.109%
. 0.928%%
Fe: 0.92023

Notes.Columns are described in Set1.2.3.A (& Only MOS data availableP) Fit includes a power-law component for the central PWR Same
absorption column and abundances in the two components; Nitrogedaimeis also fitted to 0.07 soIaF,d) Results fromMHK14; (€) Results from
BKM14. The first component is a Sedov model. The second is split into twormpatal components (O and Fe) with the corresponding emission measures
given as EM x (nx/ny); () Same absorption column and abundances in the two components; Figis@bwer-law component for SGR 0586 (Park
etal. 2012 ) NH Lme fixed to the value from the Hmap of the LMC; (") Abundances from RD92 are scaled by a common faciba flected by strong
background flare;0) The second component comprises three pure-metals NEI models withraan temperature and distincnd EM, for each Si, S,
and Fe; () c, N, 0, and Ne abundances of the iron-rich component (Compdneme fixed to 0;() Abundance of Ca fixed at 0 in the second component;
fit includes an Fe K (Gaussian) line, see Sétt2.3.C (M) Fit includes a power-law component for the interior HMX8efvard et al. 2072 (M) Elements
other than O, Ne, Mg, and Si in the second component are set EB)(E, N, and O abundances of the iron-rich component (ComponeneZ)xad to

0: () Fitincludes a power-law component for the interior PWI® Strongly dfected by the emission from PSR 0549.3 (modeled by a power law);
() Dominated by the contamination from LMC X-1 (modeled by a power Ia(ﬁ/bSame absorption column and abundances in the two components.
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TasLE A.3 — X-ray spectral results for bright LMC SNRs.

Component Ny mc kT T EM (@] Ne Mg Si S Ar Ca Fe
(1Pt cm™2) (keV) (10'%scnt®) (10°8cm3)
DEM L71 — MCSNR J05056753 : y%/dof = 3300.51784
CSMISM 0.46:0.01 2.599%  38.228 0.26:0.001 0.42:0.001 0.492%1 0 0 — — 0
Ejectacool 0.28+£0.001 0.420:004 3.5@0:98 11-3i0:12 0 0 0 005 009 0 0
Ejectans; 0.8g000 1388 7308k g 0 o 1% 120 o 1210001
N103B — MCSNR J05096844 : y?/dof = 694.2583
CSMISM 7+ 0020 03309 349175 4073420 — — — — — — — —
Eject Y2011 0.71+0.02 >414 25.9%47 .
E}ectz(;?l 16200 g59iz o 955?;5@ 0(<0.25) 1.7¢%4% 0.33919 28495 34893 52610 95124 11003
N132D — MCSNR J05256938 :y?/dof = 1288.41116
CSMISM 0.64j§;§§ 5.97§g;gsg 358.6478 0.059%2 0.46:0.02 0.1%:0.01 0.3%0.03 — — — 0.28:0.01
O-rich 0.74:0.03 1.46 182 10.04L8 33.2;1%-51% 9.031% 0(<025) 25921 13721 1033 — — 0.15295
Si-S-Fe 5.1z§;72 500 7.84132 0 0 0 0 0  5.2925°2.20486) 1.0
0509-67.5 — MCSNR J05096731 :y%/dof = 871.1419
CSMISM 0.27j§;§z 9.44°16 6.26;‘%;2?3 1.141%8 237006 24502 0 0 0 0 2.84318
Fe cool 164:007 L4Zqp 008001 105, 0 0 0 0 0 0 0 pure
FenorCa  — 11.7;09113 11'436; L7502 0 0 0 0 0 0 4.512% 1.0
Si-S-Ar 11807 0.230%55%  57.333 0 0 0 1.0  3.2810 3.38%, 0 0
0519-69.0 — MCSNR J05196902 :y%/dof = 5971.72438
CSMISM 0.60j§;<8>§ 29.4°2%6 22.5ff8’;§§ — — 03598 — — — — —
Fe cool 1.3750%  0.88:0.02  10.0039 0 0 0 0 0 0 0 pure
Fehot 0.96:004 812 3.60 8.61 0 0 0 0 0 0 0 pure
Si-S ST 3.430% 1.12f§;§§ 10.6'357 0 0 0 1.0 126006 0 0 0
Ar-Ca 4.421.20 203, 15.8;03-3 0 0 0 0 0 1.0 1.33%2% 0
o 432447 0.04%7  0.200%  pure 0 0 0 0 0 0 0

Notes.Details of the spectral models used are given in SdcP.3. B
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B. X-ray images, spectral extraction regions, and
SFH for all LMC SNRs

(middle), and the SFH of the cell including the remnant (bottom panel). Theeshage as in

Fig.11.7, using the (0.3-0.7 keV), medium (0.7-1.1 keV), and hard (1.1-4.2 kaNjidas red,
green, and blue components, respectively. The white bars indicateatleeof. North is up and east is
left. A linear scale is used to display the pixel values, but the cut levelsdaeted for each SNR. The
extraction regions used for spectral analysis are shown for pn, M@BIIMOS?2 detectors (left to right), as
in Fig.11.2 The star formation history plots are shown as in Eigl1

T uis AppENDIX presents, for each SNR, an X-ray image (top), the regions used dotrapanalysis

J0449-6920 J0450-7050
B0450-709
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B. X-ray images, spectral extraction regions, and SFH for all LMC SNRs
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B. X-ray images, spectral extraction regions, and SFH for all LMC SNRs
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B. X-ray images, spectral extraction regions, and SFH for all LMC SNRs
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B. X-ray images, spectral extraction regions, and SFH for all LMC SNRs
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B. X-ray images, spectral extraction regions, and SFH for all LMC SNRs
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