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The earth, a purple blaze

Of saphire haze in orbital ways

While down below the trees

Bathed in cool breeze

Silver starlight breaks dawn from night
And so we pass on by

The crimson eye of great god Mars
As we travel the universe

Terence Michael Joseph Butler
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Part I:
Introduction






1. Introduction

Supernova (SN) explosions are among the most energeticentethat
take place in the Universe. They occur when stars end thes.lik star with
M > 9 M. will evolve until its core collapses under its own gravitpdait
explodes as a core collapse supernova by blowing off itslepegHeger et
al. 2003). In this type of explosion a compact remnant carefi®ler, either
in the form of a high density neutron star, or in more extremmses, a black
hole. Stars that are less massive follow a different pathéir evolution and
can form a carbon-oxygen white dwarf (Heger et al. 2003) his tase, in
order for there to be an explosion, the white dwarf needs apenion star
from where it accretes matter until it reaches an upper niaés known as
the Chandrasekhar massX.4 M) and then it explodes without leaving a
compact remnant. This type of supernova is called Type la.

The energy that is released in a core-collapse supernovasiaplis around
10°2 ergs. Almost all of this energy~(99 %) is radiated away in the form of
neutrinos which leaves a kinetic energy of arounef Edgs. This energy, how-
ever, is still enough to eject matter at velocities of kth s~ (Schawinski et
al. 2008). Apart from being spectacular events in the Usiggmany pieces of
information can be obtained from supernova explosions hactvolution of
their remnants. For example, through supernova studieawarmderstand the
late stages of stellar evolution, improve our knowledgéofck physics, parti-
cle acceleration (Vink 2004), triggered star formatiore{Bisch & Zinnecker
2001) and nucleosynthesis. Stars are the objects thaedreaty elements (Z
> 4), and with their stellar winds and possible subsequerbsigns all these
elements are distributed in the Universe making life pdssib

Supernovae can also be used for cosmology (Perimutterl&X@®f) because
they are excellent standard candles, especially Type larsopae. They en-
able us estimate the expansion history of the Universe bgniiag the re-
lationship between the distance from an object and its iEd#ius estimat-
ing how fast it is receding from us. Since Type la supernovaeansidered
to arise from thermonuclear explosions of carbon-oxygeitendwarfs (Lei-
bundgut 2000), the uniformity of mass and similarity of clieahcomposition
for Type la progenitors could explain why these supernovaearticularly
good standard candles, or at least standardizable caiitiisstype of super-
nova is not covered by this thesis.
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Figure 1.1: Classification of supernovae according to their spectrdl@iotometric

features. Only Type la SNe are associated with thermonuelgadosions, while the
rest of them are associated with core-collapse of massiwve 81> 9 M.)). Some

Type Ib/c and IIn events with high explosion energies¥EL0°? ergs) are usually
referred to as hypernovae. At least some Type Ic supernaoealeedieved to be the
sources ofy-ray bursts. (From Turatto 2003)

1.1 Classification of supernovae

The taxonomy of supernovae is based on their spectroscogdiplaoto-
metric features. Originally, Minkowski (1941) introduceso distinct types
of supernovae, based on the presence or not of hydrogenispeetra. Thus
Type | events are classified the supernovae that lack hydriages in their
spectra, while those that display hydrogen lines in thedcta as Type Il. As
telescopes and instrumentation improved it was realisaitiiere are differ-
ences within the two classes of supernovae, thus new sskslagere intro-
duced, to explain the spectroscopic and photometric ptiegasf supernovae.

In the 80s it was realised that the strict division betweegpellyand Type |1,
based on the presence of hydrogen, or not, in the spectrunmetanough.
This led to the introduction of new subclasses of superndvags supernovae
that lack hydrogen and helium lines and which display a st®nll absorp-
tion at 6150 A are classified as Type la. For the supernovaethaot display
hydrogen lines in the spectra, and for which the Si Il absonpis absent,
the Type Ib and Ic subclasses were introduced. The differebeteeen Type
Ib and Ic is that the spectra of Type Ib supernovae displaiimelines (see
Fig 1.1). Type la supernovae are observed in every type aikgdincluding
ellipticals), and based on the fact that they lack the mashdant elements in
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Figure 1.2: Schematic lightcurves of supernovae Type la, Ib, IIL [IP &Ni1987A.
The lightcurve for SNe Ib includes also Type Ic as well angfiresents an average
(From Filippenko 1997).

the universe (H & He), it is believed that they are associatild explosion
of white dwarfs. Type Ib/c supernovae, on the other hand, at&y lack hy-
drogen lines, but they appear only in the spiral arms of gesaxvhere star
formation takes place. Thus it is believed that they are dst®utwith the
core-collapse of massive stars which have lost their hyelt@nvelope (Type
Ib), and in some cases also their helium envelope (Type Ic).

Type |l supernovae are divided into four subclasses. The tamsub-
classes are Type IIP and Type IIL, which are distinguishethftbe differ-
ence in their respective light curves. Supernovae that lassified as Type
IIP retain a massive hydrogen envelope at the moment of thiesirn, thus
after maximum light they display a plateau phase (see Fipthat lasts for
a period of 3-4 months. During this period the supernova sgued by the
recombination of its hydrogen envelope. Type IIL supermaedain a smaller
hydrogen envelope{ 2 M.,), thus their light curve decline is linear.

Some Type Il supernovae are characterised by strong Bainesy, land at
early times they display blue continua spectra. These soparseem to in-
teract with their dense circumstellar medium (CSM). The&cm are dom-
inated by strong emission lines with very narrow profiles. Seheupernovae
are classified as Type IIn, where the narrow and broad-baspauents of
the line profiles stem from the ejecta interaction with thévd® combination
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with scattering of the line photons (Chugai et al. 2004 angddae et al. 2009
for models of SN 1994W).

Finally, there is another class of supernovae that seemao begermediate
class between the Type Il subclasses and the Type Ib/c sm@arnThese
supernovae are known as Type Ilb with SN 1993J being the namsouis
case. These supernovae arise from massive stars which@tloe explosion
have retained a thin hydrogen envelope. They initially digm@pectra with
hydrogen lines like a Type IIL, but as their ejecta expandr tindrogen lines
become weaker, and then eventually their spectra switcpeotsa similar to
Type Ib.

1.2 Evolutionary effects

As mentioned above, core collapse supernovae show a dyarderms of

their spectroscopic and photometric properties. Resptan&r this diversity

are the various evolution paths that massive stars follow,td their physical
properties. These are the initial mass and metallicity, agldvbwe discuss
how such properties can affect the mass loss and evolutiarstair, leading to
the various types of supernova explosions. This sectioreslbyg discussing
the evolution of massive stars, when these are part of aypsystem. The
discussion is based on the models from Heger et al. (2003héoevolution

of massive starsX 9 M.).

1.2.1 Nature of the winds

A stellar wind is described as the outflow of charged or négta from
the atmosphere of a star. The nature of the wind for an isoktsrddepends
on the type of the star (i.e., red or blue giant), the meiglliand the initial
mass. The wind intensity is very important for the evolutidithe star, since
it influences the star’s size, luminosity, and surface terpee, as well as the
type of the supernova explosion.

Blue supergiants (BSG) have winds with a mass lossvate 10°° M,
yr—1, and they can lose up to 50% of their mass while on the mainesegu
The nature of these winds is well understood and they are yndire to res-
onance line scattering of UV radiation. A characteristisoth a wind is that
its velocity is roughly equal to the escape velocity, thus ¥elocity ranges
from ~ 1000 - 3000 km st.

Stars in their red supergiant (RSG) phase also display wittsre their
mass loss rate is M < 10°® M, yr1, while on their super-wind phase, the
mass loss can be as high @sM ~ 1073— 104 M., yrL. These kinds of
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winds are not as well understood as those of BSG, but it iWedi that they
are due to absorption of radiation by dust. This is probabdycise for stars
with smaller masses<( 8 M.,) that evolve as AGB stars, and then to white
dwarfs. Since a RSG is more extended than a BSG, its escapgtyas in
the order~ 10 - 20 km s,

1.2.2 Mass loss in binaries

Mass loss effects are different in binary systems, sincesrnoas may be en-
hanced by the presence of the companion star, thus afféhgrfmal structure
of the star significantly. The mass transfer process is asfsliWhen the par-
ent star reaches its Roche lobe limit, matter will be tramsfitto the compan-
ion star through a Roche flow. Depending on its intensitys ffienomenon
can totally strip the hydrogen envelope of a star thus argadi Wolf-Rayet
star, or can even remove the helium envelope, thus formir@ stér (Woosley
et al. 2002). Itis believed that the progenitor star of SN3P®as in a binary
system, which can explain how a 15:Mtar had lost most of its hydrogen en-
velope. In more extreme cases the two stars will merge, $iyehad shared
a common envelope for some period. One of the models for igemitor of
SN 1987A suggests a merger scenario to explain the obseropdnties (see
Sect. 1.10).

1.2.3 Effects of mass loss

The evolution of a star is determined by its initial mass andaiteity (2).
These two parameters are critical for the mass loss througisdite (in a sin-
gle star). Thus a star with high initial mass and metallictiyds to experience
higher mass loss during its lifetime and this effect scates Z%/2 (Heger et
al. 2003). Thus stars with low metallicity suffer less fromssdoss, and end
their lives with large helium cores and large hydrogen espes. The higher
the metallicity and mass, the higher the significance of n@ss The mass
loss effect models presented below as parameters of massetaltiicity, are
based on Heger et al. (2003), considering only non-rotaiacs.

Stars with low metallicity in the mass ran@®— 25 M, end their lives
with massive hydrogen envelopes @ M) and explode as Type IIP super-
novae. In case the metallicity is low enough (see Fig. 1t8ysdn the mass
range25— 40 M, also explode as Type IIP supernovae. After the explosion,
a neutron star is left at the centre. Stars with very high hnatees will expe-
rience high mass loss during their evolution, and at the éldedr lives they
retain very thin hydrogen envelopes @ M.,). These stars explode as Type
IIL supernovae, or Type llIb, if they have progenitors withgsabove 25 M.
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Such events form also black holes (see Fig 1.3) by fallobacg&Nii and they
are fainter than normal.

To get Type Ib/c supernovae, the entire hydrogen envelops beure-
moved prior to the explosion. To get these types of supemdkia progenitor
star must have a high mass 84 M., Woosley et al. 2002) and metallicity (see
Fig 1.3). Just like the Type IIL/b, many of these supernovdkfarim a black
hole by fallback of matter so they are subluminous. A stalnwietallicity less
than solar can explode as Type Ib/c, if the progenitor stamadnitial mass-
60 M,,. But to get mass loss of such extent, it is more likely for ttae ® be
part of a binary than a single star. Another scenario thaaeoés mass loss is
rotation. The models of Heger et al. (2003) in Fig. 1.3 do nsuaee rotation.
If rotation is taken into account, then the lower, mass limiget a Type Ib/c
supernova for a star with solar metallicity goes down-t@2 M., (Meynet &
Maeder 2005).

In very massive stard 00— 140M ) with low metallicity, pair instabil-
ities take place in the form of violent pulsations. Thesesdiamm an iron core,
and by the time of the explosion a substansial amount of nsalest in the
form of winds. The pulsations due to pair instabilities are@istent in stars~
140—260M,, that even a single pulse can disrupt the star completelynand
compact remnant is left behind. Finally, for the explosida gtar above 260
Mg a black hole is expected (see Fig 1.3).

1.3 Explosion mechanisms

Gravity is the force behind stellar evolution. It is due tagty that mat-

ter compresses, leading to star formation, and gravityss edsponsible for
triggering the conditions that lead to thermonuclear fasibhrough fusion,
hydrogen is transformed to helium in the stellar core. Winencore runs out
of fuel, it contracts and helium burning takes place, legdmthe formation
of heavier elements such as carbon and oxygen. For starawitiitial mass
> 10 M, element synthesis continues until iron group elements@radd
(Heger et al. 2003). Due to the fact that further elementt®sis in the core
stops, the core collapses destroying the star by launchishgek-wave.

Massive stars (M> 9 M., are divided into distinct mass groups, where one
can model their evolution. In the first group, we have thessiath initial mass
between 9 - 10 M, while in the second those with initial mass above 10.M
A star in the mass range of 9 - 10.Mvill not create an iron core, but in its final
stage it develops an O-Ne-Mg core, which will eventuallylajpse, leaving
behind a neutron star (Heger et al. 2003). The amount of ej@itkel is very
small (< 0.015 M,). At the moment of the explosion these starts still have a
massive hydrogen envelope, and they explode as Type |IRmso@e. Stars
heavier than 10 M, go through all the burning stages, and the only difference
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Figure 1.3: Supernova types from non-rotating stars as a function af ithidal mass
and metallicity. (From Heger et al. (2003)

in the outcome is the element distribution in their interids elements are
synthesised in its interior, its structure resembles tlferdint shells of an
onion (Fig. 1.4). Starting from the surface and moving indgarthere is the
unprocessed hydrogen envelope of the star. Helium is akssept at higher
abundance than at the zero age main sequence. Nitrogerermamd carbon
is also present, which is a typical signature of the CNO mgnieaching the
surface of the star due to convective mixing during the remsgiant phase.
For nucleosynthesis the oxygen zone is the most importaatme mass of
oxygen depends strongly on the initial mass of the star, and 25 M, star
it is around 7 M,, while for a 15 M, star it is around 3 M. Other elements
with high abundances in this region are neon, argon, magmesilicon, and
sulphur. The central 1.4 Mis dominated by iron group elements (i.e., iron,
nickel), which are products of silicon burning.

The formation of an iron core marks the begining of the endferstar. This
happens because the binding energy per nucleon in the ioupglements
has its maximum value, thus no energy is released by nucelea. Further-
more, there are two processes that remove energy from teetbois making
it unstable. The first one is electron capture, and the sesgrttbitodisintegra-
tion. At densities above 18g cm3 (Woosley & Janka 2005) electron capture
from protons increases the neutron number in the iron graugben which
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correspondingly reduces the electron pressure that stgibercore stability.
Futhermore at these conditions of pressure and tempeiletarauclei disin-

tegrate into helium, a phenomenon that removes even morgyefiem the

core. This makes the iron core to contract faster, thus isargdts density,
which in turn permits further electron capture making thee@ven more un-
stable. Thus the core collapses nearly freely at a speed 5¢ QVEoosley &

Janka 2005). This creates a neutron core of a radius of abdumh 3@here the
collapse is temporarly held by the repulsive component efstinong nuclear
force.

At these conditions of density and temperature, most of tleegy is re-
leased in the form of neutrinos. Neutrinos are scattereabyfibee and bound
neutrons and protons. At this point the density is of the ot@& g cm2 and
neutrinos are trapped, thus core collapse continues abwaabatically. This
happens because the diffusion time of neutrinos is longar the dynamical
scale of the collapse. The core continues to collapse titaches a density
higher than nuclear~{ 2x10" g cm2), and at this point the infalling mate-
rial starts to bounce backwards, due to the strong reputaictear force. An
effect of this is to send a shock wave outwards.

As the shock wave propagates outwards it loses energy, isidisinte-
grates the iron core into protons and neutrons. The free mgdteen capture
electrons forming neutrons releasing neutrinos, whicluced the energy of
the shock even further. According to the latest models @a&hkl. 2008), this
causes a temporarily halt in the shock. This sets up an aaarstiock in-
side the iron core as the infall of matter continues. Thus @ [z explosion
another process in needed to launch the shock wave.

A possible way to relaunch the shockwave and lead to an arplos
the energy transfer from neutrinos in the area behind theedon shock. In
this case neutrinos from the inner core heat the post shackits increases
the density, and assuming that neutrinos can transfer #disart amount of
their energy £ 10%, Janka et al. 2008) enough pressure will be built up that
can lead to an explosion. This mechanism is also known as tagetkexplo-
sion mechanism.

Another possible way that can lead to a successful explasitmcon-
sider hydrodynamic instabilities. According to Blondira¢t(2003) a standing
accretion shock instability can grow in the stellar interiodependently of the
convective motions. Due to this, the accreted gas stay®ldnghe heated in-
terior of the shock, and thus it can absorb energy from therin@s more
efficiently. This eventually will relaunch the shock, leaglio a supernova ex-
plosion. As the shock propagates outwards it suffers a emefiergy loss,
since the density is significantly lower than in the core, &indll eventually
emerge from the surface of the star.
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plosion. The relative sizes of the different zones are natcle. (From Penn State
University.)

1.4 Leftovers from the explosion

Supernova explosions make for a lot of interesting physib&rmonu-
clear explosions destroy the star totally, and what is I&érahe explosion
is an expanding remnant, which interacts with its surroonganedium, and
eventually merges with it. Core collapse supernovae carelbahind them,
apart from expanding gaseous nebulae, extremely compgmitslfisee also
Sect. 1.2 & 1.3). A black hole will be formed only from very rsag stars,
while stars with lower mass are expected to form a neutranlsteger et al.
2003, see Fig. 1.5 for details).

1.4.1 Neutron stars

The association of neutron stars with supernova explosiamecshortly
after the discovery of the neutron. Baade & Zwicky (1934) firsinted out
the idea of neutron stars, that these would be objects wigh ¢ténsity (close
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Figure 1.5: The resulted remnants from core collapse supernovae, ampgers of
initial mass and metallicity. (From Heger et al. 2003)

to nuclear), with very small radius (in the order of a few kmyidbeing much
more gravitationally bound than ordinary stars. It was ssigd that an ob-
ject like this would be formed in a supernova explosion. Tha finodels for
neutron stars were made by Oppenheimer & Volkoff (1939) suasng an
ideal gas of free neutrons. The idea of neutron stars was tigmsred in
the following years, until the discovery of X-ray sourceseThterest became
even stronger when the first pulsar was discovered. GoldB(l@®posed that
pulsars are rapidly rotating neutron stars. The discoveputsars in the Crab
nebula and later in Vela gave more support to this scenagatidn stars are
believed to be energy sources that can power supernova nesrishNR) or at
least a fraction of their emission. There are two possiblehaeisms through
which a neutron star can provide power to the SNR. The firseisass of ro-
tational energy from the rapidly rotating neutron star, le/fihe second is the
decay of an extremely strong magnetic field that providegtbetromagnetic
power.

As an approximation for the structure of a neutron star, care assume
a degenerate gas consisting of non-interacting partithea. more realistic
model, a neutron star is divided into three zones. Startimg the surface and
moving inwards, the outer crust consists of free electrowkfigee nuclei. The
inner crust is composed of a superfluid of neutrons, mixet alg¢ctrons and
nuclei. The inner part of the star is made of a superfluid ofno@gtand nuclei.
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In some models of neutron stars, a small core of free quarkarisidered to
exist. The upper mass limit of a stable neutron star, is 2.0(Kiziltan et al.
2010), while its radius is- 12 km (assuming a normal pulsar, see Kiziltan et
al. 2010 for further details).

1.4.2 Black holes

The association of black holes with supernova explosionssdaack to
the late 30's when Oppenheimer & Snyder (1939) were the @irBhd that a
sphere with the properties of a black hole will have no comication with
the rest of the Universe. Black holes were reconsidered weadistic models
of stellar collapse were created. It was Wheeler & Harkn&86§) who first
gave the name black hole.

Stellar mass black holes have their origin in the cores of weaissive
stars (Heger et al. 2003, see also Sect. 1.2 & 1.3). The cumedetl that
describes the black hole formation is the collapsar moddbfay y-ray bursts
(MacFadyen et al. 2000). The black hole may form either prbympt in
a mild explosion, by fallback. In the latter case, the inresrels of the star
initially move outward but lack adequate momentum to ejdéicth@ matter
exterior to the young neutron star. Over a period of minutelsaurs,~ 0.1
- 0.5 M, falls back onto the collapsed remnant, turning it into a blacle
and establishing an accretion disk. A famous black hole idaelis Cyg X-1,
for which the mass has been estimated to bet8(078 M., (Shaposhnikov &
Titarchuk 2007).

1.5 Supernova Remnants

A supernova remnant (SNR) is bounded by an expanding shawk;w
consisting of material ejected from the explosion of theepasstar, and as
time passes, by interstellar material that is swept aloagiuay of the shock.
They are created from both physical types of supernovae (@ulapse &
thermonuclear), with the differences being in the spectofithe SNR, and
the fact that core-collapse explosions in most cases leglviath them central
compact remnants.

In terms of their morphology, SNRs are divided into threesgaties.
The first contains all the shell type remnants (e.g., Cas Aammg that their
shape is roughly spherical. These remnants are characdtéysemission of
both radio and X-rays, with spectral indicag = 0.5 — 0.6 suggesting syn-
chrotron emission. The spectral index is defined a8l 9, wherev is the
frequency and §the flux. The second category contains the plerionic rem-
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Table 1.1: Young core collapse supernova remnants

SNR SN Age Compact  Period B Element
type (yrs) source (ms) (®) overabundance
SN 1987A 1P 24 Black hole ? - - O
Cas A lbf 330 Weak - 0, Si,N
PSR 0540-69 IIP 800 Neutron star 50 5 O
Crab P 957 Neutron star 33 4 He
Kes 752 Ib/c 1,000 Neutronstar 325 48 -
3C58 1P 2,400  Neutron star 66 4 N
Vela IP 11,308 Neutronstar 89 &

a Chevalier (2005)

b Fesen et al. (2006)

¢ Lundgvist et al. (2010)
d Pavlov et al. (2001)

€ Chen & Gehrels (1999)
f Krause et al. (2008)

nants. Plerionic means that the remnants have their cdilledsand that they
are strong radio and X-ray emitters. They are distinguishad the shell type
remnants by their almost flat radio spectra (<08, < 0). The best known
case of a plerionic remnant is the Crab nebula. The third ared detegory
contains all the composite remnants. These display the mtwgical charac-
teristics of both previous categories, with SNR 0540-68.the LMC, being
an instructive example.

Detailed studies have revealed the element abundancesiynn SNRs,
thus allowing models of stellar evolution and nucleosysihi be confirmed.
In Table 1.1, the basic information of some of the most saigieung core
collapse SNRs are shown. Vela is included in Table 1.1, teesas an object
in the transition phase from a young core collapse remnauatnbiddle-aged
remnant. It can be seen that remnants like Cas A, SN 1987ARI0540-69
are rich in elements such as O and N, indicating massive pitags. The fact
that these remnants are rich in these elements, and thaejaeia have not
mixed with the interstellar medium, can provide detailshaf hucleosynthesis
that took place in the progenitor. Another feature of thestegory of young
SNRs is that practically all of them (apart from Cas A and SR714) contain
a normal pulsar.

The articles in this thesis deal with observations of two ypaore
SNRs, namely two of the most well studied objects in the dig,Grab neb-
ula and SN 1987A. The proximity of the Crab nebula and SN 198ffé&y®a
unique opportunity to study the evolution of these supearremnants in de-
tail, allowing us to probe the late stages of stellar evoluttf massive stars.
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SN 1987A is a very young remnant, since its age is only 24 yedrie the
Crab is a young remnant(957 years).

Studies of young remnants are of great interest. Througlileiabserva-
tions the element abundances of the remnant can be estirttadsextracting
important information about the explosion, and the evolubf the progenitor
star. They are ideal objects to study shock physics, and dile foresence of
strong magnetic fields, they are ideal candidates for pardicceleration. As
described above, young SNRs that arise from core-collagmrsovae should
in most cases leave behind them compact objects. These cbaoippects cre-
ate interesting physical systems, and in the case of a mestao, a PWN is
formed. Studies of PWNe provide important details on thesseion mecha-
nism, and evolution of neutron stars, which helps us undedsthe properties
of nuclear matter.

1.5.1 Supernova remnants and the circumstellar medium of the
progenitor

Circumstellar material plays an important role in the etioluof the star.
As we discussed in Sect. 1.2, the amount of mass that is sttijppm a stellar
envelope determines the type of the supernova, and it hadlaance on the
subsequent supernova evolution. A dense circumstellaiume(CSM) can
also change the type of the supernova (see Sect. 1.1) thaséswed. Obser-
vations of supernova interacting with its CSM can providpamant informa-
tion on the mass loss and evolution of the massive star. Affedhat indicates
that the gas in the CSM region is progenitor related, andSWdtielated, is its
composition. The [N IIJ/Hx ratio is usually high (e.g~ 1.9 for the southern
outer ring of SN 1987A, see Paper lll, and 2.1 for the bipol&flow of Sher
25, Brandner et al. 1997), which can only be due to matteitegjieftom the
star. Considering that Sher 25 (B1.5 1) is still evolvingddinat it is a Galactic
object (allowing observations with higher spatial resiohi}, offers a unique
opportunity to study an object similar to the SN 1987A prager(B3 I), and
extract important information about its mass loss history.

1.6 Remnant evolution

The evolution of a SNR can be divided into four different plzagenese
are known as: The free expansion phase, the Sedov-Tayloe pih@ssnow-
plow phase, and finally the momentum conserving phase whereesmnant
merges with the interstellar medium. The first phase (fre@esion phase)
starts when the shock-wave generated from the supernol@sexpreaches

25



the surface of the star. In this stage roughly all the mdtefithe SNR con-
sists of material that comes from the stellar ejecta. Theamevelocity of the
ejectais:

Var =~ (%)1/2 (1.1)
&j

The outer parts of the ejecta of a supernova are expected toviedsdown
at its early phase due to interaction with the CSM, but thissduot really af-
fect the bulk of the ejecta. During the free-expansion plaagessible pulsar
wind nebula (PWN) expands supersonically into the ejectd,ia the SNR
during this phase there are four shocks present and two atagtiscontinu-
ities (see Fig. 1.6). The shock closest to the centre comes fine pulsar
wind (pulsar wind termination shock), then we encounteffitis¢ discontinu-
ity which separates the shocked pulsar wind material fragrefacta material
that is shocked by the SN shock. The second shock comes frofVilé
which bounds the PWN. A reverse shock is also present in tHe, 8Nd after
this there is the second discontinuity which separatesttbeked supernova
ejecta from the shocked ISM (or CSM). The fourth shock is thesBbick
which bounds the whole SNR/PWN system.

When the swept up mass of the ISM exceeds the ejecta masshéh8NR
enters its second phase of evolution known as the SedowiTplyase (Sedov
1959). At this point the reverse shock has driven deep irtbieleemnant and
it reheats the stellar ejecta. As a direct effect of this,|ltoal sound veloc-
ity increases. Since the local sound velocity increasemguhis phase by
reheating from the reverse shock, the PWN expands subadlyniato the
remnant (Van der Swaluw et al. 2001). The radius of the PWN eaasso-
ciated with the contact discontinuity that separates tHegowind material
from the ejecta of the progenitor star.

During this phase there are two shocks and two contact discaties that
are present. The first shock is the pulsar wind terminatiorlshbhis is fol-
lowed by the first contact discontinuity which separatesshecked pulsar
wind material from the shocked ejecta that bounds the PWNs€&hend con-
tact discontinuity separates the shocked material of the 8tin the shocked
material of the ISM. Finally, at the boundary of the SNR/PWdtem, there
is the shock from the SN explosion.

The timescales of these phases vary significantly. The freanskpn lasts
for a period between 100-1,000 years, while the Sedov-Tqlase can last
around 10,000 years (Van der Swaluw et al. 2001). During #oo% Taylor
phase, the internal pressure balances the ram pressuessuiéipt up material,
and the expansion rate is still controlled by the kineticrgpeonservation.
The Sedov-Taylor solution is a fairly accurate way to treatdkiolution of a
SNR as long as energy is conserved and radiation lossessagaificant.

When radiation losses become important in the shell of tlepsmass, then
the remnant enters its next phase known as the snowplow. gtages point
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Figure 1.6: Left panel: Schematic representation of Crab-like SNR infthe expansion phase. Starting
from left to right there is the pulsar wind termination shdgk (dashed line), followed by the first dis-
continuity Ryg1 (dotted line) that separates shock pulsar wind materiah fsbocked ejecta. The second
shock is the PWN shock g, that bounds the PWN. In the SNR there is the reverse sheckdBshed
line), followed the second discontinuity.f2 (dotted line) that separates shocked ejecta from shockédd IS
Finally, the fourth shock, is the SNR shock,R(solid line) which bounds the outer PWN/SNR. Right
panel: Schematic reprentation of a Crab like remnant in #@o® phase. Starting from the left there is
the pulsar wind termination shockdidashed line), followed by the first discontinuity,/R (dotted line)
that separates the shocked pulsar wind material from thekeloejecta that bounds the PWN. The next
discontinuity that follows Ry (dotted line) separates the shocked ejecta from the shd&tddwhich in
turn is followed by the SNR shockgR which bounds the PWN/SNR. (From van der Swaluw et al. 2001)

of evolution, the mass that is swept up collapses to a thiseléayer, while
the interior of the SNR expands adiabatically. The presswra the interior
pushes the shell through the ISM. As a result of this, thetieenergy is not
constant.

The final stage sets the beginning of the end for the SNR sived then
merge with the ISM. A remnant will enter this phase when thespuare in
the interior of the SNR becomes comparable with pressur@ei$M. In
this case, no force acts on the shell of the SNR which meansnbaentum
is conserved, while the shock continues to sweep inteastglls. This stage
is known as the momentum-conserving snowplow phase and taftethe
remnant merges completely with the ISM, and it leaves beftirdcavity
of higher temperature than the surrounding ISM. The timeestl this to
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happen is typically around 750,000 years after the superexplosion (Cioffi
1990).

1.7 Pulsar Wind Nebulae

Apart from studying young core-collapse SNRs, this thesis deals with
studies on PWNe. A PWN is a nebula powered by the pulsar wirgdpofisar.
This wind is composed of charged particles accelerated &bivistic speeds
by the rapidly rotating superstrong magnetic field of thesiig pulsar. This
electromagnetic radiation can be observed as synchrotrdimsaerse Comp-
ton emission. Goals of studying PWNe are to improve our kedgé of neu-
tron stars, and in turn, matter at nuclear densities. Aclattily, an environ-
ment like that of a PWN, helps us to understand the relaitivisifects of
extreme electromagnetic and gravitational fields in fastingpparticles and
gas.

In terms of classification schemes, PWNe are divided intaugsdbased
on their morphology. Using X-ray data from Chandra, Kaggait& Paviov
(2008) made a classification of all known PWNe. In the firségaty, we find
all the Crab-like PWNe, in the second all the bowshock tailN®Ne.g., the
Guitar nebula), and in the last, all the irregular PWNe. Thaldike PWNe
are the most studied cases, and various magneto-hydrodynawdels (Del
Zanna et al. 2004, 2006) have been suggested to explain tbpienies. Bow-
shock tail PWNe have shapes that are affected by the higll sfpéee pulsar’s
motion. These pulsars move at velocitie500 km s1, and eventually they
escape from their host PWN, and move into the supernovaagfeas form-
ing a comet like PWN. Finally, according to Kargaltsev & Raxv(2008), the
irregular PWNe are still a mystery in terms of their formatio

1.8 The Crab nebula

The Crab Nebula is one of the most studied objects in the skytedadn
the constellation of Taurus, it is associated with SN 10=y@ernova explo-
sion that was observed by Chinese and Japanese astrontinsdogated at a
distance of around 2480.5 kpc (Kaplan et al. 2008), and lies at a distance of
around 200 pc from the galactic plane (Sankrit et al. 1998¢ Chab claims
many "first" detections, since it was the first extra solaicawurce, X-ray
source, and synchrotron radiation source (Trimble 19853.Ttab pulsar sits
in the centre of the nebula, and is responsible for powetiegriebula (see
Fig. 1.7). Together with the synchrotron nebula, and theniats they form
the Crab nebula. The term filament has been used to refer toaheatopic
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structures seen in ground based images of the Crab. Thestusdgiconstitute
discrete units in the nebula, results of hydrodynamic ibtes.

1.8.1 Identifying the progenitor star

Unless there are direct observations prior to the explosi@need indi-
rect evidence to identify the progenitor star of a supernbDedailed spectro-
scopic information can provide important information oa #iement distribu-
tion of the remnant, thus helping us to understand the nafute progenitor
star. Likewise, mapping out the CSM or identifying a compdaeot helps
in constraining the progenitor. For example, the preseficemulsar in the
Crab nebula clearly shows that the Crab was a core-collagsarisova, and
from its hydrogen rich spectrum that it was a Type Il explasieurthermore,
studies on the element abundances in the nebula suggeghéhatogenitor
had a mass lower than 13/MNomoto 1985). In particular, the He/H ratio
measured in the Crab could be an indication that the progasitvithin the 8
- 13 M, mass range (Nomoto 1985), but in order for this to be trueadike
this has to lose much mass in the form of winds. Furthermbeeabundance
of carbon in the Crab nebula is small and is also consistehtstars between
8 - 9.5 M., (Nomoto 1985). All this indicates that the Crab nebula was th
result of a Type IIP explosion of relatively low mass. AlsorTt arguments
analysing historical data, Sollerman et al. (2001) arga¢ 8N 1054 did not
show evidence against this hypothesis.

1.8.2 Structure of the Crab nebula

The Crab nebula is located in a low density region of the Gal8wyfar
there is no direct evidence of interaction of the ejecta Withambient mate-
rial. This means that the filaments of the nebula are unconttsil by inter-
stellar matter. By way of a brief description and startingnfirits interior and
moving outwards, the Crab consists of the Crab pulsar, tlag €ynchrotron
nebula, and a bright shell of thermal gas. A fourth and yetdedécted faint
structure is expected to exist around the visible Crab, maipg at a high
velocity (> 2500 km/s). The detection of this component was the main task
during my thesis, and is discussed in Papers | & IV.

1.8.3 The Crab pulsar and its pulsar wind nebula.

The Crab pulsar is one of the most studied pulsars, and smdesitovery
in 1968 (Staelin & Reifenstein 1968), it has been studiedhfradio toy-rays.
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It was also the first detected pulsar at optical bands (Cotké €969), and
it acts as model for all the plerions. The immediate enviromnoé the Crab
pulsar is a really interesting region consisting of jetsprais of X-ray emis-
sion (Aschenbach & Brinkmann 1975), small scale variatiopalarization
and spectral index (Bietenholz & Kronberg 1992), and congseof arclike
structures known as wisps (Scargle 1969).

Activity in the environment of the Crab pulsar and its surrdimgs has
been reported decades back, by Lampland (1921) and by Oort IRaVea
(1956). A very comprehensive study was undertaken by Se#t§i69), who
found that the so called wisps may show relativistic motmmrt,conversely al-
ways seem to be more or less located at the same position. €loé HST has
provided some of the most detailed images of the Crab putshit@surround-
ings. High resolution surveys were conducted by Hester.€18D5; 2002),
using WFPC2, complemented with X-ray data from ROSAT andndha
The most outstanding discovery is the presence of two knatsatte situated
065 and3”8 southeast of the pulsar. The X-ray data have also shown many
other knots around the pulsar that show variability withetirfrurther obser-
vations from optical to IR have revealed that the wisps amdntbarby knot
display red spectra (Sollerman 2003), and that they alsw sfagiability on
kilosecond timescale (Melatos et al. 2005).

For a brief discription of the immediate environment of thalCtPWN,
we note that the kno®”65 southeast of the pulsar is aligned with the X-
ray/optical jet and that it has an elongated shape. Its @asgustill not clear,
but it can be attributed to a shock wave or an instabilitydeain the jet flow.
The arc like features known as "wisps" appear to have an odtwention
and X-ray observations report velocities of up to 0.5¢. Theeetwo possi-
ble ways to explain their existence. The first is that the wespst due to an
ion dominated wind that suffers cyclotron instability a¢ tiermination shock
(Spitkovsky & Arons 2004), or that they are the result of dyietron cool-
ing instabilities in a flow that is undergoing a transitioorfr being particle
dominated to being field dominated (Hester et al. 2002).Ilirthe nature of
the torus is still not clear, but it is believed that its natis due to Doppler
boosting and relativistic aberration (Mori et al. 2004).

Paper Il was based on optical and infrared observationseofCitab
PWN, where the task was to monitor the emissivity and dynamaiations of
the Crab PWN. Additionally we checked whether or not the bg&not has
a proper motion with respect to the pulsar, or if they movetbgr as a whole
system.

1.8.4 The filaments and the expanding nebula

The synchrotron nebula is surrounded by the thermal filam&htslatter
are composed of ejecta from the supernova. Observatiorsdieawn expan-
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sion velocities that mainly range between 700-1800 ki(€harlebois et al.
2010, Paper IV). In a few directions and most notably so fer b called
"chimney" in the north, velocities extend to beyond 2000 km. Spectra
have shown hydrogen Balmer lines, and other emission |metsrange from
H, (Graham et al. 1990) to C IM 1549 (Blair et al. 1992). Spectroscopic
studies and plasma diagnostics (Fesen & Kirshner 1982) feealed that
the [S11]]AA6716, 6731 line ratios indicate densities between 600-t#0G
across the nebula, and that the [O Ill] temperature is betvtde000-18,000
K, while the [N II] temperature is 9,500-13,500 K. These tenapdres point
to photoionisation rather than shocks as the main exaitatiechanism.

Using HST, Hester et al. (1996) and Sankrit et al. (1998)ntbilnat the
filaments break up into many smaller concentrations of dorisand argued
that the filaments of the Crab are the result of Rayleigh-da¢iR-T) insta-
bilities between the synchrotron nebula and the densetagjdach it pushes.
The filaments form finger-like structures with a width ©f1”, while their
length ranges from- 1” up to ~ 20”. An interesting feature first observed by
Gull & Fesen (1982) is the presence of a thin and faint "skirtiigh ionisa-
tion, mainly seen in [O lll] that seems to surround the CralisTeature is
believed to trace the interface between the synchrotronlaghnd the ejecta.
It also connects the tops of the R-T fingers, protruding thdiaward to the
PWN. Sankrit & Hester (1997) intepreted this feature dudeogresence of
a cooling region, behind a shock that is driven by the presstithe syn-
chrotron nebula, into an extended remnant of freely expanejecta. Finally,
another interesting feature in the Crab is the presence asammetry, seen
in the north west region of the nebula. There the [O Il1] "skig'practically
not present, or is too faint to be detected. This area seenusrtoide with the
direction of the proper motion of the Crab pulsar. This is &lsoonly part of
the nebula (except the chimney) where the synchrotron aebaénds beyond
the filaments, suggesting that there is a variation in thesitleof the ejecta
into which the nebula expands.

1.8.5 Problems with the Crab

The hydrogen rich spectrum, and the presence of a pulsar, ethglirect
evidence that the Crab was a Type Il explosion, but the ldrestergy and the
mass of its ejecta are far from canonical values. From obsens (Fesen et
al. 1997), the measured mass of the observed nebula is @ty 4.8 M,,. To
this, one should add the mass of the pulsar {.&.4 M.)). This mass, and the
average velocity of the filaments corresponds to a kinetarggnof ~ 10%%°
ergs (Hester 2008), a factor 6f30 less than the canonical value. Therefore, a
faint and yet not detected component (Chevalier 1977) nuist #hat carries
the missing mass and kinetic energy of the Crab, if SN 1054 amvasrmal
supernova. This must lie outside the observed remnant, anexpected to
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interact with the surrounding gas just like SNR 0540-69 mltMC. Various
surveys have been performed from radio to X-rays (see Fes#nl®97, and
references within), but no emission related to the Crab bas betected. This,
however, may only be due to the very low density around theslaglso the
interaction between the hypothetical shell and the ISMasxeak to detected
(Romani et al. 1990).

As we noted above, indirect evidence for a fast shell conws the [O
1] "skin" (Sankrit et al. 1998). Perhaps the best direcidewnce for a shell
around the Crab come from the far-UV spectroscopic studi€sotlerman
et al. (2000). An absorption feature in C IW1548, which extends out to
2500 km s! was detected, a feature predicted by photoionisation rsdzlel
Lundgvist et al. (1986). A lower limit of the shell mass wasrested at~
0.3 M., with a kinetic energy of 1.5 x 10* ergs. The C IV data are also
compatible with normal kinetic energies of core-collapseesnova. Inspired
by this, we decided to search for a halo around the Crab. Ta gemplete
view, we used both photometry and spectroscopy. In Papez present our
results from the photometric studies, where we used deemtaging, while
in Paper IV we present our spectroscopic study, where we tadind fast
moving gas components mainly in the form of [O Ill] emissiamdaCa Il
absorption lines. The task was to detect a halo that can danmyissing mass
and kinetic energy of the Crab. The detection of such a halo mass> 2
M. moving at a speeeb 2500 km s, will let us check whether the Crab
was a normal supernova explosion as described by Heger @0813) and
Janka et al. (2008), or it was a low energy explosion as destin Kitaura
et al. (2006). We should mention here that Clark et al. (1988 presented
a spectrum of the Crab with higher resolution than our ALFO$€csum,
focusing only on the [O III] doublet. It should be mentioneerd that high
resolution spectroscopy is not ideal for search featukesthe Crab halo,
because disentangling the possible halo from the filamesasrhes difficult.

1.9 SN 1987A

Perhaps the most famous supernova after the Crab is SN 128cAted
in the Large Magellanic Cloud (LMC) at a distance of 51.4 kpcndpa
1999), it was the first naked-eye supernova since SN 1604. presented
a unigue opportunity to study a supernova from its birth tigtoout its evo-
lution up till the present. SN 1987A was unique in many ways;esits pro-
genitor Sk-69202, a BSG (B3 la), with a main sequence mas20 M.,
was observed prior to the explosion (Walborn et al. 1989)s Thused much
surprise, since it did not agree with general concensusatisér explode as
a supernova while in its RSG phase. On the contrary, the progestar of
SN 1987A was a BSG. From the lightcurve of SN 1987A it was fothrat
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Figure 1.7: Image of the Crab nebula taken with WFPC2 onboard HST. Thadifds
that surround the synchrotron nebula are seen, togethetivatO II1] "skin" around
them. The emission of [O 1ll] (F502N) is shown in red, [S II]G&FLN) is seen in
green, while the [O I] emission is in blue (F631N). (Courte$® TSCI).

the progenitor was compact, since most of the thermal erfeogy the ex-
plosion was lost during the adiabatic expansion of the sup&r. That made
SN 1987A rather dim with respect to other Type Il explosiddkl 1987A
was classified as a Type IIP supernova, since it displayedteg phase for
a period of~ 120 days. However, contrary to normal Type IIPs, the plateau
was not powered by hydrogen recombination, but by radieactcay. Apart
from the opportunity of extensive studies, SN 1987A was uaiglso for an-
other reason, namely the first detection of non-solar neagriThis confirmed
the models for the core-collapse mechanism of massive Jtaesonly factor
that is still missing to complete the picture of a normal TYipupernova ex-
plosion, is the detection of a compact source. So far nondéeas detected,
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and Graves et al. (2005) have set an upper limikof0** ergs s for any
compact source.

1.9.1 Models for the progenitor star

Modeling of SN 1987A (Arnett et al. 1989) suggests a pro@enitith
initial mass around 20 M. This compares well with models based on the
early emission by Blinnikov et al. (2000) and Utrobin (200&hich suggest
an ejected mass of §1=18.0+ 1.5 M., and a released kinetic energy for
the ejecta of § = 1.50+ 0.12 x 10°! ergs. Fransson & Lundgyvist (1989)
showed that the outer layers were rich in CNO material andimeduggesting
that material from the core had been mixed with matter in thteroenvelope.
Over the past twenty years various models have been sugdesgplain the
progenitor of SN 1987A. These are divided into two categoriémse that
evolve a single star, and those that evolve a binary system.

Starting with single star models, some initial models (@ru& Weiss 1987)
considered a low metallicity star. According to this hypesis, the star will
never enter the RSG phase. This, however, does not agreeheitbotour
indices of the nearby stars in the LMC. A more realistic motat tvas also
able to explain the RSG phase of SN 1987A, and the change tdGaBisr
to the explosion, was suggested by Washimi et al. (1999). alsaytried to
explain the origin of the triple ring system that surroundis 87A. Hence
the ring system was formed due to a BSG wind pushing on the RiB@. w
This idea dates back to the models of Blondin & Lundqvist (1398) Martin
& Arnett (1995). In general the main problem with single staodels (i.e.,
Langer 1991) is the fact that they cannot easily explain tlegadsundance of
nuclear processed material.

Since we know that the progenitor of SN 1987A was a BSG stapdssi-
bility that the explosion resulted from a binary system okther attractive,
since it allows for a star to explode as a supernova in its B&&&@. The sim-
plest case is to assume a star that accrets matter till ibdgpl(Podsiadlowski
1992). Through accretion of mass the high CNO abundancie®digB7A
can be explained. Additionally, the transferred angulamaotum due to ac-
cretion, made the progenitor star to rotate at a faster pabe &nal stages of
its life. This excess of angular momentum can provide an egpian for the
rotational symmetry of the ring system.

Another possible way to explain the explosion of SN 1987 Alngs again
a binary system, only this time the two stars merge (Morrisa&$tadlowski
2007). According to this model, it is assumed that two statts initial masses
of ~ 15 M, and~ 5 M, form a binary system. Due to the large mass ratio,
the mass transfer in the system is not stable and eventealtisito the for-
mation of a common envelope, where eventually the two stargen During
the common envelope phase the star displays the propefi@eR8G, while
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after the merge, as it shrinks, it later becomes a BSG stan.aflis model
could possibly also explain the formation of the triple rgygtem. According
to this model, the material of the rings was ejected from tlogenitor star
20,000 years ago.

1.9.2 The ring system of SN 1987A

The triple ring system (see Fig. 1.8) that surrounds the sigverdebris
has perhaps provided the most spectacular feature seen I9&M. Emis-
sion from the rings was detected in both the optical (Wameteal. 1988),
and as UV lines (Fransson & Lundgvist 1989). Responsibleh@idnisation
of the triple ring system, was the UV flash that accompaniedtiock break-
out from the supernova explosion (Fransson & Lundqvist 198B¥servations
have shown that the material in the rings is nitrogen ricHficming their as-
sociation with the progenitor star of SN 1987A. The threesiage elliptical
in shape, with the equatorial ring (ER) centred on the supeyrrend the two
outer rings (ORs), centred to the north and south of the swper perhaps
forming an hour glass structure. The ER is inclined by &ugerman 2002,
2005), and Crotts et al. (2007) determined that the ER hasiasrafl0.6 ly
and that it is expanding with a velocity of 10.3 km's The northern outer
ring (NOR) is located at a distance of 1:920*8 cm from the explosion cen-
tre, and it is inclined by 45towards the Earth, while the southern outer ring
(SOR) lies at a distance of 1.830 cm from the explosion centre, and it is
inclined by 38 away from the Earth. Both ORs have similar radii (2.5 times
the inner ring’s radius), and they both expand with a vejoait~ 20 km s,
Kinematics observations (Crotts & Heathcote 2000) sugpestooth the ER
and the ORs were created 20,000 years ago, by matter ejected from the
progenitor star. This fits the modeling of Morris & Podsiadé&(2007).

Lundqvist & Fransson (1996) estimated the element abundaarue gas
densities for the ER, confirming the association of the ER withgrogeni-
tor. They found densities for the ER varing betweerl6® cm—2 to 3.3x10*
cm 3 and derived also the following relative abundances: He/k25 & 0.05,
N/C =5.0+ 2.0 and N/O = 1.1t 0.4, with an overall metal abundance (i.e., C,
N and O) of 0.30+ 0.05 times solar. The nitrogen enrichment of the ER sug-
gests that the progenitor star was in a post He core burniagepat the time
of the explosion (Podsiadlowski 1992). Since 1999 (Gactaet al. 1999)
the supernova ejecta have started to interact with the ER.iftkeisiction has
increased in strength, which is seen in relative fluxes ohtreow line emis-
sion from photoionised gas and the broader shock exciteg.liim terms of
gas temperatures in the ER these vary, significantly, depgrah whether
the gas is shocked or not. Thus for the unshocked the gasesrtzimes are
similar to the OR temperatures, i.e., 10,000 K - 30,000 K @Brgsson et al.
2008), while for the shocked gas the temperature can be hsaBig 10° K
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initially (Groningsson et al. 2008). A good review of the kitwn of the ER
is presented by Mattila et al. (2010), where a detailed disioun is given for
element abundances and gas densities.

The ORs were first revealed by Wampler et al. (1990), followedd>
tailed HST observations (Burrows et al. 1995). Crotts ef24100) reported a
stucture that may possibly connect the ORs with the ER, butaffe like that
can be due to dust or reflections from the ER and the supernaarivkt al.
(2000) showed that the surface brightness of the ORs is only55% of that
of the ER, leading to similar density differences. Maran e{2000) found
densities of the order 1000 - 2000 cpslightly higher than the reported val-
ues of Panagia et al. (1996) that reported densiti890 cn 3. Finally Maran
et al. (2000) estimated gas temperatures in the ORs whick 4fg000K for
the [N Il] and~ 22,000K for the [O III] emitting gases.

The motivation for Paper lll, was to study the emission clpaad to
derive the temporal changes of important emission linesu¥éel optical data
fromthe HST (WFPC2 & ACS) covering a period of almost ten getogether
with spectra from FORS1 and UVES from VLT with a time gap of asino
seven years. The HST data were used to check the evolutiomiotigaemis-
sion lines (i.e., [O 1], [N Il], and Hx) through the creation of lightcurves,
while spectroscopy was used to estimate the evolution opldema proper-
ties (i.e., gas & temperature), of the emitting gas.
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Figure 1.8: Combined image of SN 1987A in X-rays (Chandra) and optic8TH
The X-ray emission (blue) is really prominent, due to theiiattion of the ejecta with
the ER material. Another feature of the interaction betwibenejecta and the ER is
the presence of the numerous bright spots on the ER. The OR®ddo the north
and south of supernova can also be seen. The image is 12 atesigcross (From
Zhekov et al. 2006).
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A possible halo around the Crab nebula






2. A possible halo around the Crab
nebula

As outlined in Sect. 1.8.5 a fast moving halo around the reetindt carries
the missing mass and kinetic energy could make the Crab a mooneal su-
pernova explosion. In particular, we expect a halo with aswéds 2 M, and
speed up to 5000 kn13. In Papers | and IV we tried to find such a halo using
photometry (Paper I), and spectroscopy (Paper IV). My daution to these
articles was in data reduction and data analysis. The mdugtisvie base the
halo papers on are the work of my supervisor Peter Lundgvasd thank
Mischa Schirmer for providing a pipeline for the reductidrtloe WFI data,
and also assisting in the construction of PSF models we usegrianalysis.

2.1 Results and Analysis

2.1.1 Photometry

In our effort to detect the halo we used two telescopes. Thedatmset
came from the Wide Field Imager (WFI) on the 2.2m telescopeSD/La
Silla, while the second came from the MOSaic CAmera (MOSCiA)ha
2.56m Nordic Optical Telescope on La Palma, Spain. For bothseéés we
came across the same problem. The detectechbdoes are not of real na-
ture, but due to scattered light from the nebula (and thehyestars). The
measured profiles in the case of WFI extend out to 2.7 arcemnuthile the
profile from MOSCA extends out to 1.3 arcminutes (see Fig). Z.the mea-
sured brightness is much higher than expected from theomddjvist et al.
1986), and in both cases their peak value was higher tharpher imit Fesen
et al. (1997) have set from spectroscopic studies. To chexlextent of the
effect we constructed models (for more details see Papéthe@oint spread
function (PSF), which were convolved with the images with lttypothetical
halo removed. The various PSF models were made using brightes stars
from the images, and for the WFI the extending radius of thE ®W&s out to
2 arcminutes, while for the MOSCA data 1.3 arcminutes. We ttwmpared
the detected haloes from WFI and MOSCA with those created fre PSF
convolution. The results can be seen in Fig. 2.2, from wheraritbe seen that
scattered light dominates what was initially thought to deako. Still a halo
with a peak flux up to 2« 107 ergs s cm 2 sr! could be accommodated
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Figure2.1: Left panel: The observed halo profiles. They fall off follogipower laws
with slopes of -0.88 (WFI) and -1.12 (MOSCA). Right pandlstration of the WFI
filter ghosts. The core of the PSF is labelled as 1, followedhbge filter ghosts of
decreasing intensity, labelled 2-4.

within error, but due to the extent of the PSF contaminatiwhthe lack of an
accurately constructed PSF model (see below) no safe stateran be made.

2.1.2 Spectroscopy

Apart from photometric observations, we made a second pttensolve
the mysterious nature of the Crab. In our second effort vesl trd search for
fast moving components in the spectrum of the Crab. Thereferagain used
two different telescopes, having two aims in mind. Thus weu$ed on the
detection of fast moving components looking for broad profiles, using a
FORSL1/VLT spectrum, and on the [O Ill] emission and the CabHaption
line doublets, using an ALFOSC/NOT spectrum. The mixing oftteeline
with its neighbouring [N 11]AA 6548, 6583 lines, together with the low S/N
ratio and resolution of the FORS1 spectrum did not allow uméke any
estimates on broad components of the profile. Thus more attention was
paid to the ALFOSC spectrum, since the [O IlI] lines are issdafrom any
other strong emission line, plus that there we had the chme¢so check
for fast absorption components in the Ca\ll 3934, 3968 absorption lines.
This was done to compare with the C WA 1548, 1551 line absorption in
Sollerman et al. (2000), where a blueshifted absorptiotufeaxtending out
to - 2500 km s was detected. From the emission lines of [O Il1], the highest
velocity ~ 1800 km st was found north of the pulsar, while on average the
[O 1] velocities are between -1200 to 1200 km's The Ca Il search was not
fruitful either. Starting with theA 3934 absorption line, a blueshifted feature
out to —1150 km s was measured and attributed to the Crab, characterised
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Figure 2.2: Left panel: The WFI halo profile with the contributions froimet PSF

(dotted line), and from the PSF with reduced wing amplitudieshed). Right panel:
The MOSCA halo profile and the best fit PSF contribution (dbtiee). The other

lines show the @& uncertainty of the fit. The values @ correspond to the index of
the various power-laws we used to fit the PSF.

by the same behaviour as that of CA\L548 line that Sollerman et al. (2000)
detected. The situation was not better with the C&3968 line. The feature
that could indicate a blueshifted component out-tb700 km s? attributed
to a halo is probably due to the red component of the @e8B34 line, since
no similar component has been seen in the blue part of the £3984 line.
The red part of the Ca W 3968 line is mixed with the emission line of [Ne
[11] A3967.5, thus we could not extract its profile.

2.2 Discussion

Based on the current measurements of Crab (i.e., massickametrgy of
the ejecta), and also on explosion models (Kitaura et al6R6fr stars like
the progenitor of the Crab, it is evident that there are molsl with the mass
and the kinetic energy. Models from Kitaura et al. (2006)gasgj that the
ejcta from explosions of stars in the mass rang® 81, will have a kinetic
energy between 0-61.5 x 10°° ergs. This amount of energy is higher than
the measured kinetic energy in the Crab by a factor-e5 2Thus an amount
of mass should be present in the form of an undetected haterims of its
radial density profilep 0 R is assumed, and a reasonable temperature is
2 x 10* K. Profiles with indexn < 3, are not able to fit the UV results from
Sollerman et al. (2000), while those with> 5, are not favoured, since this
would make the g brightness surpass our detection limit.
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Both our photometric and spectroscopic observations baeydor a
faint halo around the Crab were not fruitful. Problems witBHPcontamina-
tion in photometry and low S/N ratio in spectroscopy were rib@sons for
the negative results. From the experience we had with phettgna possible
repetition of the halo search will require some initial tgats. Starting with
sky conditions, the observations must be carried out arthummdew moon, to
keep the sky background as low as possible. The other impastare is PSF
contamination. In Paper |, we showed the effect of the PSIetaild so in any
future attempt, good knowledge of the PSF of the instrunfeattwill be used
is essential. To make a "complete" data set, apart from teerghtions of the
Crab nebula, time should be dedicated to taking images ghband isolated
stars to construct an accurate model of the PSF. The chogseshsiald be
placed at the centre of the detector to create a PSF modehtteaids out to
2—3 arcminutes. Choosing also an instrument with a uniform &3Bss the
chip is important, to make sure that we have a good feeling®behaviour
of the PSF wings across the CCD chip. A two dimensional castiai of the
PSF model with the target image and with the hypothetical herthoved, can
reveal if a halo is present or not.

The spectroscopic findings do not show evidence of any fasingov
gas (i.e.,> 2500 km s?1). The findings are in agreement with the results of
Charlebois et al. (2010) where the highest velocities avedonorth of the
pulsar. The fact that no similar profiles to that of Sollermaale(2000) were
found in the Ca Il absorption lines, could be related to therpg®/N ratio
(the exposure time of the ALFOSC spectrum was only one hond) aéso in
the mixing with the emission lines that are nearby. Therege #ie issue of
the low degree of ionisation of Ca Il, which would make itswsoh density
too low to detect. Based on the data analysis it seems thatlseq for fast
moving [O IlI] components would require massive amountetd@tcope time.
What is perhaps worthy to try is to search for fast gas, since its emission
can be boosted also by collisional excitation of3Lyollowed by part of the
radiative de-excitation going intodd This works only for temperatures above
10* K, which based on the halo models from Lundqvist et al. (19862 i
possible scenario (see Paper | for further details). An nt@od outcome of
Paper IV was that any spectroscopic search for fast linesomisnust be done
at medium resolution (i.es 150 km s'1) as it would otherwise be impossible
to disentangle the halo emission from emission from thefsgfas of the Crab
nebula. Hx is blended with [N 1] so a spectroscopic study of fast lrhust
take that into account properly.
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Part Ill:
A look at the heart of the Crab nebula






3. A look at the heart of the Crab
nebula

In Paper Il we focused on the Crab pulsar and its pulsar wirinlilae
(PWN), checking for temporal variations on its dynamic stiwe and emis-
sivity, together with the spectral index across the PWN. Mwtdbution to
Paper Il was the data reduction and interpretation of theltesA brief pre-
sentation of our optical and infrared data from Paper |l s£dssed below.

3.1 Results and Analysis

The task of the project was to investigate the emission mesmaof pul-
sars and their environments. For this purpose we chose tenabghe Crab
PWN. For the needs of the project we used both optical andriedr data.
Optical data were collected using broad band optical fiigrsv, 1) choosing
filters that do not contain strong emission lines (e.gx, N 11], [O 1l1] etc),
securing only continuum measurements. In the case of thatg we had two
separate epochs using H and fters with a time window of 75 days. The
purpose of this time window was to check variation in the dyitastructure
and emissivity of the Crab PWN. The results were comparedthébretical
models (Spitkovsky & Arons 2005; Del Zanna et al. 2006), tessroheck the
emission mechanism that is responsible for the observedréesa

3.1.1 The Knot

Perhaps the most striking result with regard to the restltsester et al.
(1995) was the study of the knot near the Crab pulsar. This kwatted at
a distance 00”65 has been reported to vary (Hester et al. 2002) in terms of
emission and to remain stationary (Sollerman 2003). To nflakemeasure-
ments of the knot in the optical and in the IR, we had to rembeepulsar
from images. This was done by removing the pulsar from evegganwith
the point spread function (PSF) (see Fig. 3.1). Thus in the cathe K band
the flux of the knot is~ 10% of the flux of the pulsar. For the H band the flux
of the knot is~ 8% of the pulsar’s flux, while in the | band it is 6.5% (see
Table 3.1 for more details). Comparing the fluxes from the lR@pochs it
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seems that there is no variation in the emission of the kna.di$agreement
of the IR knot variation with the X-ray results of Hester et(@002), will be
discussed below. Also from the data of the 13 December 208 &stimated
the spectral index of the knot to log = —0.63+40.02.

The high resolution of NOTCam allowed us to measure the distanc
between the knot and the Crab pulsar. This enabled us to chéwok knot
displays any proper motion with respect to the pulsar. Tdhdowe compared
our data with HST/WFPC2 data from 1994. We know that the puisara
proper motion of0’016 yr—! (Kaplan et al. 2008), so in the 13.5 years pe-
riod between the two images a proper motion-0d!’2 is expected. By using
stars near the pulsar we found that foreground/backgroawvel $hifted by this
amount ¢ 0”2), while the distance between the knot and the pulsar was the
same {& 0765). From the pointing uncertainties of IRAF's PHOT, we set an
upper limit for knot velocity relative to the pulsar. Based the fact that the
knot lies along the jet axis and that the jet axis is tilte@0° to the plane of
the sky (Hester 2008) as well as taking into account that titgap also moves
along the jet axis, the knot trails the pulsar4yl0 km s, corresponding to
< 6% of the space motion of the pulsar. But since the pointingettainties
were the same for the background/foreground stars tooséfisto state that
the knot is associated with the pulsar, thus both movingthmyen terms of
proper motion.

3.1.2 The wisps

The arc-like structures that are seen in the Crab PWN alongtlagis are
referred to as wisps. Using optical and IR data, our task wahéck their
dynamical and emissivity variation and measure their spkictdices. As can
be seen in Fig. 3.1, two wisps in the eastern south-eastegntidin of the
pulsar can be distinguished, while on the other directiothefjet a triplet is
present. From the IR data we found a variation of 20% on aeerdglike
the knot, the wisps display outward shifts. For the brightesp (wisp 2),
the outward shift corresponds to a velocity~e0.22c. Finally, in the H-band
image of December 13, we see that the pulsar is surroundeddoy &alo
which has also been seen in the X-rays by Chandra. A complte@ of the
photometric measurements of the wisps and the knot is givéable 3.1.

Using the U— Kg data, we made estimates on the spectral index across
the PWN. The regions are located across the jet axis (see Hijy.\@hile
for dereddening the fluxes we usBg = 3.1 andE(B—V) = 0.52 mag. The
spectral indices for each wisp and interwisp region (itee,drea between the
wisps) were estimated by fitting a linear function. All thesuks show that
the wisps and the interwisps regions display red spectra suhilar spec-
tral indices @, =-0.63— -0.49), suggesting that synchrotron emission is the
mechanism responsible for powering the Crab PWN.

48



Figure 3.1: I-band image of the Crab nebula taken with ALFOSC at the NOT on
7 December 2007. The pulsar has been removed with PSF ditréa reveal the
nearby knot that lies at a distance d¢f6%. The field of view is~ 45x 45 arcseconds,
with north pointing upwards and east to the left. The areaswe used to measure
the emission from the wisps and the interwisp regions aré&eaawith circles.

3.1.3 The Crab vs. other PWNe

Studies of other PWNe (e.g., Vela, Crab, 3C58) have showitasispec-
tral energy distributions, suggesting a similar emissi@thanism for these
PWN. Using Chandra data, Pavlov et al. (2001), found thaa \d&plays a
slightly flatter spectra in its PWN than the Crab (i@,,ranges from-0.5 to
—0.3). Just like the Crab PWN, variations in the Vela PWN haaertreported
of up to 30 % (Pavlov et al. 2001). The PWN of Vela has not yet liktected
in optical wavebands, but Shibanov et al. (2003), using Ifa denaged to de-
tect structures around the pulsar that overlap with thogeriays, suggesting
a very steep red spectrum. Another interesting pulsarshegually referred to
as the Crab twin is PSR B0540-63.9 in the LMC. Using HST dataftbto
I, Serafimovich et al. (2004) measured the spectral indexsadhe PWN of
PSR B0540-63.9. On average the spectral index was foundyaaeaoss the
remnant from—1.58 to—0.27. Another interesting and well studied PWN is

49



Table 3.1: Photometric result for the Crab wisps and the knot

Filter  Int. Wisp 1 Wisp 1 Wisp 2 Wisp 3 Anvil Wisp 1 Knot
U 1.70(0.109¢ 1.70(0.10y 2.35(0.10) 2.05(0.10) 1.45(0.10) €.
\Y, 1.70(0.10) 1.80(0.10) 2.65(0.10) 2.30(0.10) 1.65(0.10)
| 1.75(0.10) 1.95(0.10) 2.85(0.10) 2.40(0.10) 1.75(0.15)1.60(0.10)
H 3.25(0.15) 3.95(0.15) 6.25(0.25) 4.75(0.20) 3.60(0.15)2.75(0.10)
Ks 4.05(0.15) 4.45(0.15) 6.45(0.25) 4.90(0.20) 4.10(0.15) .90¢0.10)

aThe IR results are from the night of 13 December 2007.

bFlux in units of ergs st cm2 Hz~1 x10~27. Brackets give the I uncertainty.

®The first interwisp region lies between the pulsar and wighd second between wisps 1 and
2 and the third lies between wisps 2 and 3.

dWe usedE(B—V) = 0.52 mag andRy = 3.1 for derreddening.

€No measurements were made.

3C58. Using data from radio to IR, Shibanov et al. (2008 nestied a spectral
index in the range-1.2 to —0.5 depending on the extinction correction that
is used. The similarity of the spectral energy distributioase PWN display,

is striking. Further detailed observations should be madeé how the spec-
tral indices vary with distance from the pulsar throughbeteélectromagnetic
spectrum, to understand the cooling of the electrons.

3.2 Aview on the Crab PWN

The IR data (presented in Paper Il) suggest changes in theeénmigon-
ment of the Crab for both dynamic structures and emissiVitye estimated
velocities for the shift of the wisps seem to agree with Taaval. (1997), but
not with those of Hester et al. (2002), where velocities otap- 0.5¢ have
been claimed. This could be due to the large time window we bagden the
two IR datasets (75 days), since Hester et al. (2002), medsimilar shifts
for optical and X-ray wavebands. Regarding the inner knot, results are
in agreement with the results from Melatos et al. (2005) levBandberg &
Sollerman (2009) reported a steeper spectral index fortbedf a, = —1.3,
using UBRIz data. For the IR-part alone, however, they geattefl profile.
The disagreement between our findings and those of Sandbedil&r8an
(2009), suggests that further observations are needectifotin of a daily
monitoring program to check the diversity in the value ofgpectral index of
the knot.

Variations in the emissivity on a long time scale can be arpld by in-
stabilities in the emission mechanism of the pulsar (Hestex. 1995; Del
Zanna 2006). By comparing our results with theoretical madek found
that the synthetic spectra of Del Zanna et. al (2006) agree avit observa-
tions. The short time scale variations (i.e., kiloseconcktsnale) are still not
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well understood. Melatos et al. (2005) measured variatiotise NIR of up
to 24% in the J band, so it would be useful to check this in apti@avebands
too, and also variation in the spectral energy distribuéisnvell.

Because there are many open questions regarding the n&tBk&Ne in
general, it would be interesting to extend this project teeotCrab-like rem-
nants to identify similar structures. In Paper Il we made sabservational
comparisons with other PWNe, but a more detailed compatisté@rms of
structure, temporal behavior, and polarization propgitieneeded.
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The outer rings of SN 1987A






4. The outer rings of SN 1987A

The triple ring system of SN 1987A has offered a unique opmastu
to study the properties and evolution of circumstellar Bragiround massive
stars. Since their discovery, the rings have been studietsixely, especially
the inner ring (or equatorial, ER as we have defined it beftmeg.recent ar-
ticle, Mattila et al. (2010) discussed the evolution of the BRsed on this we
decided to monitor the evolution of the outer rings (ORg)ny to understand
the nature of the ring system. In Paper Ill we used archivegrhetric HST
data from the WFPC2 and ACS, and spectra from FORS1 and UVEZ®n V
My contribution was the data reduction and analysis of th&BOdata, and
also on the analysis of the photometric data. Per Gronimgssoked with
the UVES data, while my supervisor Peter Lundqvist worked eririterpre-
tation of the plasma diagnostics of the ORs, and the modelgassd for it.
Finally, Soroush Nasoudi Shoar provided contribution ®itiitial stages of
the analysis of the photometric data.

4.1 Results and analysis

4.1.1 Spectroscopy

For both the FORS1 and UVES data we measured the Balmer linesflux
and extracted important information using plasma diago®$br various for-
bidden lines (e.g., [N 1], [O 1], [S Nl]). For the Balmer ties, our findings
are close to what Case B predicts, (see Osterbrock & Ferla@é)2vith the
exception of thedq/jy g, a difference that can be attributed to collisional ex-
citation of Ha (Lundgvist & Fransson 1996). The other two cases with ratios
higher than what Case B predictgdfjpg & j1z/jng), are due to the fact that
FORS1 has a poor resolution and we were not able to distinghesBalmer
lines from [Ne [lI]A3967.5 and He A 3888.7, respectively.

From the line ratios of forbidden lines we could estimate deasity and
temperature of the ORs. The fact that two spectroscopic epeele available
allowed us to monitor the evolution of both rings. Thus in tB@2 epoch, for
the SOR, an estimated electron temperature@6— 2.00 x 10* K for the [O
I11] gas was found, while for the [N I1] gas it wak0— 1.1 x 10* K. Assuming
that the temperature of the [S Il] gas is not higher than in[khél] gas, an
electron density oNe~ 3.3x10° cm 3 was estimated. Also, by using the [O
1] temperature as a maximum, an electron densitfNgf 1.0x10° cm3,

55



was estimated for the [O I1] gas. For the 2009 epoch, the teatype of the
[O lll] gas seems to be the same as in 2002, which was also sesfoa[N II].
The estimated gas densities &g~ 3.0x10° cm~2 andNe~ 2.3x10° cm™3
for [S II] and [O 1] respectively. For the 2002 epoch, and M@R, we got an
[O 1] temperature of~ 2.7 x 10* K, and an [N II] temperature of 1.2 x 10*
K. For the electron density, the result of the NOR is conaistéth that of the
SOR, but the [O Il] density was not possible to measure. F@R2009 epoch
the derived value for [N 1] was stilv 1.2 x 10* K.

Distance )
L2
Count:

- ES

-1 0 1 2 3 4 5 Spatial Direction Arcseconds
Distance (arcsec) y

Figure 4.1: Left panel: HST/ACS image (filter F658N) of the triple ringssgm of
SN 1987A from January 2003 (obtained by the SAINTS team; PP. Rirshner).
The slit position of the VLT/UVES observations is supergb@ée slit width is 08
and PA=30). The numbers (£4) correspond to the locations for which we did the
photometric measurements. Right panel: Flux of [NAB583 across the slit. The
southern outer ring can be seen on the left side of the figu2édafrom the centre of
the remnant.
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4.1.2 Photometry

We used photometry to obtain lightcurves for the [O Ill], [JJand Ha
emission. In paper |l details on the photometric analyse described, to-
gether with the lightcurves (see Fig. 10 in the paper). Thé higcertainties
in the [O Ill] measurements did not allow us to make estimafdhe evolu-
tion of the [O Ill]/Ha ratio. Estimates were nonetheless made for the [N II]
emitting gas. Thus for SOR, the [N ll]#dratio for the 1994 was estimated
to be~ 2.00. For the 1996 this increasedt02.10, while from the UVES
data (2002 epoch) a line ratio ef 2.25 was estimated. In the same manner
for NOR, for the 1994 epoch we estimated a ratio~02.05. For the 1996
epoch this increased to 2.13, and moved up te- 2.27 for the 2001 epoch
and further to~ 2.37 for the 2003 epoch. Due to the lack of WFPC2 data for
2004 and 2005, no estimates of the [N IIifHine ratio were made.
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The lightcurves of the | and the [N II] lines decay as expected for cool-
ing and recombining gas. The [O 1] lightcurve has a diffarappearance
at late times which could be due to contamination or possilipnisation.
To make estimates of the decay time of the lightcurves, weenfigsito the
line lightcurves with the functiorfjine = Cexp(—teor/tefold), Whereteor is the
corrected delay time (see Paper 1l for details Sect. 41d,tgqq is the de-
cay time of the line flux. For i, the decay times are 2.8 x 10° days and
~ 4.2 x 10° days for Areas 4 and 1, respectively. For [N 1], we obtained
~ 3.2 x 10° days and~ 4.6 x 10° days for Areas 4 and 1, respectively, and
for [0 lll] ~2.9x 10° days and- 6.8 x 10° days, respectively. In general, the
fluxes fall faster in SOR (Area 4) than in NOR (Area 1). The loegal time
for [O 1] in Area 1 should be regarded with caution, as thel[[DACS data
from 2003 & 2004 are uncertain.

4.2 Diagnostics from the outer rings

The plasma diagnostics from spectroscopy suggest that tea@Rimilar
between them in terms of physical conditions (i.e., den&ityemperature).
The emission from both ORs is due to recombination and cogjlirsg like in
the ER (Lundqvist & Fransson 1996, Mattila et al. 2010). Froeliprinary
modeling of the photometry (Lundqvist 2007), we know that@is are rich
in nitrogen (i.e. CNO processed material). This matter may heen dredged
up to the stellar surface by convective mixing. This also gstgthat the
progenitor of SN 1987A went through a RSG phase prior to itSBBase
before the explosion. This also agrees with the current dimat models for
the progenitor of SN 1987A (Morris & Podsiadlowski 2007).

To explain the lightcurve profile of &, apart from recombination, we
need to invoke collisional excitation too. For this to happetemperature of
> (1.0 - 1.5)x 10* K is needed. This seems to be valid, since we estimated a
temperature close to that from spectroscopy. ikl also useful since its long
photometric decay gives us an estimate of the highest demsitthe ORs. To
model the slow decline of the other lines we need to invokesaidution of
densities just like for the ER (Mattila et al. 2010). In pautar [N 1] is useful
for estimating the relative distribution of the differenags components.

A star thatis similar to SN 1987A is Sher 25 (Brandner et a88.7)9Just
like SN 1987A, high CNO ratios have been derived (Brandnex.€1997),
suggesting that the star also went through a RSG phase pritg turrent
BSG phase. What is interesting with Sher 25 is that the twerdobes are
denser than its inner ring (Brandner et al. 1997), being fposite case to the
rings of SN 1987A.

In Paper Il the future of SN 1987A was also discussed, eafigthe
collision of the supernova ejecta with the ORs. The collisidrihe ER is
now active and has made it to the front page of journals. @rilile ER, the
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collision of the ORs will be more moderate. The future of SN 71R8will
therefore continue to provide a testbed for new telescopdsrestruments.
Telescopes like ALMA and JWST, and their successors, wilkatthe true
structure of the circumstellar gas of SN 1987A. Our denstingtes, as well
as estimates for the orientation of the ORs, will hopefuligvye useful when
interpreting such future data.
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Summary






5. Summary

Through these three projects, some questions were ansveenee, re-
mained unanswered, while some were raised. In the projeet Miged to de-
tect a halo around the Crab, despite the fact that no haloaueslf more effi-
cient observing techniques were suggested for projectsiéa with low sur-
face brightness measurements in general (e.g., shellsi&MRs or galactic
haloes). A deeper photometric search, or spectroscopyh&th in the UV
and large ground-based telescopes in the optical are eddentast more
light to the so far enigmatic nature of the Crab nebula. Evaroihalo will
be detected, this can perhaps be used as evidence to calideisin of the
explosion models of stars in this mass range (9-10.M

The program for the pulsar the Crab pulsar, in my view, acteahastro-
duction to future observations of other PWNe too. The obsemns of the
Crab confirmed that models for the plasma motions while thinqaroper mo-
tion tests, it was found that the nearby knot is stationaiy wéspect to the
pulsar. In terms of the dynamical variation in the Crab, obestons with a
time window of a week will be more efficient to check if the Xyrshift of the
wisps (0.5c¢), coincides with the one in the optical and irdfda The spectral
index of the Crab is more or less similar to the spectral iesliaf other PWN
(i.e. Vela, 3C 58), but what would be more interesting to doula be a pro-
gram where pulsars of different age and morphology are cosdpa terms
of dynamic and emissivity variation.

The monitoring program of the outer rings of SN 1987A showed the
two rings are not different in composition, or in terms ofithghysical condi-
tions. Recombination and cooling, seem to be responsiblaéoevolution of
the emission lines just like in the inner ring (Lungvist & Fsaon 1996), the
initial heating being provided by the UV flash from the exjpbos SN 1987A
has cast a lot of light on core collapse supernova resedmndeg & confirmed
the core collapse models (e.g., from the neutrino detegtanmd also let us
discover that even a blue supergiant can explode as a swaefFioally, the
ring system offered a unique opportunity, to study the axd@on of CSM with
the supernova ejecta, and through comparison with obj&etSher 25 under-
stand the mass loss mechanism in massive stars. Both SN E®Vthe Crab
will undoubtedly continue to serve as benchmarks for supernesearch and
the evolution of massive stars for a long time to come.
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