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Abstract

This thesis presents spectral and imaging X-ray studies of the Galactic supernova
remnants (SNRs) G292.0+1.8 and G292.2-0.5 performed with the state-of-the-art Chandra
X-ray Observatory. The analysis performed on G292.0+1.8 represents the first detailed
spatially resolved spectroscopic study of this composite-type SNR, and the analysis of
(292.2-0.5 represents the first high-resolution X-ray study of this young remnant and its

associated high-magnetic field pulsar.

Spectral and imaging analysis of the remnant G292.0+1.8, containing the 135 ms pulsar
(PSR) J1124-5916, were performed. The supernova blast wave and ejecta were identified
by fitting the X-ray data with nonequilibrium ionization (NEI) models. A progenitor mass of
30-40 M_ was derived by comparing the derived abundances from the NEI fits with those
predicted from nucleosynthesis models. The intrinsic parameters of the supernova explosion

such as its energy, age of the SNR, blast wave velocity and swept-up mass were derived

using the Sedov interpretation. The estimated age of the remnant of 2,600 yrs is close to

the characteristic age of the pulsar of 2,900 yrs. The properties of the pulsar wind nebula
(PWN) surrounding PSR J1124-5916 were also derived in light of the Kennel & Coroniti
model. In addition, the first evidence for a steepening of the PWN power law index with

increasing radius was found, as expected from synchrotron losses.

The Chandra observation of the remnant G292.2-0.5 allowed for the detection of the X-
ray counterpart of its associated high-magnetic field radio pulsar J1119-6127. A faint 3"x6"

extended component surrounding the pulsar was identified at energies above ~1.2 keV,
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representing the first evidence for a PWN. The combined emission from the pulsar and its

PWN was well described by a power law with a photon index T'=2.2'7% and unabsorbed

0.5-10 keV luminosity of (5.5:“;f3_,,)x103'2 ergs s at a distance of 6 kpc. The emission from

the interior of the SNR was well described by either a single NEI model with a high
temperature (kT > 15 keV) or a two-component NEI plus power law model with a flat

photon index (k7 ~ 1.5 keVand I' ~1.1).

The study of these two systems demonstrates the power of spatially resclved X-ray
spectroscopy in finding new PSR/SNR associations and in resolving the thermal and

nonthermal emission associated with SNRs, pulsars and their nebulae.
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Motivation

The study of supernova explosions and supernova remnants (SNRs) helps us in
understanding the chemical evolution of the universe. They aid both in the production of
elements during the explosion, and their dispersion into the interstellar medium (ISM).
Therefore, they also represent the principal contributor to the chemical evolution of galaxies.
A type |l supernova explosion is the energetic explosive event that occurs at the end of a
massive star's life. The stellar core collapses due to gravity and blows off its outer layers,
releasing a kinematic energy of ~10°' ergs which energizes the surrounding ISM. The
explosion sends a shock wave that expands through the ISM and the ejected material
during the event (ejecta). At the boundary between the ISM and ejecta, both a forward and
reverse shocks are produced. Thus, two nested shock-wave shells appear, both expanding
with time and creating an observable supemova remnant. These relics of the explosion last
for a long time and can be observed at various wavelengths, such as radio, optical and X-
rays. Another mechanism that can produce a supernova explosion is the disruption of a
white dwarf star in a binary system (a type la supernova explosion). However, this thesis will

only deal with those explosions that leave behind a collapsed core and a SNR.

One of the possible outcomes of a type Il explosion is a high density, rapidly rotating
neutron star, which may manifest itself as a pulsar (PSR) directly or through its interaction
with its surroundings. As the neutron star rotates, it loses energy as it slows down and forms
a relativistic hot bubble around the pulsar referred to as a pulsar wind nebula (PWN, see

Section 2.3) that manifests itself through synchrotron radiation from radio to X-ray energies.

Xii



This thesis deals with the studies of two galactic supernova remnants at X-ray
wavelengths, G292.0+1.8 and G292.2-0.5. Spectral and spatial data obtained with the
Chandra X-ray Observatory are used to carry out this analysis. The main goal is to study the
properties of the remnants (and their associated neutron stars) in X-rays and to derive their
basic physical parameters. Chapter 1 is an overview of SNRs, their classification and
evolution. Chapter 2 presents a summary of the fundamental pulsar and PWNe
characteristics. Chapter 3 reviews the dominant emission mechanisms of these objects at X-
ray wavelengths and the physical properties that can be derived from them. Chapter 4
consists of an overview of the capabilities offered by Chandra and a review of the data
reduction issues taken into account for this thesis. Chapters 5 and 6 present the analysis
and results obtained for G292.0+1.8 and G292.2-0.5, respectively. Finally, Chapter 7

presents the conclusions drawn for this work.
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Chapter 1

Review of Supernova Remnants

1.1 Classification of Supernova Remnants

Supernova remnants (SNRs) can be observed from radio to X-ray frequencies. Their
classification is based on their morphology and they are divided inte “shells”, “plerions” and
"composites”. Green (2001) catalogues 231 Galactic SNRs, of which 153 are shells, 8 are

plerions, 18 are composites and 52 are unclassified.

1.1.1 Shell-type remnants

Sheil-type remnants are characterized by their limb-brightened morphology in the radio and
X-rays. The morphology of these objects is a roughly spherical shell. Typical examples
include Cassiopeia A (G111.7-2.1), Tycho's remnant (G120.1+1.4) and Kepler (G4.5+6.8).

Figure 1.1 shows the Chandra high-resolution X-ray image of the SNR Cassiopeia A.



Figure 1.1: X-ray image of shell-type remnant Cassiopeia A. Credif: NASA/CXC/SAQ. Available at
hitp://chandra.harvard.edu/photo/0237/index. him.

At radio wavelengths, the emission from shell remnants is polarized, with a nonthermal

o

spectrum that can be characterized by a single power law, spectral flux density S, ocv”

with a spectra index of «, over several orders of magnitude (see Section 3.4). The power
law spectral index varies from « ~0.6 for young remnants, to a ~0.5 for the older ones. This
nonthermal emission is due to synchrotron radiation from relativistic electrons gyrating

around the magnetic field lines in the shells of the SNRs.

At X-ray wavelengths there is a strong thermal component. This emission arises from
optically-thin plasma heated by the forward and reverse shock waves to temperatures of
~10°~10® K. The radiation mechanisms responsible for this emission are thermal

bremsstrahlung and line emission (see Section 3.3). The emitting material can be both



material ejected from the progenitor star and the swept-up interstellar gas. In young
remnants (< 10* yrs), the emission is predominantly from shock-heated supermnova ejecta. In
older remnants, the temperature of the gas decreases and makes them harder to detect at

X-ray wavelengths.

Recently, nonthermal X-ray emission has also been detected in shell-type remnants,
being well described by a power law spectrum with photon index I" ~2-3 (see Section 3.4).
Examples include SN1006 (Koyama et al. 1995, Tanimori 1998) and G347.3-0.5 (Slane et
al. 1999). This has provided evidence for particle acceleration up to energies of <100 TeV

by a strong shock wave.

1.1.2 Plerionic-type remnants

A “plerion” is a centrally-filed remnant, also called “Crab-like” since the emission arises
mostly from the central nebula associated with the neutron star, as in the Crab nebula. The
pulsar converts a significant fraction of its spindown energy into a pulsar wind, believed to
be relativistic with a Lorentz factor of ~10°-10°. The kinetic energy of this wind is converted
into relativistic hot plasma at a termination shock (see Section 2.3). This produces the
nonthermal emission characteristic of a plerion in the form of a pulsar wind nebula (PWN).
At radio and X-ray frequencies, the emission is due to synchrotron radiation from electrons
supplied by the neutron star or its PWN, not the remnant itself. The spectrum is described by
a power law, with a flat index of & ~0-0.3 at radio energies, steepening to « ~0.5-1.5 in X-

rays. Figure 1.2 shows an image of the Crab nebula, the classical model for this SNR type.



Figure 1.2: A combined image of the Crab Nebufa showing X-rays in blue, optical in green, and radio
in red colors. Credits: X-ray: NASA/CXC/ASU/J. Hester et al.; Optical: NASA/HST/ASU/J. Hester et
al.; Radio: VLA/INRAO. Available at hitp:/chandra.harvard.edu/photo/2002/0052/more.himl.

In general, pulsars are believed to have a proper motion with respect to the original site of
the supernova explosion. In turn, they will not always be located at the center of the SNR or
at the brightest part of the SNR. At radio wavelengths, due to the large synchrotron lifetime
of the electrons, the region where the pulsar deposited most of its rotational energy will still
have the largest surface brightness. However, at X-ray wavelengths, the synchrotron lifetime
is shorter and the brightest spot will mark the current position of the pulsar. Therefore,
observations of plerions give an indication of the location of the pulsar's position in the SNR,

even when the pulsar itself has not been detected.



1.1.3 Composite remnanis

In composite remnants both the shell and the plerion are present. The study of composite
remnants is of interest since both the compact object and the ejected material from the
supernova explosion can be studied independently. This thesis will concentrate on high
resolution, X-ray studies of two young remnants of this type, G292.0+1.8 and G292.2-0.5.
Figure 1.3 shows the X-ray image of the composite remnant G292.0+1.8, where the
emission from the SNR is constrained to red and green colors while the emission from the

pulsar and its PWN is shown in blue (see Section 5.3).

Figure 1.3: 0.5-10.0 keV X-ray image of composite remnant G292.0+1.8 (MSH 11-54) obtained with
the Chandra Observatory.

1.2 Evolution of SNRs

The evolution SNRs is generally divided into four phases: free expansion phase, adiabatic



(or Sedov) phase, radiative phase and disappearance phase (Woltjer 1972). For simplicity, it
is assumed that the evolution occurs in a uniform ISM. In the following, the evolution of the
overall SNR is considered; the evolution of a PWN (if one is present, which in turn influences
the SNR’s classification) is discussed in detail by van der Swaluw (2003) and van der

Swaluw et al. (2001).

1.2.1 Free expansion phase

The supernova explosion generates a shock wave that first propagates through the outer
layers of the progenitor star. The free expansion phase starts when this shock wave reaches
the edge of the atmosphere of the star. The ejecta then expand rapidly and sweep up the
ambient ISM. Since the X-ray emission in this stage is dominated by ejecta, X-ray spectra at
this stage give us information on the chemical composition of heavy elements produced
during the supernova explosion. In this expanding stage, almost all the mechanical energy
of the SNR is converted into kinetic energy. Since the mass from the ejecta is still much

larger than the swept-up mass from the ISM, the result is an almost constant expansion

velocity determined by the initial kinetic energy, E,. The expansion then proceeds

according to

(1.1

2F
— . ~ 0
Rmr - Usnrt E Usnr ~ M

o

where R__ and v__ are the SNR’s radius and expansion velocity, respectively, ¢ is the age

Shr SHr



of the remnant and M, is the mass of the ejecta. Figure 1.4 shows an example of a

remnant in this stage: an extremely young (~40 yrs-old) SNR detected in the starburst

galaxy M82 (Pedlar et al. 2000}.

1.5 light years

Figure 1.4: A young SNR in the free expansion phase in the galaxy M82. Adapted from
hitp://antwrp.gsfc.nasa.gov/apod/ap991216.htmi.

1.2.2 Adiabatic (Sedov) stage

The transition to the adiabatic stage occurs when the mass of the swept-up material
exceeds ~10 times the mass of the ejecta, /. Energy losses due to radiation are still
negligible compared to the original explosion energy, E,, and the remnant expands

adiabatically. In the transition to this stage, the blast wave gradually decelerates and causes



another shock wave to propagate inward through ejecta, called the reverse shock, which
heats the interior of the remnant (McKee 1974). An example of a SNR in this stage is Cas A

{see Figure 1.1).

In this adiabatic stage, the evolution of the SNR can be approximately described as that of
a shock wave generated by a point explosion propagating in a uniform medium. In the case
of an ideal gas, the shock wave is described by differential equations describing the
conservation of mass, momentum and energy. This phase is also called the Sedov phase
after L. |. Sedov, who in 1959 showed that the conservation equations can be simplified by

making the assumption of a similarity solution, where fluid quantities depend on three

independent variables: the age of the remnant, ¢, initial explosion energy, E, and the
ambient density, p,. The similarity variable, £, combines these parameters in the following

dimensionless expression:

175
— p(} 12
~(2)

Setting the outer blast wave at a specific value, £ =&, the radius and expansion velocity of

the SNR are given by

E 12 B/5
Rsnr = 50( z ] (1 3)
Po
- dR.mr (t) — _2_ RSJH‘ (1 .4)

U.U?f
dt 5 ¢



where £, can be determined from energy conservation. One then finds that £, ~1.1516 for

an ideal monatomic gas with specific-heat ratio y(=C, /C, ) =5/3 (Sedov 1859).

1.2.3 Radiative phase

The Sedov solution is a quite accurate approximation as long as cooling due to radiation
losses can be neglected and the total energy is conserved. A transition takes place when
radiation losses become important in the shell of the swept-up material and the temperature
behind the shock drops to ~10° K. The expansion of the remnant is no longer adiabatic.
Since the pressure in the outer shell becomes lower as the temperature decreases, the
swept-up mass collapses into a thin, dense layer and cools rapidly. However, the interior of

the SNR still expands adiabatically. Thus, the shell expands by the pressure of the interior

gas with PV’ = constant, where P and ¥ are the mean pressure and volume of the interior
gas, respectively, and y(=C,/C,) is the specific-heat ratio. With Pec vl , V o R}, and

¥ =5/3, the SNR expands as

R ot (1.5)

shr

This stage is also called the “pressure-driven snowplow phase” since the interior pressure
pushes the thin shell through the ISM, as a snowplow would (McKee & Ostriker 1977). The
next stage marks the beginning of the end of the SNR when the pressure in the interior
becomes comparable to the pressure of the ISM as the interior cools. There will be no force

acting on the shell of the SNR, so momentum is conserved. Thus, this stage is also called



the “momentum-conserving snowplow stage”. The shock continues to sweep up the

interstellar gas with the equation, M v, = constant, where M is the mass of the shell.

SHr

With M « R} _, this becomes

snr 1

R oc ! (1.6)

Shr

Figure 1.5 shows the X-ray image obtained with the Einstein observatory of the Cygnus
Loop, an example of a SNR where certain regions exhibit signs of having entered the

radiative phase (Blondin et al. 1998).

Figure 1.5: Einstein X-ray image of the Cygnus Loop SNR. Adapted from
http:/Avww, seds. org/pub/images/deepspace/einstein-cygnus-loop.gif

1.2.4 Disappearance phase
After the shock velocity drops to the sound speed of the ISM, the shock wave disappears

10



and the expansion velocity is comparable to the random motion of the ISM. The remnant
becomes fainter and indistinguishable from the surrounding medium, merging into the ISM
and leaving behind a cavity with higher temperature than the surroundings. The event of
merging has been estimated to take place ~750,000 years after the supernova explosion

(Cioffi 1990).

11



Chapter 2

Review of Pulsars and Pulsar Wind Nebulae

2.1 Introduction

One of the main purposes of this thesis is to study the X-ray properties of the pulsars
associated with the two Galactic SNRs G292.0+1.8 and G292.2-0.5. Thus, three essential

pulsar quantities are derived below: the spindown luminosity, magnetic field strength and the
characteristic age, all as a function of the pulsar's period, P and period derivative, P, two

of the most basic pulsar characteristics. Observations of pulsars at high energies are also

discussed, as well as the basic characteristics of pulsar wind nebulae.

2.2 Pulsar Characteristics

2.2.1 Spindown luminosity

The total energy of a system is one of its most fundamental properties. In the case of
“ordinary” radio pulsars, rotational kinetic energy is thought to be the source of the observed
pulsed radiation as well as the power source that drives the possible synchrotron nebula
surrounding it. These are referred to as rotation-powered pulsars. Taking the derivative with

respect to time of the kinetic energy, E, of a rotating body with moment of inertia, 1/ and

rotation frequency, Q,
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4oy 9(1l g
dt(E)_dt(2IQ ) @)

and expressing in terms of the period, P and period derivative, P,

P=2a{L]; P:-zﬁ-% (2.2)
Q Q
the expression for the spin-down luminosity, E , then becomes

- P
E= —'47321F (23)

(Carroll & Ostlie 1996). For typical neutron star parameters (radius of 10 km and mass of

1.4M_) and assuming that the neutron star is a rigid sphere, the moment of inertia is

I=10" gem®.

2.2.2 Magnetic field strength
Rotation-powered pulsars have been observed to spin-down, that is, their spin period P

increases and thus they have a positive period derivative, P . This is thought to be a result

of magnetic dipole braking. This phenomenon gives rise to the same radiation that results

from a rotating magnetic dipole. From classical electrodynamics, the power, F,, radiated

from a magnetic dipole, m , is given by
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P :%\mzy (2.4)

v

A neutron star with surface dipole field strength, B, and radius, R, has an associated

magnetic dipole moment |r71] = BR’. If the magnetic and rotation axis are separated by an

angle «a , equation (2.4) becomes

P 2B*R* QO sin* o

. Yy (2.5)

Equating this with equation (2.3) for E and assuming that sine =1 (for maximum amount
of braking and lower limit on B) the surface magnetic dipole field is given by (Manchester &

Taylor 1977),

[3IC3PP

1/2
SzRéJ =32x10°(PP)" G (2.6)
T

2.2.3 Characteristic age

The age of a pulsar, 7, can be estimated by starting with the assumption that it slows down
at a rate that is proportional to the rotation frequency, raised to the power n, called the

braking index, as follows

O =—kQ" @7

After taking an additional derivative with respect to time, the braking index is given by
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A= (28)

Now, integrating Equation {2.7) gives

d_Q — _mn
dt

Q

Q(—:HE)
(-n+1)

,|!':r
£'=0

Qo

T -
Q -n+1

S T 1-(5)"_ 2.9)
G- P| P

Furthermore, if the pulsar slows down due to magnetic dipole braking, the above

_ E[Q(—nﬂ) _ Qg—nﬂ) ]

equations for E and B can be used to show that O oc Q®, or that the braking index in this

case is » =3. In most cases, it is assumed that P >> F, and equation (2.9) reduces to the

characteristic age expression

7= (2.10)

(Manchester & Taylor 1977). This can then be used as an approximation for the age of the

pulsar.
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2.2.4 High energy observations

X-ray observations of rotation-powered pulsars provide a powerful diagnostic tool to study
their energetics and emission mechanisms. Although they have fraditionally been more

easily studied at radio wavelengths, only a small fraction (~107-10"%) of the spindown

luminosity, E ., is released as radio pulsations. It is believed that a significant fraction of the
spin-down power emerges as a relativistic wind of particles and magnetic fields. When this
wind is confined by the surrounding medium, an observable synchrotron nebula or pulsar
wind nebula (PWN) is produced. In X-rays, the PWN detected around the Crab pulsar
provides the prototype for this phenomenon (see Figure 2.1). Studies of the morphology and
spectrum of PWNe are important in determining the content and energy spectrum of the
wind, probing the conditions of the ambient medium (SNR or ISM) and understanding the

shock acceleration mechanism (e.g. Gaensler et al. 2002, Helfand et al. 2001).

Figure 2.1: 0.3-3.0 keV X-ray image of the PWN surrounding the Crab pulsar obtained with the
Chandra Observatory. Credit: NASA/CXC/SAO/Hester et al. Available at hifp:/chandra harvard.edu/
photo/2002/0052/more.htm!
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X-ray observations of pulsars are also important in searching for the remnant of the
supernova explosion if one is not known previously. Studies of the remnants are useful for
numerous reasons, including measurement of the elemental abundances of the progenitor
star and determining the shock conditions in the SNR through spectral analysis. In addition,
associations between SNRs and pulsars can provide independent measurements for the

distance and age of the system.

2.3 PWN characteristics

Our basic understanding of “Crab-like” PWNe arises from the model presented by Rees and
Gunn (1974) and extended by Kennel and Coroniti (1984a, b). In this model, a relativistic
wind is injected from the pulsar into its surroundings. The confinement of the wind by the
ejecta, the swept-up interstellar material, or the ram pressure of a fast moving pulsar creates
a synchrotron bubble referred to as a pulsar wind nebula or plerion. A schematic of the PWN

surrounding the Crab pulsar is shown in Figure 2.2.
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Pulsar Wind
Zone

Figure 2.2: Schematic view of the Crab pulsar and its PWN, with rs and r, representing the shock
radius and overall nebular radius, respectively (see below}.

The pulsar wind, driven by the spindown energy, is terminated at a wind termination
shock. Considering a constant mass injection, M, by the pulsar wind, the density in the
pulsar wind region, g, , is given by mass conservation:

M
=—
dmrcv,

Pu 2.11)

Here, the velocity of the pulsar wind is noted by v, . Muitiplying and dividing by a factor of

v,, gives the following expression for the shock radius, #,:

M 1/2
¥ =[ Do J (2.12)
47prl)“,
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This equation is non-relativistic. Since the pulsar wind is relativistic (Lorentz bulk factor of
10°-10°) the above expression is converted by taking the limit v, — ¢ and multiplying the
energy and momentum by a factor of ¢ to approximate them to their associated relativistic

counterparts, giving

E 1/2 E 1/2
o=l ——1 = (2.13)
471'p“,U“,C 47[ch

where P, is the pressure of the wind. The shock radius also marks the site at which the

wind’s ram pressure balances the total magnetic and particle pressure within the bulk of the
nebular volume. Assuming equipartition between the particles and magnetic fields, the total

nebular pressure is then given by

2
_ Bn

= 2.14
H 4” ( )

where B, is the nebular magnetic field. Then, equating P, =F, can provide additional

estimates of the PWN characteristics (see Section 5.5.3).

In addition, the pulsar wind is further characterized by its magnetization parameter, o,

representing the ratio of electromagnetic flux, vB?/4x, to particle energy flux, nupmc’.

Here, n is the particle density and mc® is the energy per particle, where

y=1//1-(v/¢c)* is the Lorentz factor. The magnetization parameter determines the

efficiency of converting the energy contained by the pulsar wind into observable synchrotron

radiation.
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An estimation of the magnetization parameter can be made as follows (Kennel & Coroniti
1984a). we first take into account that conservation of magnetic flux requires that the
strength of the field accumulated in the nebula increases linearly with radius (B oc #) until
the magnetic and particle pressures become comparable at the shock radius, 7,. In addition,
the hydrodynamic particle flow is subsonic and must be nearly isobaric, its flow speed will
then increase as »* with increasing radius (v o« #?) until it matches the expansion velocity

the nebular radius. We can then make the approximation

2
o~ (LJ (2.15)
r,

Equation (2.15) applies for low values of the magnetization parameter (o <<1}, or

of the nebula at »

B

equivalently, for cases where the wind is particle- (as opposed to field-) dominated and a
significant part of the wind luminosity is converted into synchrotron radiation (Kennel &

Coroniti 1984a,b). For large values of the magnetization parameter (o >>1), it can be shown

that o ~36zP,y,/ B} (Kennel & Coroniti 1984a), where P,

n?

y, and B, are the nebular

pressure, L.orentz factor and magnetic field, respectively.
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Chapter 3

X-ray Radiation Mechanisms

3.1 Introduction

Supernova remnants produce intense radio and X-ray radiation for tens of thousands of
years. In young remnants, the puisar and its PWN can dominate the observed emission for
a thousand years or more. At X-ray wavelengths, composite-type remnants contain thermal
emission arising from shock-heated ejecta and the ISM. In addition, they contain nonthermal
emission arising from PWNe. When characterizing the emission, the effects of interstellar
absorption must also be taken into account. The following is a review of the main radiation
mechanisms that come into play when analyzing the X-ray emission from composite-type

SNRs.

3.2 Photoelectric absorption

In the photoelectric absorption process, an atom absorbs a photon and an electron is
emitted. The energy of the emitted electron is given by the incident photon energy minus its
binding energy. Since the X-ray photon is removed from the primary X-ray beam, this

process contributes to the attenuation of the beam as shown schematically in Figure 3.1.
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star interstellar cloud

observer

Figure 3.1: Schematic showing the absorption of soft X-ray photons by the ISM and its effect on the

detected spectrum.

Column density is defined as the number of absorbing atoms per unit area along the line
of sight to the background source that is being absorbed. The fraction of the original flux lost

due to absorption is then given by

dF = —-Fn,o,(E)d! (3.1)

where n, is the number density of the absorbing element Z, ¢, (E) is the cross section of

element Z at energy £, and d/ is the optical path length over which absorption takes place.
Integrating over the path length gives the following expression for the observed source flux,

F | in the presence of photoelectric absorption
~ g (5) [yl
F=Fe (3.2)

The spectral analysis in this thesis takes into account the effects of interstellar absorption

due to Hydrogen, with the Hydrogen column density given by (Gorenstein 1977),
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Ny = [nydl cm™ (3.3)

3.3 Thermal emission

The assumptions made when studying the thermal plasma in SNRs are that it represents: a)
an optically-thin plasma in which collisional processes take place, b) a plasma with low
density (~1 cm™) and high temperature (~10%-10° K), and c) a plasma that has been heated
instantaneously by the shock wave to a high temperature. Thermal contributions to the
emission from SNRs arise mainly from gas in the ISM heated by the shock wave and from
ejecta heated by the reverse shock. This thermal emission consists of both continuum and
emission lines. Spectral analysis of this emission at X-ray wavelengths provides important

physical parameters:

e The presence of emission lines allows for the determination of the plasma’s chemical
composition and the lines' relative strengths give a measure of their elemental

abundances

¢ The energy shift of an emission line from its equilibrium value gives the degree of

ionization of the plasma, and

¢ A measurement of the continuum emission allows for an estimate of the temperature

of the plasma.
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In addition, the emission from young SNRs in the Sedov phase can be used to estimate

some of the remnant'’s basic physical parameters (see Section 3.3.2).

In optically-thin plasma, as is the case here, ionization processes such as collisional
ionization dominate the production of thermal line emission. Especially in young SNRs,
nonequilibrium ionization plays an important role and the thermal continuum emission arises
mainly from thermal bremsstrahlung. The following is a summary of the above thermal

processes.

3.3.1 Collisional ionization

Collisional ionization is the further ionization of an ion induced by the collision with an
energetic electron (see Figure 3.2). On energetic grounds, it is usually the outermost
electrons that are removed. lonization by electron collisions is important if the gas
temperature approaches a fraction of the ionization threshold temperature of the most
abundant ions in the gas. Collisional ionization acts as a cooling mechanism since energy is

lost from the electron sea to further ionize an ion.
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Figure 3.2: Schematic of collisional ionization.

The equation for this reaction is given by (Mewe 1999)

(Z,z)+e > (Z,z+1)+e +e (3.4)

The collisional ionization rate, y,, , depends on the electron velocity distribution as follows

Yo (224D =C,(0Tn, = [ o,uf0)dv=(v0,) (3.5)

thresh

where n, is the electron number density, o, is the collisional ionization cross-section and
C, is the collisional ionization rate coefficient (in units of cm®s). C, is typically presented in
tabulated form with the fitting formula

w2 exp(—1/kT)

3.
1+a,(T/T,) (3.0)

C,(z,T)=A,T

where 7, = I/kT . For examples of C, values, see Arnaud & Rothenfiug (1985) and Shull

& van Steenburg (1982).
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In an optically-thin plasma, the ionization state of the collisional plasma is said to be in
collisional ionization equilibrium (CIE) if the atoms are ionized just to what would be
expected from the plasma temperature, and thus, the ionization rate and recombination rate
are balanced. The plasma is underionized (ionizing) if the atoms are less ionized and the
ionization rate exceeds the recombination rate. This state has been observed in X-ray
spectra of young SNRs (see below). The plasma is overionized (recombining) if the atoms
are more highly ionized than would be expected if the plasma were in CIE and the
recombination rate exceeds the ionization rate. This state has not been observed in X-ray

spectra of SNRs.

If we define an “ionization temperature”, k7,, which represents the degree of ionization,

when the atoms are ionized to what is expected in a CIE plasma with an electron

temperature of k7, we have kT, =k7T,. The ionization state of the plasma is then
expressed by the relation between k7T, and £7,. In this way, &7, = kT, means ionization

equilibrium, k7, < k7, means underionized, and kT, > kT, means overionized.

3.3.2 Nonequilibrium ionization

The plasma in young SNRs is expected to be in nonequilibrium ionization (NEI) since the

characteristic timescale for the electron temperature to be equal to the ion temperature is

~1.5x10”n0tb_‘, (in units of s cm'3) in the case of a blast wave in the Sedov solution (see

below), where #, is the Hydrogen ambient density (in cm™®) and f,, is the age of the SNR in
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units of 1,000 yrs (Masai 1994).

The collisional ionization rate equation for the element of atomic number Z can be written

as

dn,
d(n,t)

=S, n,—-(S,+ta)n, +ta,,n (3.7)

z+l1

(Liedahl 1999), where n_ and n, are the number densities of the ions with charge z and the
number density of electrons, respectively. In addition, S, represents the ionization rate
coefficient of an ion from charge z to z+1, and «, is the recombination rate coefficient of

an ion of charge z to and z—1. In the equilibrium condition, we have dnz/d(net):o. The

ionization timescale, ¢, can be independently estimated from the zero-th order

approximation to be (Masai 1994),

z -1
T=nl~ Z(Sz ta, )—i ~ |:(Sz +a, )minlS -a |:| ~10" s cmr™ (3.8)

z=0

where (S2 +az) means the value of the element that gives the minimum difference

minS, —a,|
between S, and a, (i.e. equilibrium between ionization and recombination). Thus, in these

models the plasma is characterized by the electron temperature, &7, and the ionization

fimescale, r=n,t.

The NEI condition of the plasma tells us how the SNR has evolved by comparing 47, to

kT, since kT. gradually approaches k7, on a remarkably long timescale of 10" s (~10°-
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10° yrs). As the plasma approaches ionization equilibrium, two main effects are detected
(Kaastra and Bleeker 1991): first, elements with higher atomic number become ionized at
later times, creating a general shift of line complexes from low to high energies. Second, the
effective line centroid for each element gradually shifts due to increasing ionization stages.
Thus, we can obtain information on the degree of ionization of the plasma from the
measured location of the line energies compared to what would be expected from the

electron temperature (see Section 3.3.3). As well, at ionization parameters larger than

nt~10" s em™, no significant line energy shift from that of CIE is found for a wide range of

electron temperatures and atomic numbers (Masai 1994). Figure 3.3 shows simulated X-ray

spectra of NE| plasma models with different ionization timescales as would be detected with

the Chandra observatory. For example, at low ionization timescales (#,f ~10' em™ s) the Fe-
L emission at ~1.1 keV dominates over the Fe-K emission at ~6.4 keV. The opposite is

observed at high ionization timescales (nef~1012 s cm™), where no change from ionization

equilibrium is seen.
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Figure 3.3: X-ray spectra with different ionization timescales convolved with the Chandra ACIS
response (see Chapter 4). The electron temperature is 1 keV in all panels and jonization timescales
are 1x10%° 1x10"" and 1x10" em™ s, left to right. Abundances of all elements were fixed to their solar

values (Anders and Grevesse 1989} and the column densily of interstelfar absorption, Ny, is 5x1 0?'

cm?

Furthermore, as shown by Hamilton, Sarazin and Chevalier (1983}, the shape of the X-ray

spectra for SNRs in the Sedov stage (see Section 1.2.2) is determined by just two

parameters instead of three. They show that the shock temperature 7, and the collisional

parameter 77 = n. E can be used to describe the state of the plasma. The latter parameter is

independent of time and can be regarded as characterizing the rate at which the plasma

relaxes toward equilibrium, equivalent to »,# above. Physical SNR parameters that can be

derived using 7, , 77, and the basic Sedov expansion law given by equation (1.3) are:
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(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

Here, v, is the shock velocity, #, is the pre-shock Hydrogen density, ¢ is the age of the

remnant, E is the supernova explosion energy, r, is the shock radius, and A, the swept-

up mass of the ISM. A mean molecular weight of 4 =0.63m, and a total number to

hydrogen density ratio of 2.34 were used to derive these equations.

Therefore, fitting a Sedov model to the thermal emission from the SNR gives values for T,

and nyt(=n,/4.8), which together with one extra parameter (such as r, from image

analysis) can give a complete set of Sedov parameters for the remnant. This model has

been used in this thesis when estimating the parameters for G292.0+1.8 (see Section 5.5.2).
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3.3.3 Thermal bremsstrahlung

Bremsstrahlung, or braking radiation, results from the acceleration of electrons in Coulomb
collisions with other electrons or with ions and nuclei. The most common situation is the
emission from a hot gas as the electrons collide with nuclei due to their random thermal
motions. This is called ‘thermal bremsstrahlung’ or ‘free-free’ emission and represents one of
the main processes responsible for continuum thermal emission from SNRs. Thermal
bremsstrahlung, also called free-free emission, produces a characteristic spectrum. The
distribution of photon energies produced by bremsstrahlung reflects the electron energy
distribution, and has an average that is proportional to temperature. Thus, a measurement

of the spectrum can be used to determine the temperature of the gas.

The shape of the thermal bremsstrahlung spectrum is given by a total continuum emission

per unit frequency, volume, and time as follows

dW(l,@) _2me’( 2z " 1272 —hi kT =
Pﬂ= > — T Znn.e v T,V 314
’ dodVd:  3mc’ \3mk e 8y(T>v) ( )

where m is the electron mass, 7' the plasma temperature, n, the electron density, n, the
ion density, Ze the ion charge and g, (T,v) is the velocity-averaged Gaunt factor. In cgs

units, the above flux is then given by
PY =6.8x107* 77" 2% n ne™™'¥g (T,v) ergs™ em™ Hz' (3.15)

(Rybicki and Lightman 1979). Thus, the only dependence of the bremsstrahlung spectrum

—hvl kT —4_1
L

on frequency is through e and g,(T,v). For energies in the range hv/kT ~10
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™M ~1-27 and g, (T,v)~1-5. For high energies, hv/kT >>1, the exponential term

dominates and cuts off the spectrum close fo the limit v_,, which is related to the interaction

ot
time between the electron and the ion. Therefore, the bremsstrahlung spectrum is nearly a
constant for a given gas temperature and it allows us to estimate the temperature of
astrophysical objects. Figure 3.4 shows a modeled bremsstrahlung spectrum (left) and a
simulated one as would be detected with Chandra. The specific shape of the simulated
Chandra spectrum is affected by instrumental effects. As discussed in Section 3.2,

interstellar absorption plays an important role at iow energies.
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Figure 3.4: Flat spectrum produced in the bremsstrahlung process (left). Simufated bremsstrahlung X-
ray spectrum for a gas at a temperature of 1 keV as measured with Chandra, both an unabsorbed
(column density of 0 cmi?) and absorbed (5x10%" em’®) spectra are shown (right).
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3.4 Nonthermal emission

Nonthermal emission from SNRs arises from synchrotron radiation of highly energetic
particles accelerated at the shock front of the supernova blast wave or a confined pulsar

wind.

Synchrotron radiation

A relativistic electron moving at a velocity, v, in the presence of a magnetic field of strength,

B, moves in a helical path around the field line, and consequently emits synchrotron
radiation. For plerions, the powering pulsar is thought to provide the relativistic electrons and

magnetic field. For shell-type SNRs, the electrons and fields originate from the shocked ISM.

For a homogeneous and isofropic ensemble of electrons producing nonthermal

synchrotron radiation, the energy density distribution, n(y), has a power law form

n(y)dy = nyy ™ dy (3.16)

The ensemble spectrum will then be given by

5 U —(r-1)/2

P=2com 28| L (3.17)

v 70
3 v, (v,

(Rybicki and Lightman 1979), where o, =8xe*/3m’c* is the Thompson cross section,
U,=B"/8x is the energy density of the B-field and v, is the non-relativistic Larmor

frequency.
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Therefore, a power law electron energy distribution with photon index, I', will produce a
power law spectrum with spectral index of —(I"—1)/2. Figure 3.5 shows the single electron

and integrated synchrotron spectrum (left) as well as a simulated one as detected with

Chandra (right).
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Figure 3.5: The power law spectrum of synchrotron radiation (left) and a synchrotron spectrum with
photon index I" = 2 as detected with Chandra (right).

3.5 Summary

Supernova remnants and pulsars offer a wide range of observational studies. Spatial studies
of these objects allow for the determination of their morphology and subsequent
classification, as well as the ability to resolve their different components: forward shock,
ejecta-dominated regions, pulsar and PWN. Spectral studies are useful in the determination

of the emission mechanism and subsequent properties of the emitting material, such as:
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temperature, chemical composition, elemental abundances, ionization state, spectral index,
etc. This thesis deals with the high-resolution, high-sensitivity X-ray studies of two composite
Galactic supernova remnants, G292.0+1.8 and G282.2-0.5. The X-ray analysis of these
objects allows us to study their plerionic emission, their underlying engines, and the

properties of the ambient medium in which they are expanding and with which they are

interacting.
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Chapter 4

The Chandra X-ray Observatory

4.1 Historical Overview of X-ray Telescopes and their Instruments

The progress in our understanding of the properties of pulsars and SNRs at X-ray
wavelengths has been shaped by the evolution of the telescopes used to observe them. The
first X-rays of cosmic origin were detected in 1949, when radiation detectors aboard rockets
were carried above the atmosphere and detected X-rays coming from the Sun. More than a
decade later, improved detectors discovered X-rays coming from sources beyond the solar
system when NASA launched the Uhuwru X-ray Satellite in the early 1970's. Over the next
three decades, advances in X-ray astronomy were possible with the launch of the Einstein,
ROSAT, ASCA and Chandra observatories, among others. Table 4.1 summarizes the main
properties of these telescopes. The technical information presented throughout this chapter

was compiled from the Chandra X-ray Cenfer (CXC, http./fcxc.harvard.edu/)

Spatial Energy  Areaat Spectral -
Resolution  Range 1 keV ( a::ccr)::’in) Resolution Rc;rs;gi::;igon
{arcsec) (keV) {em? (E / AE)
_ HRC = 30 .
Chandra TRC=04 " 4 100 800 ACIS=16(),  ACIS =20-50 HRC =16 15
ACIS =05 ACIS = 3.2 sec
8x48(S)
GIS =30 GIS =50 GIS = 1-15 GIS =63ms
ASCA  gg=3p 05-120 380 SIS =22 SIS =940 SIS =2, 4, 8 sec
HRI =2 HRI = 38 i} ARI=61 &5
ROSAT o872 0124 400 S35 PSPC = 1-4 D3PO 0 s
——PC =60 PC=75 ARG = 0.5-1 IPC =63ms
Einsteh  yre=5 027200 200 \rc=25 FPCS=100-1000  HRC=8ms

Table 4.1: Characteristics of different X-ray satellites. Credit: HEASARC (http:#/heasarc.gsfc.nasa.gov
/docs/corp/observatories.html). See ‘Abbreviations’ section at the end of the manuscript for acronyms.
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NASA's Einstein Observatory, launched in 1978, was the first large X-ray telescope with
mirrors. The Roenfgensatellit (ROSAT), a joint satellite project between Germany, the
United Kingdom and the United States, carried an even larger X-ray telescope than Einstein
into orbit in 1990. The ASCA satellite was launched in 1993 and was the first X-ray
astronomy telescope that employed CCD cameras in addition to having a significant
effective area above 2 keV. However, the capabilities offered by the use of CCDs aboard
ASCA were not fully explored due to the uncertainties in the calibration and response of the
mirrors. Therefore, the launch of NASA's Chandra X-ray Observatory and its CCD cameras
marked the next leap in X-ray astronomy in making full use of the capabilities offered by

these instruments.

Solar Array 12 Sunshade Door

Spacecraft
Module

Aspuct Camera

Stray Light Shade
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LD Imaging Low Gain
Spectrometer Antenna 121

i)

Figure 4.1: Major components of the Chandra X-ray Observatory. Credit: CXC/RTW. Available at
http:.#chandra. harvard. edu/resources/illustrations/art_iflus1.html.
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4.2 The Chandra X-ray Observatory

4.2.1 Overview

The Chandra X-ray Observatory (CXO, formerly the Advanced X-ray Astrophysics Facility
[AXAF]) was launched by the Space Shuttle Columbia on July 23, 1999. After an Inertial
Upper Stage boosted the satellite out of a low-earth orbit and separated from the telescope,

Chandra fired its own Integral Propulsion System several times {o put the telescope in a

highly elliptical orbit. The final orbit has a perigee of 1.0x10"km, an apogee of 1.4x10° km
(approximately one-third the distance to the moon) and an orbital period of 64 hr. The
telescope uses a grazing incident optic {the High Resolution Mirror Assembly, or HRMA)
that allows spatial resolution of better than 0.5". Figure 4.1 is a schematic of the main
components that make up the Chandra observatory. The capabilities offered by these
mirrors are fully used by the CCD detectors coupled with them. The Advanced CCD Imaging
Spectrometer (ACIS) and the High Resolution Camera (HRC) are the two primary focal
plane instruments employed by Chandra. The ACIS detectors have excellent spatial
resolution (one pixel = 0.5"), moderate spectral resolution (E/AE ~20-50") and high
detection efficiency (~20-90%) in the 0.2—10 keV band. The HRC is a microchannel plate
with similar characteristics to the HRI cameras in Einstein and ROSAT. Both the HRC and
ACIS have two separate arrays, an imaging array (HRC-! and ACIS-l) intended for wide field

imaging and a spectroscopic array (HRC-S and ACIS-S) to be used in conjunction with

! Shortly after launch, some of the ACIS detectors suffered radiation damage, degrading their
resolution compared to pre-flight performance. See Section 4.2.2.
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transmission gratings that can be inserted into the optical path. Figure 4.2-Figure 4.4
compare Chandra's spatial resolution, spectral resolution and detection efficiency to that of
Einstein, ROSAT and ASCA. The superior image resolution offered by Chandra and the
excellent overall performance of the ACIS detector can be seen in these plots. In the
following, a description of the major satellite components is provided, stressing the
capabilities offered by ACIS since data from this detector was used for this thesis. A detailed

description of all the components can be found at the CXC website?.
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Figure 4.2: Comparison of Chandra's spatial resolufion with that of Einstein, ROSAT and ASCA.
Einstein, ROSAT and ASCA performances measured at 1.49 keV, the Chandra performance is
between 0.5-2.0 keV. Adapted from Pivovaroff (2000).

2 http://cxe. harvard.edu/
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Figure 4.3: Same as above but showing energy resolution ( E/ AE) as a function of energy. Adapted

from Pivovaroff (2000).
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Figure 4.4: Same as above but showing quantum efficiency (QE) as a function of energy illustrating
the detection efficiency of the detectors. Adapted from Pivovaroff (2000).
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4.2.2 Advanced CCD Imaging Spectrometer

ACIS offers the capability to provide high-resolution images and moderate resolution
spectra. It consists of ten individual CCDs, each of 1024x1024 pixels, arranged in two
separate arrays. The engineering model and schematic view of ACIS at the focal plane are
shown in Figure 4.5. Four of the chips were placed in a 2x2 array (ACIS-I} with a 17x17’
FOV intended for imaging of extended objects. The other six chips were arranged in a 1x6
array (ACIS-8) intended primarily as a read-out detector for the High Energy Transmission
Grating (HETG). However, two of the CCDs in ACIS-S are back-illuminated (see below) and
offer superior low-energy detection efficiency than the rest of the chips. Imaging

observations with moderate spectral resolution using ACIS-S are then common.

The ACIS CCDs, built at MIT, have been optimized for high detection efficiency (0.2-0.9),
superior energy resolution (£/AE ~20-50) and good spatial resolution (0.5" when
combined with the HRMA) in the 0.2-12 keV band. In general, CCDs are a series of Metal
Oxide Semiconductors (MOS) capacitors packed together for operation as a single array
composed primarily of Silicon. The charge generated through photo-absorptions is collected
in a potential well and is then transferred (clocked) from neighboring capacitors to an
amplifier stage, where the resultant output is converted from an analog to a digital signal by

read-out electronics (see the CXC website for further details).

41



ACIS FLIGHT FOCAL PLANE

~272 pixels ~1 i'L—’i f<— not constant with Z

10 1
w203cdr || wi193c2
22 vixel 0 1 ACIS-I
=I;11X"6 ' n ES 3 (aimpoint on I3 = (962, 964))

wl58cdr || w215¢2r

Ss2 53 S4
+
wi182cdr wi3dedr

+AY Target
+Z 17 Offsct
Coordinztes

Pointing +AZ

Top

column -

node zero

. - row~" Coordinates
Image Region Bottom

-z
Pixel (0,0
oo +Y Sim Moticn
Frame Store
CCD Key Node Row/Colunn Cof”d’“?!c
Definitions Definition Orientations

Figure 4.5: Engineering model (inset) and schematic drawing of ACIS, showing both the imaging and
spectroscopy arrays. Credift: NASA/CXC/SAQ. Available at hitp://cxc. harvard.edu/proposer/POG/

html/ACIS. html,

Normally, radiation is incident to the surface of the CCD that has “gates”. A “gate”

structure on one surface of the CCD defines the pixel boundaries by alternating voltages on

three electrodes spanning a pixel. Thus, photons must first pass through the gate structure

before they can interact in the depleted silicon (the region below the gates where most of

the absorption takes place). These devices are then called front-illuminated (FI). At low
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energy (E < 2 keV), the characteristic absorption length of photons is comparable to the
thickness of these structures, reducing the low-energy detection efficiency. One approach
for increasing the low energy detection efficiency is to reverse the orientation of the device,
such that the radiation does not have to propagate through the gates to interact in the
depleted silicon. A device operated in this fashion is referred to as back illuminated (BI). In
turn, Bl chips have lower high energy (E > 5 keV) efficiency, increased non-linearity and
diminished spectral resolution than FI CCDs. Therefore, the choice of device depends on its
application and the specific scientific objectives of the observation. Two of the chips in the
ACIS-S array are Bl (see Figure 4.5). Originally, the FI chips on ACIS had spectral
resolution closer to the theoretical limit than did the Bl chips. However, shortly after launch,
their spectral resolution was degraded due to low energy protons encountered during
radiation belt passages and reflecting off the X-ray telescope onto the focal plane. The Bl
CCDs were not impacted since it is far more difficult for low energy protons from the
direction of the HRMA to deposit their energy in the buried channels of the Bl devices. Thus,
the energy resolution for the two Bl devices in ACIS-S remains close to pre-launch values.
In particular, the performance of the Bl ACIS-83 chip (see Figure 4.5) is well calibrated,

behaves as expected and was then used for the observations analyzed in this thesis.

Photoelectric absorption of an X-ray in Silicon results in the liberation of a proportional
number of electrons to the incident photon energy (an average of one electron-hole pair for
each 3.7 eV of photon energy absorbed). Inmediately after the photoelectric interaction, the
charge is confined by electric fields to a small volume near the interaction site. However,

charge in an Fl device can also be liberated below the depletion region (in an inactive
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substrate) from where it diffuses into the depletion region. This charge may easily appear in
two or more pixels. The CCD's spectral resolution depends on an accurate determination of
the total charge deposited by a single photon. This in turn depends on the fraction of charge
collected, the fraction of charge lost in transfer from pixel to pixel during read-out, and the
ability of the readout amplifiers to measure the charge. Spectral resolution also depends on

read noise and the off-chip analogue processing electronics.

4.3 Chandra Data Processing

The above advantages offered by the Chandra observatory can only be fully implemented if
the data obtained from it is carefully processed. It is possible to analyze any Chandra data
straight from the pipeline (see below). However, to get scientifically accurate resuits, there
are a number of data processing questions that should be considered separately for

individual observations.

The calibration files that are required for standard processing and analysis of Chandra
data are stored and indexed in the calibration database directory (also called “CALDB"). The
data reduction and subsequent analysis of Chandra data performed for this thesis were
performed with the Chandra Interactive Analysis of Observations (CIAO) v2.2 system. A
detailed description of the following issues and the analysis recipes followed during this

thesis can be found at hitp://cxc.harvard.edu/ciac/threads/all. html.
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4.3.1 Standard Data Processing

The Chandra X-ray Center (CXC, operated by the Marshall Spaceflight Center) performs

standard data processing (or “pipeline”) on all Chandra science data. The processing runs in

several stages or "levels”, each of which is built on the results of the preceding level. A well-

defined set of data products are made at the end of each level. The processing levels

relevant to this thesis are as follows:

1.

Level O (LO): processing carried out by the CXC which takes raw Chandra
spacecraft telemetry and splits it into convenient FITS files. The telemetry is then
divided along the observation boundaries. These products are not used for user-

level analysis.

Level 1 (L1): takes LO output and applies instrument-dependent corrections, such
as the change in the pointing position of the telescope with time. This processing is
also carried out by the CXC. The L1 outputs have not had anything irreversible
done to the data (e.g. no photon event rejection). These products represent the

starting point for the processing carried out in this thesis.

Level 2 (L2): takes L1 outputs and applies standard, but irreversible, corrections
that cause information to be lost and cannot be regained from the L2 products
alone. This processing includes filtering the events file on the good time intervals
(GTls, see Section 4.3.6), cosmic ray rejection, etc. A "finished" event file is
produced, which is then used to perform the necessary imaging and spectral

analysis.
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4.3.2 Charge Transfer Inefficiency

The loss of charge in a CCD as it is shifted from one pixel to the next during readout is
known as charge transfer inefficiency (CTI). When X-rays (and cosmic rays) deposit charge
in an ACIS CCD, the charge is read out using cne of four sets of read-out electronics. Each
read out is used for a specific 256x1024 pixel subset (node) of the CCD. Since charge is
read out at only one location on a node, the charge at all other locations must be moved to
the read out. Charge is moved both vertically (i.e. in the "parallel” direction) and horizontally
(i.e. in the "serial" direction). The total number of pixels through which charge must be
moved depends on the location at which charge is deposited on the CCD. As charge is
moved, some may be lost to charge traps that are distributed across the detector and cause

CTl to occeur.
CTI affects the measured spectral distribution of astrophysical sources in two ways:

1. Since some of the charge is trapped, the amount of charge read out is less than the
amount of charge deposited. This effect causes the measured pulse-height
distribution (see below) for a source to be shifted to lower pulse heights (i.e. lower

measured energies than originally present in an event).

2. For a variety of reasons, CTI causes degradation in the energy resolution of a CCD.
The measured pulse-height distribution of a mono-energetic source (or a line feature)

is then broadened.

These effects are functions of the location in a CCD where an X-ray interacts since they
depend on the number of traps through which charge is moved. The algorithm
CTICORRECTIT was developed by Townsley et al. (2000) to estimate the amount of
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charge originally deposited on one of Chandra’s CCDs in one event. This correction makes
use of the amount of charge read out and the location of the recorded event on the detector.
This CTI correction was the first reduction technique applied to the level 1 Chandra data
used in this thesis. A new level 1 file is produced from which a final event 2 file is obtained

by applying all of the remaining corrections summarized below.

4.3.3 ACIS Gain Map

The total charge per pixel detected for an individual event is called the event's pulse height
amplitude (PHA). For a given CCD location, a gain table is used to map the PHA of an event
to its corresponding physical energy value. In turn, the energy value is converted into a

pulse invariant (Pl) value through the equation PI =[(energy/14.6 keV')+1], where Pl is in

units of detector energy channels. Pl spectral data can then be added (binned) according to
the specific needs of a particular scientific analysis. Therefore, using the correct gain map is
especially important if one is interested in performing spectral analysis on ACIS data. In this
thesis, the latest available gain file (CALDB v2.12) was applied to the level 1 data using the

CIAQ tool ACIS_PROCESS_EVENTS with the option gradefile=CALDB.

4.3.4 Pixel Randomization

The level 1 data obtained from the pipeline randomizes the positions of events detected
within a given ACIS pixel. This randomization is done to remove the instrumental “gridded”
appearance of the data and to avoid possible aliasing effects associated with this spatial
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grid. The event coordinates are randomized over the instrument pixel size (0.5 arcsec), so
no information is lost. However, disabling pixel randomization can improve the resolution of
on-axis Chandra sources and was thus performed on the data used for this thesis. This
correction was applied by sefting the parameter rand_pix_size=0.0 while running the

ACIS_PROCESS_EVENTS tool on the event 1 file.

4.3.5 Event Grades

An event is registered by a CCD when the charge generated by photoelectric absorption is
drawn into the electrostatic potential well created by the gates. If the charge is confined to
one pixel, a single pixel event results. If an interaction takes place close to a pixel boundary,
the charge will be collected by two neighboring pixels (a split event), and if an interaction
takes place near a pixel corner the charge can be divided between three or four pixels (also
a split event). During processing, an island of pixels is considered in which the center pixel

is the local maximum and is also above an event threshold value, 7,. If surrounding pixels

are above a split threshold value, 7, (where T, < 7,), their signal is added to the central

pixel's and the event is classified accerding to the distribution of charge in the island of
pixels. On the basis of this pattern, the event is assigned a “grade”. Depending on the

grade, the data are then included in the telemetry.

Table 4.2 represents the mapping between grades and event types used for Chandra data
analysis. The proportion of events in each event grade is a strong function of photon energy.

As the initial charge cloud size and the mean interaction depth increase with photon energy,
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the probability of a split event increases. The larger the interaction depth, the larger the
contribution of diffusion to the charge cloud size, and therefore, the larger the probability that
the event will occupy more than one pixel. During processing of the data used in this thesis,
only grades 0, 2, 3, 4, and 6 were selected using the tool DMCOPY with the option

grade=0,2,3,4,6.

Table 4.2: Grades and their corresponding X-ray event types

Grade Event Type
0 Single pixel
1 Diagonal split
2 Vertical split
3,4 Horizontal split
5 L-shaped split with corners
6 L-shaped and Square
7 All pixel split

in addition, event grades contain information about the origin of an event. As high-energy
particles {e.g. electrons and protons) pass through a CCD, they deposit a significant amount
of ionizing radiation, generating in some cases as many as several hundred events.
However, these events usually have charge deposited in at least five or six pixels of the

istands of pixels discussed above. As the grades of these types of events (grades 1, 5 or 7)
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are not part of the standard processing, paricle-induced background events can be

effectively discriminated purely on the basis of event grade.

4.3.6 Good Time Intervals

A list of good time intervals (GT!) is supplied by the pipeline, containing observation periods
that are not excluded due to bad conditions, such as high background or unstable pointing
position. A level 2 file will have been properly screened by selecting only those observing
times contained in the GTI list. This selection was performed using the tool DMCOPY and

the option @gti_file_name.

4.3.7 ACIS background

The ACIS background consists of a relatively soft Cosmic X-ray Background (CXB)
contribution and cosmic ray-induced events with a hard spectrum. Most cosmic ray events
can be filtered out by applying a grade filter (e.g., rejecting the above ASCA grades 1, 5 and
7). After such filtering, the CXB component and the cosmic ray component are comparable
below ~2 keV (during the quiescen{ background intervals, see below) and the cosmic ray

component dominates above that energy, consistent with the pre-launch estimates.

A phenomenon that can seriously affect the scientific value of an observation is
background flares, when the count rate can increase by a factor of up to 100. Such flares

have been observed everywhere in Chandra’s orbit. They are most prominent in the Bl chips
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but also affect the Fi chips. The nature of these flares is under investigation. The flares are
easily seen when making light curves of a source-free region in the CCD chip with the tool

DMEXTRACT and it is usually best to discard the time intervals with flares present.

During the quiescent periods and after the standard event screening (see Section 4.3.5),
the ACIS background appears to be relatively constant with time. This weak dependence of
the quiescent background on time allows us to use other observations (cleaned for flares
using exactly the same criteria) for modeling the background. A number of source-free
observations have been combined to create experimental quiescent background event files.
These “blank-sky” datasets can then be adapted to individual observations and the resulting

files used to estimate the background during both imaging and spectral analysis.

In addition, if source-free sky regions are available in the same observation and in
adjacent spatial regions to the sources being studied, the spectrum from these regions can

be used to estimate the background during spectral analysis.

4.3.8 ACIS background in VFAINT mode

There are a number of telemetry formats available in which the ACIS CCDs can be
operated. Specifying a format determines the type of information that is included in the
telemetry stream. The number of bits per event determines the event rate at which the
telemetry will saturate and data will be lost until the on-board buffer empties. For this thesis,
data obtained in telemetry formats “Faint” and “Very Faint” were used. The "Faint” format

provides the event position in detector coordinates, an arrival time, an event amplitude, and
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the contents of the 3x3 pixel island that characterizes the event grade.

The "Very Faint” format provides the event position in detector coordinates, the event
amplitude, an arrival time, and the pixel values in a 5x5 pixel island. This offers the
advantage of reducing the ACIS particle background by screening out events with significant
flux in border pixels of the 5x5 event islands. The 5x5 event islands recorded in the Very
Faint mode reveals that a large number of events are in fact the end-points of big particle
fracks. A standard grade analysis using 3x3 islands, fails to screen these events. Several

examples are shown in Figure 4.6. Such events can then be screened by rejecting those in

which any border pixel in the 5x5 island is above the split threshold T,. This correction was

applied by using the ACIS_PROCESS_EVENTS tool and setting the option

check_vf_pha=yes.

grade grade 4 grade 6

Figure 4.6: Example grades assigned to events detected in a 5x5 pixel island.

4.4 Chandra Imaging Analysis

An example of the image obtained from the original level 2 data for the SNR G292.0+1.8 is

shown in Figure 4.7 (left). By extracting a spectrum of the whole remnant (Figure 4.7, right),
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the presence of emission lines at low energies becomes apparent. The level 2 data can then
be divided into different energy ranges according to the observed spectrum using the
DMCOPY toal with the option energy=min_energy:max_energy, where min_energy and
max_energy are the chosen low and high energy ranges, respectively. For example, the
data can be divided into the 0.3-1.15 keV, 1.15-2.15 keV and 2.15-10.0 keV X-ray bands in
order to isolate the spatial regions which most contribute to the emission at these energies.

The derived images are shown in Figure 4.8.
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Figure 4.7: Left — 0.3-10.0 keV raw image of the remnant G292.0+1.8 obtained with Chandra. Right
— QOverall spectrum of the remnant.
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Figure 4.8: Raw Chandra images of the remnant G292.0+1.8 in the 0.3-1.15 keV (left), 1.15-2.15
keV (center) and 2.15-10.0 keV (right) bands.

In addition, any image can be further processed by applying a “Gaussian smoothing"
algorithm to it. The purpose of this step is to ‘blur’ the image in such a way as to remove

noise, however at the expense of removing detail as well. A 2-D symmetric Gaussian

2 2
distribution has the form —é—l——exp(~f—2—+%} where o is the standard deviation of the
Fideg o

distribution. The degree of smoothing (called ‘smoothing scale’ or ‘kernel size’) to be
performed is determined by the size of o . The smoothing is then carried out by producing a
discrete approximation of this function (=kernel)} and ‘sliding’ it over the image continuously
in order to multiply them until the whole original image is covered. This processing was
performed on the images shown in this thesis with the tool CSMOOTH, which also allows for
the possibility of using different kernel sizes (if desired) according to each pixel's
significance above the background. For example, the same images shown in Figure 4.8

were smoothed using this tool and a o =1.5", the resulting images are shown in Figure 4.9.
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Figure 4.9: Same images as in Figure 4.8 but each smoothed with a Gaussian with o =1.5"

The above images can then be color-coded using programs such as ‘Photoshop™ or
‘Gimp** and then combined to create ‘true-color® images of the objects being studied. In this
way, the images shown can be given red (0.3-1.15 keV), green (1.15-2.15 keV} and blue
(2.15-10.0 keV) colors and subsequently superimposed to produce a final image (see

Figure 4.10)

® http://www.adobe.com/products/photoshop/main. htm|
* http:/Avww.gimp.org/

® In this context at X-ray energies, a ‘true-color’ image refers to false-color images in which the color

refers to energy, i.e. combined energy-coded images
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Figure 4.10: Color-coded, smoothed images in the 0.3-1.15 keV (top left, red), 1.15-2.15 keV (top
right, green} and 2.15-10.0 keV (bottom left, biue) bands. The brightness and contrast for each image
were adjusted and they were then combined to create a ‘true-color’ image (bottom right).

4.5 Summary

The imaging and spectral capabilities offered by Chandra represent an order of magnitude
improvement over previous X-ray astronomy missions. For the purposes of this thesis, the

excellent spatial resolution and moderate spectral resolution offered by the ACIS detector
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(and in particular the un-degraded performance of the back-illuminated ACIS-S3 chip) offers
the best combination to study the X-ray emission from the SNRs G292.0+1.8 and G292.2—
0.5 and their associated pulsars. The unprecedented spatial resolution offered by Chandra
allows for the study of their individual components, from separating the different emission
regions in SNRs to resolving small PWN structures surrounding the pulsars. The available
spectral resolution also makes it possible to study the different emission mechanisms
present in these systems. And finally, the high detection efficiency allows for the possibility

to detect fainter objects.
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Chapter 5

The SNR/PSR system G292.0+1.8 and J1124-5916

5.1 Introduction

Chandra has been advancing our understanding of core-collapse supernovae by revealing
their collapsed cores and their outflows, the distribution of supernova ejecta, and their
interaction with the intersteflar medium (ISM). Increasing the sample of SNRs with hybrid
morphology (i.e. composite-type SNRs) helps address questions related to the birth

properties and evolution of neutron stars and SNRs in the ISM.

G292.0+1.8 (MSH 11-54) offers a unique laboratory to address these questions because
of its hybrid morphology, its youth, and its size. This SNR is one of three Oxygen-rich
remnants in our Galaxy. It was first discovered in the radic band (Milne 1969; Shaver &
Goss 1970), where it exhibits a centrally-filled morphology, indicative of the presence of a
PWN. Einstein and EXOSAT X-ray observations classified the remnant as a type-ll
explosion of a massive star (Hughes & Singh 1994). The low resolution Einstein image of
the remnant is shown in Figure 5.1. Recent Chandra observations led fo the discovery of the
long-sought PWN (Hughes et al. 2001; Safi-Harb & Gonzalez 2002) surrounding a
candidate pulsar. An imaging study of the SNR with Chandra (Safi-Harb & Gonzalez 2002;
Park et al. 2002} traced the distribution of the ejecta. The remnant has a morphology similar
to Cas A on small scales (Hwang, Holt, & Petre 2001), however, no Fe-K line-emission was

detected.
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The discovery of the PWN in G292.0+1.8 prompted a deep search for radio pulsations

and led to the discovery of a 135 ms pulsar, J1124-59186, coincident with the Chandra X-ray
point source (Camilo et al. 2002a). J1124-5916 has a derived spin-down luminosity E of

1.2x10% erg s, a surface magnetic dipole field strength of 1x10" G, and a characteristic
age of 2,900 yrs. The pulsar's spin parameters are summarized in Table 5.1. To date, the
only estimate of the age of this SNR is from optical studies of the high-velocity material
coincident with the PWN (Murdin & Clark 1979). The optical spectrum is dominated by
Oxygen and Neon emission lines with a velocity of ~2,000 km s™, giving the remnant an age

of 1,600 years, a factor of 1.8 less than the characteristic age of the pulsar.

Gasa.e+1.8 HSH 13-34

Figure 5.1: Low resolution Einstein image of the remnant G292.0+1.8. Credit: K. P. Singh. Available
at hitp:/Rifrc tifr.res.in/~singh/SNR1.html.

For this thesis, the first detailed spatially resolved spectroscopy of the Chandra

observation was performed in order to infer the energetics of the supernova explosion, the
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mass of the progenitor, the age of the remnant, and the parameters of the pulsar wind.

Paramster Value
R.A.(J2000.0) v 11 24 39.1
Decl. (J2000.0)" ..ooviviii i, —59 16 20
Period, P (s) ...... SRR 0.1353140749(2)
Period derivative, P ....oooviiveiiiiiniaanns TATY2) = 107"
Epoch (MID} ... 52,180.0
Dispersion measure, DM (em™ pe) ......... 330(2)

Data span (MID) ... 52,157-52,214

Number of TOAS ......oovvviiiiiiiiiiiiannn 10

rms timing residual (ms) ............coceannn 5.8

mns timing residual, “whitened” (ms) ....... 04

Flux density at 1400 MHz, 8, (mJy) ...... 0.08(2)

Derived parameters:
Characteristic age, 7. {(y1) .................. 2900
Spin-down luminosity, E (ergs 57" ....... 12 x 10¥
Magnetic ficld strength, B (G) ............ 1.0 x 19"
Distance, d (Xpe)® «oeuveenineeeieiiieininans ~5
Radio luminosity, L, (mly kpe? ........ ~2

NoTe.—Numbers in parentheses represent 1 o uncertainties in
the least significant digits quoted.

* Position known with ~1" accuracy from Chanera data (Hughes
et al. 2001). Units of right ascension are hours, minutes, and sec-
onds, and units of declination are degrees, arcminutes, and

arcseconds.
® Distance of SNR G292.0+1.8

Table 5.1: Parameters derived for PSR J1124-5916. From Camilo ef al. (2002a).

5.2 Observations and Data Reduction

(292.0+1.8 was observed with the S3 chip of the Advanced CCD Imaging Spectrometer
{ACIS) on board Chandra on March 11, 2000. The CCD temperature was -120°C with a
frame readout time of 3.2 sec in “faint” telemetry mode. A correction for Charge Transfer
Inefficiency (CTI) was done by applying the CTICORRECTIT tool to the event 1 raw data
{Townsley et al. 2000). A new event 2 file was then obtained by screening the data to the

standard status, ASCA grades, and flight timeline filter configurations, using standard Ciao
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v2.2 routines. The 0.5" pixel randomization was also removed. The lightcurve from source-
free regions in the S3 chip was inspected and ne significant background flares were found.

The resulting exposure time was 38 ksec (~10.5 hrs).

5.3 Imaging analysis

Figure 5.2 shows the ‘true-color' broadband image of G292.0+1.8. This image was obtained
by combining individual images in the soft (0.3-1.15 keV, red), medium (1.15-2.15 keV,
green) and hard (2.15-10.0 keV, blue) X-ray bands, each smoothed with a Gaussian with
o =1.5". The soft and medium images show a filamentary structure ranging from arcsecond
to arcminute scales. The hard band image (blue) shows an unresolved point source

surrounded by a hard nebula, as found by Hughes et al. (2001).
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Figure 5.2: 0.3-10.0 keV X-ray image of the remnant. Images in the soft (0.3—1.15 keV, red}, medium
(1.156-2.15 keV, green) and hard (2.15-10.0 keV, blus) bands were combined, each smoothed with a
Gaussian with o =1.5" The hard band contribution has been enhanced. The image size is 8%8"

The overall spectrum of the remnant (Figure 5.3, left) reveals that the thermal emission is
dominated by O, Ne, Mg, Si and S lines (no Fe-K is present). Images of the remnant for
each of these elements were created by selecting only the energy ranges in which each line
dominates the spectrum. Their combined image is shown in Figure 5.3 (right). To estimate
the background for these line images, the Marx software available through the Chandra X-
ray Center was used to simulate a broadband continuum image. For the spectral input, a
two-component bremsstrahlung model {to account for the cool and hot components that
compose the continuum spectrum) was used. For the spatial distribution, a line-free image in

the 4.0-6.0 keV was used as a template. (As a consistency check, continuum images were
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extracted from line-free regions bracketing the centroids of the line images and were found
to produce a morphology similar to that obtained with the simulated Marx images). Each
simulated background image was then subtracted from the original fine+continuum image,

and smoothed with a Gaussian with o =1.5".
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Figure 5.3: Left — Qverall Chandra spectrum of G292.0+1.8 with dominant lines labeled. Right —
Combined background subtracted line images; elements used were Oxygen (0.60-0.72 keV, red),
Neon (0.74-1.10 keV, green), Magnesium (1.25-1.42 keV, cyan), Silicon (1.67-2.09 keV, blue) and
Sulfur (2.26-2.59 keV, purple). The Si and S contribution have been enhanced.

5.4 Sub-arcminute spatially resolved spectroscopy

5.4.1 SNR G292.0+1.8

The excelient spatial resolution offered by Chandra allowed for the study of the spectral

properties of the SNR on sub-arcminute scale. To perform spatially resclved spectroscopy of
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the SNR, the 23 bright regions shown in Figure 5.4 were selected for analysis. Each
spectrum obtained from the individual regions was fitted in the 0.5-8.0 keV range using the
nonequilibrium ionization (NEI} model, VPSHOCK (Borkowski, Lyerly, & Reynolds 2001) in
version 11.0.1 of the XSPEC package (Amaud 1996). This model is appropriate for
modeling plane-parallel shocks in young SNRs whose plasma has not reached ionization

equilibrium. It is characterized by the shock temperature, 47", and the ionization timescale,
nt, of the plasma. Here, n, is the post-shock electron density and ¢ is the time since the

passage of the shock. In this case, ¢ can then be used as a lower estimate on the SNR age.
Since the remnant is ejecta-dominated, the abundances were allowed to vary. Appendix A

summarizes the best fit parameters to all 23 regions obtained from these fits.

Figure 5.4: Regions selected to perform spatially resolved spectroscopy on the remnant G292.0+1.8.

One-component NEI model fits yielded an average temperature for the selected regions of
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0.9+£0.3 keV, with minimum and maximum values of 0.6 and 1.7 keV, respectively (see
Appendix A). The ionization timescale varied across the SNR from ~5x10™ to ~10"™ ¢cm™ s.
These values indicate that the emission from the ejecta contains a wide range of
temperatures and ionization states. Regions 1, 3, 7, 8 and 9 (see Figure 5.4) in the
southeast of the remnant exhibit high ionization timescale values, indicating that the plasma
has reached ionization equilibrium in the southeast. Relative abundances were well
constrained in these models and were used to derive the abundance ratios discussed in

Section 5.5.2.

Fitting the remnant with two-component models was then attempted. This was motivated
by the expectation of a high-temperature and a low-temperature plasma associated with the
supernova blast wave and reverse shock, respectively (see e.g. Safi-Harb et al. 2000).
While the overall fits were slightly improved, the abundances could not be well constrained
due to the large number of free parameters. The derived average temperatures for the hot

and cool components were 1.05£0.34 keV and 0.3710.18 keV, respectively (see Appendix
A). These are lower than 1.64*)3 keV, as reported by Hughes & Singh (1994) from their one-

component NEI model fit to the Einsfein and EXOSAT data. The discrepancy is probably

due to the contamination by the previously unresolved PWN.

5.4.2 Pulsar Wind Nebula

Chandra observations of PWNe have shown that:

1) PWNe harbor torus- and jet-like structures indicating equatorial and polar outflows, and
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2) The power law photon index steepens away from the pulsar, as expected from

synchrotron and expansion losses (see e.g. Safi-Harb 2002 for a review).

Figure 5.5: 2.6-10.0 keV image of the PWN surrounding PSR J1124-5916. The image was

smoothed using a Gaussian with o =0.25". The inner circle is at a radius 3" (R_}, and the outer one

at 45" (R, ). See Section 5.5.3 for details.

By examining the PWN surrounding PSR J1124-5916 detected with Chandra, there is
evidence of an arcsecond-scale east-west elongation and an exiension to the south (see
Figure 5.5), hinting at structures associated with the depositicn of the pulsar's wind energy
into its surroundings. To search for spectral variations, the inner 45" of the PWN was divided
into four concentric rings to obtain enough counts fo extract a spectrum. As reported by
Hughes et al. (2001), the spectrum of the PWN is heavily contaminated by thermal emission

from the SNR. In order to minimize this contamination, a nearby region was used as
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background and the fit was restricted to the 1.5-7.0 keV range, thus reducing the

contamination from Oxygen, Neon, and Magnesium ejecta.
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Figure 5.6: Sample 1.5-7.0 keV spectra of the PWN surrounding J1124-5916. The steepening of the
power law index can be seen from the inner (2"-7"} radii fo the outer (30™45") radii. See Table 5.2 for

best fit paramefers.

Using a power-law model, we find a steepening of the photon index, I', from 1.9£0.1 o

3.0£0.2 between the inner and outer ring when N,, was fixed to our best fit value for the
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pulsar of (3.7+0.4)x10*" cm? (see Table 5.2 and Figure 5.6). This result is expected from

synchrotron losses and is reminiscent of Crab-like nebulae (e.g. Safi-Harb et al. 2001).

Fitting the inner 45" at once, we find an average photon index I"'=2.6+0.1 and unabsorbed

X-ray flux of f, =7.4x107" erg cm®s™ in the 0.5-10 keV band.

Radius I (+90%)  x*(dof)

<2” (pulsar) 1.74:+0.10 142 (140)

27" 2.040.10 122 (94)
715 2.064:0.11 129 (125)
15”-30" 2.37+0.10 202 (219)
30”45 3.00+0.20 204 (212)

Table 5.2: Steepening of the power law photon index, 1", of the PWN in G292.0+1.8. The value for

N, was fixed during fitting to the best value for the pulsar of 3.7x10*' cm™

5.5 Discussion

5.5.1 Distance
Combining the best fit parameters from the one- and two-component fits to all 23 regions
(see Appendix A), the average SNR column density is N, =(5+1)x10°" cm™ We can use

this value to verify previous estimates for the distance to G292.0+1.8 using the strong
correlation found between the visual extinction produced by dust (4;) and X-ray absorption

produced by both dust and cold gas (Ny) (Predehl & Schmitt 1995). The extinction per unit
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distance in the direction of the remnant can be estimated from the contour diagrams given

by Lucke (1978): E, ,/D~0.2 mag kpc". Using the relation N, /4, =1.79x10"" cm?
mag™", which translates into N,/ E, , =5.55x10* cm™ mag™ (Predehl & Schmitt 1995), we

derive a distance of 3.6-5.5 kpc. A distance of 4.8 kpc, as used in previous studies, is then

a good approximation and will be adopted in the following discussion.

5.5.2 Supernova Parameters

The results from our NE!I model fits to the emission from the SNR can be used to derive the
supernova parameters. In the standard picture of the X-ray emission from young SNRs, the
cool component arises from shocked ejecta, and the hot component is usually attributed to
the blast wave shocking the surrounding medium. The spatially resolved spectroscopy
described in Section 5.4.1 indicates that most of the regions in the SNR (except for the PWN
and regions 21-23) are well fitted with a one-component NEI (VPSHOCK) model with high
metal abundances (with respect to solar), indicating that these knots are the shocked ejecta

associated with the explosion of a massive star.

Nucleosynthesis yield as a function of the progenitor's mass has been numerically
computed by Woosley and Weaver (1995) among others. Relative abundances were well

constrained in the one-component NEI model fits to the ejecta-dominated regions (#1-20)
and were used to derive the abundance ratios, R,,,, of element X to Silicon. These ratios
are sensitive to the mass of the progenitor star in nucleosynthesis models, and can be used
to infer the progenitor's mass. Figure 5.7 shows the average values for these ratios along
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with their rms scatter. Over-plotted are the predicted ratios from nucleosynthesis models for

progenitors of 25, 30, 35 and 40 Mo. The measured ratios are then consistent with a

progenitor's mass of 30-40 M.
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Figure 5.7: Average abundance ratios (filled squares) and their rms scatter measured throughout the

remnant. Predicted ratios from nucleosynthesis models are also shown.

Regions 20-23 selected in the analysis are of special interest (see Figure 5.4). Region 20
is part of a set of sharp circumferential filaments surrounding the bulk of the ejecta-
dominated X-ray emission. Regions 21, 22 and 23 are part of an outer faint ridge of
emission delimiting the SNR. For comparison, the one- and two-component NEI fits to
regions 20 and 21 are summarized in Table 5.3. It is likely that regions 21-23 indicate the
location of the blast wave shocking the surrounding medium for the following reasons: 1) as
shown in Table 5.3, the abundances derived for region 21 using one-component models are
consistent with ISM abundances (sub-solar) and are the lowest ones throughout the
remnant, while those derived for region 20 are contaminated by ejecta; 2) the outermost
emission is absent in the equivalent width maps which reveal the ejecta (Park et al.
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2002); and 3) even two-compenent model fits to regions 21-23 require sub-solar
abundances, which is not the case for region 20, where both components reguire above-
solar abundances. Thus, if regions 21-23 represent the current location of the supernova
blast wave, the derived NEI| values for these regions can then be used o estimate some

basic physical parameters as discussed in Section 3.3.2.

Region 20 Region 21
One-component Fits
Ny (10%em—2) 47+02 4.9+03
kT (keV) 0.661503 0.87+0.07
net (em™3 s) (7.5FHx 101 (8.7 & 2.4)x 10
O abundanceg 1.14+0.1 0.387008
Ne abundanceg 0.90 £ 0.06 0.531093
Mg abundanceg 0.6319:%8 0.23 + 0.06
Si abundanceg 0.47 & 0.06 0.27+9:09
S abundanceg 1.2 £ 0.3 0.2152
Fe abundanceg 0.24 + 0.02 0.16 + 0.03
norm (3.3 £0.2)x107% (1.4 4+ 0.2)x1073
x2 (dof) 1.9 (119) 1.2 (98)
Two-component Fits

Ny (10 cm™?) 6.1 &= 0.03 6.1700s
KT ot (keV) 0.94+90 0.95192
Netror (cm™2 8) (3 £ 0.5)x 10" (6H14)x10°
NOT M0 (1.05 £ 0.05)x107% (9.1 £ 1.4)x107*
kT oot (keV) 0.27 & 0.02 0.84 % 0.06
Neteoor (€M™ 5) (2.7 P23 x 101 (1.4 + 0.3) x 101
TIOT M0 (5.1 + 0.4)x1073 (2.8193)x 1074
x2 (dof) 1.6 (116) 1.0 (95)

Table 5.3: One- and two-component VPSHOCK fits to regions 20 and 21 in the SNR G292.0+1.8.
The normalization (norm) is given in units of (10””/ 47rD2) jneanV cm™, where D is the

distance to the source (in cm) and n,, n, are the electron and ion densities (in cm’).
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First, the derived values for the ionization timescale, n,, from regions 21-23 can be used
as a lower limit for the age of the remnant, ¢, by using the observed emission measure (EM,
or normalization) as an estimate for the ambient density, n,. For this, the values from the

more reliable one-component fits in the 0.5-8.0 keV band were used. The corresponding
SNR size would be » ~4.2'=5.9 pc {(at 4.8 kpc). In the following example, the parameters

derived for region 21 (shown in Table 5.3) are used. The observed EM of 0.09+£0.02 (after

scaling it to the SNR volume) corresponds to JneanV = 10" (47rD2XEM)
=(2.540.6)x10° cm™. If the emission volume ¥ = f¥,, (where f is the filling factor) and
n, =4.8n, =1.1n, , we find an upstream density n, = (0.23+0.03) /™ cm™. Then, the best
fit n,t parameter from the VPSHOCK model (see Table 5.3) corresponds to a shock age of

t =2,50031° £ years. Similarly, these parameters can be derived for regions 22 and 23

and are summarized in Table 5.4. For a reasonable filling factor of 0.25, the shock age
varies from 1,250-4,450 years. The discrepancy between these ages suggests that the
northeastern regions are shocked at earlier times than the western regions, probably due to
an inhomogeneous medium. This complication makes the determination of the SNR

parameters in this manner uncertain.
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Region 21 Region 22 Region 23

Tonization timescale, nqt (cm™3s) (8.74£2.4)x10'0 (2.140.6)x10'! (3.1732)x10%

[nenygdV (10% cm™3) 2.5 £ 0.6 39409 2.5 4+ 0.8
Ambient density, no (f~Y2 ecm™®)  0.23 + 0.03 0.29 £+ 0.4 0.23 + 0.04
Swept-up mass, M, (=% Mg) 6.7 £ 0.8 83+ 0.9 6.7+ 1.1

Lower age limit, ¢ (f1/? years) 2,500% 700" 4,900 7200 8,9001 5500

Table 5.4: Derived SNR parameters from NE! fits fo forward shock regions 21, 22 and 23

Therefore, in order to estimate the global properties of the SNR independently of the
small-scale density variations, an attempt was made to fit the spectrum of the whole
remnant at once (see Figure 5.3, left). This proved to be extremely difficult using the entire
0.5-8.0 keV band and various combination models with up to three components. The
difficulty is due to the large number of NEI components needed to account for the variations
in temperature and ionization time-scale of the ejecta, as indicated in our spatially resolved
spectroscopy described in Section 5.4.1. However, restricting the fit to the 2.0-8.0 keV
range (to remove the contamination from O, Ne, Mg and Si gjecta) and excluding the pulsar

and its PWN, a two-component model (VPSHOCK + SEDOV) provided an acceptable fit for
the overall spectrum with y’(dof) =1.17(197); SEDOV is an NEI model that accounts for
the hot thermal emission from the SNR interior and is based on the Sedov dynamics
(Borkowski et al. 2001). Although the remnant is not strictly in the Sedov phase but most
probably in the transition state between the free expansion and Sedov phases (Hughes &

Singh 1994, see Section 1.2), the Sedov approximation can be used to derive physical

estimates for the SNR. In this way, the VPSHOCK model was used to characterize the
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emission from the Suifur ejecta, while the SEDOV model was used to characterize the blast
wave component (abundances were set to 2/3 solar with equal electron and ion

temperatures). Figure 5.8 shows the spectrum with best fit two-component model.

Normalized Counts/sec/keV

0.1

Chaonnel Energy (keV)

Figure 5.8: High-energy spectrum of G292.0+1.8 fitted with a two-component (VPSHOCK + SEDOV)
model. See Table 5.5 for derived explosion parameters.

Table 5.5 then summarizes the derived parameters from the SEDOV model (EM , kT,
and #,t) and the SNR parameters estimated from these values using the Sedov equations

(3.9)-(3.13). First, the derived value for #, is consistent within the various uncertainties with

that derived from the observed emission measure (see Table 5.4). The SNR age,
t (Sedov)=2,400-2,850 yrs, is comparable to the average value also derived from regions

21-23 above. This age represents a more reliable estimate for the age of the
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remnant since the contamination from ejecta has been minimized and the effect of an
inhomogeneous medium has been averaged. In addition, this age is in close agreement with
the pulsar's characteristic age of 2,900 years. This agreement strengthens the pulsar/SNR
association and relaxes the need for invoking a very slow initial spin period or a non-

canonical value for the braking index of the pulsar (Camilo et al. 2002a).

Parameter Value (£ 10)
Emission Measure, &M 0.166+9-90¢
Shock temperature, kT (keV) 0.95 + 0.15
Tonization timescale, n.t (cm™ s)  (2.0703)x 10"
Shock velocity, vs (km s™1) 880 + 70
Age, t (yrs) 2,600+29
Ambient density, ng (em™3) 0.51+315
Explosion energy, Ey (10%! ergs) 0.1810:08
Swept-up mass, M, (Mg) 156153

Table 5.5: Explosion parameters derived from a Sedov fit to the hot component of the overall
spectrum of SNR G292.0+1.8.

Recently, observations carried out with the Australia Telescope Compact Array (Gaensler
& Wallace 2003) were able to resolve the positions of the forward and reverse shocks in the
remnant at radio wavelengths. Using the model developed by Truelove and McKee (1909)

for the evolution of a SNR and its shock structure, Gaensler & Wallace derive an expansion

velocity of 1,200d, /t,5,, km s, ambient density of ~0.94;°" ;)2 cm™, explosion energy of

~1.1x10° d3*15,53 ergs and ejected mass of ~5.94,°1,,5, M,_. Here, d, is the distance to

the remnant in units of 6 kpc and #,,,, is the age in units of 2,500 yrs (derived from the age
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in Table 5.5 in conjunction with other estimates). Their estimates for the distance, ambient
density and expansion velocity are broadly consistent with the ones derived in this work,

while their estimate for the explosion energy is an order of magnitude higher.

5.5.3 Pulsar Wind Nebula Parameters

As noted by Hughes et al. (2001), the pulsar and its PWN are not located at the geometrical
center of the remnant. The offset was attributed to either a high transverse velocity for the

pulsar or slower expansion of the SNR toward the south-east. From the offset (~1") they

calculate a transverse velocity for the pulsar of ~770(d,s/t,,) km s™', where d,, is the
distance in units of 4.8 kpc and 1,,,, is the age of the remnant in units of 1,600 yrs. Using the
new estimate of 2, 600’_"533 yrs for the age, this translates into a transverse velocity for the
pulsar of (470+40) d,; kms™. This value is in excellent agreement with recent estimates of
the mean birth velocity of pulsars (45090 km s™', Lyne & Lorimer 1994).

As mentioned above, the nearly east-west extension and jet-like structure extending to
the south (see Figure 5.5) could be indicative of toroidal and collimated outflows reminiscent
of Crab-like PWNe. The Kennel & Coroniti (1984a) model developed for the Crab can then
be used to estimate some basic PWN parameters. In this model, the synchrotron nebula is

produced by the confinement of a relativistic wind injected by the pulsar into its

surroundings. The radius of the standing shock, R , is estimated by equating the pressure of
the pulsar's wind, E/(4ﬁch), with the pressure in the nebula, B /4x (see Section 2.3).
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B,, the nebular magnetic field, can be approximated from its equipartition value, B, .

Equipartition assumes that the electron energy density is equal fo the magnetic energy
density (Katz 1987). This assumption is made since sources in which equipartition holds
are, roughly, more efficient radiators and more likely to be observed than those in which it
does not hold. In addition, the derived field through equipartition represents a lower limit
estimate since the energy between the two reservoirs is minimized. The value for the field is
then given by

B, =23 ] ——k
7 2a+1 vt -y ¥

+ a+ 27
10" 2o +2 vy L J G

(Lang 1999), where «, L and ¥ are the nebula’s spectral index, luminosity (in ergs s and
volume (in cm®), respectively. In turn, v; and v, are the lower and upper frequencies (in Hz)
over which the luminosity is measured and £ is typically taken to be 100 (Lang 1999).

Thus, using the average luminosity and spectral index for the PWN, the estimated nebular
field from equipartition is B, ~1x10™ G. With the measured £ =1.2x10" ergs s™ (Camilo
et al. 2002a), this translates into a shock radius of R ~3" at 4.8 kpc. Alternatively, the
shock radius can be estimated using the thermal pressure in the SNR interior as a confining
pressure. This average pressure can be estimated as 2nekT~6.9x10~9 erg cm’; which
yields a shock radius of 1”. The inner circle shown in Figure 5.5 shows the estimated upper

value of R_.

An interesting parameter than can also be derived from Chandra studies of PWNe is the
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pulsar wind magnetization parameter, o, defined as the ratio of the Poynting flux to the
particles flux, which can be estimated as a~(RI/R” )2, assuming a low value for o (i.e. a
particle-dominated wind, see Section 2.3). Using a shock radius R ~1"-3" and a nebular

radius R, ~30"—45", o is estimated to be ~0.0005-0.01.

The properties of the PWN can thus be derived from the Kennel & Coroniti model. The
value derived for the pulsar wind magnetization parameter in this manner is comparable to
that derived for other PWNe of similar properties (Safi-Harb 2002). it is worth noting that the
properties of the pulsar and the PWN in G292.0+1.8 are strikingly similar to those of the
pulsar discovered in the Crab's cousin, G54.1+0.2 (Camilo et al. 2002b, Lu et al. 2002). The
lack of ejecta and a shell in the latter SNR (and in a handful other plerions of comparable
age) indicates that the classification of plericnic-type SNRs is to a large extent linked to the

nature of the progenitor star, the explosion energy, and the environment.
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Chapter 6

The SNR/PSR system G292.2-0.5 and J1119-6127

6.1 Introduction

For over three decades the Crab has been viewed as the standard model for young pulsars:
a fast rotating neutron star with surface dipole magnetic field strength of 10" G, injecting a
relativistic magnetized wind of particles into its surroundings. The interaction of this wind
with the surrounding medium creates the observable PWN. PWNe provide a unique
laboratory that probes the properties of their powering engines, the physics of relativistic
pulsar winds and their interaction with the interstellar medium (see e.g. Safi-Harb 2002 for a
review). Recent observations have shown that a good fraction of young pulsars exhibit
properties unlike the Crab. In spite of their youth, they have much larger spin periods and
dipole magnetic fields (see e.g. Camilo et al. 2000). The search for their X-ray counterparts
and any PWNe associated with them sheds light on their high-energy properties and the

way these pulsars deposit their energies into their surroundings.
The radio pulsar J1119-6127 was discovered in the Parkes multi-beam pulsar survey
(Camilo et al. 2000). It has a rotation period of 407ms, characteristic age of 1600 yrs,

surface magnetic field strength of 4.1x10° G, and spin-down Iluminosity £ of

2.3x10% ergs s™'. This is an interesting and unusual object: although it is extremely young,
it displays a relatively large period and magnetic field when compared to Crab-like pulsars.
its period derivative, P, of 4x107" is one of the largest among radio pulsars. PSR J1119-
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6127 is also one of a handful of pulsars for which a second period derivative P has been
measured, allowing for a calculation of the pulsar's braking index, giving »=2.91+0.05
(see equation 2.8). This value makes J1119-6127 the pulsar with a braking index closest to

the expected value of # =3 if the pulsar slows down due to magnetic braking.

Following the pulsar's discovery, radio observations were performed with the Australia
Telescope Compact Array (ATCA). They revealed a ring-like shell of 15' in diameter
surrounding the pulsar with a nonthermal spectrum characteristic of a shell-type SNR
(Crawford et al. 2001). It was then classified as a new Galactic supernova remnant G292.2—
0.5. No radio emission from a PWN was found in the ATCA data, and the observed upper

limit is below what might at first be expected from the pulsar's characteristics.

Previous X-ray observations of the system were performed with the ASCA and ROSAT
satellites (Pivovaroff et al. 2001). These showed extended emission associated with the
radio SNR, as well as a hard point-like ASCA source in the field offset ~1.5' from the radio
pulsar. Such a large offset made their association uncertain. The low number of counts
obtained from the SNR did not make it possible to characterize its X-ray spectral properties

as thermal or nonthermal.

This new SNR/PSR system then offers a new testing ground for our current theories of the
birth and evolution of these objects. For this reason, a pointed Chandra observation of the
system was proposed for the 2001-2002 observing cycle. Chandra's excellent spatial
resolution and sensitivity make it the ideal observatory to look for small and faint pulsar
signatures and to study the diffuse emission from surrounding material. For this thesis, a

detailed analysis of the Chandra observation of PSR J1119-6127 and the center of the SNR
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(G292.2-0.5 was performed.

6.2 Observation and Data reduction

The field around pulsar J1119-6127 was observed with Chandra on 2002 March 31-April 1.
The coordinates of the X-ray source detected with ASCA were positioned at the aimpoint of
the back-illuminated S3 chip of the Advanced CCD Imaging Spectrometer (ACIS). The CCD
temperature was -120°C with a frame readout time of 3.2 sec in "very faint” telemetry mode.
The CTICORRECTIT tool was applied to the original event 1 raw data (Townsley et al.
2000) in order to correct for charge transfer inefficiency. The standard 0.5" pixel
randomization was removed. The lightcurve from source-free regions in the S3 chip were
inspected and no significant background flares were found. To reduce background, only
ASCA grades of 0, 2, 3, 4 and 6 were selected, as well as data free from bad columns and

hot pixels. The resulting effective exposure time was 47 ks {(~13 hrs).
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Figure 6.1: Left — 2.0-10.0 keV ASCA image of SNR G292.2-0.5. The superimposed regions mark
the locations of Chandra's S3 chip {white box), the radio coordinates of PSR J1119-6127 (white
cross) and the radio boundary of G292.2-0.5 (black circle, 15' diameter). Right — 0.5-10.0 keV
Chandra ACIS-S3 image of the interior of the remnant. Individual images in the soft (0.5-1.15 keV,
red), medium {1.15-2.3 keV, green), and hard (2.3-10.0 keV, blue) bands were combined. Resolution
ranges from 1"-10" and black regions represent non-significant defection. The arrow marks the
location of the detected counterpart of PSR J1119-6127 (see Section 6.3.3 for defails).

Figure 6.1 shows the ASCA (left) and Chandra (right) images of G292.2-0.5. The 2.0~
10.0 keV ASCA image has been smoothed using a Gaussian with o = 45"°. The Chandra
image was obtained as follows: the data were divided into individual images in the soft (0.5—
1.15 keV, red), medium (1.15-2.3 keV, green), and hard (2.3—10.0 keV, blue} bands. Each
image was adaptively smoothed using a Gaussian with o = 1" for significance of detection

>5 and up to o = 10" for significance down to 3. A broadband (0.5-10.0 keV) background

® See Pivovaroff et al. (2001) for a detailed analysis of the ASCA data.
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image was produced using the blank-sky datasets available in CALDB v2.12. The resulting
background image was divided into the same energy bands and then subtracted from its
corresponding (source + background) image. The individual background-subtracted images
were finally combined to produce the image shown in Figure 6.1. This image shows several

resolved X-ray sources surrounded by diffuse emission from the interior of the remnant.

6.3 Analysis

6.3.1 Point Sources

Point sources in the field were found using CELLDETECT, a wavelet detection algorithm
implemented within CIAO. This algorithm searches for sources by summing counts in
square cells ("detect" cells) in the dataset and comparing the counts to those of
"background" cells. At each point where a cell is placed, a signal-to-noise ratio (S/N) of
source to background counts is computed. If this ratio is above the detection threshold, a
candidate source is recorded. The size of the detect cell is determined by the size of
Chandra's point spread function (PSF) at that location and the encircled energy percentage
specified by the user. In the center of the field, the cells are small; off-axis, the cells become
larger. The background count rate is estimated from a background cell which surrounds
each detect cell. Since false sources may be detected in the vicinity of significant exposure
variations, such as detector edges or chip gaps, an exposure map is used (a map of the

{otal exposure time as a functicn of position on the CCD).

For this analysis, the S/N detection threshold was set to 2.75, the encircled energy
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percentage was set to 80%, and a cutoff ratio of 95% was used for exposure variations in
the field. A total of 18 sources were detected and their properties listed in Table 6.1 in order
of increasing right ascension. The number of counts was determined from the cell size used
by CELLDETECT, a function of the PSF at specific off-axis angles and the encircled energy
percentage. This size varied from ~1" for the source closest to the aimpoint (s15) to ~5.5" for
the source with the largest off-axis angle (s1). For sources s17 and s18, different extraction
radii were used (see below for details). With the specified S/N > 2.75, the lowest number of
counts detected was 14 counts for s15. The number of counts were divided into those
detected in a soft (0.5-2.0 keV) and a hard (2.0-10.0 keV) band to provide an initial
indication of the X-ray spectra of these sources from the available number of counts. From
this, 11 sources were found to have more that two times the number of counts in the soft
band than in the hard band (“soft" sources), 4 sources have similar number of counts in both
energy bands (‘intermediate” sources) and 3 sources have more that two times the counts

in the hard band than in the soft band (“hard” sources).
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Table 6.1: Chandra catalogue of point sources detected in the field surrounding PSR J1119-6127.

AU Name Right Ascension Declination  p,citional error 0.5-2.0 keV 2.0-10.0 keV

{CXOU+) (&2000) (315000 } (1o, arcsec) counts counts
si J111816.8-612732 11:18:16.8 -61:27:32.1 4.2 18 8
s2 J111817.2-612945 11:18:17.2 -61:29:45.2 3.6 32 2
s3 J111821.5-613019 11:18:21.5 -61:30:19.0 3.7 34 6
s4 J111823.5-612719 11:18:23.5 -61:27:19.1 2.7 28 3
sb J111824.2-612606 11:18:24.2 -61:26:06.1 3.2 2 35
s6 J111827.0-612929 11:18:27.0 -61:29.20.5 2.6 27 i
s7 J111828.9-612353 11:18:28.9 -61:23:53.1 4.1 32 0
s8 J111830.5-613019 11:18:30.5 -61:30:19.8 2.4 19 4
s9 J111835.9-612645 11:18:35.9 -61:26:45.6 2.3 34 2
s10  J111838.1-612600 11:18:38.1 -61:26:00.5 1.5 9 12
s11  J111842.3-613058 11:18:42.3 -61:30:58.1 1.7 5 20
si2  J111843.0-612532 11:18:43.0 -61:25:32.9 2.8 0 20
s13 J111843.2-612636 11:18:43.2 -61:26:36.6 1.8 8 15
si4  J111851.4-612449 11:18.51.4 -61:24:49.7 2.0 28 3
sib6  J111905.1-612714 11:19:.05.1 -61:27:14.1 0.7 9 5
si6  J111908.9-612540 11:19:08.9 -61:256.40.7 1.2 a3 6
st7  J111911.8-613026 11:19:11.8 -61:30:28.7 0.8 118 13
s18  J111914.4-612749 11:19:14.4 -61:27:49.7 08 163 122

Various catalogues at radio, infrared, optical and X-ray wavelengths were searched in an
attempt to identify the detected sources with previously known objects. Three sources were

identified and are listed in Table 6.2. The soft source s3 is coincident, within error, with the
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Wolf-Rayet star WR44a (a,,,,=11:18:43.5, J,,,, = —61:26:37). The intermediate source

s13 is coincident with the IRAS source J11161-6113 (a0, =11:18:22, §,,4, = —61:30:19,

33"x3" ellipse error). And finally, we have detected a source (s18} coincident with the radio

pulsar J1118-6127.

From all sources detected, only two (s17 and s18) contain enough counts to extract a
useful X-ray spectrum. The properties of s17 are examined below (Section 6.3.2), with those

of 518 being discussed extensively (Section 6.3.3).

Table 6.2: Counterparts to detected Chandra sources.

IAU Name Radial Offset
ID Counterpart Reference

{CXOUH (arcsec)
s3 J111821.5-613019 WR 44a van der Hucht (2001} 23
s13 J111843.2-612636 IRAS J11161-6113 Beichman et al. (1988) 3.8
s18 J111914.4-612749 PSR J1119-6127 Camilo et al. (2000) 0.7

6.3.2 CXOU J111911.8-613026 (s17}

The Chandra field surrounding source CXOU J111911.8-613026 (s17) is shown in Figure
6.2. It is the second brightest source in the field, however, no counterparts at other

wavelengths were found. A total of 131 counts were detected from it in the 0.5-10.0 keV
range, translating into a count rate of (2.840.3)x107 cts s™'. The source lies at an off-axis

angle of 1.7’ from the aimpoint of the S3 chip.
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Figure 6.2: 0.5-10 keV Chandra image of the source CXOU J111911.8-613026.

In order to compare the spatial characteristics of this source with Chandra's point-spread-
function (PSF), a 2-D spatial fit to the data was performed using the GAUSS2D function in
the Sherpa v2.2 software available within CIAO. From this, the measured FWHM value of
~0.9" makes this source consistent with a point source at the observed off-axis angle. A
spectrum was extracted from this source in the 0.5-10 keV band using 10 counts per energy
bin. Figure 6.3 shows a plot of the spectrum and fitted model. Table 4.2 shows the
parameters derived from fitting nonthermal power law and thermal bremsstrahlung models
to this spectrum. The power law model provides a slightly better fit with the available number

of counts than thermal models.

87



1073
T

Normalized Counta/see/keV

1074
T

2 5

0.5 1
Chenael Energy (kev)

Figure 6.3: Chandra spectrum of source CXOU J1119711.8-613026 with best fit power law model.

Power law Thermal Brem.
Parameter
(£90%) {£90%)
N, (10*' cm?) 5079 3.05%
T/kT 3.9£0.6 0.752533 keV

Norm (1.359)x10°  (25)x107

£, (0.5—10keV , ergscm’ ") (9-232 )X 107" (0-8fgj§ ) x107
s (0.5=10keV, ergs om® s*) (41537 )x 107" (1871 )x107
Z+ (dof) 0.76(11) 0.88(11)

Table 6.3: Parameters found from spectral fits to the source CXOU J111911.8-613026. The
normalization for the power law model is given in units of photons keV' cm? s at 1 keV, and for the

bremsstrahlung modef in units of (3.()2><10_15 /4zD? ) Inen,.dV cm”™, where D s the distance to

the source (in cm) and n,, n, are the efectron and ion densities (in o), respectively.
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6.3.3 PSR J1119-6127

In Figure 6.4 (left) we show a close-up image of the ACIS field around the radio pulsar
J1119-6127. The X-ray source s18 from Table 6.1 is the brightest one in the field and it lies
0.7" away from the coordinates of the radio pulsar (&,,,,=11:19:14.30 and &,,,,= —
61:27:49:5, 0.3" error, Camilo et al. 2000). From the positional coincidence of this X-ray

source with the radio pulsar, the low probability of a chance alignment (~1x107"), the
evidence of a PWN associated with it and the nature of its spectrum (see below), this source

then represents the X-ray counterpart of PSR J1119-6127.

Within a radius of 3.4" centered at the X-ray coordinates and including the point source
and extended component, a total of 285 background subtracted events were detected in the
0.5-10.0 keV band, translating to a count rate of (6.4+0.4)x107 ctss™. Pile-up effects are
then negligible. The spectrum was fitted in the 0.5-10.0 keV band, using a minimum of 15
counts per bin. An absorbed power law model provided a better fit than thermal models. The
best-fit spectral parameters are summarized in Table 6.4 and the spectrum is shown in
Figure 6.4 (right). All errors are at the 90% confidence level unless otherwise specified. By
examining Figure 6.4 (right), high residuals at ~1.4 keV are present, indicating that the
spectrum could be partly thermal. However, these residuals become insignificant when
extracting a spectrum from a smaller region. The poor statistics did not allow fitting multi-
component models. A detailed investigation of this emission will have to await a deeper

exposure.
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Figure 6.4: Left — The X-ray counterpart of PSR J1119-6127. This ‘fruecolor’ image combines the soft
(0.5—1.15keV, red), medium (1.156-2.15 keV, green), and hard (2.15-10 keV, blue) bands. The
images were smoothed with a Gaussian with o =0.5". Right — Spectrum and best fit power-law modef

(see Table 6.4). A minimum significance of 3¢ was chosen in rebinning the data for display.

Parameter Value (£ 90%)
Ng (10%cm™2) 9t3
Photon index, I’ 2.2403

Normigey (photons keV—! em=2s71)  (3.1133)x107°
fabs (0.5-10.0 keV, ergs cm™2 s71) (6.673%1)x10~1
funabs (0.5-10.0 keV, ergs cm™2 s71)  (1.3723)x 107
x2(dof) 0.57 (16)

Table 6.4: Power-law speciral fit for the counterpart of PSR J1119-6127, including point source and
extended component {see Section 6.3.3 for details). -

As shown in Figure 6.4 (left), the pulsar has an associated exiended X-ray component

aligned nearly north-south. In order to compare its spatial characteristics with Chandra’s
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PSF, a 2-D spatial fit to the data was performed using the GAUSS2D function in Sherpa
v2.2. First, images of the source in the soft (0.5-1.15 keV), medium (1.15-2.15 keV) and
hard (2.15~10.0 keV) energy bands were created. The number of counts in these energy
images was 25, 170, and 90, respectively. Corresponding normalized PSF images at an off-
axis angle of 1.28' and energies characteristic of the source's energy histogram (0.85 keV,
1.7 keV and 3.0 keV) were made and used as convolution kernels when fitting. From this fit,
the low energy image yielded a FWHM value fully consistent with the PSF (~0.8"), while the
medium band image had a slightly larger value (~0.9"). The hard band image was best
described by an elliptical Gaussian function with FWHM of ~0.9"x1.2", confirming the
extended nature of the source. Trailing in the S3 chip can be ruled out as an origin for this
feature since the read-out direction is at an angle of ~35° measured counter-clockwise from

the almost north-south direction of the extended emission.

In order to further characterize the morphology of this extended emission, the above
energy images were first smoothed using a Gaussian with o = 0.5" and then normalized.
The contamination by the surrounding SNR in these images is small (<7% of total). The
normalized soft image (consistent with a point source) was then subtracted from the
normalized hard image. Figure 6.5 shows the resulting image, which reveals structures that
appear to be consistent with forus- and jet-like features surrounding the pulsar. Such
features have been observed around young rotation-powered pulsars (e.g. Lu et al. 2002)
and are believed to be associated with the deposition of the puisar's energy into its

surroundings.
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Figure 6.5: Left Center — Normalized soft (0.5-1.15 keV, left) and hard (2.15-10.0 keV, center)
energy images of PSR J1119-6127 smoothed with a Gaussian with o = 0.5". Right — sublracting the
soft (left) from the hard {center) band image makes the underlying structure surrounding the ptisar

visible. A logarithmic display scale was used. See Section 6.3.3 for details.

A total of 41 background-subtracted counts were detected from an annulus centered at
the X-ray coordinates with radius 1.2"-3.4" (see Figure 6.5, right). (The inner radius was
chosen to be ~1.5 times the PSF so the contamination from the point source would be less
than 15%. The outer radius includes the emission detected from the extended component.)
This corresponds to a significance of detection o ~5.5 and contributes ~14% to the total
count rate from the point source and extended component. From the 41 counts quoted
above, 14 are present in the medium energy band (1.15-2.15 keV) and 25 in the high
energy band (2.15-10.0 keV). A spectral analysis of the extended emission is not possible
with the available number of counts and has to await a deeper exposure. However, unlike
the point source, the extended emission is not detected in the soft band (see Figure 6.5,
left). This leads one to conclude that the extended emission appears to be harder than the

point source (assuming both have the same column density).
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6.3.4 SNR G292.2-0.5

In order to analyze the spectral properties of the interior of G292.2-0.5, the two brightest
regions of diffuse emission in the field were studied (see Figure 6.6, left). The contributions
from point sources within these regions were excluded during the analysis and the north-
west and south-east corners of the field were used as background. The spectral analysis
was restricted to the 0.5-6.0 keV band to reduce the contamination from the background. A
net of 5760 counts were detected in this range and 20 counts per energy bin were used

when extracting a spectrum (see Figure 6.6, right).
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Figure 6.6: Left — Combined regions used to extract spectrum from interior of supernova remnant
(292.2-0.5. Right — Spectrum obtained with best fit one-component non-equilibrium ionization mode!

(see Table 6.5 for values).

The presence of an emission line from Neon (near 0.9 keV) indicates that the spectrum is

at least partly thermal. Therefore, the data were first fitted using thermal models: CEl models
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such as Raymond-Smith or Mekal, and NEI models such as VPSHOCK and VNEI (see

Section 3.3). Non-equilibrium ionization (NEI) models are characterized by the shock

temperature, &7, and the ionization timescale, n, of the plasma. Here, n, is the post-

shock electron density and ¢ is the time since the passage of the shock. The O, Ne, Mg, Si,
S and Fe abundances in all models were allowed fo vary independently, and the Ni

abundance was tied to the Fe abundance. The NEI models were found to provide a better fit
with ,1;2 ~ 1.05(278) compared to ;(2 ~ 1.2(279) for the equilibrium ionization models; v

being the number of degrees of freedom.

Parameter VPSHOCK ( 90%)
Ny (10%em™) 58+ 1.2
KT (keV) 36230
O abundance, 030753
Ne abundanceg 1.3
Mg abundanceq 2. l‘i%%
Si abundanceg, 13 %%
S abundanceg 1647
Fe abundanceg 134,
net {cm™ ) (5.1319)y x 10°
Norm (107*/4nD? f(nongdVy em™) (1.7 £ 0.4) x 107
Funabs (0.5-10.0 keV, erg em ™2 s71) 6.8x 10712
x*(dof) 1.04 (278)

Table 6.5: Parameters obtained from fitting the non-equilibrium jonization model VPSHOCK fo the
emission from the center of G292.2-0.5.

Table 6.5 lists the values obtained from the best fit one-component VPSHOCK model.

The derived values for this fit are not well constrained due to the large number of free
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parameters needed to properly fit the data. The unabsorbed 0.5-10 keV flux from this fit is

6.8x107" ergs cm? s'. Although this one-component model provided a good fit to the data,
a high plasma temperature of k7" > 15 keV was required to properly fit the high-energy part
of the spectrum. The possibility of an additional component was then explored by fitting the
spectrum using various two-component models, cne of them always being an NEI model.
When a thermal bremsstrahlung (T.B.) or an additional NEI model were used for the second

component, acceptable fits of ;(2 ~ 1.05 were still obtained, although high temperatures of

>30 keV were also needed for this component. Therefore, a power law model was used to
test for the presence of nonthermal emission from the remnant. In this case, an acceptable
fit was also obtained, with a low NEI temperature in combination with a flat photon index.

The values from these two-component model fits are shown in Table 6.5.
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VPSHOCK VPSHOCK

Parameter + Power law +TB.
Ny (10*em™2) 3.8+2.1 56+16
kT (keV) 14+£13 0.5+02
O abundance, 02102 0.13£0.08
Ne abundanceg 2,184 1.0+07
Mg abundanceg 4,143 19434
Si abundanceg 4.87% 20+ 1.9
S abundanceg 8.7°%Y 1241
Fe abundanceg LI 1.74%9
n.t (cm™ 5) (5.12.0)x 10° (6+£2)x 10°
Normpshock (L7HHx10% (154107
Jfunaps(vpshock) 6.7x 10712 1.7x 10712
T/kT 1.1£02 >30keV
NormipoeriNormy . (2320.8)x107%  (8.4+£6.0)x 107
Funans (Power/T.B.) 3.1x10712 2.9x10712
x2(dof) 1.04 (276) 1.05(276)

Table 6.6: Parameters derived from two-component (VPSHOCK + Power law) and (VPSHOCK +
Thermal Bremsstrahlung) fits to the emission from G292.2-0.5. The normalization for the VPSHOCK

model is given in units of (I 0" /4xD? ) J‘nean V em™, for the power law model in units of photons
keV' cm? s' at 1 keV and for the themmal bremsstrahlung model in units of
(3.02>< 107%/ 471'D2) J.nen,dV cm’®. The unabsorbed fluxes are given in the 0.5-10.0 keV range

and in units of ergs cm™ s'. Errors were calculated by allowing 10 out of the 12 fitted parameters to

vary freely.

6.4 Discussion

6.4.1 CXOU J111911.8-613026
A first approximation of the distance to this source can be made from the measured column

density, N,, as follows (see Section 5.5.1): the extinction per unit distance can be

estimated from Lucke (1978)tobe £, ,/D ~ 0.2 mag kpc' and using the relation
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N,/ E,,=55x10" cm? mag”, the distance D can be then be estimated. From Table

6.3, an average N,, value of (4f321‘§)>< 10" em? translates into a distance of 3.67%7 kpc.

The source exhibits a soft spectrum, with a steep power law providing a slightly better fit
than low temperature thermal models. The power law photon index of I"=3.9+0.6 is much
steeper than those commonly exhibited by radio pulsars (I"~2). However, it is consistent
with those typically found for anomalous X-ray pulsars (AXPs, indices of I'~3-5). The
unabsorbed 0.5-10 keV luminosity from the power law model is (0.6f§:56)x 10* ergs s after
all errors have been taken into account. The source’s luminosity is then well below that of
AXPs (~10%-10% ergs s™). In addition, its overall spectral characteristics are not consistent

with those of observed accretion-powered binary systems, which exhibit much higher

luminosities (~10%°-10°® ergs s™') and different spectral properties.

The class of Compact Central Objects (CCOs), presumably neutron stars typified by the
central object in the SNR Cas A, exhibit blackbody spectra (k7 ~ 0.3-0.6 keV) together
with steep power law indices (I" ~ 4 - 5, where they fit the data) and luminosities of ~10%~
10% ergs s (Pavlov et al. 2001). It is then possible that source J111911.8-613026 belongs
to this class of objects. However, a simple blackbody model (acceptable for most CCOs) did
not result in a better fit for this source than power law or bremsstrahlung models, giving
xf (dof) ~1.1(11). The known CCOs also lie near the center of SNRs, as opposed to this
object which is not associated with a SNR. Thus, the nature of this source cannot be

immediately determined with the available data and has to await further observations.
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6.4.2 Distance to G292.2-0.5/J1119-6127

Following the same method used in Section 6.4.1, the derived values for N, from the
pulsar and remnant fits can be used to obtain a distance to the system. From the power law
fit to PSR J1119-6127, the column density is N, =(6.0-14)x10*' cm? (see Table 6.4).
From the best fit one-component model to G292.2-0.5, the column density is
N, =(5.0-7.0)x10* cm? (see Table 6.5). These then translate into a distance of 5.4-12.6

kpc for the pulsar and 4.0-6.3 kpc for the remnant. A distance of 4-8 kpc was then adopted
for the system. The upper limit was determined from the location of the source with respect

to the Carina spiral arm (Camilo et al. 2000}.

6.4.3 PSR J1119-6127
The analysis described in Section 6.3.3 allowed us to identify the X-ray counterpart of PSR
J1119-6127 and its PWN. Using the spectral model outlined in Table 6.4, we derive an

unabsorbed 0.5-10.0 keV X-ray Iluminosity for the point source and PWN of

Ly =(5.57%)x10” D} erg s where D; is the distance in units of 6 kpc. The conversion

efficiency of £ into L, is then & =(LX/E)~(2.4ﬂ:§)xEO'4D2. This value is

psr+pwn
somewhat on the low end of the efficiencies exhibited by other pulsars associated with

SNRs (e.g. Safi-Harb 2002).

Table 6.7 summarizes the properties of J1119-6127 and two other pulsars with similar

spin properties. PSR J1846-0258 lies within 1' of the center of SNR Kes 75 and PSR
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B1509-58 lies close to the center of SNR G320.4-1.2. All three pulsars spin slowly ( 2 >100

ms) and have large inferred magnetic fields (B > 1x10" G) compared to other young, Crab-
like pulsars. However, their observed X-ray properties are different from those of J1119—
6127. While PSR J1846-0258 exhibits the highest X-ray efficiency (even when compared to

all other Crab-like pulsars, it has one of the highest £ values), J1119-6127 exhibits the

lowest value (& <0.001, using the upper limits on the [uminosity and distance).

psrpn
Furthermore, both J1846-0258 and B1509-58 exhibit very similar spectral properties, with
the measured photon indices of the X-ray pulsars being flatter than those of their associated
PWNe. On the other hand, as noted above, the present analysis of PSR J1119-6127
suggests the opposite trend, with the photon index of the point source being steeper than
that of the extended feature (again, these values should be taken with caution since this

conclusion is based on the small number of counts available).

Therefore, it seems that the peculiar spin properties and high magnetic fields of these
three pulsars cannot account in an obvious way for the differences in their X-ray properties.
In addition, the extent to which their environment comes into play in explaining these
differences is made uncertain by the fact that the emission from Kes 75 (Helfand et al. 2003)
surrounding J1846-0258 was found to have very similar properties to those found for

(G292.2-0.5 in this analysis but arising from different mechanisms (see Section 6.4.4).
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Parameter J1119-6127 J1846-0258 B1509-58

Spin period, P (ms) 408 324 150

Period derivative, P 4x10712 7.1x 10712 1.5x10712
Surface magnetic field, B (G) 4.1x10" 4.8x108 1.5%10%
Characteristic age, 7. (yr) 1600 980-1700 1760
Spin-down luminosity, E (erg s™) 2.3x 10% 7.9%107% 18x 10%
Braking index, n 291 1.86-2.48 2.8

Distance ~6 kpc ~19kpe ~5 kpc

Ny (102 ¢m™2) ~0.9 ~d ~1

Photon index L2222, Tpu$22  Dpynld TppulS Ty LAY, Dpy2.05
Radio/X-ray PWN? no/ yes yes / yes ves / yes

0.5-10.0 keV cfficiency, e (Lx/E)  €psripun S 0001 €ppn0.016, €pu~0.065 €5y >0.001, €un~0.009

Reference this work Helfand et al. 2003 Gaensler et al, 2002

Table 6.7: Observed parameters for pulsars J1119-6127, J1846-0258 and B1509-58.

6.4.4 G292.2-0.5

The emission from G292.2-0.5 is well described by non-equilibrium ionization models, as is
expected from young SNRs. However, the measured temperature of >15 keV is much

higher than the few keV temperatures commonly observed in these objects. in addition, the

low ionization timescale (n,7 ~ 5x 10° cm™ s) indicates that the plasma is far from ionization

equilibrium (rf ~1x10" cm® s), as is expected from young remnants where the plasma

has been recently ionized by the forward and reverse shocks. Unfortunately, the elemental
abundances are not well constrained, making it hard to determine whether the emission
arises from shocked ISM (abundances < 1 solar) or from shocked ejecta (abundances > 1

solar).

The high thermal temperatures derived from the above one-component models may be

suggestive that the spectrum could be nonthermal. For remnants that exhibit both thermal
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and nonthermal emission, the nonthermal portion is well described by a steep power law.
Examples include Cas A (I'=3.0+0.2), SN 1006 (I'=3.0+£0.2), Kepler (I' =3.0+0.2),
Tycho (I' =3.2+0.1) and RCW 86 (I' =3.3+0.2) (Allen et al. 1999). One exception is the
SNR G347.3-0.5, which lacks thermal emission down to very low limits and its nonthermal
photon index is harder (I" ~ 2.2 ) than those of the above remnants (Slane et al. 1999). This
nonthermal emission is commonly attributed to synchrotron emission from particles
accelerated at the supernova blast wave shock. In addition, flat power law photon indices of
~1.45-2.0 were derived for the SNR W50 associated with the Galactic microquasar SS 433.
In this case, the emission was interpreted as arising from the interaction of fast moving jets,
produced by SS 433, with the SNR shell and its surroundings (Safi-Harb & Petre 1999).
However, when a thermal plus nonthermal model was fitted to the Chandra data of G292.2—
0.5, the measured nonthermal photon index of ' ~ 1 (see Table 6.6) is distinctly harder than

those quoted above.

If the hard emission represents power law emission from relativistic electrons, the
possibility then exists that they arise from a leakage of PWN particles into the SNR interior.
The observed photon index for this extended emission also agrees with the suggested index
for the PWN of I" < 2.2, indicating they might have a similar origin. In this case, the particles
-would have had to travel from the location of the PWN out to a radius of ~6' (the location of
the outer region selected to study the emission from G292.0+1.8, see Figure 6.6). The

synchrotron lifetime of these particles must then exceed the light travel time for this distance,

>rle~(0.7-1.4)x10°s ~ 23-46 yrs (at distances of 4-8 kpc). The contribution from

T.U'nch

the power law component to the overall spectrum is still very significant (in fact, it
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dominates) at energies E ~6 keV (for example). The SNR magnetic field needed to produce

the synchrotron emission at these energies with the above lifetime can then be estimated as

B <08572" EMG ~(0.5-1.5)x107G (Lang 1999). This is higher than the typical

snr synch, yrs

interstellar magnetic field of a few ¢ G.

Interestingly, the emission from the SNR Kes 75 associated with the high magnetic field
pulsar J1846-0258 was aiso found to have a similar nonthermal component with
I'=1.34+0.14 (Helfand et al. 2003). In this case, Helfand et al. concluded that the
emission is not likely to arise from pulsar-injected particles and they instead suggested a
dust-scattering halo of the PWN as its origin. However, this process could not completely
account for the high energy (4—7 keV) power law contribution to the spectrum and a
synchrotron contribution from the SNR with unusually flat index cannot be ruled out in this
case. Additional analysis of both these remnants will make it possible to further constrain

their properties and determine possible similarities in their emission mechanisms.
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Chapter 7

Conclusions

In this thesis, the high resolution and sensitivity of the Chandra X-ray Observatory were
exploited to make unique observations of the Galactic supernova remnants, G292.0+1.8 and
G292.2-0.5. The imaging and spectral capabilities offered by Chandra were used to derive

basic properties of these objects.

The emission from the composite remnant G292.0+1.8 was found to arise predominantly
from ejecta-dominated regions. Fitting nonequilibrium ionization (NEI) models to this
emission allowed for the identification of the supernova blast wave. A progenitor mass of
30-40 Mo was derived by comparing the derived abundances from the ejecta with those
predicted from nucleosynthesis models. Using the Sedov interpretation, the explosion
energy, age, blast wave velocity and swept-up mass of the remnant were found to be

(1.8jg;§)x105° ergs, 2,600 yrs, 880+70 km s" and 15.6"3; M, respectively. The

derived age is almost twice as large as previous estimates and it is close to the pulsar's
characteristic age of 2,900 yrs. This confirms their association and relaxes the need for the
pulsar to have a value for the braking index different than » =3, a large period at birth or a
high transverse velocity. The properties of the pulsar wind nebula surrounding PSR J1124-
5916 were also studied. A steepening of the PWN power law photon index from

F=20+£01 to I'=3.0+0.2 with increasing radius was found, as expected from
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synchrotron and expansion losses. From the Kennel & Coroniti (1984a) model, it was found
that the PWN is consistent with having a shock radius of a few arcseconds and a

magnetization parameter o ~ 0.0005-0.01.

The Chandra observation of the remnant G292.2-0.5 allowed for the detection of the X-
ray counterpart of the high-magnetic field radio pulsar J1119-6127. In addition, a faint 3"x6"
extended component surrounding the pulsar was identified at energies above ~1.2 keV

representing the first evidence for a PWN. The combined emission from the pulsar and its

PWN was well described by a power law with a photon index T' =2.2%3% and unabsorbed

0.5-10 keV luminosity of (S.Sf;f;)xl()32 ergs s at a distance of 6 kpc. The emission from

the interior of the SNR was well described by both a single NEI model with high
temperatures (kT > 15 keV) or a two-component NE! plus power law model with an
unusually flat photon index (kT ~ 1.5 keV and [ ~ 1.1). In the case where the hard SNR
emission represents synchrotron radiation from relativistic electrons supplied by the PWN, a

magnetic field of ~{0.5-1.5)x10™ G is needed inside the remnant to produce the observed

emission.

From the above resuits, these two remnants appear to exhibit different properties.
G292.0+1.8 can be considered a textbook case for a composite remnant, where both
thermal emission from the extended regions and nonthermal emission from the pulsar/PWN
are present. The thermal emission is dominated by high abundance ejecta and is consistent

with a massive progenitor. With this study, the derived age for the remnant is similar to the
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characteristic age of the pulsar. In addition, the emission from the PWN follows the
steepening trend expected from synchrotron loses. On the other hand, from this study it now
seems that G292.2-0.5 provides complications with the traditional picture of a young,
composite SNR. The emission from the interior is either hotter than that of other thermal
remnants, or much flatter than that of other nonthermal remnants. in addition, even though a
PWN was detected surrounding PSR J1119-6127, as expected from its youth, it does not
seem to be Crab-like, most probably due to the pulsar's high magnetic field. Furthermore,
the PWN appears to have an unusually low luminosity and a flatter spectral index than the

pulsar, in contrast to what is observed for other high-magnetic field pulsars.

These remnants and their compact objects then exhibit different properties and represent
two distinct manifestations of the SNR/PSR systems. Additicnal high resolution Chandra
observations of these systems, and in particular of G292.2-0.5/J1119-6127, will allow for a
more reliable determination of the spatial and spectral characteristics of their arcsecond-
scale structures associated with the deposition of the pulsar wind's energy into its
surroundings. Furthermore, future observations with the XMM-Newton X-ray satellite will
provide a large effective area and sensitivity to low-surface brightness structures, such as
jet-like structures and SNR filaments. X-ray observations, complimented with studies at
other wavelengths, will provide a better understanding of a wide range of PSR/SNR systems
and the role played by the progenitor stars and the ambient medium in determining their
properties. Thus, the studies carried out for this thesis illustrate the need to increase our

sample of these systems in order to broaden our understanding of them.
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Appendix A

Nonequilibrium lonization Fits to G292.0+1.8

Tables A.1 and A.2 show the best-fit one- and two-component nonequilibrium (NEI} models
to the 23 regions selected for spatially resolved spectroscopy in the remnant G292.0+1.8

(see Figure 5.4). The NEI model VPSHOCK was used to describe the spectra. The
normalization (Norm) in these tables is given in units of (10"'4/475D2) J.neanV cm™. The

listed values were used to derive overall parameters for the remnant. See Table 5.3 and

Table 5.4 for errors of individual values that were used during analysis.

Table A.1: One-component VPSHOCK fits fo the 23 regions selected for spatially resolved
spectroscopy in the remnant G292.0+1.8.

Parameter region 1 region 2 region 3 region 4 region 5 region &
N, (10* em™ 45 5.4 32 5.2 4.9 27
kT (keV) 0.75 17 0.76 1.5 0.64 0.64
0 .enbundance(D 5.3 25 25 1.3 8.0 1.5
Ne abundance 6.3 6.6 3.9 1.8 6.1 2.0
Mg abundancee 37 3.8 2.5 1.3 3.0 186
Si abundance 0.7 0.9 0.3 0.3 2.4 0.9
S abundance 0.9 0.5 0.5 0.2 5.0 1.6
Fe abundance 0.7 0.1 0.6 0.3 0.8 1.6
nt (em™ s) 57x10"  44x10" 69x10" 15x10" 19x10” 5x10"
Norm (107) 1.3 0.39 1.2 14 3.4 6.4
2 Hdof) 1.97(118)  1.74(93)  1.77(107)  1.61(125) 2.50(152) 2.76(176)
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Table A.1: One-component fits continued

Parameter region 7 region 8 region 9 region 10 region 11 region12
N, (10* cm™ 2.7 37 0.26 4.0 3.5 4.4
kT (keV) 0.56 0.56 0.89 0.62 1.2 0.77
o abundance(D 1.4 0.9 22 3.2 1.1 0.8
Ne abundance 14 0.8 10 3.1 3.0 1.1
Mg abundanceo 1.0 0.6 37 18 2.3 08
Si abundance 1.2 0.8 0.6 1.0 1.1 0.6
S abundanneo 3.3 1.4 1.0 1.8 0.9 1.1
Fe abundance 0.5 0.4 0.3 0.7 0.2 0.2
nt (em™ s) 3.7x10® 27x10” 1.0x10® 12x10% 33x10" 3.0x10"
Norm (107%) 0.58 6.6 1.0 35 0.33 2.0
xX(dof) 1.07(112)  1.02(180) 2.16(120)  1.47(147) 1.13(115)  1.85(107)
Parameter region13 region14 region15 region 16 region17 region18
N, (10* cm™ 5.0 5.4 5.7 4.9 3.9 4.9
kT (keV) 0.81 0.89 0.92 0.78 0.92 0.95
O abundance 56 4.4 4.2 3.8 1.8 2.9
Ne abundance 8.2 57 6.7 4.5 3.4 3.2
Mg abundanceO 3.3 2.9 3.6 2.2 22 2.2
Si abundanoeo 1.1 05 0.9 26 0.8 0.4
S abundance(D 1.0 0 1.5 24 0.7 0.8
Fe abundance 0.8 0.5 03 0.3 05 0.5
nt (em™ s) 47x10"  34x10" 35x10" 73x10" 21x10" 3.7x10"
Norm (107) 1.3 0.77 1.4 0.66 0.43 1.3
sz (dof) 2.05(117) 1.79(105)  1.44(142) 1.24(118) 1.15(109)  1.93(113)
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Table A.1: One-component fits continued

Parameter region19 region20 region 21 region 22 region 23
N, (10* cm™ 4.4 47 4.9 35 3.1
kT (keV) 0.71 0.66 0.87 0.7C 0.72
O abundance 2.0 1.1 0.4 0.5 0.3
Ne abundance 5.7 0.9 0.5 0.5 0.4
Mg abundancee 1.7 0.6 0.2 03 0.1
Si abundance 0.6 0.5 0.3 0.2 0.2
S abundance 1.3 1.2 0.2 0.7 0.5
Fe abundance 0.1 0.2 02 0.1 0
n,t (em™ ) 47x10%  7.5x10"  87x10" 40x10" 46x10"
Norm (107%) 0.96 3.3 1.4 0.92 22
2 2(dof) 1.09(94) 1.9(112) 1.16(98) 1.33(90)  1.40(112)

Table A.2: Two-component VPSHOCK fits fo the first 21 regions selected for analysis in G292.0+1.8.

Parameter region 1 region 2 region 3 region 4 region 5 region 6
Ny 0% em™ 4.9 6.8 7.0 5.9 6.0 47
kT, (keV) 0.85 1.8 0.90 1.9 0.74 1.2
nt,, (cm™ s) 48x10"" 27x10" 32x10" 20x10" 80x10" t10oxi0"
Norm,,, (107) 15 0.4 0.9 0.9 4.1 5.9
kT, ., (keV) 0.24 0.32 0.16 0.39 0.2 0.24
nt,.(cm™ 5) 44x10"  1.1x10° 1.4x10"® 49x10" 3.0x10” 7.0x10"
Norm,,,(107) 1.9 1.4 26 0.8 58 7.9
22 (dof) 1.76(109)  1.84{84)  1.31(104)  1.35(116) 1.84(139)  2.34(169)
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Table A.2: Two-component fits continued

Parameter region7 region 8 region 9 region 10 region 11 region 12
N, (10% em™ 4.1 4.4 2.7 52 56 6.3
kT, (keV) 1.3 0.58 0.80 0.70 1.2 0.82
nt,., (cm™ s) 9.4x 10" 62x10” 67x10% 1.1x10” 28x10" 53x10"
Norm, (107) 1.6 35 0.5 26 0.3 0.9
kT ., (keV) 0.49 0.49 0.42 0.24 0.13 0.42
nt, (cm™ s) 50x 10" 87x10° 15x10"° 43x10% 86x10" 50x107
Normn,,, (107) 04 08 0.03 7.9 1.0 1.2
x(dof) 1.16(103)  0.97(171)  1.74(111)  1.13(140) 1.20(108)  1.33(98)

Parameter region 13 region14 region15 region16 region17 region 18
N, (10* cm™ 6.0 4.8 6.8 4.9 45 4.8
kT, (keV) 0.86 0.89 0.95 1.1 0.92 1.1
nt,, (cm™ ) 66x10'"  44x10" 54x10" 31x10" 24x10"  3.1x10"
Norm,, (107) 1.6 0.7 1.2 03 05 0.9
kT, (keV) 0.41 0.38 0.37 0.32 0.27 0.65
nt (em™ s) 25x10"  44x10® 49x10" 83x10° 12x10° 30x10"
Norm,,, (107) 1.7 0.1 33 16 1.4 03
2 (dof) 1.62(109)  1.72(97)  1.43(133)  1.15(109)  1.12(100)  1.63(105)
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Table A.2:

Two-component fits continued

Parameter

region 19 region 20 region 21

N, (10* cm™
kT, (kelV)

nt, (cm™ s)
Norm,, (107)
KT, (keV)
nt, (cm™ s)
Norm,  (107%)
. (dof)

5.5 6.1 6.1
1.4 0.94 0.95

27x10"  30x1i0" 59x10°
0.2 1.1 0.9
0.48 0.27 0.84

85x10° 27x10"  1.4x10"
0.8 5.1 0.3

1.10(84) 1.62(109) 1.05(95)
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Publications

Summarized versions of the results presented in this thesis have been previously published

in the following articles:

Gonzalez, M. E. & Safi-Harb, S., "Chandra Detection of the High-Magnetic Field Radio
Puisar J1119-6127 in the Supernova Remnant G292.2-0.5", Asfrophysical Journal

Letters, v.591, p.143, 2003

Gonzalez, M. E. & Safi-Harb, S., "New Constraints of the Energetics, Progenitor Mass, and

Age of the Supernova Remnant G292.0+1.8 Containing PSR J1124-5916", Astrophysical

Journal Lefters, v.583, p.91, 2003.

Safi-Harb, S. & Gonzalez, M. E., “Chandra Observations of the Oxygen-rich Supernova
Remnant MSH 11-54 (G292.0+1.8)", in ASP Conf. Ser. 262, The High Energy Universe
at Sharp Focus: Chandra Science, ed. E. M. Schlegel & S. B. Vriilek (San Francisco:

ASP), p.315, 2002
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Abbreviations

The following is a list of the common abbreviations found throughout this thesis.

ACIS
ASCA
Bl
CALDB
CCD
CHANDRA
CIAO
CIE
CXC
Fl
FPCS
FWHM
GIS
HPD
HRC
HRI
HRMA
ISM
IPC
NEI
PSPC
PSF
PSR
PWN
ROSAT
SIS
SNR

Advance CCD Imaging Spectrometer; detector on Chandra
Advanced Satellite for Cosmology and Astronomy; X-ray telescope
Back-illuminated CCD

Calibration Database; Chandra calibration files directory

Charge Coupled Device

Chandra X-ray Observatory (or CXO); X-ray satellite

Chandra Interactive Analysis of Observations

Collision fonization Equilibrium

Chandra X-ray Center

Front-illuminated CCD

Focal Plane Crystal Spectrometer; detector on Einstein observatory
Full-width at Half Maximum

Gas Imaging Spectrometer; detector on ASCA

Half-power Diameter

High Resolution Camera; detector on Chandra and Einstein observatories
High Resolution Imager; detector on ROSAT

High Resolution Mirror Assembly; mirrors on Chandra

Interstellar Medium

Imaging Proportionai Counter; detector on Einstein observatory
Nonequilibrium lonization

Position Sensitive Proportional Counter; detector cn ROSAT

Point Spread Function

Pulsar

Pulsar Wind Nebula

Réentgensatellit; X-ray satellite

Solid-state Imaging Spectrometer; detector on ASCA

Supernova Remnant
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