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ABSTRACT

Multi-wavelength studies of pulsar wind nebulae (PWNe) and supernova remnants
(SNRs) lead to a better understanding of their evolutionary development, the interac-
tion of supernovae (SNe) and pulsar winds with their surroundings, and nucleosynthesis
and production and processing of dust grains by SNe. PWNe and composite supernova
remnants, in particular, are unique laboratories for the study of the energetic pulsar
winds, particle injection processes, and the impact of PWNe on the evolving SNR.
They provide information on SNR shock properties, densities and temperatures, and
the chemical composition and the ionization state of the material ejected by SNe. SNRs
also serve as laboratories for the study of dust production and processing in SNe. While
X-ray observations yield important information about the SN progenitor, hot gas prop-
erties, SN explosion energy, and the surrounding interstellar medium (ISM), the IR can
provide crucial information about the faint non-thermal emission, continuum emission
from dust, and forbidden line emission from SN ejecta. Combining observations at a
wide range of wavelengths provides a more complete picture of the SNR development
and helps better constrain current models describing a SNR’s evolution and its im-

pact on the surrounding medium. This thesis focuses on a multi-wavelength study of
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PWNe in various stages of their evolution and investigates their interaction with the
expanding SN ejecta and dust and the SNR reverse shock. The study of these interac-
tions can provide important information on the SNR properties that may otherwise be
unobservable.

The work in this thesis has been carried out under the supervision of Patrick Slane
at the Harvard-Smithsonian Center for Astrophysics, and Charles E. Woodward and
Rebert D. Gehrz at the University of Minnesota. The first part of the thesis summarizes
the evolution and observational properties of SNRs and PWNe, with a focus on the
evolution of young PWNe that are sweeping up inner SN ejecta. Two cases studies of
such systems are discussed; infrared observations of the Crab Nebula; and X-ray and
IR observations of G54.1+0.3. The second part of the thesis concentrates on the late
stages of PWN evolution in which the PWN interacts with the SNR reverse shock. The
final case study describes the X-ray observations of G327.1-1.1, a composite SNR in
a late stage of its evolution. The thesis concludes with a summary of the results and

proposed future work.
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Chapter 1

Supernova Remnants and Pulsar

Wind Nebulae

1.1 Introduction

SN explosions are among the most energetic events in the universe, releasing approx-
imately 10°! erg of energy into the ISM. They significantly affect the distribution of
gas and dust in the Galaxy, the chemical content of the ISM, and can even trigger star
formation in the disturbed interstellar clouds. Heavy elements are produced by rapid
neutron capture in the expanding ejecta. These ejecta eventually merge with the ISM
and enrich the chemical content of the interstellar clouds from which new stars contin-
ually form. SNe results from two different types of explosion mechanisms; an explosion
resulting from the deflegration or detonation of a carbon-oxygen white dwarf as it ac-
cretes mass from a companion and approaches the Chandrasekhar mass limit; or from
the collapse of iron cores of massive stars with masses above ~ 8 M. The former type
of SN explosions are referred to as Type la SNe and their released energy originates
from the burning of carbon and oxygen into iron an nickel. The energy released from

core-collapse SNe is gravitational energy liberated in the collapse, and these explosions



2
can be classified as Type II, Ib, or Ic. The classification of SNe is purely observational
is based on their lightcurves and optical spectra. The main difference between Type I
and Type II SNe is the presence of hydrogen absorption in their spectra; Type I SNe
do not show hydrogen lines, while Type II SNe do show evidence for hydrogen. The
lack of hydrogen in Type Ib and Ic spectra is likely due to the loss of the hydrogen
envelopes through stellar winds of massive stars (Harkness & Wheeler 1990).

This thesis focuses on core-collapse SN explosions from massive stars. When the
core of the star collapses, the outer layers are blown off into space, producing a SNR.
One of the main distinctions between the SNRs of core-collaps and Type Ia SNe are
their different chemical abundances. SNRs produced by the collapse of massive stars
typically show a large oxygen abundance, while Type Ia SNRs contain a lot of iron.
In core-collapse SNRs, the core collapses to form a neutron star, pulsar, or a black
hole, while the ejecta expand into the surrounding ISM. The study of SNRs at multiple
wavelengths provides important information about the properties of the material pro-
duced in SN explosions, including its composition, distribution, and ionization state.
Multi-wavelength studies also tell us about the dynamic evolution of these objects and
how they impact their surroundings.

There are two main types of SNRs; shell-type remnants and Crab-like remnants,
or PWNe. In a shell-type remnant, an expanding supernova blast wave is a source
of radio, visible, and x-ray emission, while a PWN has a central young pulsar that
produces a wind of energetic particles that emits synchrotron radiation and interacts
with the surrounding medium. There are approximately 60 known PWNe, and they
are distinguished from shell-like remnants based on a number of properties, including
their morphology, a flat power-law radio spectrum, high radio polarization, a power-
law X-ray spectrum, and commonly a detection of a central pulsar (Bandiera 2002).
Composite SNRs are those for which we observe an expanding PWN in addition to

a thermal shell. This chapter outlines the evolution and observational properties of
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shell-type SNRs and PWNe, while the evolution of composite remnants is discussed in

more detail in Chapter 4.

1.2 Shell-type Supernova Remnants

Shell-type SNRs originate when the fast-moving SN ejecta drive a shock into the sur-
rounding ISM, heating the gas to temperatures approaching 10® K. The heated gas emits
thermal X-ray emission, while the acceleration of electrons by the shock produces syn-
chrotron emission at radio wavelengths. The explosions release approximately 10°3 erg
of energy, most of which is in the form of neutrinos. About 10°! erg of this energy
is in the form of thermal and kinetic energy that drives the expanding remnant. Ini-
tially, the supernova ejecta is in free expansion and is bounded by a forward shock that
sweeps up the surrounding ISM. A reverse shock forms when the pressure in the freely
expanding ejecta is lower than the pressure of the gas heated by the forward shock
(McKee 1974). SNR shocks are collisionless shocks in which the material is not heated
by two particle Coulomb interactions, but another mechanism acting on the particles
behind the shock. The equilibration of the electron-ion temperature in SNRs occurs at
a shorter time scale than expected from Coulomb interactions, which also indicates the
presence of an additional heating and equilibration mechanism in SNRs (e.g. Hamilton
& Sarazin 1984).

After the reverse shock propagates back to the interior of the SNR and heats the
inner ejecta, the outer blast wave continues to expand until it eventually merges with the
surrounding ISM. Examples of shell-type SNRs are shown in Figure 1.1. As summarized
by Woltjer (1972), the dynamical evolution of SNRs can be divided into the following
stages; the free expansion stage; the adiabatic or Sedov-Taylor stage; and the snowplow
or radiative stage (Woltjer 1972; Chevalier 1982). The properties of each evolutionary

stage are outlined below.



Figure 1.1 Examples of shell-type SNRs: a. Cassiopeia A (NASA/CXC/MIT/UMass
Ambherst/M.D.Stage et al.), b. Tycho’s SNR (NASA/CXC/Rutgers/J.Warren &
J.Hughes et al.), c. Kepler’'s SNR (NASA/CXC/NCSU/S.Reynolds et al.), and d.
RCW 103 (NASA/CXC/Penn State/G.Garmire et al). Tycho and Kepler are SNRs
that resulted from Type Ia SNe, while Cas A and RCW 102 resulted from core-collapse
events.



1.2.1 The Free Expansion Stage

The free expansion stage of SNR evolution is governed by the explosion energy Fj,
which is mostly converted into kinetic energy that drives the expansion of the ejecta.
In this stage, the mass of the expanding ejecta is much greater than the mass of the
swept-up ISM, and therefore the velocity of the expansion depends entirely on the
kinetic energy and the ejected mass M,;. The velocity and radius (Rsyr) of the SNR

in the free expansion stage are given by

2F
VSNR = M? (1.1)
€j
and
vs
Rsnp = ;VR (1.2)

where t is the age of the remnant. In the free expansion stage, the ejecta velocity is
roughly constant with typical values on the order of 10* km s~! for Type Ia SNe and
5000 km s~ for core-collapse (Reynolds 2008).

1.2.2 The Sedov-Taylor Stage

The Sedov-Taylor stage begins when the mass of the swept-up ISM exceeds the mass
ejected by the SN and the dynamics become governed by the total expanding gas and
the initial explosion energy. The expanding SNR blast wave is decelerated and the
reverse shock is driven into the inner ejecta, heating it to temperatures as high as
107 K. Since radiative losses are still negligible in this phase of evolution, the total
energy of the remnant is conserved and is given by

1 4 P
ESNR = *MUQ + IR?’

9 3 SNR( Ty (1.3)
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where u is the velocity of the post-shock gas, P is the pressure, and ~y is the adiabatic
index. The first term in the above equation is the kinetic energy of the shell, and the
second term is thermal energy of the system. The velocity behind the shock wu is given
by

2 dRsnr

_ . 1.4
TS (1.4)

Assuming that the adiabatic heat index v = % and that there is a pressure equilibrium

between the interior of the remnant and the shocked ISM, the radius and velocity of

the SNR are given by

1
Egt?\ 5
Rgng = 1.15 <°> (1.5)
Po
and
2R
USNR = ¢ StNR, (1.6)

where pg is the initial density of the ambient medium (Sedov 1959; Woltjer 1972; Tru-
elove & McKee 1999). The Sedov-Taylor stage of SNR evolution ends when the outer

blast wave decelerates enough for radiative cooling to become important.

1.2.3 The Radiative Stage

When radiative cooling becomes significant and the total energy contained in the SNR
is no longer conserved, the SNR enters the radiative stage of evolution. The transition
time, radius and swept-up mass at which the evolution becomes radiative are given by

Blondin et al. (1998);

4 _9
ter = 2.9 x 10*E ng 7 year, (1.7)
5 _ T
Ry = 19E:7ny '™ pe, (1.8)
15 _ 4
M, = 10°Ef T ng ' Mg, (1.9)
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where E51 = Ep/(10°!erg) and the ambient medium is assumed to be uniform (Reynolds
2008, and references therein). At times longer than the transition time to the radiative
phase, the momentum of the shell is conserved and M (t)Vsnr(t) = constant. At
this time, the radius of the SNR is proportional to t}/4. When the expansion velocity
becomes subsonic, the SNR is dispersed by random motions in the ISM and it merges

with the surrounding medium.

1.3 Pulsar Wind Nebulae

PWNe have been observed extensively at radio and X-ray wavelengths. Observations
from Chandra, Australia Telescope Compact Array (ATCA) and the Very Large Ar-
ray (VLA) have significantly improved our understanding of these systems. While all
PWNe are characterized by synchrotron radiation from a pulsar wind, their obser-
vational properties can differ greatly. The factors that cause the variations in their
physical properties include the evolutionary history of the pulsar’s spin-down energy
and injection of particles, the evolutionary stage of the SN ejecta, the pulsar’s space ve-
locity and inclination angle, and the PWN’s interaction with the surrounding medium.
The most famous examples of PWNe include the Crab Nebula and 3C 58, shown in
Figure 1.2.

Observations of PWNe at various ages have led to a basic picture of their evolu-
tionary development (Goldreich & Julian 1969; Kennel & Coroniti 1984; Reynolds &
Chevalier 1984; van der Swaluw et al. 2004; Gelfand et al. 2009). Gaensler & Slane
(2006) summarized the current understanding of the evolutionary phases that deter-
mine the general observational properties of PWNe. The PWN initially expands into
unshocked SN ejecta and appears as a symmetric wind of particles, surrounded by an
expanding SNR. In this thesis, the term “unshocked ejecta” refers to the inner SN ejecta
that have not yet been reached by the SNR’s reverse shock. These inner ejecta, however,

have previously been shocked during the SN explosion and by the SNRs forward shock



8
(Isensee et al. 2009). The interaction between the expanding PWN and the SN ejecta
may produce Rayleigh-Taylow instabilities that cause the system to take on a complex
filamentary morphology, as in the Crab Nebula. The Rayleigh-Taylor instabilities may
also form as a result of the interaction between the reverse shock and the expanding
PWN. This occurs when the SNR reaches the Sedov-Taylor phase of evolution that
begins when the ejecta have swept up a comparable mass of the ISM. If enough time
has passed for the pulsar to have crossed a significant distance through the SNR, we
may observe a bow shock as the pulsar interacts with the SN ejecta or the surrounding
ISM (Gaensler & Slane 2006). In this section, the basic properties of PWNe and their
early evolution are outlined. The evolution of composite remnants in which the PWN

interacts with the expanding SNR and the reverse shock is outlined in Chapter 4.

1.3.1 Pulsar Properties

Emission from PWNe is powered by the rotational spin-down energy of the central
pulsar, a rapidly rotating neutron star with a high magnetic field. The rate at which
this energy is dissipated is given by (Gaensler & Slane 2006)

: P
E= 47?2[ﬁ (1.10)

where P and P are the pulsar’s period and spin-down rate, and I is the neutron star’s

0% g em™2 for a 1.4 Mg sphere with a

moment of inertia, typically assumed to be 1
radius of 10 km. This rate of loss of the rotational energy is known as the spin-down
luminosity and typical values of E for pulsars that produce PWNe are on the order of

1037 erg s~1. If the pulsar’s initial spin period is Py, then the age of the pulsar is given

by (Manchester & Taylor 1977)

1— (i?)nl] (1.11)



CrLose-up oF ToRrus

Figure 1.2 Examples of PWNe: a. Crab Nebula (NASA/CXC/SAO/F.Seward et al.),
and b. 3C 58 (NASA/CXC/SAO/P.Slane et al.)
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where n is the braking index in the expression Q x Q" with Q = 27 /P. The braking
index for magnetic dipole radiation is n = 3, but the measured values of the braking
index are typically between 2 and 3 (e.g. Livingstone et al. 2007). In the case where

the braking index n=3 and P« P, the age of the pulsar 7 reduces to
T=—, (1.12)

known as the characteristic age. While the expression for the characteristic age can
be used to estimate the age of the pulsar, it underestimates the actual age if Py is
comparable to the current period P (Pacini & Salvati 1973; Gaensler & Slane 2006,
and references therein). Assuming a constant braking index n, the expression for the

evolution of the pulsar’s spin-down luminosity with time is

(n+1)

. . t 7(77,71)
E=E <1+> , (1.13)

70

where Ej is the initial spin-down luminosity (Pacini & Salvati 1973).

1.3.2 Early Evolution of PWNe

The spin-down energy of the rotating pulsar generates a wind of particles that are
accelerated in the pulsar’s magnetic field, and that emit synchrotron radiation across
the electromagnetic spectrum. The basic properties of PWNe were described by Rees
& Gunn (1974) and Kennel & Coroniti (1984). Figure 1.3, taken from Slane (2005),
illustrates their basic structure. As the pulsar wind expands into its surroundings, a
termination shock forms at the location where the ram pressure of the wind balances

the internal pressure of the nebula. The radius of this termination shock for a spherical
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wind is given by (Gaensler & Slane 2006)

E 2
Rre=| —— 1.14
TS (47TCPPWN> ) ( )

where Ppyn is the PWN pressure. At the termination shock, the particles are re-
accelerated and they produce synchrotron radiation as they flow downstream of the
shock (Kennel & Coroniti 1984; Emmering & Chevalier 1987). The outer regions of the
PWN are confined by the surrounding material, typically the expanding SN ejecta. In
the early stages of PWN evolution, the unshocked SN ejecta are in free expansion and
the sound speed in the interior of the SNR is lower than the expansion velocity of the
PWN. The PWN expands supersonically and drives a shock into the expanding ejecta.

The confining radius of the PWN is given by

A
Rpwn(t)=C <p?t)> ; (1.15)

where C is a constant on the order of unity and p(t) is the density of the ambient
medium in which the PWN expands (van der Swaluw et al. 2001). If the inner SNR

density is expressed as
3M,;

p(t) = ma (1.16)

where M,; is the total ejected mass, then the outer PWN radius can be expressed as

Rpwn(t)=C (fﬂ?) 5 RsnR(t). (1.17)

Young PWNe typically have a toroidal morphology and are elongated along the pul-
sar’s spin axis. The collimation of the flow along the pulsar’s spin axis produces jets
of emission that have been observed for many PWNe, including the Crab Nebula and

G54.1+0.3, discussed in Chapters 2 and 3. As the PWN expands into the inner SN
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ejecta, Rayleigh-Taylor instabilities may form and produce a complex filamentary mor-
phology, as observed in the Crab Nebula (Hester 2008). Multi-wavelength observations
of PWNe in early stages of their evolution can reveal important information about
the pulsar progenitor, PWN properties and evolution, composition of the SN ejecta,
and even freshly formed SN dust. Examples of these system are presented in two case

studies in Chapters 2 and 3. Late evolution of PWNe is discussed in Chapters 4 and 5.

1.4 Observational Properties of SNRs and PWNe

1.4.1 Non-thermal Emission

Emission mechanism responsible for non-thermal emission in SNRs are synchrotron ra-
diation, non-thermal bremsstrahlung resulting from a non-thermal electron distribution,
and inverse Compton emission resulting from scattering of photons by relativistic elec-
trons (e.g. Longair 1994). Synchrotron spectra of PWNe are characterized by a broken

@, where « is called

power law distribution, in which the flux follows the form F, oc v~
the spectral index. Radio observations of PWNe show an amorphous morphology, and
a flat spectrum with a spectral index « ranging from 0.0-0.3. X-ray observations often
show a toroidal morphology with jets and a much steeper spectrum, with « ranging
from 0.5-0.9 (Kaspi et al. 2006; Gaensler & Slane 2006). In X-ray images, the PWN
usually has a much smaller spatial extent, since the particles that radiate at high fre-
quencies have shorter lifetimes and radiate their energy before they can reach large
distances. In order to account for the change in spectral index from radio to X-ray
wavelengths, one or more spectral breaks are required. The spectral breaks may either
be due to breaks in the initial distribution of injected particles or the evolution of the
remnant over time. We expect to see at least two different regions in the spectrum

with different spectral indices that are separated by a break frequency. Other factors

can affect the shape of the integrated spectrum over time, including the change in the
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Figure 1.3 Schematic diagram of the basic structure of a PWN from Slane (2005). The
radius of the wind termination shock and the radius of the outer PWN boundary are

labeled by 7, and 7, respectively.
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energy input of the pulsar, conversion efficiency of spin-down energy into synchrotron
radiation, acceleration of particles in different locations in the nebula, SNR expansion,
changes in the magnetic field, and the interaction between the pulsar wind and the SN
ejecta and the ISM (Bandiera 2002). The spectral index can also vary spatially across
the remnant, since particles of different ages are being sampled, and the overall index
usually represents a spatial average over the entire nebula. This section summarizes the
basic observational properties of the emission from pulsar winds and gives an overview

of the models that describe their spectral evolution.

Synchrotron Spectra

PWNe are strong sources of synchrotron emission that originates from the magnetic
fields and relativistic electrons and positrons in the remnant. In order to explain the
synchrotron emission observed from these remnants, a continuous supply of relativistic
electrons and magnetic flux is required. The study of this emission and the analy-
sis of synchrotron spectra provide important information on the characteristics of the
particles injected into the nebula and the injection processes that take place in SNRs.

The two basic equations needed to explain the synchrotron spectra are the radiated

power of an electron that follows (Longair 1994)

—dE
dt

o B*E? (1.18)
and the critical frequency at which the spectrum of an electron sharply peaks;

Verit ¢ BE?, (1.19)

where E is electron energy and B is the magnetic field. There is an additional depen-
dence on the pitch angle, but here we assume an isotropic distribution, averaged over

all pitch angles. We assume that a power-law distribution of electrons is contributing
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to the observed synchrotron spectrum and that it has the form N(E)dE o EPdE,
where N(F)dE is the number of electrons in a unit volume in a specific energy range,
and p is the power-law index. The synchrotron spectrum can then be expressed by

—dFE
Integration of this equation over a desired frequency range leads to a luminosity of the

form

L, o« BPTD/2,=(p=1)/2 (1.21)

If the magnetic field strength is kept constant then for a source with luminosity L,, the
spectrum of the synchrotron radiation will follow a power law of the form L, oc v™¢,
where « is the spectral index equal to (p —1)/2 (e.g. Longair 1994). All changes in the
slope of the luminosity are caused by breaks in the present electron distribution. These
breaks may either be due to breaks in the initial distribution of injected particles or to
the evolution of the remnant over time (Bandiera 2002).

In order to uncover the spectrum of the injected particles, one needs to correct for
the evolution of the particles over the lifetime of the remnant. The two processes that
are responsible for the evolutionary changes in the spectrum are synchrotron losses and
adiabatic losses. The adiabatic losses are dominant for lower energy particles and do
not change the shape of the particle distribution. The synchrotron losses are dominant
for high energy particles and they cause the particle distribution to steepen over time.
In the synchrotron spectrum of SNRs, we expect to see at least two different regions
with different spectral indices separated by a break frequency, corresponding to a break
energy. This energy is given by

1

Ebreak & 37215, (122)

where t is the time that has passed since the electrons had a power law distribution for

all energies (Bandiera 2002).
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If no other effects are included, as the remnant evolves, the break frequency and
energy will decrease over time, but the general shape of the synchrotron spectrum will
remain unchanged. However, other factors can affect the shape of the spectrum of SNRs
over time, including variations in the magnetic field, and the acceleration of particles in
the nebula. Higher energy electrons and electrons with higher pitch angles lose energy
faster, and therefore synchrotron losses will cause the observed spectrum to steepen at
frequencies larger than the break frequency. Acceleration of particles through adiabatic
processes can increase the energy of the electrons so that the higher energy electrons
are repopulated. This will cause the shape of the spectrum to change because the slope
will once again flatten at higher frequencies.

Several models have been proposed for the evolution of synchrotron emission in
PWNe (Kardashev 1962; Jaffe & Perola 1973; Reynolds & Chevalier 1984; Bandiera
2002; Gelfand et al. 2009). Bandiera (2002) outlines the basic processes and parameters
that the evolution of the synchrotron emission depends on. These processes include;
the change in the energy input of the central pulsar over time that depends on the
spin-down of the pulsar, the fraction of power that goes into injected particles, the
expansion of the SNR, the effects due to changes in the magnetic field, and the effects
of adiabatic and synchrotron losses on the evolution of particles.

Classical models that have been developed are based on the model by Kardashev
(1962), who considers a single injection of particles into the nebula with no further
scattering in pitch angle over time. A model by Jaffe & Perola (1973) includes pitch
angle scattering. If particles are scattered to higher pitch angles they will radiate faster,
which would cause the spectral index to steepen faster at higher frequencies. There are
also models that assume a constant injection of electrons with power-law spectra. One
such model is proposed by Pacini & Salvati (1973) and it assumes that the central
pulsar continuously injects magnetic energy and relativistic electrons into the remnant.

More sophisticated models include models by Reynolds & Chevalier (1984) and Gelfand



17
et al. (2009).

The models described above can be directly tested with observations of SNRs. Since
the spectral breaks occur somewhere between the radio and X-ray wavelengths, observa-
tions at intermediate wavelengths, such as optical and IR, are required for determining
the general shape of the spectrum. The locations and magnitudes of the spectral breaks
allow comparisons between the observed spectral shape and the current models, which
can disentangle the various evolutionary processes that cause changes in the spectrum.
The globally averaged spectral index in the Crab Nebula changes by 0.5 from radio to
optical wavelengths which agrees with the prediction of the Kardashev model. However,
other breaks in the spectrum of the nebula cannot be explained by any single model
without assuming that the breaks were present in the initial injected electron distribu-
tion. Recent observations of the Crab Nebula at X-ray wavelengths, and observations in
the IR by the Spitzer Space Telescope suggest that combinations of developed models
are required to explain the overall spectral shape. This analysis is outlined in Chapter

2.

1.4.2 Thermal Emission

Thermal emission from SNRs is usually associated with a shell component from a SN
blast wave and is dominated by emission from hot gas and dust, and atomic line emis-
sion. Composite systems, which contain a PWN along with a thermal shell, are perfect
laboratories for the study of the interaction between pulsar winds and SN ejecta and
ISM. Observations of X-ray thermal emission can be used to derive hot gas tempera-
tures, ionization state, the energy of the SN explosion, the density of the surrounding
ISM, and the evolutionary state of the system. X-ray thermal emission from SNRs
originates from hot gas associated with the SN ejecta or the heated ISM. Radiation
mechanisms that produce the continuum emission are thermal bremsstrahlung resulting

from acceleration of free electrons in the vicinity of ions, free-bound emission resulting
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from radiative recombination, and two photon emission resulting from deexcitation by
a simultaneous emission of two photons. Spectral line emission at X-ray wavelengths
originates from highly ionized atomic species.

Each of the emission mechanisms contributes to the spectrum of the thermal plasma
emission in SNRs. Bremsstrahlung is the dominant emission mechanism for kT >
1 keV, while free-bound emission dominates for temperatures much less than 0.1 keV.
Two-photon emission is important in the temperature range between 0.5 — 5 keV (Kaas-
tra et al. 2008). Due to the relatively short lifetime of SNRs, ionization equilibrium is
often not achieved in the low density gas, and the thermal plasma can be modeled with
non-equlibrium ionization (NEI) models that provide information about the ionization
state of the gas.

IR thermal emission from SNRs can originate from atomic and molecular line emis-
sion and continuum emission from dust. IR observations of SNRs yield information
about the SN ejecta that may not be available at X-ray wavelengths. Spectroscopy
at mid-IR wavelengths contains ionic lines that can be used as diagnostics of the el-
emental abundances, gas temperatures and densities. Expansion and shock velocities
can be extracted from the structure of the observed emission lines, as will be shown
in Chapters 2 and 3. As PWNe interact with the inner SN ejecta and dust, they can
illuminate material that would otherwise be unobservable in SNRs. The contribution
of dust that SNe make to the ISM is still not well understood, and systems in which
the PWNe interacts with freshly formed SN dust can shed light on the composition and

mass of dust produced in SN explosions.

1.4.3 Dust Emission

Since SNe are capable of producing large quantities of carbon and other condensible
elements, it is speculated that they are also capable of producing large quantities of

dust (Clayton 1982; Gehrz & Ney 1987; Dwek 1988; Gehrz 1988). In fact, SNe were



19
thought to be major suppliers of interstellar dust and one of the main contributors
to the total dust content of the ISM. Shortly after the SN explosion, as the ejected
material cools, small dust particles condense out of the gas of heavier elements inside
the ejected material. Dust grains are collisionally heated by energetic particles inside
the remnant and are warmed enough for their radiation to be emitted mostly at IR
wavelengths. However, recent IR studies of SNRs have found no evidence for large
quantities of dust particles and some have yielded dust masses a hundred times lower
than theories predict (e.g. Douvion et al. 2001; Dwek 2004; Green et al. 2004; Borkowski
et al. 2006; Temim et al. 2006). These puzzling results and the question of just how
much dust supernovae create and inject into the ISM are still not very well understood.
PWNe and their interaction with dusty ejecta can improve our understanding of dust
production in SNe.

The existing results on the formation and evolution of dust in core-collapse SN have
recently been reviewed by Kozasa et al. (2009). The amount and type of dust that
is injected into the ISM by SNe depends on the available abundances of condensable
elements ejected by the SN, environmental conditions, such as the gas temperature and
density, and the degree to which the dust grains are destroyed by the SNR shocks.
Theoretical models based on abundances of SN ejecta show that the dust formed in
SNRs can have a range of different compositions, with the most abundant dust grains
being those of MgSiO3, SiOq, MgsSiOy, Si, and C. The total predicted masses of dust
produced in SNe range between 0.1-0.7 Mg (Kozasa et al. 2009). However, a large
fraction of the produced dust may be destroyed by erosion and sputtering in the region
between the forward and reverse shocks, so the total mass of surviving dust is 0.04-0.2
Mg (e.g. Dwek et al. 2008; Kozasa et al. 2009).

In recent years, the sensitivity and resolution of the Spitzer Space Telescope has
enabled mass estimates of freshly formed dust for several SNRs (e.g. Temim et al.

2006). Rho et al. (2009) estimated the total dust mass in Cas A and other SNRs for
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which the dust emission traces the spatial distribution of SN ejecta. The mass of freshly
formed dust in these objects is in the 0.02-0.05 My, an order of magnitude smaller than
models predict. The shape of the IR spectrum and the presence of various emission
features are clues that can help determine the composition of dust grains in a particular
environment. Based on the IR spectra and the observed emission features, Rho et al.
(2009) find that dust grains formed in SNRs are mainly composed of SiO2, MgSiOsg,
Si, SiC, Al,Os, and Fe. However, the IR spectra also show emission features that are
not well described by these compositions, and additional observations and modeling are
required to fully understand the compositions and masses of this freshly formed dust.
Since young PWNe expand into inner SN ejecta that has not yet been reached by the
reverse shock, they provide a unique laboratory in which the freshly formed SN dust
can be investigated before it is mixed with swept-up ISM dust. Studies of two PWNe
interacting with dusty ejecta, the Crab and G54.140.3, are presented in Chapters 2
and 3.



Chapter 2

IR Imaging and Spectroscopy of
the Crab Nebula

ABSTRACT

Spitzer Space Telescope 3.6, 4.5, 5.8, 8.0, 24, and 70 um images of the Crab Nebula
obtained with IRAC and MIPS cameras, Low- and High-resolution Spitzer IRS spectra
of selected positions within the nebula, and a near-IR ground-based image made in the
light of [Fe II] 1.644 pm are presented in this work. The 8.0 ym image, made with a
bandpass that includes [Ar II] 7.0 pm, resembles the general morphology of visible Ha
and near-IR [Fe II] line emission, while the 3.6 and 4.5 ym images are dominated by
continuum synchrotron emission. The 24 ym and 70 gm images show enhanced emission
that may be due to line emission or the presence of a small amount of warm dust in
the nebula on the order of less than 1% of a solar mass. The ratio of the 3.6 and 4.5
pm images reveals a spatial variation in the synchrotron power law index ranging from
approximately 0.3 to 0.8 across the nebula. Combining this information with optical
and X-ray synchrotron images, a broadband spectrum that reflects the superposition of

the flatter spectrum jet and torus with the steeper diffuse nebula is derived, along with
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suggestions of the expected pileup of relativistic electrons just before the exponential
cutoff in the X-ray. The pulsar, and the associated equatorial toroid and polar jet
structures seen in Chandra and Hubble Space Telescope (HST) images (Hester et al.
2002) can be identified in all of the IRAC images. The IR photometry of the pulsar
is presented. The forbidden lines identified in the high resolution IR spectra are all
double due to Doppler shifts from the front and back of the expanding nebula and give
an expansion velocity of 1264 km s~!.

A large portion of this work has been published in the October 2006 issue of the
Astronomical Journal (Temim et al. 2006) and has been reproduced here by permission
of the AAS (American Astronomical Society). This work was produced in collaboration
with Charles E. Woodward (University of Minnesota), Robert D. Gehrz (University of
Minnesota), Thomas L. Roellig (NASA Ames Research Center), Nathan Smith (Univer-
sity of Colorado), Lawrence R. Rudnick (University of Minnesota), Elisha F. Polomski
(University of Minnesota), Kris Davidson (University of Minnesota), Lunming Yuen

(Technosciences Corp., Moffett Field, CA), and Takashi Onaka (University of Tokyo).

2.1 Introduction

The Crab Nebula, formed by a Type II, core collapse, SN explosion in 1054 AD, is one of
the youngest known Galactic SNRs and one of the most studied objects in the Galaxy.
The quantity and high quality of observations of the Crab across the electromagnetic
spectrum have allowed detailed studies of its complex structure and evolution. Hester
(2008) recently summarized our current understanding of the Crab and synthesized the
available data and theories into a single physical interpretation. The Crab is a classical
example of a PWN in early stages of its evolution. It is powered by a 33 ms pulsar,

38 -1
0°°ergs™ ", a

at a distance of ~ 2 kpc. The pulsar has a spin-down luminosity of 5 x 1
large fraction of which goes into producing a pulsar wind that expands into the inner SN

ejecta. A torus of synchrotron emission from the shocked wind is observable from X-ray
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to IR wavelengths. At the outer boundary, the nebula is confined by the surrounding
SN ejecta that is being shocked and accelerated by the pulsar wind. The complex
morphology of the Crab Nebula’s thermal filaments is shown in Figure 2.1. They are
composed of ~ 2 —5 Mg of SN ejecta that is swept-up by the PWN. The finger-like
structures are produced by Rayleigh-Taylor instabilities that form when the lighter
synchrotron plasma encounters the denser ejecta material. The gas in the filaments is
photoionized by the synchrotron nebula, and it shows expansion velocities that range
from 700 — 1800 kms~!. Dust is observed in the Crab in the form of an IR excess above
the synchrotron spectrum and in extinction against the synchrotron background. The
outer SNR still remains undetected. It is thought that the Crab is expanding inside
a cavity, so that the outer blast wave has still not interacted with enough material
to be observable. The current consensus appears to be that the Crab is a PWN that
is expanding inside a much larger, free-expanding SNR (Hester 2008, and references
therein). A summary of the Crab Nebula’s structure, as described above, is illustrated
in Figure 2.2, from Hester (2008).

In the last two decades, the wealth of observational and theoretical work on the Crab
have led to a basic understanding of its evolutionary stage and structure. However,
a lot of work remains to be done before we can fully understand the details of the
Crab’s morphology and the involved physical processes. This Chapter presents a study
of the highest-quality IR observations of the Crab Nebula, obtained with the Spitzer
Space Telescope, that provide new spatial and spectral information on the non-thermal
emission, line emission from filaments, and dusty ejecta.

The IR is an ideal spectral region in which to test the theories of dust formation in
SNRs, because dust grains emit strongly in the IR as do forbidden emission lines from
condensable metals that remain in the gas phase. Previous IR studies have failed to
reveal evidence for any large amount of dust in SNRs have provided us with somewhat

of a mystery (Gehrz & Ney 1990; Arendt et al. 1999; Douvion et al. 2001; Dwek 2004;
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Figure 2.1 Composite Hubble Space Telescope image of the Crab Nebula from Hester
(2008). The synchrotron emission from the PWN is shown in blue and the filaments
formed from the swept-up SN ejecta are shown in the optical lines of [O III] in red, [S
I1] in green, and [O I] in blue.
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Figure 2.2 The cartoon from Hester (2008) summarizes the basic structure of the Crab
Nebula.The central pulsar forms a PWN that is confined by the freely expanding SN
ejecta. Rayleigh-Taylor instabilities form at the interface between the PWN and the
denser ejecta, producing a finger-like morphology.
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Green et al. 2004). Guaranteed Observation Time (GTO) on NASA’s Spitzer Space
Telescope (Werner et al. 2004; Gehrz et al. 2007) was used to obtain IR images and
spectroscopy of the Crab Nebula. Previous IR observations have indicated that there
is a paucity of dust in the Crab. Infrared Astronomical Satellite (IRAS) observations
revealed an IR excess at wavelengths longer than 12 pym that was attributed to thermal
emission from 0.005-0.03 Mg, of dust (Marsden et al. 1984). Further evidence for dust
in the Crab Nebula was found in the form of optical extinction in the filaments (Hester
et al. 1990; Fesen & Blair 1990; Blair et al. 1997; Sankrit et al. 1998). Studies using the
Infrared Space Observatory (ISO), Douvion et al. (2001) report no evidence of spectral
features from dust emission in the ISOCAM spectra, while Green et al. (2004) calculate
an upper limit of 0.02 Mg of warm dust from the far-IR excess seen by ISOPHOT.

The Crab Nebula is one of the brightest synchrotron sources in the Galaxy. It is
a prototype of a class of SNRs called the pulsar wind nebulae that are powered by a
central pulsar. A large fraction of the Crab pulsar’s spin down luminosity is converted
into the nebular synchrotron luminosity, from radio through gamma-rays. The details
of this conversion are quite uncertain. The Kennel & Coroniti (1984) steady-state
spherical magnetohydrodynamic (MHD) model still provides the best description of
the optical and X-ray profiles, but cannot tie them together with the radio synchrotron
emission.

The unprecedented sensitivity of the IR imagers and spectrometers of Spitzer present
an unparalleled opportunity to search for dust and forbidden line emission in the Crab
Nebula and study in detail the spatial variations of synchrotron emission across the
remnant. This chapter presents 3.6, 4.5, 5.8, 8.0, 24, and 70 um images of the Crab
Nebula obtained with the Spitzer IRAC and MIPS cameras, IRS spectra of selected
positions within the nebula, and a near-IR ground-based image made in the light of [Fe

11]1.644 pm.
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2.2 Observations and Data Reduction

Observations of the Crab Nebula were made using the Infrared Array Camera (IRAC)
aboard the Spitzer (Werner et al. 2004) at 3.6, 4.5, 5.8 and 8.0 ym and the Multiband
Imaging Photometer for Spitzer (MIPS) at 24 and 70 pum as part of the Gehrz Guaran-
teed Time Observing Program (GGTOP, Program ID: 130). High and low resolution
Spitzer 5-40 pm spectra of selected regions of the Crab Nebula were made using the
Infrared Spectrometer (IRS) under the Roellig Guaranteed Time Observing Program
(RGTOP, Program ID: 24).

2.2.1 TIRAC Images

The IRAC (Fazio et al. 2004) observations were made on 2004 March 6, under the
AORKey 6588928, using 12 second exposures and the High Dynamic Range (HDR)
mode at 4 dither positions obtained in a cycling dither pattern. The Basic Calibrated
Data (BCD) products from the Spitzer Science Center (SSC) pipeline version S11.0.2,
calibrated in units of MJy per steradian, were used in our post pipeline processing.
Post BCD processing was conducted using the 101504 version of the SSC’s Mosaicker
and Point Source Extractor (MOPEX) software. The reduction with MOPEX consisted
of three steps: Cosmetic Fix, Background Matching, and Mosaicker. The field of view

of the final mosaics is approximately 6.0’ x 6.0'with a final pixel scale of 0.86” per pixel.

2.2.2 MIPS Images

The MIPS (Rieke et al. 2004) 24 ym and 70 pm observations of the Crab Nebula were
carried out on 2004 March 14, under the AORKey 6588672, using an exposure time of
3 seconds and 10 seconds, respectively. The data was processed with the SSC pipeline

version S11.4.0. The 24 pm BCD data was corrected for image distortions caused by
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Nebula Flux Density

Pulsar Flux Density

Wavelength  Exp. Pixel Raw Extinction Raw Extinction
Time  Scale Corrected Corrected
() (5 (fpix) () (3y) (mJy) (mJy)

IRAC 3.6 12 0.86 11.65 £ 0.03  12.63 + 0.22 2.45 £0.16 2.66 = 0.19
4.5 12 0.86 13.81 £ 0.02 14.35 £ 0.26 2.34 +£ 0.17 242 £+ 0.18
5.8 12 0.86 16.31 &= 0.06 16.77 £ 0.13 212+ 0.19 2.18 £ 0.19
8.0 12 0.86 17.74 £ 0.04 18.33 + 0.13 1.85 £0.18 1.91 £ 0.19

MIPS 24.0 3 2.5 59.8 £ 0.4

70.0 10 4.0 157 + 2

the focal plane and mosaicked with Image Reduction and Analysis Facility (IRAF)!.
The 70 pum images were mosaicked with MOPEX and have a pixel scale of 4.0” per
pixel. The pixel scale of the final MIPS 24 pm mosaic is 2.5” per pixel. The summary
of the IRAC and MIPS data is listed in Table 2.1.

2.2.3 1IRS Spectra

Observations of the Crab nebula were obtained with all four modules of the IRS in-
strument (Houck et al. 2004) on 2004 March 5, under the AORKey 3857664. The IRS
observations were taken in staring mode centered at the position RA 5h34m31.02s,
Dec 22d01'10.1”(J2000). This position, designated as IRS-Tgt-Cntr in the discussions
below, is located in the center of the nebula, near but not coincident with the pulsar po-
sition located at RA 5h34m31.97s, Dec 22d00/52.1”(J2000). Since the four IRS modules
all have different slit sizes and orientations, this position in the nebula was the only one
in common to all the modules. For the two low-resolution IRS modules the long slits

allowed sampling of other regions of the nebula, as shown in Figure 2.3. Integration

TRAF is distributed by the National Optical Astronomy Observatories, which are operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation
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times, wavelength coverage, and the spectral resolution for each IRS module is given
in Table 2.2. Data from other locations in the nebula sampled by the long slits in the
low-resolution modules is also reported. Since the IRS staring mode involves nodding
between two positions in each slit, some of these regions have the same integration
times as those reported above, while others have half the time. Further explanation of
how nodding along the slits is implemented in the IRS staring mode can be found in
the relevant section of the Spitzer Observers Manual?.

The IRS data were reduced using the Spectroscopic Modeling, Analysis and Reduc-
tion Tool (SMART) data reduction package described in Higdon et al. (2004). Due to
the large spatial extent of the Crab nebula with respect to the IRS slit dimensions there
was no blank sky available for zodiacal light subtraction. In this region of the sky the
zodiacal sky background levels are roughly one-fourth of the combined emission from
the Crab Nebula and zodiacal light at the worst-case wavelengths around 15 ym. As a
result, the data reported here have a small contribution from the Zodiacal background
that must be accounted for. The observed spectra from each of the IRS modules for
the IRS-Tgt-Cntr position are shown in Figure 2.4. In these spectra the high-resolution
module extractions were both full-aperture, while for the low-resolution module’s long
slits the extractions were performed in 5 pixel wide sub-slits centered at the location of
IRS-Tgt-Cntr. The effects of the different slit widths and extraction aperture sizes are
immediately noticeable in the relative strengths of the emission baselines in the spectra

in Figure 2.4.

2.2.4 Near-IR Imaging

Since [Fe 11] 25.99 pm emission may contribute to the emission morphology at 24 pm

(see below), it will be useful to compare MIPS to a ground-based image of the [Fe 1]

2See http://ssc.spitzer.caltech.edu/documents/SOM / for the most current version of the Spitzer
Observers Manual
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Figure 2.3 A 2MASS K-band image (Skrutskie et al. 2006) of the Crab nebula, with
the IRS slits overlaid at the time of the observations reported here. This figure was
produced by the SPOT software at the Spitzer Science Center and shows each IRS
module’s aperture orientation in the two nod positions along the slits. The long and
wide aperture running horizontally belongs to the Long-Low module, while the much
thinner aperture running more vertically belongs to the Short-Low aperture. The high-
resolution modules’ apertures are much shorted and only the Long-High aperture is
readily visible in this figure.
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Figure 2.4 Spitzer IRS spectra of the Crab nebula, taken at the IRS-Tgt-Cntr position.
Panel (a): Short-Low module with a 3.6"x 9.0”extracted beam size; (b) Long-Low
module with a 10.5”x 25.5"extracted beam size; (c) Short-High module with a 4.7"x
11.3"extracted beam size, and (d): Long-High module with a 11.1"x 22.3"extracted
beam size. Identifications of the numerous emission lines are given in Tables 2.3 and
2.4.
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Table 2.2 Crab Nebula: IRS Observations

IRS Module Name Spectral Spectral  Integration Time at
Range Resolution IRS-Tgt-Cntr

(um)  (A/AN) (sec)
Short-Low (SL) 5.2-14.3 64 - 128 928
Long-Low (LL) 14.1 - 38.0 64 - 128 488
Short-High (SH) 9.9-19.6 ~ 600 1768
Long-High (LH) 18.9 - 37.2 ~ 600 1936

1.644 pm emission line. Images of the Crab Nebula were obtained on 2001 March
9 using the Ohio State IR Imaging Spectrometer (OSIRIS)? mounted on the NOAO
Cerro Tololo Inter-American Observatory (CTIO) 1.5 m telescope (see panel (a) of
Figure 2.13). OSIRIS has a 1024x1024 NICMOS3 array, with a pixel scale of 17153
arcsec using the f/2.8 camera. Only a portion of the array is illuminated, yielding a
field of view of 11’. We used a narrow (AX/X ~1%) filter to image the extended [Fe 11]
1.644 pm line emission from the Crab. Six individual exposures of 120 s each were
sky subtracted using a median of similar images centered at a position 10" south of the
Crab (with slight positional offsets between each), and then shifted and co-added.
H-band fluxes from the 2MASS point source catalog for several stars in the field
were used to flux calibrate the resulting [Fe 11] image. The H-band image from the
2MASS survey was also used to subtract the continuum emission from the synchrotron
nebula that is included in the [Fe 11] filter, in order to produce a true image of the line
emission. While the H-band image is not a pure continuum image (the [Fe 11] 1.644
pm line is included in the H band), the broadband image is dominated by synchrotron

continuum and the thermal filaments are barely seen; based on the flux of the [Fe 11]

30SIRIS is a collaborative project between the Ohio State University and Cerro Tololo Inter-
American Observatory (CTIO) and was developed through NSF grants AST 90-16112 and AST 92-
18449. CTIO is part of the National Optical Astronomy Observatory (NOAQO), based in La Serena,
Chile. NOAO is operated by the Association of Universities for Research in Astronomy (AURA), Inc.
under cooperative agreement with the National Science Foundation
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line, we estimate that it contributes only 2-3% of the total flux in the broad H-band

filter.

2.3 Multi-Wavelength Morphology

2.3.1 IRAC and MIPS morphology

IRAC and MIPS images of the Crab Nebula are displayed in Figure 2.5. Panel (a) is
a three color visual press release image reproduced courtesy of the European Southern
Observatory, showing the Ha filaments that trace out regions of strong hydrogen recom-
bination line emission. The smooth blue background is due to synchrotron radiation
from relativistic electrons ejected by the neutron star central engine. Panels (b), (c),
and (d) of Figure 2.5 show IRAC 3.6 um, 4.5 pm, and 5.8 pm images whose emission
is dominated by synchrotron emission. Panel (e) of Figure 2.5 shows the IRAC 8.0 um
image, and panels (f) and (g) are MIPS 24 pym and 70 pym images. Images in panels
(e), (f), and (g) all show filamentary structure that is dominated by strong forbidden
line emission and correlates very strongly with the recombination line filaments traced
out in the visual Ha image of panel (a). The NRAO 5 GHz radio image (Bietenholz et
al. 2001) is displayed in panel (h) for comparison and it shows both the smooth syn-
chrotron component and the thermal bremsstrahlung in the filaments. The IRAC and
MIPS three-color composite image is displayed in Figure 2.6. Blue represents the IRAC
3.6 um morphology that traces out the synchrotron emission, while the green (8.0 pm)
and red (24 pm) map out the [Ar 11] 7.0 pm and [O 1v] 26 pm emission respectively and
trace the filamentary structure seen in Ho. While the south filament is bright in both
green and red, the equatorial filament is dominated by MIPS 24 um emission which
may suggest the presence of large dust grains.

The IRAC and MIPS integrated flux densities of the Crab Nebula are displayed in

Figure 2.7 and listed in Table 2.1. Uncertainties in the table do not reflect IRAC and
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MIPS calibration uncertainties. Extended emission correction was applied to the IRAC
integrated flux densities of the nebula based on Reach et al. (2005). Figure 2.7 also
includes fluxes in the visible and near IR wavelengths for comparison (Veron-Cetty &
Woltjer 1993; Grasdalen 1979; Green et al. 2004). It can be seen from the plot that
the TRAC and MIPS fluxes agree well with previous data. The IRAC points trace the
synchrotron continuum with a spectral index of 0.5, as derived by Douvion et al. (2001).
The excess radiation seen at 24-100 um above the synchrotron continuum may indicate
the presence of a small amount of warm dust in the form of relatively large grains. The
excess at 24 pum may also partly be due to forbidden line emission from [O 1v]. Some
of the excess in the MIPS 70 pm filter may be due to [O 1] 63 pm, [O 111] 52 pm and
[O 111] 88 pm (Green et al. 2004).

2.3.2 Central Nebula and the Crab Pulsar

Close up IRAC images of the central part of the Crab Nebula are shown in Figure
2.8. Panel (a) is the Chandra X-ray Observatory ACIS-S image (Hester et al. 2002),
panel (b) is the HST optical image (Hester et al. 1995), and panels (c) through (f) are
IRAC images in order of increasing wavelength. The equatorial torus and polar jets
of the X-ray image are clearly visible at all IRAC wavelengths. The position of the
point source in the center of IRAC images is coincident with the position of the Crab
pulsar in the HST image. The pulsar is not detected in the MIPS images. Additional
features identified in the HST image by Hester et al. (1995) are also visible at IRAC
wavelengths, including the knot located 3”8 southeast of the pulsar, aligned with the
jet, and the bright arcs (wisps) located 7”3 northwest of the pulsar.

The spectral energy distribution (SED) of the pulsar is shown in Figure 2.9. The
aperture photometry was performed on Spitzer images using an aperture radius of 3.6,
a background annulus of 3.6-8.4”, and median sky subtraction. The appropriate aper-

ture correction was applied to the resulting fluxes (see The Spitzer Observers Manual).
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Figure 2.5 A comparison of Spitzer IR images of the Crab Nebula with optical and
radio images showing that the smooth synchrotron component and the filamentary
component dominate the emission at different wavelengths. Panel (a) is a 3 color visual
press release image reproduced courtesy of the European Southern Observatory. Panels
(b), (¢), and (d) show IRAC 3.6 pm, 4.5 pum, and 5.8 um images that trace out the
synchrotron component. Panels (e), (f), and (g) show IRAC 8.0 um and MIPS 24 ym
and 70 pm images that show filamentary structures dominated by strong forbidden
line emission. Panel (h) shows that the 5 GHz radio image traces out both the smooth
synchrotron component and thermal bremsstrahlung in the filaments (image reproduced
courtesy of NRAO/AUI and Bietenholz et al. 2001)
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Figure 2.6 Spitzer IRAC/MIPS three-color composite image. Blue (3.6 pum) emission
maps out the synchrotron component, green (8.0 ym) maps out [Ar II] 7.0 pm emission,
and red (24 pm) maps out [O IV] 25.9 ym emission. The color tables are linearly
proportional to intensity.
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Figure 2.7 Integrated flux density of the Crab Nebula. IRAC wavelengths are corrected
for extinction using Ay of 1.5 and the extinction values from Rieke & Lebofsky (1985).
Extended emission correction was also applied to the IRAC fluxes (Reach et al. 2005).
IRAC and MIPS errors are dominated by flux calibrations uncertainties. The error bars
include calibration uncertainties of 5% for IRAC wavelengths, 10% for MIPS 24 um,

and 20% for MIPS 70 pm.



38

The fluxes likely have additional uncertainties due to high nebular emission around the
pulsar, including the IR knot located (/6 from the pulsar identified by Hester et al.
(1995) and discussed by Sollerman (2003). Visible and near IR points from Table 5 of
Eikenberry et al. (1997), in which the visible data comes from Percival et al. (1993), are
included in Figure 2.9 for comparison. Table 2.1 summarized the pulsar measurements

and does not include calibration uncertainties of roughly 5% at each IRAC wavelength.

2.3.3 IRS/IRAC morphology comparisons

With the long IRS slits in the low-resolution modules it is possible to observe variations
in the emission line strengths over the different regions within the nebula sampled
by the slits. In general, the IRS long-slit spectra show a relatively spatially smooth
synchrotron continuum with much more pronounced spatial structure in the emission
line fluxes. These line emission spatial variations can be quite strong and are shown in
Figures 2.10 and 2.11, which show the correlation between the emission line strength
and the observed IRAC 8 um spatial structure. It is tempting to infer that the IRAC 8
pm image spatial structure is due to the 7.0 pum [Arll] line emission. As can be seen in
the figures, there definitely is some spatial correlation, but compared to the integrated
synchrotron emission within the IRAC band the flux in the [ArII] line is relatively low
and the variation in the line intensity by itself would not be enough to account for all
the observed 8 pm structure. Emission lines at other wavelengths are not necessarily
correlated with the structure observed by IRAC. For example Figure 2.11 shows that
although the 12.8 pm [Nell] line emission has a peak in the region of strong IRAC 8
pm emission, it also rises in strength in an 8 um “hole”. In addition, the region of

strongest IRAC emission corresponds to the lowest [Nell] emission.
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Figure 2.8 Detail of the pulsar central engine and its equatorial torus and polar jets as
seen at six wavelengths. The CHANDRA X-ray ACIS-S and HST optical images are
reproduced in panels (a) and (b) (Hester et al. 2002). Panels (c), (d), (e), and (f) show
the 3.6 um, 4.5 yum , 5.8 pym, and 8.0 um IRAC images.
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Figure 2.9 The extinction corrected spectral energy distribution of the Crab Pulsar.
Extinction correction was computed using Rieke & Lebofsky (1985) and an Ay value of
1.5. The fluxes have been calculated using an aperture size of 3.6” and a sky background
annulus from 3.6” to 8.4”. The aperture corrections of 1.124, 1.127, 1.143, and 1.234
were applied for IRAC channels 1 through 4, respectively. The IRAC error bars include
calibration uncertainties of roughly 5%, but flux values in this plot likely have additional
uncertainties due to nebular emission around the pulsar. The near IR and visible data
are from Table 5 of Eikenberry et al. (1997), where the visible data come from Percival
et al. (1993).
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Figure 2.10 The IRS Short-Low second-order spectrum and the IRAC 8 um image.
In this figure the location of the IRS Short-Low second-order aperture is indicated on
the IRAC image in the lower part of the figure, with the location of the IRS-Tgt-Cntr
position is indicated by a small cross. The spectral dispersion of this spatial cut through
the image is shown in the upper part of the figure. The poor correlation of the [ArII]
line at 7.0 pm with the IRAC structure is immediately obvious.
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Figure 2.11 The IRS Short-Low first-order spectrum and the IRAC 8 pym image. This
figure is the same as Figure 2.10, except that it displays the IRS first-order spectrum.
The slit location on the IRAC image is the same for both Short-Low orders. In this
case the strong line of [Nell] at 12.8 pum is obvious.
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2.4 1IRS Spectroscopy

The IRS modules’ slits are of different sizes and had different orientations on the Crab
(see Fig. 2.3). In order to compare the spectra for the different IRS modules, the
smoothness of the synchrotron continuum emission as observed in the IRAC images
was used to calculate scaling factors — in the analysis below the IRS observed data were
scaled so that their synchrotron continua were in agreement with the levels seen from the
Short-Low module. The scaling factors that were employed to achieve this agreement
were 0.24 for the Long-Low module, 1.0 for the Short-High module, and 0.33 for the
Long-High module. These scaling factors are all larger by approximately a factor of
two compared to the ratio of the beam sizes, which indicates that the nebular emission
is not completely smooth over these spatial dimensions. Figure 2.12 shows the low
and high-resolution spectra after this scaling, with the short and long modules’ data
combined. The reasons for the slight difference between the synchrotron continuum
slopes in the high and low-resolution modules is due to residual uncorrected diffraction
effects. The IRS data from the SSC data pipeline is flux-calibrated with point sources.
Although corrections have been applied to account for the relatively uniform extent of
the synchrotron emission compared to the point-source calibrators, this correction is
not perfect.

The fine structure lines observed with the IRS high-resolution modules were fit with
Gaussian curves and converted into line strengths. The resultant line identifications,
line heights, and line fluxes are given in Tables 2.3 and 2.4. As mentioned above, the
synchrotron baseline was used to re-normalize the Long-High module line strengths to
correspond to the Short-High module.

The observed spectra show a steadily-rising continuum due primarily to synchrotron
emission, and to a lesser extent to the zodiacal background, with various fine-structure
emission lines superimposed. As was discussed above, the strength of the fine struc-

ture emission lines varies strongly with position within the nebula — for example, the



44
spectrum at the IRS-Tgt-Cntr position does not show the 7.0 pum [ArII] emission line
that is seen strongly in other positions in the nebula. In the high-resolution spectra
the emission lines are observed to be split due to Doppler shifts in the front and back
sides of the expansion envelope. The average AX/\ difference between the front and
back shell emission line wavelengths is 0.00843, which corresponds to a shell expansion
velocity of 1264 km s 1.

The IRS fine structure emission lines show evidence of high excitation that may be
caused by photoionization by synchrotron radiation. For example, we observe emission
from [NeV] which has an ionization energy of 97 eV. Given the violence of the Crab
expansion, shocks sufficient to excite forbidden lines are also not unexpected. With
the large number of fine structure emission lines observed by the IRS, it should be
possible in principle to derive electron temperatures and densities from the line ratios.
Unfortunately, for all of the lines coming from the same ion, the line pairs appear in
different IRS modules. Modules’ different aperture sizes, different slit position angles,
coupled with the observed spatial structure in the emission line emission regions, result
in line ratios that have large and unquantifiable uncertainties. For example, in com-
paring the measured 15.5 ym/36 pm line ratio for [Nelll], we find ratios of 3.3 £0.3 for
the red-shifted lines, and 5.6 +0.3 for the blue-shifted lines. For temperatures around
10,000K the predicted ratio for these lines ranges from 11 to 38 for electron number
densities ranging from 10 to 10" cm~3. Similarly for the 18.7 um/ 33.4 pm line ratio for
[SIIT], the measured values for both the red and blue lines are less than the predicted
level even for the lowest electron densities. This indicates that there is more line flux
entering the Long-High IRS aperture than is expected, even after normalization using
the synchrotron continuum baseline. Given the spatial structure that can be seen in
the images of the IRS high-resolution module slits this is not surprising — the larger

Long-High slit must contain more bright emission knots than does the Short-High slit.
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Table 2.3 Crab Nebula: IRS Short-High Data

Line  Wavelength Measured Line Fit Height Line Flux
(um) Wavelength (pm) (Jy) (W/cm?/pm)
[Nel]] 12.8135 12.763 4+ 0.001 0.6850 £ 0.0044 4.386 + 0.043E-20
12.862 £ 0.001 0.1252 £ 0.0038  8.930 + 0.048E-21
[NeV] 14.3217 14.261 + 0.007 0.0123 £ 0.0035 9.325 &+ 3.311E-22
14.404 £ 0.008  0.0099 £ 0.0035 7.851 + 4.603E-22
[NellI] 15.5551 15.493 £ 0.001  0.9434 £ 0.0556  4.692 % 0.039E-20
15.621 £+ 0.001 0.2982 £ 0.0038 1.900 + 0.039E-20
[STIT] 18.7130 18.648 4+ 0.001 0.0475 £ 0.0025 2.533 £+ 0.201E-21

18.777 £ 0.002

0.0483 £ 0.0025

2.452 + 0.197E-21

Table 2.4 Crab Nebula: IRS Long-High Data

Line Wave- Measured Line Fit Line Flux Scaled Flux!
length Wavelength Height
(pm) (pm) (Jy) (W/em?/pm) (W/cm?/pm)
[Felll]  22.9250 22.801 + 0.021 0.030 £ 0.009  1.28 £+ 0.6 e-21 4.2 £1.9e22
23.004 £+ 0.024 0.028 £+ 0.007 1.73 £ 0.7 e-21 5.7 &+ 2.2 e-22
[NeV] 24.3175 24.210 £+ 0.005  0.140 £ 0.007 9.33 £ 0.7 e-21 3.1 £0.2e-21
24.420 £ 0.006 0.114 £ 0.007  6.26 &+ 0.6 e-21 2.1 £0.2e21
[OIV]+ 25.8903 25.772 4+ 0.006 1.372 +0.007 9.13 + 0.07 e-20 3.08 £ 0.02 e-20
[Fell] 25.999 + 0.006 1.342 + 0.007 8.28 4+ 0.06 e-20 2.73 £+ 0.02 e-20
[STIT] 33.4810 33.326 & 0.002 0.376 & 0.025  2.07 &+ 0.2 e-20 6.8 & 0.7 e-21
33.547 £ 0.001 0.479 £ 0.028  2.40 £+ 0.2 e-20 7.9 + 0.8 e-21
[SiIT] 34.8152 34.675 + 0.001  0.780 + 0.032  3.24 + 0.2 e-20  1.07 £ 0.07 e-20
34.934 +£ 0.002 0.383 £ 0.033  1.30 £ 0.2 e-20 4.3 £ 0.6 e-21
[Fell]  35.3487 35.194 &+ 0.007 Same as below
35.455 £ 0.009 0.093 £ 0.015  3.71 £ 2.1 e-21 1.2 £ 0.7 e-21
[Nelll] 36.0135 35.852 4+ 0.001 0.865 £+ 0.034  2.50 £ 0.2 e-20 8.2 + 0.6 e-21
36.138 +£ 0.001  0.513 £ 0.031 1.74 + 0.2 e-20 5.8 + 0.6 e-21

'The uncertainties in the displayed scaled line fluxes are statistical only. There are additional large
systematic uncertainties in the scale factor — see the text for details.
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Figure 2.12 The complete low and high resolution spectra of the Crab Nebula at the IRS-
Tgt-Cntr location. The fluxes were scaled to the Short-Low module data as described
in the text to correct for the different aperture dimensions (§2.4).
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2.5 Dust in the Crab Nebula

2.5.1 Line emission or Dust in the MIPS 24 ym Image?

IRS spectra of the Crab discussed above show that a bright emission feature — either
[Fe 11] 25.99 pum or [O 1v] 25.89 um — contributes significantly to the MIPS 24 um
image. Both lines have been observed in young SNRs and the Crab (e.g., Arendt et al.
1999; Oliva et al. 1999; Green et al. 2004). Figure 2.13 shows the comparison between
the MIPS 24 pm image to the ground-based near-IR image of the Crab taken through a
narrow filter that isolates [Fe 11] a*Fy /2= a*D /2 at 1.644 pm, with continuum emission
subtracted. The major difference between the two images in Figure 2.13 is in the
filaments that run east to west across the middle of the remnant; while these filaments
appear thin and rather faint compared to some of the brighter [Fe 11] 1.644 pym filaments
in the north and south of the remnant in Figure 2.13a, they are by far the brightest
emission features in the 24 um MIPS image in Figure 2.13b. Why are these filaments
so much brighter in the MIPS 24 pym image?

An issue of potential concern is whether the narrow bandpass of the 1.644 pm filter
cuts-out some of the emission from fast moving filaments that may be Doppler shifted
to extreme velocities, because this could cause spurious differences between the MIPS
image and the [Fe 11] 1.644 pm emission map. However, the observed velocities from the
brightest filaments are actually at relatively low velocities in the pinched waist of the
Crab. The Doppler shifts are in the range of 500 to 1200 km s~!, with most filaments
moving at +800 to 900 km s~! (Smith 2003). These velocities are well within the 1%
(£1500 km s~!) FWHM bandpass of the [Fe 11] filter. Even if some of the fainter and
faster filaments are lost due to their Doppler shifts, it is reassuring that the relative
brightness distribution of the filaments is similar to that in previous [Fe 11] and other
IR emission-line images of the Crab (e.g., Hester et al. 1990; Graham et al. 1990).

Thus, the striking differences in brightness between the various filaments of the Crab
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in the [Fe 11] 1.644 pm and 24 pm MIPS image are real, and are due either to 1) extreme
differences in physical conditions that cause very different relative strengths of [Fe 11]
25.99um and 1.644 pm in certain filaments, 2) differences in ionization level or chemical
abundances that cause stronger [O 1v] 25.89 um or weaker [Fe 11] emission there, or 3)
substantially more warm dust in those filaments.

The flux ratio of [Fe 11] 1.644 pm/25.99 pm depends on both electron density and
temperature, in the sense that the ratio tends to be larger for higher densities and
especially for higher temperatures. The relative strengths of IR lines of [Fe 11] can be
predicted by quantitative models like those described by Hartigan et al. (2004). In
the Crab’s filaments, typical electron densities and temperatures derived from optical
wavelength diagnostics are n. ~ 1300 ecm ™2 and T, ~ 11,000 — 18,000 K (e.g., Fe-
sen & Kirshner 1982; MacAlpine et al. 1989; Davidson & Fesen 1985). Under these
conditions, one would expect [Fe 11] 1.644 pum to be roughly 3—4 times stronger than
the 25.99 pm line. From our flux-calibrated narrow-band image, we measure a total
[Fe 11] 1.644 ym flux for the whole Crab Nebula of 6.3(+1.5)x107! ergs s=! em™2. If
the average physical conditions quoted above dominate throughout the filaments, the
total 25.99 pm flux should be only 1.5-2x107! ergs s™' cm™2. The total observed
MIPS 24 pm flux density is about 60 Jy (~3x10710 erg s~! cm™2 pm™1), and is clearly
dominated by emission from the filaments, not the synchrotron continuum (Fig. 2.13b).
Integrated over the MIPS filter bandpass, the total flux included in the 24 pm filter

U em=2. Thus, [Fe 11] 25.99 um should not make much of a

is then ~1.5x107? erg s~
contribution to the MIPS 24 pm image (only about 1% of the total flux included in
that filter).

On the other hand, if the filaments have cores that are shielded from the UV

radiation field of the synchrotron nebula, then the prevailing electron temperatures

traced by visual-wavelength diagnostics might not apply, and the expected [Fe 11]
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1.644 pm/25.99 pm ratio could be very different. For example, if the electron tem-
perature were as low as 1,000-2,000 K in the cores of some filaments, then at the same
density of ~1000 cm™3 the 25.99 pm line could be more than 1000 times stronger than
[Fe 11] 1.644 pm. However, under these same conditions, [Fe 11] 5.430 pm would be
roughly 800 times brighter than [Fe 11] 1.644 um, and almost as strong as the 25.99 ym
line. Based on the rather weak 5.34 um line seen in IRS spectra, and the fact that the
“equatorial” filaments are not conspicuous in the IRAC 5.8 pum image, it would seem
that the filaments do not contain shielded cool cores at very low temperatures, and
therefore, that the majority of the MIPS 24 pym emission is not [Fe 11].

Instead, the bright emission feature in the MIPS 24 pm filter is most likely dominated
by the [O 1v] 25.89 pm line. This agrees with the analysis of the IRS spectra, suggesting
that those conclusions are valid across the remnant in areas not covered by the IRS
aperture. In visual wavelength spectra, the [O 111] A5007 line is particularly bright in
the equatorial filaments, compared to other emission lines (Smith 2003; MacAlpine et
al. 1989). Thus, it stands to reason that the much brighter emission from equatorial
filaments in the MIPS 24 pm image is due to enhanced [O 1v] there as well, either
because of higher ionization or enhanced oxygen abundances compared to the other
filaments in the Crab Nebula.

Another possibility is that emission from large dust grains in the filaments con-
tributes to the excess equatorial emission seen by MIPS. Green et al. (2004) found that
the gas:dust mass ratio in the Crab was comparable to the normal interstellar value,
with an upper limit to the dust mass of ~0.2 Ms. However, the presence of strong
line emission in the MIPS 24 pm image makes it difficult to put reliable constraints on
the amount of dust, if any, in the Crab Nebula. The MIPS 70 pym image also shows
enhanced emission from the same equatorial filaments, which once again, could result

from a contribution of either warm dust or [O 111] 88.36 ym emission. However, Green
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et al. (2004) found that the ISO/LWS spectrum of the Crab was dominated by contin-
uum from dust and synchrotron, not line emission. Thus, the apparent excess far-IR
emission above the synchrotron continuum level in the integrated flux density of the
Crab (Fig. 2.7) may be due to either dust or line emission.

Whether the bright MIPS emission is caused by excess dust or by stronger high-
excitation emission lines, the comparison of the [Fe 11] 1.644 pm image and the MIPS
24 pm image reinforces the long-held notion that there is something very different about
the “equatorial” filaments that run east—west across the middle of the Crab Nebula.
These are the same filaments that are known to have different chemical abundances
than the rest of the Crab — most notably a higher He/H abundance (e.g. Uomoto &
MacAlpine 1987; Fesen & Kirshner 1982). One hypothesis is that the SN exploded into
a pre-existing circumstellar ring, much like the ring around SN 1987A (Sugerman et al.
2002) or the ring that is thought to have been swept up by the Crab-like SNR 0540-69.3
in the LMC (Morse 2006). Indeed, the filaments that bisect the Crab seem to connect
the dark bays of the synchrotron nebula, which were presumably formed as the expand-
ing PWN was pinched by an equatorial disk or ring (Fesen et al. 1992). Additionally,
the global kinematics of the Crab’s shell, traced best in [O 11I] emission, seem to be
bipolar, with a pinched waist coinciding with these “equatorial” filaments (MacAlpine
et al. 1989; Smith 2003). Finally, the mysterious northern “jet” or “chimney” (Cheva-
lier & Gull 1975; Gull & Fesen 1982) runs along an axis perpendicular to this putative
equatorial ring. Taken together, these clues may suggest that the Crab’s progenitor
star had a rotation axis oriented roughly north/south, and that the axis changed dra-
matically during the SN explosion to match the currently-observed axis of the pulsar’s

jet at about —45°.
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2.5.2 Estimate of Dust Mass

The presence of the bump between 24 pm and 100 pym in the integrated flux density
of the Crab Nebula may suggest that there is a small amount of dust present in the
nebula (see Figure 2.7). In order to estimate a rough upper limit on the dust mass that
may account for this IR excess, an estimate of the contributions from line emission and
synchrotron continuum was removed from the total flux.

Green et al. (2004) found that the excess in the ISOPHOT fluxes between 60 pm and
100 pm can be explained by a small amount of warm dust corresponding to 0.01-0.07
Mg of silicates at 45 K or 0.003-0.02 M, of graphite at 50 K. Following the method
of Green et al. (2004), the extrapolated synchrotron continuum was subtracted from
the MIPS 24 pm and 70 pm fluxes based on the synchrotron power law 25.9(r/18.7
Thz)~%5 given by Green et al. (2004) and derived by Douvion et al. (2001) from the
ISOCAM mid-IR spectro-imaging observations. Based on the ISO spectra, Green et al.
(2004) also found that the line emission contribution to the 60 and 100 pm fluxes is 8 %
and 7 %, respectively. Since ISO spectra show no additional emission lines centered at
70 pm, the upper limit on the contribution from line emission to the 70 ym integrated
flux is on the order of 7 %, corresponding to ~ 11 Jy. The main difficulty arises in
estimating the contribution from line emission to the 24 ym flux. After integrating the
IRS spectrum over the MIPS 24 pm bandpass, the contribution from line emission to the
total flux in the beam is found to be approximately 5 %. For the purpose of estimating
a rough upper limit on the dust mass, this ratio was applied to the total integrated
flux at 24 pm, which gives a line contribution of ~ 2.8 Jy. Since the strength of line
emission in the Crab has a strong spatial dependence and peaks along the filaments,
this assumption most likely significantly underestimates the amount of line emission at
24 pm. The IRS spectrum used for the estimate is centered on a region near the center
of the nebula that does not include any filaments.

After subtracting the synchrotron continuum and line emission from the MIPS 24
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pm and 70 pm data, and ISOPHOT 60 pm and 100 pm data from Green et al. (2004), a
blackbody distribution was fitted to the residual flux densities. The resulting blackbody
distribution peaks at a temperature of ~ 74 K, with (AF))maz ~ 6.28x107? erg s=!
cm 2. We expect that these values are highly uncertain due to the sensitivity of the

blackbody fit to the 24 pym data point. A dust mass was calculated using the following

relation

M, = 1.36()\F§();;%xap47rd2 2.1)
where a is the grain size, p is the grain density, d is the distance to the Crab Nebula,
and T} is the dust temperature (Gehrz et al. 1998). Assuming a grain size of 10 um,
graphite grains (p = 2.25 gm cm™3), and a distance of 2.1 kpc, a dust mass of ~ 0.001
Mg was derived. Due to the unknown line contribution to the 24 ym flux, this number
is only a rough estimate of the dust mass. If one assumes that the excess emission at
24 pm is dominated by line emission and that the blackbody peaks at the 70 ym data
point, the total dust mass is 0.004-0.010 Mg, for graphite grains and 0.006-0.015 Mg,

for silicates.

2.6 Synchrotron Spectra of the Crab Nebula

IRAC 3.6 um and 4.5 pm images are dominated, for the Crab, by the synchrotron
emission that has been observed from radio through X-ray frequencies, with only little
evidence for the filamentary line emission seen, e.g., in IRAC 8 ym or in the MIPS 24 ym
images. The very hard (flat) radio spectra in PWNe (i.e., filled-center SNRs) like the
Crab imply correspondingly hard relativistic electron distributions; the origins of these
are still unknown (Nodes et al. 2004). Studies of the variation of the spectral index,
ax(RA, Dec) i.e., the local slope of the synchrotron spectrum, as a function of both

frequency and position in the remnant, provide the key data necessary to understand
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both relativistic particle acceleration and loss processes.

The spectral index as a function of position was examined using IRAC 3.6 pm and
4.5 pm images, as shown in Figure 2.14. Note that the emission associated with the
jet and torus is flat (red) and extends far from the pulsar with little or no steepening
visible. The underlying nebular emission progressively steepens with distance. This
steepening away from the jet and torus is also seen in the power law indices derived by
Willingale et al. (2001) from XMM-Newton observations around 2 keV. At present, it
is not possible to determine whether this steepening is with distance from the pulsar
or distance from the jet; this distinction is physically important for understanding the
acceleration and transport of relativistic particles. The absolute values of the spectral
indices would be uncertain by approximately £0.3 if we estimate that the calibration
uncertainties in each of the IRAC bands are approximately 5%. However, the integrated
fluxes between 3.6 pm and 4.5 pym yield a spectral index similar to the derived value
of 0.5 by Douvion et al. (2001), and therefore the calibration errors are not included in
the discussion below. Any uncertainties in the overall spectral index do not affect the
spatial variations in the indices as seen in Figure 2.14.

The overall shape of the synchrotron spectrum was examined by mapping it into
“color-color” space, using the technique described by Katz-Stone et al. (1993). In this
method, information at optical wavelengths was added, and then a;r(RA, Dec) vs.
aopt(RA, Dec) plotted for all positions in the Crab. This plot is then compared to var-
ious fiducial spectral shapes to determine the underlying broadband shape of the syn-
chrotron spectrum. This method provides a powerful way to map out the synchrotron
spectrum in detail, although measurements are available at only a small number of
wavelengths. It is based on the ansatz that the shape of the relativistic electron distri-
bution is constant throughout the nebula; spatial variations in magnetic field strength
and in the degree of adiabatic and radiative losses then lead to spatial variations in the

observed spectral index.
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Figure 2.14 The synchrotron spectral index distribution is shown in color, with the local
intensity from the IRAC 3.6 ym image. Note the flat spectrum emission from the torus
and jets extends far from the pulsar. Red (green) corresponds to spectral indices of 0.3
(0.8).
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The first color-color diagram is shown in Figure 2.15, which uses the visual spectral
indices from Veron-Cetty & Woltjer (1993), who calculated the mean spectral index
in 10” boxes between 9241 A and 5364 A to compare with equivalent 10” box spectra
calculated from IRAC 3.6 pm and 4.5 um images. The IRAC fluxes were corrected for
extinction using the interstellar extinction values from Rieke & Lebofsky (1985) and an
adopted value for Ay of 1.5. The combination of statistical errors of approximately 1%
in each band and variations in inhomogeneities between different lines of sight together
are responsible for the scatter of the data around the best fit spectral shape.

Comparison of the color-color data with fiducial homogeneous spectral models shows
that these models are not adequate in describing the data. T'wo standard spectral shapes
are shown for comparison — the JP (Jaffe & Perola 1973) model in which relativistic
electrons are continuously isotropized in pitch angle, leading to an exponentially cutoff
spectrum at high energies, and the KP (Kardashev 1962) model where losses lead to
an anisotropic pitch angle distribution, and a high frequency power law. Each spectral
model is anchored to the 0.3 spectral index observed throughout the nebula at radio
frequencies (Swinbank 1980). Here, it can be seen that both the JP exponential cutoff,
and KP spectral shapes are ruled out by the relationship between the optical and IR
fluxes. This conclusion is not affected by the calibration errors discussed above; these
simply result in a uniform translation of the data in the color-color plane, and would
still not agree with the models.

Although a completely new relativistic electron distribution could be derived to fit
the data, a much simpler alternative is to explore simple combinations of the standard
spectra. We show one such combination in Figure 2.15, a hybrid model representing
the presence of two KP spectra at each position. The two spectra shown here have
cutoff frequencies (low frequency brightnesses) in the ratios of 3 : 1(1 : 1.8). These
particulars are not relevant, since there are a variety of spectral combinations, with

different numbers of components, cutoff frequencies, normalizations, etc., that could
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and between the IR and optical, as discussed in the text (§2.6).
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equally well fit the data. However, they all point to some inhomogeneities along the
line of sight which smear out the spectrum (reduce its curvature) in the optical-IR
regime.

In the Crab, the inhomogeneity indicated by the spectral shape likely arises from
the superposition of the jet and torus onto the larger nebula. This can be be seen by
subtracting IRAC 3.6 pm image from the 5.8 um image, with the resulting emission
seen in Figure 2.18. The most striking thing in this image is the absence of the torus and
jet regions that dominate the emission in both bands. This is due to the flatter nature
of those regions, which extend over large distances in the nebula. Thus, the data are
consistent with emission that shows little or no spectral steepening with distance from
the pulsar, superposed on the rest of the nebula, which does steepen. The existence
of these two components was suggested by Bandiera et al. (2002) in their comparison
between 20 cm and 1.3 mm images. Green et al. (2004) disagreed with these conclusions
based on their SCUBA 850 pum images, but their data also show excess flattening
due to superposed components. The fact that the torus and jet remain flat to higher
frequencies than the rest of the nebula makes them much more prominent in IR, optical
and X-ray images, compared to those in the radio (Bietenholz et al. 2004). It also
means that sophisticated models will be necessary to understand the acceleration and
transport of relativistic particles throughout the nebula.

To explore the higher energy end of the spectrum, a second color-color diagram
was used, now relating the optical spectral indices to those between the optical and
X-ray, as presented by Bandiera et al. (1998). For the data, the trend line between
0.8 < agpt—x < 1.75 was used which can be represented as aopi—x = 1.5 X vops-
The very weak X-ray data with agp—x > 1.75 (above line (c) in their Figure 3) was
considered to be unreliable because it shows no correlation with the optical spectral
indices. Note that the detectable X-ray synchrotron nebula is considerably smaller than

at lower frequencies. The oyt vs. agpi—x data line (represented by a series of open



60

0
(7))
O
£ -2
=
D
S
m
-4
-6

Log (frequency)

Figure 2.17 The derived shape for the broadband synchrotron spectrum of the Crab, as
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the details of the shape are not determined.
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circles) and spectral shape models are shown in Figure 2.16.

Neither the JP or KP models, nor the hybrid model developed above can explain this
shorter wavelength data. The basic problem is that an exponential cutoff is needed, but
it cannot follow a standard JP shape, because any spectral steepening seen in the IR
would predict X-ray fluxes orders of magnitude lower than observed. So the exponential
cutoff must somehow be pushed out to shorter wavelengths than expected. Such a
model was empirically constructed by modifying the optical/IR hybrid to introduce a
bump just below the X-rays, followed by an exponential cutoff. This empirical model
is labeled as hybrid 2 and shown both in color-color space (Figure 2.16) and in normal
log(brightness) vs log(frequency) space in Figure 2.17. It starts at long wavelengths
(low energies) with the radio spectral index and fits the variations in the IR-optical and
optical-X-ray spectral indices.

Although this model is not unique, it has two characteristics that must be present in
any model that fits the data. First, the spectra cut off very rapidly (possibly exponen-
tially) in the X-ray regime, indicative of strong radiative losses. Second, there needs to
be a bump in the spectrum somewhere in the ultraviolet. The shaded box in Figure 2.17
shows the region of uncertainty from our analysis; no direct measurements are available
here. However, without some fairly abrupt offset to the smooth spectral shape, models
including X-ray data would fail as badly as the JP and KP models shown in Figure
2.16. Such an offset or bump in the spectrum is expected due to the pileup of relativistic
electrons that result from energy losses at higher energies (e.g. Reynolds 2003), when
the low frequency spectral index is flatter than 0.5, as is true for the Crab. To our

knowledge, there has not been any previous observational evidence for this pileup.
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Figure 2.18 This figure shows the difference between IRAC 3.6 ym and 5.8 um images,
where the 3.6 um image has been scaled by a factor of 1.3. Note that the jet and torus,
which are prominent in the original images are gone.
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2.7 Conclusions

The following is a brief summary of the main conclusions presented by the Spitzer Space
Telescope IR imaging and spectroscopic observations of the Crab Nebula:

1. A comparison of the morphology from the x-ray to the radio shows that the
synchrotron component and filaments dominate at different wavelengths.

2. A broadband shape to the synchrotron spectrum was derived and it shows evi-
dence for multiple components along the line of sight, likely due to the torus and jet
which remain flat to large distances from the pulsar, superposed on the broad nebular
emission that steepens with increasing distance. At shorter wavelengths, the derived
spectral shape is consistent with the expected pileup of relativistic electrons just below
an exponential cutoff in X-rays.

3. The flux density of the nebula and the pulsar was measured. The smooth back-
ground of the nebula and the pulsar are dominated by synchrotron emission and a
large fraction of the emission from the filaments in the images is due to forbidden line
emission from Ar, Ne, O, and Fe.

4. There is a paucity of dust in the Crab Nebula. The small grain component seems
to be missing entirely and we see no evidence for silicate emission. The total emission
at long wavelengths from large grains implies a total dust mass in the nebula of less
than 1% of a solar mass.

5. In the IRS spectra, Doppler shifted emission from both the front and back sides
of the expanding shell are seen, and a radial expansion velocity of roughly 1264 km s~

was measured.



Chapter 3

X-ray Observations of G54.1+0.3
and IR Spectroscopy of the
Associated Shell

ABSTRACT

Recent Spitzer IR observations of G54.14-0.3 revealed an IR shell that contains a
dozen point sources arranged in a ring-like structure. An extended knot of emission
located in the SW part of the shell appears to be aligned with the pulsar’s X-ray jet,
suggesting a possible interaction with the shell material. Surprisingly, the IRS spectrum
of the knot resembles the spectrum of freshly formed dust in Cas A, and is dominated
by an unidentified dust emission feature at 21 um. The spectra of the shell also contain
various emission lines and show that some are significantly broadened, likely due to
swept-up SN ejecta. We present the first evidence that the PWN is driving a shock
into expanding SN ejecta and we propose an alternative explanation for the origin of
the IR emission in which the shell is composed entirely of SN ejecta. In this scenario,

the freshly formed SN dust is being heated by early-type stars belonging to a cluster
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in which the SN exploded. Simple dust models show that this interpretation can give
rise to the observed shell emission and IR point sources.

This work was carried out under the supervision of Patrick Slane (Harvard-Smithsonian
Center for Astrophysics),and in collaboration with Stephen Reynolds (North Carolina
State University), John C. Raymond (Harvard-Smithsonian Center for Astrophysics),
and Kazimierz J. Borkowski (North Carolina State University). The results have been

submitted for publication in the Astrophysical Journal.

3.1 Introduction

G54.140.3 is a young PWN, closely resembling the Crab, for which no thermal shell
emission has been detected in X-rays. It appears to be in the early stages of its evolution
in which the nebula sweeps-up the freely expanding SN ejecta, but there have been no
previous detections of an interaction of this PWN with the ejecta material. The study
described in this chapter provides the first direct evidence that this PWN is driving a
shock into the SN ejecta and freshly formed SN dust. In addition, the environment into
which the SNR is expanding provides a unique opportunity for the study of SN dust
that has not yet been reached by the reverse shock.

The properties of G54.14-0.3 are very similar to those of the Crab Nebula. Radio
observations show a nebula with a flat spectrum, approximately 2’ in extent (Reich
et al. 1984; Green 1985; Velusamy & Becker 1988), and no evidence of the SNR shell.
While the extent of the X-ray nebula in the Crab is 3 times smaller than in the radio,
non-thermal X-ray emission from G54.14-0.1 extends out to the radio boundary (Seward
1989; Lu et al. 2001). Chandra observations revealed a point source surrounded by a ring
and torus, and a nebula elongated in the E/W direction (Lu et al. 2002). All components
have a power-law spectrum with an index steepening with increasing distance from the

pulsar. There is no evidence for a thermal component associated with SN ejecta or the
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swept-up ISM.

The 137 ms pulsar that powers the nebula was discovered by Camilo et al. (2002),
who calculate a characteristic age of 2900 yr. Considering a possible range of braking
indices and initial spin periods, Camilo et al. (2002) estimate the age of G54.14-0.3 to
be between 1500 and 6000 yr. From the equations describing PWN evolution, Chevalier
(2005) calculates an age of 1500 yr and and an initial spin period Py of 100 ms. Based
on HI line emission and absorption measurements, the distance to G54.1+0.3 is in the
5-9 kpc range (Weisberg et al. 2008; Leahy et al. 2008), while the pulsar’s dispersion
measure implies a distance less than or equal to 8 kpc (Camilo et al. 2002). Leahy et
al. (2008) recently suggest a morphological association between the nebula and a CO
molecular cloud at a distance of 6.24+0.1 kpc.

While there has been no previous evidence for an interaction of the PWN with
SN ejecta, circumstellar material (CSM), or the ISM in G54.1+0.3, a recent Spitzer
discovery of an IR shell surrounding the PWN may be the first evidence of such an
interaction (Slane 2008; Koo et al. 2008). The first IR detection from G54.1+0.3 was
made with the IRAS at 25 ym, 60 pum, and 100 pum, and the emission was consistent
with a cold dust component with a temperature of ~ 30 K (Arendt 1989; Saken et
al. 1992). Spitzer imaging revealed an IR shell surrounding the PWN in which a
dozen point sources are arranged in a ring-like structure, suggested to be young stellar
objects (YSOs) whose formation was triggered in the late stages of the progenitor’s life
(Koo et al. 2008). The morphological association between G54.1+0.3 and the shell is
evident in the IR images and suggests that the PWN may be interacting with the shell
material. The nature of the shell still remains unclear. While the morphology suggests
that the shell is SN ejecta and freshly formed dust swept up by the PWN, presence
of YSOs would require that it is a preexisting circumstellar shell or a molecular cloud.
This chapter presents deep Chandra imaging of G54.14-0.3 and Spitzer IR imaging and

spectroscopy of the associated shell that provide new insight into its origin.
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Figure 3.1 Chandra ACIS image of G54.140.3 in the 0.3-10.0 keV band.
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3.2 Observations and Data Reduction

3.2.1 Chandra

Observations of G54.1+0.3 were taken with the Advanced CCD Imaging Spectrometer,
ACIS-S, on board the Chandra X-ray observatory on 2008, July 8, 10, 12, and 15,
under the observation ID numbers 9886, 9108, 9109, and 9887. The observations were
carried out using the FAINT mode and the corresponding exposure times were 66.17,
35.11, 164.33, and 25.16 ks, for a total exposure time of 290.77 ks. The standard data
reduction and cleaning were performed using Ciao Version 3.4.

The cleaned Chandra datasets were merged into a single event file using the merge_all
task in Ciao version 3.4. The final merged image is shown in Figure 3.1. Spectra were
extracted from the merged file from eight different regions covering the PWN and one
background region. The extraction regions are similar to those in Lu et al. (2002) for
the purpose of comparison, and are shown in Figure 3.2. Because the observations were
carried out close in time and have the same chip orientations and positions on the sky,
the corresponding effective area and spectral response files were generated from a single
observation with ID 9109. Source spectra were background subtracted and grouped to
include a minimum of 75 counts in each bin for region 1, 50 counts in each bin for

regions 2, 3, 4, 7, and 8, and 20 counts in each bin for regions 5 and 6.

3.2.2 Spitzer

IR spectroscopy was carried out with all modules of the IRS (Houck et al. 2004) aboard
Spitzer on 2007, Nov. 05, covering the 5-37 um wavelength range (program ID 40736).
The positions of the slits are shown in Figure 3.3. The low resolution spectra were taken
at position 19h30m28.0s, +18°52'15.60”(J2000), centered on the diffuse shell emission,
but also covering the bright knot in the northwest with the long-low (LL) module. The

low resolution observations had 5 cycles for each module, with an exposure time of 14 s
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Figure 3.2 Extraction regions for the X-ray spectra, overlaid on the Chandra ACIS
image of G54.14-0.3 in the 0.3-10.0 keV band. The fitted parameters for each of the
numbered regions are summarized in Table 3.1.
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and 6 s each for the short-low (SL) and LL modules, respectively. The high resolution
spectra were taken at two different positions; the diffuse shell emission at 19h30m28.0s,
+18°52/15.60”(J2000), and the bright knot at 19h30m26.40s, +18°52'07.00”(J2000).
The location of the slits for the background spectrum are also shown in Fig 3.3. The
short-high (SH) spectra were obtained using 10 cycles of 120 s, and the long-high (LH)
using 5 cycles of 6 s each.

Data were processed with pipeline version S17.0.4 and cleaned using IRS Rogue Pixel
Mask Editing and Image Cleaning software (IRSCLEAN1.9). The background was
subtracted from the high resolution data, individual BCDs of each nod were median-
combined, and spectra were extracted with the the Spitzer IRS Custom Extractor
(SPICE) using full slit extractions with the extended source calibration for both low and
high resolution modules. The subsequent analysis, including averaging of the individual
nods, background subtraction for the low resolution modules, trimming of the order
edges, and fitting of the emission lines, was carried out using the SMART (Higdon et
al. 2004). For the low resolution modules, the spectra extracted from the off-source
nods were used for the background. We have also included the imaging data from
the IRAC and MIPS aboard Spitzer. The IRAC observations at 3.6, 4.5, 5.8, and 8.0
pm were carried out on 2005, Oct. 21, under the program ID 3647, using two 30 s
frames. The data were processed with the pipeline version S14.0.0 and reduced with
the MOPEX version 18.1.5. The MIPS 24 pum observation was carried out on 2005,
May 15, under the program ID 3647, using 20 cycles of 30 s, and was processed with
the pipeline version S16.1.0 (Slane 2008). The MIPS 70 pm image of G54.1+0.3 is from
the MIPSGAL survey (Carey et al. 2009).
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Figure 3.3 Positions of the IRS slits overlaid on the MIPS 24 pym image. The LL
slits are the wide slits oriented in the East/West direction. The SL slits are oriented
North/South. The LH and SH slits are the smaller slits shown in yellow. The eastern
position is referred to as position 1 in the text, and the western position on the IR knot
is position 2. The LH and SH slits located off of the shell to the west were used for
background subtraction.



73
3.3 Analysis

3.3.1 X-ray

The deep Chandra ACIS image of G54.14-0.3 in the 0.3-10 keV band is shown in Figure
3.1. The central pulsar is surrounded by a 5”7 by 3”7 X-ray ring, with the long axis
oriented roughly north-south, suggesting an inclination angle of about 40 degrees (Lu
et al. 2002). The pulsar and the ring are embedded in a diffuse nebula, 2.0 by 1’3 in size,
which appears to have a bipolar elongation, running roughly east-west, perpendicular
to the apparent plane of the ring. While the outer regions of the diffuse emission in
(54.14-0.3 show a softer spectrum than the interior regions, there is no X-ray evidence
for a thermal component associated with shock-heated ejecta or ISM.

Spectra were extracted from the Chandra data using the apertures shown in Figure
3.2. The regions are similar to those in Lu et al. (2002) and include the pulsar in
region 1, the surrounding ring in region 2, the western arc in region 3, the western jet
in region 4, two bright knots of emission in the east in regions 5 and 6, and fainter
extended emission between these structures and in the outer regions of the PWN in
regions 7 and 8, respectively. The background spectrum was extracted from an elliptical
region south of the PWN with an area of 7710 square arcseconds. The spectrum for
each of the regions was fitted with an absorbed power law model using the Ciao 3.4
Sherpa software. The fitting of region 1 also included a pileup model, since the point
source count rate of 0.077 s~! is expected to cause significant pileup that affects the
spectral parameters (Davis 2001). The absorbing column density was fit simultaneously
for regions 2-8, and the column density for the region encompassing the point source
was then fixed to this value. The fitting results are summarized in Table 3.1. We find

an absorption column density of (1.9540.04) x 10?2 cm ™2

, somewhat greater than that
of Lu et al. (2002), who found Ny = (1.6 & 0.1) x 10?2 cm~2. We find a similar value

to that of Lu et al. (2002) if we include region 1 in the joint fit and do not account
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for pileup. When the spectrum of each region is fit separately, the Ny (10?2 cm™2) in
regions 2-8 ranges from 1.88-2.19, while the best fit for region 1 gives an Ny (102 cm—2)
of 1.54. This suggests that a more accurate estimate for Ny is achieved if the piled-up
region 1 is excluded from the fit.

The new estimate of the absorbing column density results in a slightly higher photon
index for the pulsar, I' = 1.44+0.04. The ring and E/W elongations have similar photon
indices, which are harder (smaller) than those in the outer diffuse nebula, suggesting
lower synchrotron losses or more particle injection in these regions. There is no evidence
for emission lines in any of the spectra. The parameters derived from the initial analysis
of the Chandra data are used in our analysis of the IR observations. A more detailed

study of the X-ray data will be presented in a separate publication.

3.3.2 IR Morphology

The Spitzer IRAC and MIPS images of G54.1+0.3 reveal an IR shell south and west
of the PWN, with the X-ray nebula filling the cavity of the shell. The shell is detected
at 5.8, 8.0, 24, and 70 pum, and is approximately 1’5 in radius at 70 pm. A shell
structure is evident in the 5.8 pm and 8.0 pm IRAC images, shown in Figures 3.4a and
3.4b, along with significant emission that extends far from the PWN to the north that
may be associated with Polycyclic Aromatic Hydrocarbon (PAH) emission unrelated
to G54.14-0.3. The structure of the shell in the MIPS images appears bipolar (Figure
3.4c and 3.4d), with a brighter western lobe, and a fainter southeastern lobe. The
X-ray and radio emission from the PWN fills the cavity of the shell. The western jet
structure, in particular, appears to extend directly into a void region in the IR nebula,
terminating at the brightest region in the 24 ym MIPS image, i.e. the IR knot. This
is best shown in Figure 3.5, where the MIPS 24 pum emission is shown in blue, MIPS
70 pm emission in green, radio emission in red, and Chandra X-ray contours in white.

The most interesting features of the 24 um image are 11 point sources embedded in
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Figure 3.4 Spitzer imaging of the shell surrounding the PWN in G54.1+0.3. The shell is
detected in the IRAC 5.8 um (panel a) and 8.0 um (panel b) bands. The MIPS 24 um
and 70 pm images are shown in panels ¢ and d, respectively. The IR knot is indicated
by the white arrow. The overlaid contours represent the Chandra ACIS contour of the
PWN.



Table 3.2.

G54.1+0.3: IRAC and MIPS Fluxes

Wavelength Flux Extinction Corrected

(pm) (Jy) Flux (Jy)
5.8 ~ 0.2 ~ 0.3
8.0 ~ 0.6 ~ 1.0
24 23.7 + 2.4 40 + 4
IR knot 3.84+04 6.5 £ 0.7
70 76 + 15
Note. — IRAC fluxes were estimated based on

the average flux density at selected positions scaled
to the size of the shell. The uncertainties include
TIRAC and MIPS calibration uncertainties, but do
not account for the uncertainties in the extinction
correction. The extinction correction was applied
using the extinction curve of Chiar & Tielens (2006).
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the diffuse shell that are arranged in a ring-like structure (Koo et al. 2008). The two

northern point sources are outside of the ring structure, but appear to be located at

the tips of faint ridges of emission that trace back to the shell structure. The IRAC

and MIPS fluxes from the IR shell and the knot are listed in Table 3.2. Since the shell

region in the IRAC images is crowded with stars, the fluxes were estimated by scaling

the average flux density from several positions on the shell by the total area of 4 square

arcminutes. In measuring the flux from the IR knot, we used a background region from

the diffuse shell emission east of the knot.

3.3.3 IR Spectroscopy

The high and low resolution IR spectra of G54.1+0.3 are shown in Figures 3.6 and 3.7,

and the positions of the IRS slits are shown in Figure 3.3. The low resolution spectrum

shows a rising continuum longward of 15 pm, and a broad emission feature peaking at

approximately 21 pym. This feature is more pronounced in the high resolution spectrum
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of the bright knot, while it is less pronounced in the spectrum from the diffuse shell
(Figure 3.6). The high resolution spectra also reveal a broad emission feature around
12 pm, and a narrow emission feature around 11.3 pum that may be associated with
PAH emission or other carbonaceous grains. The high resolution slit from which the
background spectrum was extracted is located in a region of low background emission,
and it underestimates the contribution from the emission in the vicinity of the IR shell
that is evident in the IRAC 8 pum image (Figure 3.4b). However, the background
regions for the low resolution spectrum are more representative of the local background
emission. Since the low resolution spectra were extracted from the entire SL and LL
slits, they are not characteristic of the point-to-point spectrum along the slits that
varies spatially. The sharp peak around 7.5 pm is an artifact caused by a mismatch
between orders, and was trimmed from the residual source spectrum.

There are a total of ten emission lines present in the spectrum of the IR shell;
the molecular hydrogen Hy S(2) (12.3 pm), and Hy S(1) (17.0 pum) lines, and ionic
lines of [ArlI] (6.99 pm), [SIV] (10.51 pm), [Nell] (12.81 pm), [CI] (14.37 pm), [SIII]
(18.71 pm), [FelI] (25.99 pm), [SIII] (33.48 pm), and [Sill] (34.82 pm). The line-fitting
parameters for the LH and SH modules are listed in Table 3.3, where positions 1 and
2 correspond to spectra from the diffuse shell and the bright IR knot, respectively (see
Figure 3.3). Line-fitting parameters from the overlapping region of SL and LL modules
are listed in Table 3.4. The extinction correction was applied using the IR extinction
curve of Chiar & Tielens (2006), and the relation Ny /A = 1.821 x 10?2 cm~2 (Draine
1989). As shown in Figure 3.7, background emission significantly contributes to the
observed lines of Ne, S and Si, implying that the uncertainties on their measured line
intensities are probably larger than the statistical uncertainties quoted in Table 3.3. A
number of emission lines in the high resolution spectrum show evidence of broadening
with respect to the spectral resolution of IRS of A\/AX ~ 600, including Cl, S, Fe, and

Si. The broadened line profiles of the Si and S lines are shown in Figure 3.8.
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For the purpose of examining the spatial variation in the emission line intensities
across the LL slits, we created 2-dimensional spectral line maps using the CUbe Builder
for IRS Spectral Maps (CUBISM) software (Smith et al. 2007). The maps were made by
selecting a desired wavelength region for the source flux and subtracting a wavelength-
weighted background, averaged across a specified wavelength region. The maps were
created by selecting a source flux from 20.9-21.9 pym, with a continuum from 20.5-20.7
pm and 22.3-22.6 pum to show the spatial variation of the 21 pum feature; a source
flux between 18.4-18.9 pm with a continuum between 18.0-18.4 ym and 18.9-19.0 um
for the [SIII] line at 18.7 pum; a source flux between 33.1-33.9 pm, with a continuum
between 31.9-32.9 pm and 33.9-34.2 pm for the [SIII] line at 33.5 pm; and a source
flux from 34.6-35.2 um, with a continuum from 34.1-34.4 pm for the [Sill] line at 34.8
pm. The narrow wavelength ranges for the backgrounds were chosen to avoid other
emission features and large gradients in the continuum slope. We smoothed the spectral
line maps by a 2-pixel Gaussian before plotting the intensity profiles as a function of
position along the slit. Spectra were also extracted from 7 spatial positions along the
LL slit in 3x2 pixel sub-slits. Due to the low extraction area, only the brightest lines
of S and S7 were measurable in these spectra. Their intensities are listed in Table 3.5,
where the position along the LL slit is denoted by the pixel number on the axis in

Figure 3.9.

3.4 Line Emission

Spectra of the diffuse shell were obtained with all four modules of the IRS (Figure 3.3).
The high resolution SH and LH spectra were taken at two different positions on the
shell; at the position of diffuse emission near the interface between the shell and the
PWN (position 1), and at the position of the bright IR knot in the northwest (position
2). The LL slit was oriented in the East/West direction and it spans the entire length

of the shell, including the IR knot. The SL slits were roughly perpendicular to the LL
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Figure 3.5 Three color image of G54.14-0.3, where the MIPS 24 pym emission is shown
in blue, MIPS 70 pym emission in green, and radio emission in red. The Chandra X-ray
contours are shown in white.
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slits, and span the length of the shell in the North/South direction.

3.4.1 Line Profiles and Broadening

The high-resolution spectra at both positions in the IR shell show evidence of spectral
line broadening. The fitted line parameters for the two positions are summarized in
Table 3.3. The expected resolution of LH and SH is A/AX ~ 600, equal to a full-width
half-maximum (FWHM) of 500 kms~!. The [CIII], [Fell], and [Sill] at position 1
show the largest broadening of over a 1000 kms~!. The [SIII] lines at this position
are broadened to approximately 700-800 kms~!. The [Nell] line at position 2 shows
evidence for slight broadening, while the widths of the Hy lines are approximately
equal to the resolution of the IRS. It is likely that inadequate subtraction of the local
background from the LH and SH spectra contributes significantly to spectral lines
with narrow widths. The true FWHM in Table 3.3 was calculated by subtracting the
instrumental FWHM of the IRS from the observed FWHM in quadrature (see Dasyra
et al. 2008).

The lines in the spectrum at the position of the IR knot (position 2) are broadened
by a lesser amount than at position 1. The [CIII] and [Sill] lines again show the greatest
broadening of ~ 800-900 km s~!, while the [SIII] lines are only slightly broadened to
an average of ~ 600 km s~'. We also note that the best-fit centroid of the [SIII] lines at
both positions appears to be redshifted by an average of ~ 120 kms~'. Although this
shift is not very large considering that the uncertainty of the IRS wavelength calibration
for the high-resolution modules is on the order of 100 kms™!, it is consistently larger
than the shift of all the other observed lines. The exception is the [Fell] line with a
redshift of 191 + 97 km s~!, but this line is faint and the shift has a high uncertainty.
The profiles of the lines with the highest broadening show evidence for structure. The
high resolution line profiles of [Sill] 34.8 pum and [SIII] 33.5 pum at both positions are

shown in Figure 3.8 for comparison. At position 1, the [Sill] line appears to have
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a brighter component that peaks at approximately the same wavelength as [SIII], in

addition to a fainter blue shifted wing.

3.4.2 Spatial Variation in Line Intensities

The variation in the surface brightness across the LL slit of the [SIII] 18.7 pm, [SIII] 33.5
pm, and the [Sill] 34.8 pum lines, and the SL spectral line map of the [ArlII] 6.99 pm line
are shown in Figure 3.9. The peak surface brightness for each line has been normalized
to unity, so their relative fluxes are not represented by the plot. The intensities as a
function of position for all lines in Figure 3.9 show structure that correlates with the
MIPS 24 pm image of the shell. The intensity of the [SIII] 33.5 pm line is well correlated
with the 24 pym emission and it appears to stay roughly constant across the western
part of the IR shell, with a possible slight rise at the location of the bright IR knot.
The spatial intensity profile of the [SIII] 18.7 pum line is similar to the profile of the 21
pm feature and shows a sharp peak at the position of the IR knot, implying an increase

in density at this position (see Section 3.4.4).
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Figure 3.6 High resolution Spitzer IRS SH and LH spectra of the IR shell in G54.1+0.3.
The fainter spectrum is from position 1, the interface between the PWN and the shell,
and the brighter spectrum is from position 2 at the IR knot (see Figure 3.3).
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Figure 3.7 Low resolution Spitzer IRS spectra extracted from the entire LL slit (top
panel) and SL slit (bottom panel). The solid grey spectra represent spectra before
background subtraction, dashed grey spectra are from the background extracted from
the off-source nod positions, and the black spectra are the background-subtracted source
spectra. The peak at around 7.5 pm is due to an order mismatch at the edges, and was
trimmed in the final spectrum.
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Curiously, the intensity of the [Sill] line has a large peak at the apparent interface
between the PWN and the IR shell. This peak is a factor of two brighter than the
[SiII] emission across the rest of the shell and does not correlate with spatial features
shown by the IR continuum emission nor the [SIII] lines. The relative intensities of
the [SIII] and [Sill] across the LL slit are also summarized in Table 3.5, where the
line fluxes were measured at 7 positions from spectra extracted from 3x2 pixel sub-
slits. The highest line broadening is seen at roughly the same position where the [SilI]
line peaks, position 1 of the high-resolution spectrum. As shown in Figure 3.9, the
intensity of [ArlIl] as a function of position along the SL slit also peaks near the same
position. Figure 3.10 shows the spatial profiles of the 24 pm shell emission and the
[ArII] and [Nell] lines across the SL slit. The intensities of 24 pm emission and [ArI]]
appear to be anti-correlated spatially. The [ArlIl] and [Nell| lines also appear to be
anti-correlated across the SL slit. The Ne line is brightest along the northern part of
the IR shell, positions 0—13 in Figure 3.10. Figure 3.11 shows sample spectra from three
different positions across the SL slit, extracted from 2 by 6 pixel sub-slits. The three
positions show spectra with weak [Nell] emission, strong [Nell] emission, and emission
with prominent broad features at 9 and 12 pm. The spectrum with the strong broad
features was extracted from the position of an embedded point source, suggesting that

these features may be associated with the source, or enhanced in its vicinity.

3.4.3 Evidence of Multiple Components

The spectral line properties discussed above seem to suggest that the observed emission
lines arise from multiple, physically distinct components. Neufeld et al. (2007) analyzed
IRS spectral line maps from several SNRs interacting with molecular clouds and found
that the line emission generally originates from five spatially distinct groups; 1) lines
of neutral sulfur and Ha (J>2); 2) lines of Hy S(0), 3) lines of ions with low ionization

potentials such as [Fell], [Sill], and [PII] , 4) lines of ions with ionization potentials
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Figure 3.8 High resolution spectral profiles of the [Sill] and [SIII] 33.5 pm lines at two

positions in the IR shell. The 1-0 statistical uncertainties on each data point are on
the order of 20%.
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higher than 13.6 eV, not including [SIII], and 5) line of [SIII]. While the lines in various
groups sometimes showed similar spatial distributions, the lines within a group were
always strongly correlated (Neufeld et al. 2007).

In the case of G54.14-0.3, the [CIII], [Fell], and [Sill] lines are all broadened by a
similar amount at both positions of the high-resolution slits, and all three have low
ionization potentials of less than 13.6 eV. The FWHM deconvolved by the instrumental
resolution (true FWHM in Table 3.3) is on the order of 1000 km/s. The [SIII] lines show
less broadening, have centroids that are slightly redshifted relative to the other observed
emission lines, and have a higher ionization potential of 23.34 eV. The intensities of
the lines in the proposed components do not appear to correlate spatially. While the Si
emission strongly peaks at the position where the PWN appears to encounter the IR
shell, the spatial plot of the S and Ne intensities shows no enhancement at this position.
We are not able to determine if the S and Ne lines are spatially correlated, since the SL
and LL slits sample different regions of the shell. The spatial distribution of the Ar line
is anti-correlated with Ne, and it appears to peak at approximately the same region
where Si is enhanced. It appears that the spectral line emission from the IR shell arises
from distinct components; a component producing the highly broadened lines of ions
with low ionization potentials, including Si, Cl, Fe and perhaps Ar, a component from
which most of the sulfur emission originates, and a component giving rise to the [Nell]

line that may or may not be spatially correlated with S lines.

3.4.4 Electron Density

The electron density of the emitting material can be probed using the temperature-
insensitive density diagnostic ratio of the ground state fine structure lines of [SIII] at
18.7 pm and 33.5 um . Both lines are present in the LL module, and the ratio of their
surface brightness maps is shown by the dashed curve in Figure 3.9. Since the spectral

maps were used to calculate the [SIII] line ratios across the slit, the absolute values of
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Figure 3.9 Intensity of various emission features in the G54.14-0.3 spectrum as a func-
tion of the position across the low-resolution IRS slits. The position of the LL slit,
represented by the blue box, is overlaid on the MIPS 24 pym image of G54.14-0.3. The
pixel scale is 5.1” /pixel. The curves in the plot show the spatial intensity variation of
the 21 pm feature (green), and the [SilI] (blue), [SIII] (red & orange) lines. The peak
intensity of each feature has been normalized to unity and the amplitudes do not repre-
sent actual flux values. The black dotted line shows the actual ratio of the fluxes of the
[SIII] 18.7 pm and 33.5 pm lines. The overlaid slit running N /S represents a normalized
surface brightness map of the [ArlIl] line at 6.99 ym. The statistical 1-o uncertainties
of the intensities at each pixel are approximately 0.05 for the 21 um feature, 0.09 for
[SiII], 0.09 for [Arll], and 0.12 for [SIII] lines.
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Figure 3.10 Intensity of the [ArIl], [Nell], and 24 pm shell emission as a function of
position across the SL slit. The slit is shown in Fig. 3.9. Positions 0-30 correspond
to positions across the SL slit from northern to southern edge of the IR shell emission.
The statistical 1-o uncertainties on each data point are on the order of 15%. The pixel

scale for the SL slit is 1.8” /pixel.
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Table 3.4. (G54.140.3: IRS Line Fits in LL & SL Overlap Region

Line ID Line Center (pm)  Line Flux = De-reddened
Region 1

[ArII] (6.9853) 6.993 £ 0.001  84.9+49 1224+ 7.1
[NelI] (12.8135) 12.813 + 0.013 6.4+19 10.8 £ 3.3
[CIIT] (14.3678) 14.401 + 0.013 32+£13 5.4 £ 2.2
[SITT] (18.7130)  18.733 +£0.004 119+ 1.1 235+ 2.2
[SITT] (33.4810)  33.539 £ 0.020  33.7 £ 84 47.9 + 11.9
[SilT] (34.8152) 34.889 £ 0.015 79.3 £10.6 112.1 + 14.9
Note. — Fluxes are in units of 10~%erg/cm?/s/sr. Listed uncer-

tainties are 1-o statistical uncertainties from the fit and do not include
the IRS wavelength and flux calibration uncertainties.

the point-to-point ratios in Figure 3.9 are highly uncertain. Since the line profiles were
not fitted in this case, the shape of the underlying continuum and the variation of the
[SIIT] line strength in the local background all contribute to the uncertainty. However,
it is clear that the ratio peaks at the location of the bright IR knot, implying that
the electron density here sharply increases. We estimated the electron densities using
the extinction corrected intensities of the fitted [SIII] lines in the LH and SH spectra
(Table 3.3) and at multiple positions across the LL slit (Table 3.5). The calculation
was performed using the IRAF STSDAS Nebular package (Shaw & Dufour 1995). The
high resolution [SIII] 18.7 um/33.5 pm line ratios are 0.7 £ 0.1 and 1.0 £ 0.1 for
positions 1 and 2, respectively, giving densities of 650 + 240 cm™3, and 1070 + 200
cm ™ for an assumed temperature of 1000 K. The quoted uncertainties are statistical
uncertainties from the fit only. The ratios have additional uncertainties due to the
fact that the LH and SH slits have different sizes and orientations, which affects the
average surface brightness in the slit. Since the local background also contains [SIII]

lines, spatial variations in the background add additional unquantifiable uncertainties
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to the line ratios. Table 3.5 shows the [SIII] ratio at six different positions across the
LL slit. The ratios for all regions are consistent with being at the low density limit,

except for the region corresponding to the IR knot at which the density is obviously
higher, in the 900-2400 cm™3 range.

3.4.5 Shock Diagnostics

The PWN in G54.14-0.3 appears to fill the cavity of the IR shell, with the pulsar jet
terminating at the IR knot (Figure 3.5). Due to morphological correlation between the
PWN and the IR shell, it is possible and even likely that the pulsar wind is sweeping
through the shell material, and that the jet may be interacting with the dense region
of the IR knot. In order to estimate the velocity of the shock propagating into the shell
material, we compared the spectral line intensities in Table 3.3 to shock models. Models
with cosmic abundances and models with the refractory elements depleted by a factor
of 3 were run with the code used by Hartigan et al. (1987) for several shock speeds and
pre-shock densities. Electron and ion temperatures were taken to be equal because of
the modest shock speed (Ghavamian et al. 2001). Table 3.6 lists the results of shock
models with cosmic abundances and abundances with depleted refractory elements for
a range of shock velocities. Direct comparison with the observed line intensities is
difficult because different lines seem to originate in different places. However, a few
general comments can be made. A shock speed of about 100 km s~! is needed to
produce SIV, though a slightly lower speed would better match the upper limit to the
NelII/Nell ratio. A shock faster than 110 kms~! would produce too much OIV emission.
A pre-shock density of about 10 cm™3 gives a reasonable match to the density-sensitive
SIII line ratio. The [ArlI] intensities are far too large to match any model with normal
abundances, so that line must originate in the ejecta. A factor of three depletion of
Si and Fe (and presumably other refractory elements) is needed to account for the

weakness of the [Sill] and [Fell] lines at position 1, while a larger factor is required at
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position 2. The depletion could be more severe if those lines originate from a different
emission component. The observed depletion would reflect partial destruction of grains

from the more highly depleted pre-shock gas (e.g. Jones et al. 1996).
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Figure 3.11 Sample spectra from three different positions along the SL slit. The spectra
were extracted from 6 pixel long sub-slits at positions showing strong and weak [Nell]
emission, and at the position coincident with an embedded point source, where the 9

and 12 pm broad emission features are most prominent. The pixel scale for the SL slit
is 1.8” /pixel.



95

009 > Y10 F 860 ¢6FOTh L9 F 6'% 20’0 Feeee (o18p-ee) [1rs]
0C F 8¢ 0T F 1CT 100 F €281 (0€12°81) [1118]

(€z x1d) ¥ uordey
6’11 F 6°671 7’8 F €901 100 F 067¢  (2q187%¢) [111S]
00€T > 820 F €8°0 76 F 1T 8¢ F Fel z0'0 F 26¢¢  (0187°€¢) [1I18]
€V F 08T TCF 16 100 F €281 (0€12°81) [1118]

(0z 19x1d) € uordoy
10T F 229 TLFOLY 200 F 67 (2q187%¢) (1S
008 > 91'0 F 69°0 €T Foer 9T F <6 20’0 F 19¢e  (0187°€¢) [1I18]
ST F €6 80 F LT 100 F 9281 (0€12°81T) [1118]

(LT oX1d) g uotsey
7’9 F 667 ¢V F yee 20’0 F 10¢¢  (2q187%¢) [111S]

(F1 1ox1q) T uoLdayg

(e_w)  (wrfgge/L Q1)  (_18 (S W08, (] {_I8 [ S Wo81 4 (] (wurd)
Aq1suo(T oryey IIIS XN[] POUSPPaI-o(] XN[] ourg I9JUD)) QUIT (1 durg

IS TT 9Y3 SSOLY S dUlT SYT “€°0+TF4D  "G'€ 9lqeL



96

T'TT F 8'%9 8L F 8y €00 F 0678 (2s18°%¢) (1S
00TT > 820 F €L°0 09 F 00¢ TV F 118 20’0 F egee  (o18v-€e) [1118]
€L TFIC LEFTTI 100 F 1281 (0€1L°8T) [1118]
(z¢ x1d) L uordey
90T F 9T VL F 608 100 F #8%¢  (2q187%¢) [111S]
009 > IT°0 F 09°0 60T F 6°LL L'LF 67F¢ 100 F ¢¢ee  (018%°€¢) [1118]
09 F 0Ly '€ F 6°€¢C 100 F ¢L'8T  (0€1L'8T) [111S]
(6T 19X1d) 9 woLday
el F L16 98 F 979 20’0 F 68%¢  (2q187%¢) [111S]
00¥Z — 006  S€°0 F ¥¢'1 ¢11 F 0°Ch '8 F 9°6¢ 20’0 F ¥ree  (018%°€¢) [1118]
0% F 1°¢S 0 F 692 100 F €281 (0€1L°81) [1118]
(9z 19x1d) ¢ woIday
T'GT F €017 L0T F 8L 100 F 687¢  (2q187%¢) [111S]
(g_w2) (wrlgee/L81) (I8 {_S W8I0 g (] IS ;_S WD 810 3 (] ()
Aysua(g oney I1IS XN pPoUoppaI-o(] XN oul JI9Jue)) oul] (1 oury

(p.Ju0d) ¢'¢ S[qey,



97

‘SiuotI9o

K1090R101 Jo UOIGR[dOp ¢~ JO I030€] ® OPNOUL S[PPOU Yooys paja[dep oy, ‘00T=¢H 03 9AIJe[oI oIk SoUIl]
19730 O3 JO SOIISULIUL O} PUL ‘Is/, W0 /8/310 Jo syrun oyy ut st g H1 0g = 0g pue ,_wo (] = Ou ‘sppow
o1[3 Jo Aytsuop ooysard o, *(L86T) Te 10 WeSI)IR} WO} 9POd d1[) M UILI 9I9M S[OPOUI YOG — 9JON

6L 80¢ ¥0I €T €0¢ 199 0ee 611 v¢'e 90°96'T 000 0Tt

60¢ ¢0c €89 O0Ic 611 0'€e €lc  I8L IS9T 9098L¢C 1€0 00T

666 G8¢ ¢c'¢ e e Gce ¢9T  €€9 o 907968°¢ 690 06

Lcy 98°L  ¢8¢ T Vv LV 0¢l  4G6°¢ o 9079L8C  ¢60 08
(0°L:09°6°06°9:08°L°G0°LE0°L:06L 8L 8061 G0 866 0T-ET= 2 D4V S5 bINONO'N*D?H:H)
seouepunqy pajardo(]

Loy €16 v8¢ ¢e'l T¢I 1°G¢ 68¢ 916 ¥80 909°96¢ 1€0 00T
(0$°L°08°9:06°9°08 L8S L:GT L 06 L:EL 806 L €S 866 0T:GT= 240DV S1SDIN-2N QN D2 H H)
SEOURPUN(Y IIWSO))

(s/ury)
II's IIIS II=d AIO IIIS IIISN II°N II1V AIS gH H/TH Poads poyg

seTyISURU] oUIT [PPOIN JPOUS ¢'0+TFED  '9°E O[qRL



98

3.5 Dust Emission

IR imaging and spectroscopy of G54.140.3 can provide important information about
the properties and distribution of dust in the IR shell. The study of ISM dust provides
constraints on models describing dust composition and properties. These models are
best described by a grain composition that predominantly consist of astronomical sili-
cates and carbonaceous material, such as PAHs, graphite, and amorphous carbon (for
a review see Draine 2009). While a large fraction of interstellar dust is grown in the
ISM (Draine 2009), the rest is injected by stellar winds, PNe, novae, and SNe. Dust is
formed in the cooling gas, where the density is high enough for grain growth, and the
dust composition depends on the available gas abundances and environmental condi-
tions in these objects. Models show that SN ejecta can have a range of compositions,
with some of the most abundant grains being those of MgSiOs, SiOs, MgoSiOy, Si,
and C (for a review see Kozasa et al. 2009). The shape of the IR spectrum and the
presence of various emission features are clues that can help determine the mass and
composition of dust in G54.1+0.3.

The IR spectra of dust can be modeled by multiplying the blackbody Planck function
B, by the absorption coefficient @Q,;s of various grain compositions. The model flux

density is then
C;B (;2 ;
Fy Z 1DPvWabs,i (31)

a

where Cj is a scaling factor for each grain species and a is the grain size. In the Rayleigh
limit, where 2ma/A < 1, Qus/a is independent of the grain size. The absorption
coefficient depends on the complex dielectric constant e that is related to the indices of
refraction n and k by € = (n+ik)2. The optical properties for various grain compositions
can be measured in the laboratory by measuring the transmission of individual grain

particles or bulk samples. Measurements of n and k can then be used to calculate Qs
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using the equation (e.g. Allen 1973)

Qabs 2w 24nk

a A (n?—k242)2 4 4n2k2’

(3.2)

This equation is valid in the Rayleigh limit for a spherical grain geometry. Since the
geometry of the grains will affect the shape of their emitted spectrum, these effect can
be included in the spectral modeling. A common assumption for grain geometry is
to assume that they consist of a continuous distribution of ellipsoids (CDE) (Bohren
& Huffman 1983; Huffman 1988). Absorption coefficients for CDE grains can also be
calculated from the measured indices of refraction. We have used this method of dust
modeling to place rough constraints on the grain composition in G54.1+0.3. The results

are described in the next section.

3.5.1 The Unidentified 21 ym Feature

The IR spectrum of the shell (Figure 3.6) shows a sharply rising continuum that flattens
out beyond 21 pym. The most obvious difference in the high resolution spectra at the
two positions in the shell is the strength of the broad emission feature at 21 pm. The
feature is much more pronounced in the IR knot than in the rest of the shell. This is
best seen in Figure 3.9, where the relative intensity of the emission in the 20.9-21.9 ym
range is shown as a function of the position along the LL slit. The precise shape of
the spatial intensity plot is affected by the shape of the underlying continuum, but it is
obvious that the peak intensity of the 21 pum feature is an order of magnitude brighter
at the IR knot. The feature peaks at approximately 20.8 ym and has a FWHM of
~ 3.7 pm, although this estimate is sensitive to the determination of the underlying
continuum emission. The shape is asymmetrical; it rises steeply at shorter wavelengths,
and falls off more gradually longward of 20.8 um. Additional features observed in the

IR spectra that may or may not be associated with the IR shell are emission features
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at ~ 8.6 pm and ~ 12.4 pm, with a FWHM of approximately 1.4 pym and 2.1 pm,
respectively. These features are evident in Figure 3.6 and Figure 3.11.

The 21 pm feature in the IR shell of G54.1+0.3 is remarkably similar to the emission
feature observed in the IR spectrum of Cas A (Rho et al. 2008). When we overlay our
high-resolution spectrum from position 1 with the IRS spectrum of Cas A shown in
Figure 3 of Rho et al. (2008), we find that the features peak at the same wavelength and
have the same width, implying that they likely arise from the same dust composition.
In addition, the spectrum of Cas A also shows the broad emission features at 9 um and
12 pm that are also evident in our spectrum, suggesting that these emission features
may be correlated with the 21 um feature and produced by the same grain species. Rho
et al. (2008) attributed the dust that produces the 21 pm feature to freshly formed dust
in the SN ejecta and fitted the spectrum with multiple grain compositions, with the
main contribution from SiOy, Mg protosilicates, and FeO. While the overall continuum
was well fitted by this composition, the fit had significant residuals from the 21 um
feature and from the entire broad emission feature at 12 ym. The SiOy CDE grain
models provided a somewhat better fit to the 21 um feature in Cas A, in addition to
being able to produce the 9 pum feature when modeled at a higher temperature (Rho
et al. 2009). In our attempts to fit the spectrum in the shell of G54.1+0.3, we found
that the feature produced by the SiO, CDE composition was too narrow and peaked
at a slightly lower wavelength. However, if the SiO5 grains are porous, the feature may
be broadened and shifted to better match the observed profile. For this reason, these
grains are still a plausible candidate for the production of the 21 um feature in Cas A
and G54.14-0.3.

In order to gain insight into other possible grain species that could give rise to the
21 pum emission, we turned to the extensive work that has been done in identifying
the “21” pm feature in carbon-rich protoplanetary nebulae (PPNe). The emission was

discovered by Kwok et al. (1989) from IRAS observations of PPNe, and has since been
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observed in other dusty environments, including planetary nebulae with Wolf-Rayet
progenitors and two extreme carbon stars (for a review see Posch et al. 2004). The
emission feature observed in these objects actually peaks at a wavelength of 20.1 pm,
somewhat lower than the feature in G54.14-0.3. In a recent Spitzer study of carbon-rich
PPNe, high resolution spectroscopy reveled that the 21 pym emission is accompanied
by a narrow emission feature at 11.3 ym and a broader feature at 12.3 pm (Hrivnak
et al. 2009), similar to the feature in Cas A and what we observe in the IR shell. This
provides some evidence that the features observed at various bands are related and that
perhaps the same species give rise to emission in PPNe and in the IR shell of G54.140.3.

While various grain species have been proposed as the carriers of the 21 um res-
onance feature, including TiC, SiSg, SiO, SiC, and FeO, all but the latter two have
been discarded based on abundance constraints and the presence of other unobserved
resonance bands (e.g., Zhang et al. 2009; Speck & Hofmeister 2004). In a recent paper,
Zhang et al. (2009) ruled out all the mentioned carrier candidates, except FeO, due to
an insufficient abundance of Ti, S, or Si in sixteen PPNe. They found that the FeO
nano dust can reproduce the 21 um feature in these sources without producing unob-
served secondary features nor exceeding the Fe budget. While FeO is a good fit to the
21 pm feature in PPNe, the peak wavelength of 19.9 um falls short of the 20.8 um peak
observed in G54.14+0.3 and Cas A. When modeled with FeO grains with a CDE distri-
bution, the peak wavelength of the feature shifts to 20.7 pm, but the FWHM increases
to 6.5 pum, far too broad to fit the feature we observe. FeO also fails to produce the
other observed emission features at 9 ym and 12 pum that are likely related to the 21
pm feature.

Speck & Hofmeister (2004) suggested that the 21 pm feature may be produced by
SiC grains that contain impurities, and through laboratory experiments showed that
doped SiC grains do indeed produce a resonance at 21 pm that matches the shape

of the feature in PPNe. They also found that nano-SiC grains produce a peak that is
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shifted redward by ~ 1 um, matching the peak of the feature observed in the IR shell of
G54.140.3 and Cas A. Speck et al. (2005) found that amorphous and nanocrystalline
samples all produce three peak complexes near 9, 11, and 21 um. The SiC grains
seem to be able to produce all dust emission features that we observe in the shell
of G54.140.3, including the sharp emission feature at 11.3 pm, the broader emission
features around 9 and 12 pum, and the 21 pm feature with the same peak wavelength as
we observe. The relative strength of these features depends on the grain size and shape,
and the temperature of the underlying continuum. The strength of the 21 um feature
in particular, likely depends on the amount of carbon impurities in the SiC sample.

Since strong emission from the 21 pm feature is mostly observed in the PPN phase
of stellar evolution, Speck et al. (2005) suggest a scenario in which the appearance of
this feature is due to the particular physical conditions in these objects, rather than a
production of new dust species. The 21 um emission would be suppressed in regions
where the smallest grains have been destroyed by the central star, and in regions of
the dust shell where the temperature and density are too low. In this case, the best
candidates for the production of the emission feature would be cool (~ 100 K), micron
sized $—SiC and nano-SiC grains that contain carbon impurities (Speck et al. 2005, and
references therein). Here, the a-SiC and §-SiC refer to different polymorphs of silicon
carbide grains.

The scenario outlined in Speck et al. (2005) appears to be consistent with our ob-
servations of the IR shell in G54.1+0.3. The 21 pm feature is strongly pronounced in
the densest region, i.e. the IR knot, while it is suppressed in the diffuse shell emission
that has a lower density. Our observations seem to suggest that SiC grains are strong
candidates for producing the observed emission features. However, based on the models
of Kozasa et al. (2009) that predict relative abundances of grain species formed in SN
ejecta, SiO2 may be a more likely candidate. More detailed modeling of the IR spec-

trum is required to identify the grain composition that produces the 21 pym feature in
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G54.1+0.3.

3.5.2 Extended IR Knot

The bright IR knot located in the eastern part of the IR shell is shown in Figure 3.4c,
and in Figure 3.5 where the 24 pm emission is shown in blue. The knot consists of three
separate clumps of emission whose spatial profiles are broader than the MIPS 24 um
PSF. The extended clumps do not have counterparts at any of the IRAC wavelengths,
nor does their emission correlate with the peak brightness of the MIPS 70 ym image.
The high-resolution IRS spectrum of the knot is dominated by a broad emission feature
around 21 pm and a rising underlying continuum (Figure 3.6). The plot in Figure 3.9
that depicts the spatial variation of emission features across the LL slit shows that
the the emission from the 21 pm feature is an order of magnitude brighter at the IR
knot than in the rest of the shell. The [SIII] 18.7 um emission and the ratio of the
[SIIT] 18.7 pm to 33.5 pm lines also show a peak along the knot, implying a density
enhancement in this region. The density calculated from the line ratios in the LH and
SH at this position is 1070 & 200 cm™3. The pulsar’s X-ray jet appears to terminate
at the location of the knot (see Figure 3.5), which may be an indication that it is
driving a shock into the IR shell and compressing the dust to produce a small dense
region with enhanced 21 pym emission. Alternatively, the jet may be interacting with an
already dense region and giving rise to strong 21 pm emission. We also note that the 9
and 12 pum features are enhanced at the position of one of the point sources in the SL
spectrum (Figure 3.11). If these features correlate with the 21 pum feature, then the 21
pm feature may also be enhanced in the vicinity of the 11 point sources due to a higher
temperature, thus causing the unusual [8]-[24] pm color excess in the color—color plots

of Koo et al. (2008).
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3.5.3 Dust Mass Estimate

Since the spectrum of the IR shell is dominated by the emission from the 21 um fea-
ture, it was difficult to obtain a satisfactory fit to the spectrum with any single grain
composition. In order to make a rough estimate of the dust mass in the IR shell, we fit
the spectrum of the underlying continuum with two different grain composition mod-
els; astronomical silicates (Laor & Draine 1993) and MgsSiO4 (Jéger et al. 2003). We
excluded the spectral region from 18-25 pum where the emission from the 21 pym feature
dominates. In the fitting, we used the high-resolution spectrum from the diffuse shell
emission, position 1, where the 21 um feature is somewhat suppressed, as well as the
MIPS 70 pm data to help constrain the dust temperature. Before fitting, the spectrum
was scaled so that the integrated flux over the MIPS 24 pym bandpass is equal to the
total extinction-corrected flux at 24 pum of 40 Jy. The fit was not satisfactory since it
left large residuals from the 12 and 21 pm features, but it can still be used to make
a rough estimate on the amount of silicates that are present in the IR shell. Grains
of astronomical silicates at a temperature of ~ 68 K, and MgsSiO4 at ~ 63 K, can
approximately match the continuum and the 70 pm data point, excluding the 18-25
pm region and broad emission features at shorter wavelengths. The total dust mass in

the shell is given by

F,d> 4pa
M = —
dust By (Td) 3Qabs ’

(3.3)

where F, is the total IR flux, d is the distance, B, is the Planck function evaluated at
the grain temperature, p and a are grain density and size, and Qgps is the absorption
efficiency. Absorption efficiencies for 0.05 um sized astronomical silicates and forsterite
are from Laor & Draine (1993) and Jéger et al. (2003), respectively. The assumed
distance is 6 kpc. We find an approximate dust mass of 0.016 My for astronomical

silicates, and 0.04 Mg, for forsterite. Since the fits were not satisfactory for all of the
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observed emission features, these values should only serve as rough estimates. We note
that this estimate is in the same range as the dust masses of freshly formed dust that

have been estimated for other remnants, such as Cas A and E0102 (Rho et al. 2009).

3.6 Physical Interpretation for the IR Shell

The cartoon in Figure 3.12 summarizes the IRS spectroscopic results for different regions
of the IR shell surrounding the PWN in G54.14+0.3. The PWN fills the cavity of the
IR shell, with the diffuse X-ray emission extending almost to the outer boundary of the
MIPS 24 pm emission (Figure 3.5). The dark grey region in Figure 3.12 represents the
location where we observe enhanced Si and Ar abundances, and where the intensity
of the silicon line shows a sharp rise (see Figure 3.9.) The highest line broadening is
also observed in this region (Table 3.6). The diffuse shell emission, represented by light
grey, shows lines that are somewhat less broadened and continuum emission with a
weak 21 pum dust feature. The pulsar’s jet appears to terminate at the bright IR knot
whose spectrum shows strong emission from the 21 pym feature and a higher density, as
derived from the SIII 18.7/33.5 pm ratio.

The line intensities seem to suggest that the PWN is driving shocks into two distinct
types of material; highly enriched ejecta, possibly like that in Cas A, in regions where
we observe bright Si and Ar emission; and relatively normal abundance material in
other regions. While we can fit the normal abundance spectra with shock models with
a shock velocity of ~100 km s™!, it is still possible that this material is also highly
enriched, which would introduce additional free parameters to our shock models. In
this case, a range of shock speeds would be required to explain the line intensities of
different ionization states, similar to what is found for SNR N132D and 1E 0102.2-7219
(Blair et al. 2000).

In this section, we consider two possible physical scenarios that may explain the



106

observations of the IR shell. A previous explanation is that the shell formed by the
progenitor’s wind that compressed the surrounding medium and then fragmented and
collapsed to form YSOs, as suggested by Koo et al. (2008). An alternative scenario is
that the shell is composed of shocked SN ejecta that is being swept up by the PWN,
and that the observed point sources are produced by radiative heating of ejecta dust
by early-type stars embedded within the expanding SNR. Based on the IR data, and
the lack of thermal X-ray emission from the shell, we find the latter interpretation a

more plausible explanation for the origin of IR emission in G54.1+0.3.

3.6.1 Preexisting Shell

The 24 pm MIPS image of the IR shell in G54.140.3 clearly shows 11 point sources
embedded in the diffuse shell emission that are arranged in a ring like structure (Figure
3.4c). Koo et al. (2008) suggest that these point sources are massive pre-main-sequence
stars, larger than 10 M), with an age of < 2 Myr. Their formation is suggested to be
triggered by the progenitor star of G54.14+0.3 during its post-main-sequence stage of
evolution. Most of the point sources are detected in IRAC and in the near-IR, 2MASS
images, and some even have optical counterparts. Their JHK color-color and color-
magnitude diagrams indicate that they are young stars with spectral types ranging
from B1.5 to O8.

Koo et al. (2008) show that the spectral energy distribution (SED) of the brightest
star in the K band, the southernmost point source in Figure 3.4c, is similar to the
SED of early Herbig Be stars. The IRAC and MIPS 24 pm colors, however, are not
consistent with the usual colors of Class 0/I and Class II YSOs. While the stars in
the IR loop have a small IRAC [3.6]—[5.8] excess, consistent with Class IT sources, the
[8]-[24] is much stronger than expected, in the 6 to 8.5 magnitude range (Koo et al.
2008). The IR spectrum in Figure 3.6 shows that there is a broad emission feature

peaking around 21 pgm. This feature likely dominates the MIPS 24 pm flux throughout
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SN Ejecta:
* Highly broadened [Si ll], [Fe 1], [S 1], [CI 1]
* Enhanced [Si ll] and [Ar II]

Extended IR Clump:

* Strong 21 um dust emission
* Enhanced [S 11I] 18.7 um

* Higher density

* Higher dust temperature

SN Ejecta:

*Weak 21 um dust emission
*Less broadened [S Il1], [Si ],
[CI'1], and [Nell]

Ejecta Dust Heated by Stars?

* Enhanced broad dust features at 9 um
and 12 um in SL spectrum

* Enhanced 21 um dust emission?

* Higher dust temperature?

Figure 3.12 Summary of the IRS spectroscopic results for the IR shell in G54.140.3.
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the diffuse shell, and it may be the cause of the unusually high [8.0]-[24] excess. It
may be that the point source photometry is contaminated by the emission from the
diffuse shell, but since the observed 24 pm excess is up to 4 magnitudes higher than
what is expected for Class I YSOs, it appears more likely that the emission from the
21 pum feature is enhanced in the vicinity of the these sources. A similar enhancement
is observed in the IR knot, discussed in Section 3.5.2.

If the point sources in the IR shell are embedded YSOs, their presence would require
that the shell was formed prior to the SN explosion. It is possible that the less broadened
sulfur and neon lines that correlate with the 24 pm shell emission (Figure 3.9 and Figure
3.10) and a possible narrow component in the profile of the silicon line (Figure 3.8) could
originate from such a shell. However, the high expansion velocity of approximately 500

1 as derived from the silicon, iron, and chlorine lines, indicates that these lines

km s~
have to come from rapidly expanding shocked SN ejecta. The [ArII] 6.99 pm should
also originate in the ejecta, since its line intensity is too large to be explained by
any shock model with normal abundances (see Section 3.4.5). Another inconsistency
with the interpretation of a preexisting shell is the lack of evidence for the interaction
with the SN blast wave. If the SNR has encountered the shell, we would expect the
reverse shock to have encountered and disrupted the PWN. The structure of the PWN,
however, indicates that the reverse shock has not reached its surface, which provides
further evidence against this scenario. In the following section, we provide an alternative

interpretation for the origin of the IR point sources and the diffuse shell emission,

without the need for a preexisting shell.

3.6.2 Swept-up SN Ejecta

Here, we consider a scenario in which the IR shell is composed entirely of SN ejecta. The

shock models imply that the PWNe is driving a ~ 100 kms~! shock into expanding SN

ejecta, and the broadened line emission suggests an ejecta velocity of ~ 500 kms~!.
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The point sources observed at 24 pum can be explained if we consider a scenario in
which the SN exploded inside a cluster of young stars. Assuming a distance of 6 kpc,
the observed stellar density in the region covering the IR shell is not unusual for a
young cluster (e.g. Elmegreen et al. 2000), so such a scenario is not unexpected. In this
picture, the SNR blast wave has expanded beyond some of the cluster stars, embedding
them within the expanding SN ejecta. The ejecta dust is then blowing by the embedded
stars and being radiatively heated. The dust model described in Section 3.6.4 shows
that if the dust is heated by a dozen such stars, this can reproduce the observed 24/70
pm ratio and give rise to the IR point sources at 24 pym, without a need for triggered
star formation. The fact that the spectrum of the shell closely resembles the spectrum
of freshly formed dust in Cas A (Rho et al. 2008) appears to provide additional support

for this interpretation.

3.6.3 Origin of Multiple Components

Since the IR spectra show that different emission lines have different spatial and kine-
matic properties (Section 3.4.2) and that they may arise from distinct components in
the shell (Section 3.4.3), it is possible that some of the observed line emission is not
produced in shocked ejecta. Intense UV stellar radiation within the stellar cluster may
be heating the ejecta gas either by directly ionizing it or by ejecting photoelectrons
from grains. Ionization of H and O requires photons with energies greater than 13.6
eV, that may be scarce if only B-type stars were present within the cluster. Abun-
dant, less energetic UV photons that heat the dust also eject photoelectrons. Ejecta
gas heated by grain photoelectrons is expected to cool by emission in IR lines of singly
ionized species with ionization potentials less than 13.6 eV, including [Sill] 34.8 um,
[Fell] 26.0 pm, and [CIII] 14.4 ym. Heating by grain photoelectrons should be effective
both in the ejecta shell swept up by the PWN and in the preshock gas. Since the

preshock gas is in free expansion, at sufficiently large distances from the SNR center its
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velocity must exceed the shell velocity. If grain heating were still effective there, widths
of [Sill], [Fell], and [CIII] lines could be larger than widths of lines such as [SIII] that
are produced within the shock-compressed PWN shell. This is what is observed (Table
3.3), suggesting that heating of ejecta gas by grain photoelectrons, and perhaps also by

direct photoionization by more energetic photons, occurs in G54.1+0.3.

3.6.4 Origin of IR Point Sources

Here, we describe a model in which the ejecta dust is being heated by stellar sources
inside a cluster in which the SN exploded. The stellar radiation field decreases in
intensity as 7~2 with increasing distance r from a star (and steeper still if the dust
optical depth 7 is non-negligible), so dust is heated to much higher temperatures closer
to the star than far away from it. Hotter dust re-radiates the absorbed stellar radiation
at shorter wavelengths than the more distant cooler dust, an effect that produces an
apparent IR excess in the stellar spectrum. We demonstrate this effect with a simple
dust model, which is also used to estimate the total ejecta dust mass in G54.140.3.
We consider a BOV star with a luminosity of 25,000 L and temperature of 30,000
K, surrounded by uniformly distributed ejecta dust. There is a central cavity devoid of
dust in the immediate vicinity of the star, where dust is cleared either by a stellar wind
or by the stellar radiation pressure (Artymowicz & Clampin 1997), but this cavity is
expected to be small in view of a large ram pressure exerted by fast-moving SN ejecta.
We assume a small cavity radius of 0.003 pc; properties of the mid-IR emission are
insensitive to the assumed cavity radius as long as the cavity remains small. Absorption
of stellar UV radiation by dust and its re-radiation as thermal dust emission in the
IR are modeled as described by Borkowski et al. (1994). These dust models include
effects of grain temperature fluctuations that are important for small grains heated by
energetic UV photons. Scattering of photons by dust is not included, so these models

underestimate absorption if 7 is not small. Multiple dust species are predicted to form
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in SN ejecta (Kozasa et al. 2009), one of the most abundant being forsterite (MgeSiOy).
We considered amorphous forsterite grains in our models, with density of 3.3 g cm™
and optical constants from Scott & Duley (1996). As a single grain size is unlikely,
a power law distribution in grain sizes was assumed, with a power-law index of —3.5,
ranging in radii from 0.001 pgm to 0.25 pm. We chose 0.007 Mg pc™2 as the grain
(mass) density; this corresponds to a dust/gas mass ratio of 0.02 for an ejecta density
of 10 ecm™3 and standard (cosmic) abundances.

Our dust model matches the extinction-corrected 70/24 pm MIPS flux ratio of 1.9 if
we choose the radius to which the dust extends to be 0.69 pc. The 70/24 MIPS flux ratio
decreases outward, tracing a steep radial dust temperature gradient, so models with a
smaller (larger) radius under(over)predict this ratio. We consider only dust within
radius of 0.69 pc in our discussion of spatial IR profiles and of dust mass estimates.
Within this radius, the IR dust luminosity is 1200 Lg, comprising of only 4.8% of
the stellar luminosity, so the SN ejecta are optically thin to stellar radiation. The
predicted surface brightness in the 24 ym and 70 pum MIPS bands is shown in Figure
3.13, without accounting for the limited spatial resolution of Spitzer. A sharp, point-
like emission enhancement is present at 24 pm, and absent at 70 ym. A comparison
with the Spitzer PSF (Figure 3.13) reveals that the 24 ym emission enhancement at the
center cannot be spatially resolved with Spitzer. The uniformly-distributed ejecta dust
appears as an unresolved point source, surrounded by a faint extended emission. This
is no longer true at 70 pum; emission at this wavelength is predominantly produced far
from the star, and the Spitzer’s spatial resolution becomes adequate for mapping the
spatially-extended dust emission. This simple dust model matches well the observed
morphology of G54.140.3 as seen by the IRAC, MIPS and Akari detectors (Koo et al.
2008).

The 70 pm flux, equal to 7.5 Jy in our model with a radius of 0.69 pc, is produced

by 0.0097 Mg, of forsterite dust. Since the total spatially-integrated 70 pm flux is equal
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to 76 Jy, the 11 stars with an apparent IR excess identified by Koo et al. (2008) are
sufficient to heat ejecta dust with an estimated total mass of 0.1 M. This mass dust
estimate can be improved once we learn more about these stars from their near IR
spectroscopy. In particular, a better understanding of the stellar radiation field in the
parent stellar cluster (or association) of the G54.140.3 progenitor will allow for a more

realistic modeling of dust heating by stellar UV photons than currently possible.

3.7 Conclusions

In this work, we presented deep Chandra observations of G54.1+0.3 and Spitzer imag-
ing and spectroscopy of the surrounding IR shell. The 300 ks Chandra observation was
used to derive a new value for the absorbing column density toward G54.140.3 that
was then used in the IR analysis. We fitted the X-ray spectra from different regions of
G54.1+0.3 with an absorbed power-law model and found that a more accurate value of
Ny results when the piled-up pulsar region is excluded from the fit. The new value of
Ny is (1.9540.04)x 10?2 cm~2, somewhat larger than the previous estimate by Lu et
al. (2002) of (1.6+0.1)x10%* cm 2.

The IRAC and MIPS images reveal an IR shell that appears bipolar, a dozen point
sources arranged in a ring-like structure, and a dense extended region that is aligned
with the pulsar’s jet. IRS spectra reveal a number of ionic emission lines, including
[ArII], [NelI], [ClI], [SILI], [FelI], and [Sill], and a rising continuum with a broad
emission feature at 21 pm. The spectral lines show evidence for broadening with a
maximum FWHM of approximately 1100 km s~!, suggesting that these lines arise in
SN ejecta shocked by the PWN. Based on shock models of Hartigan et al. (1987), the
observed line intensities imply a shock velocity of ~ 100 kms™!, a pre-shock density
of 10 cm™3, and a factor of three depletion in refractory elements. The [SIII] 18.7/33.5
pm line ratio is consistent with a low density limit in the IR shell and a higher density

in the IR knot of ~ 1000 c¢m™3. The spatial variations of the line intensities provide
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Figure 3.13 Normalized model profiles in the 24 ym and 70 pm MIPS bands (left and
right solid lines, respectively). The corresponding Spitzer’s PSFs are plotted by dashed
lines. Because of a large radial gradient in dust temperature, IR emission is spatially
extended at 70 pum, but a point-like emission enhancement appears at 24 ym and at
shorter IRAC wavelengths.
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evidence that the emission originates from physically distinct components. The silicon
line shows a sharp peak at the position where the PWN appears to encounter the IR
shell, while the sulfur lines correlate with the 24 pum shell emission and do not show
any enhancement where the Si line peaks.

The broad 21 pym emission feature is enhanced at the position of the IR knot and
weak in the rest of the shell. The profile of the feature is remarkably similar to the
spectrum of Cas A (Rho et al. 2008), and is most likely produced by the same dust
species. The emission may be caused by SiOg grains, as suggested by Rho et al. (2009),
but SiC grains are also likely candidates since they are capable of producing the 21
pm feature with a similar profile to what we observe, in addition to other associated
emission features around 9 and 12 pm (Speck et al. 2005). We estimate the dust mass in
the IR shell to be on the order of 0.1 Mg, assuming a forsterite grain composition. More
detailed modeling of the IR spectrum is required to better characterize the properties
and composition of the dust.

We find that our observations are best described by a scenario in which the shell
emission arises entirely from SN ejecta. In this case, the point sources in the shell
would be attributed to radiative heating of ejecta dust by early-type stars that belong
to a stellar cluster in which the SN exploded. A simple dust model shows that this
scenario can reproduce the observed IR emission, including the IR point sources. If this
scenario is correct, the stars are illuminating unshocked dust grains and we are probing
freshly formed SN dust before its encounter with the reverse shock. The study of dust
production in SNe may prove to be most effective in cases where the SN explosion
occurs inside a young stellar cluster.

I would like to thank Alexey Vikhlinin for the ACIS data reduction script, Joe Hora
for useful discussion on the 21 pum feature in PPNe, Achim Tappe for tips on CUBISM
line intensity maps, Charles Lada for discussion on young stars, Anne Hofmeister for

nano-SiC absorbance data, and Jeonghee Rho for the discussion on the 21 pm feature
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in Cas A. This work is based in part on observations made with the Spitzer Space
Telescope, which is operated by the Jet Propulsion Laboratory, California Institute of
Technology under a contract with NASA. The TRS was a collaborative venture between
Cornell University and Ball Aerospace Corporation funded by NASA through the Jet
Propulsion Laboratory and Ames Research Center. SMART was developed by the

IRS Team at Cornell University and is available through the Spitzer Science Center at
Caltech.



Chapter 4

Evolution of PWNe Inside SNRs

4.1 Structure of Composite Supernova Remnants

Composite SNRs are those in which we observe an expanding PWN in addition to
surrounding shell-type SNR, (Helfand & Becker 1987). The evolution of the PWN in
composite remnants is coupled to the evolution of the surrounding SNR, and these
systems are perfect laboratories for the study of the interaction between the pulsar
wind and the remnant. Examples of composite remnants are shown in Figure 4.1 and
a schematic diagram of their structure is shown in Figure 4.2 adopted from Gaensler
& Slane (2006). The evolution of PWNe inside SNRs has been studied by several
authors and basic picture of the evolutionary stages has been constructed (Reynolds &
Chevalier 1984; van der Swaluw et al. 2001; Blondin et al. 2001; Bucciantini et al. 2003;
van der Swaluw et al. 2004; Chevalier 2005; Gelfand et al. 2009). Figure 4.2 shows
a pulsar in the center of the SNR, surrounded by an expanding pulsar wind with a
termination shock radius R,,. The PWN is bounded by a shock driven into the inner
SN ejecta at a radius Rpw . In the early stages of PWN evolution, as described in
Section 1.3.2, the PWN is expanding supersonically into cold ejecta that is still in free

expansion. The Crab Nebula and G54.140.3, discussed in detail in Chapters 2 and 3,
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are examples of PWNe in this stage of evolution. The outer SNR is still undetected
in these cases, presumably because the SN blast wave has not interacted with enough
material to produce a detectable SNR and the reverse shock still has not reached the
central PWN. The outer SN blast wave sweeps up the surrounding interstellar material,
and a reverse shock forms that propagates towards the center, heating the inner SN
ejecta. Eventually, the reverse shock reaches the expanding PWN and collides with
the nebula, causing a reverberation. After this reverse shock interaction stage, the
PWN expands subsonically into SN ejecta, now heated by the reverse shock, and it is
no longer bounded by an outer shock. Subsequently, the PWN structure is disrupted
and the wind material has mixed with SN ejecta. At this evolutionary stage, we may
observe a filamentary morphology and thermal emission from the PWN. If the pulsar
has a large space velocity, the late stages of evolution are more complex, as the reverse
shock no longer interacts with the PWN symmetrically. The details of this scenario are

discussed in Section 4.2.

4.2 Interaction with the Reverse Shock

4.2.1 Symmetric Case

The reverse shock interaction stage of the PWN evolution begins when the SNR re-
verse shock reaches the surface of the nebula. If the pulsar is not moving with respect
to the remnant, the PWN is located at the center of the SNR and the reverse shock
collides with the entire surface instantaneously. If the surrounding ISM is inhomoge-
neous and the SN blast wave encounters denser material on one side, the reverse shock
may propagate to the center asymmetrically and crush one side of the PWN first. The
asymmetric scenarios will be considered in the next section. When the reverse shock
has reached the PWN, it has reheated the inner SN ejecta and the SNR can now be

described by the Sedov solution (see Section 5.3). During the reverse shock interaction
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Figure 4.1 Examples of composite SNRs with a central PWN and a shell:
a. G21.5-0.9 (NASA/CXC/U.Manitoba/H.Matheson & S.Safi-Harb), b. Kes 75
(NASA/CXC/GSFC/F.P.Gavriil et al.), ¢. G11.2-0.3 (NASA/McGill/V.Kaspi et al.),
and d. SNR 0540-69.3 (NASA/CXC/SAO).
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[2)
and
nebula

Figure 4.2 Schematic diagram of the basic structure of a composite SNR from Gaensler
& Slane (2006). The pulsar and the expanding PWN are located in the center of the
SNR. Initially, the PWN expands into cold SN ejecta. The SN blast wave sweeps up
the surrounding ISM, forming a reverse shock that heats the inner ejecta. Eventually,
the PWN reaches the surface of the PWN and crushes the nebula.
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stage, the PWN undergoes reverberations and expands and contracts through adiabatic
compression. After the reverberations stop, the PWN expands subsonically into hot
ejecta material and there is an approximate pressure equilibrium between the ejecta
and the PWN (van der Swaluw et al. 2001). Considering that the interior pressure of
the SNR scales as Psyg < Egy/ RgN r and the interior pressure of the PWN scales as
Ppwn o Et/Ry, y, van der Swaluw et al. (2001) show that the radius of the PWN
expanding in a Sedov-Taylor SNR can be expressed as (van der Swaluw et al. 2001)

L\ 1/3
Rpwn(t) =C (gz) Rsnr(t), (4.1)

where C is a constant approximately equal to 0.954 for a non-relativistic fluid and 0.851
for a relativistic fluid. Both, Rpywy and Rgnyp are observable quantities in composite
remnants and can be used to determine the evolutionary stage of the system and to

calculate the age t. We use this approach in the case study presented in Chapter 5.

4.2.2 Moving Pulsar and Asymmetric Reverse Shock

In the case where the pulsar is moving at high space velocity (typically 400—500kms~1),
the interaction with the reverse shock and the subsequent evolution become more com-
plex. Before the reverse shock interaction, the PWN is centered on the pulsar and
becomes displaced from the center of the SNR. As the reverse shock approaches the
PWN, it first collides with the side closest to the shock. The collision is not simulta-
neous across the surface of the nebula, and the collision timescale, t.,; for the reverse

shock to interact with the entire PWN, as derived by van der Swaluw et al. (2004) is
_ M\ -
Mg

This asymmetric interaction significantly alters the morphology of the PWN. van

der Swaluw et al. (2004) performed hydrodynamic simulations of this interaction and
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described the various observable evolutionary stages, depicted in Figure 4.3. Immedi-
ately before the reverse shock interaction, the pulsar and its PWN are off center from
the SNR (Figure 4.3a). The reverse shock first collides with the side of the PWN that
is closest to it (Figure 4.3b) and it sweeps the nebula to the opposite side of the SNR.
What we observe now is a relic PWN at the opposite side of the pulsar’s motion. This
relic nebula has been crushed and mixed with the SN material, so it has a complex
filamentary morphology. The relic connects to the moving pulsar that is now forming
a new PWN (Figure 4.3c). A similar morphology may be observed with a stationary
pulsar and an asymmetric reverse shock. If the pulsar remains in the center of the
SNR, and the reverse shock approaches asymmetrically, due to a density gradient in
the surrounding ISM, the filamentary morphology is produced. The morphology may
become even more complex if both a moving pulsar and density gradient are present.
If the velocity of the pulsar that is moving through the SNR becomes supersonic, the
newly forming PWN deforms into a bow shock (e.g. van der Swaluw et al. 2004). This

scenario is shown in Figure 4.3d and discussed in more detail in the next section.

4.3 Bow Shock Nebulae

As the pulsar moves through the SNR and approaches its edge, the sound speed drops
and the pulsar’s velocity becomes supersonic. At this point, the PWN around the pulsar
deforms into a bow shock. Simulations suggest that the bow-shock formation occurs
when the pulsar has reached approximately 2/3 of the SNR’s radius (van der Swaluw
et al. 2004). In the bow shock stage, the PWN termination shock is shaped by the ram
pressure from the pulsar’s motion and its radius in the direction of the pulsar’s motion

is given by

= 2 5 (4.3)
Tw forward = 47TWCP0VgSR ) .
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Figure 4.3 Hydrodynamic simulations from van der Swaluw et al. (2004) of an interac-
tion between the reverse shock and the PWN in the case where the pulsar is moving
through the SNR at a high velocity.
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where pg is the ambient density (see Gaensler & Slane (2006) for a summary). The
termination shock as a function of the forward radius and the polar angle 6 is given by
(Wilkin 1996)

Tw(0) = Tw forward €sC 0(3 — 3900t6)1/2. (4.4)

Simulated bow shock structure is illustrated in Figure 4.4 Gaensler & Slane (adopted
from 2006). The bow shock nebula has a cometary morphology; an elongated termi-
nation shock region with the shocked pulsar wind trailing behind the moving pulsar.
In Chapter 5, a case study of a composite supernova remnant G327.1-1.1 is presented,

and the observational properties of bow shock nebulae are discussed in more detail.
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Figure 4.4 Structure of a bow-shock nebula from Gaensler & Slane (2006).



Chapter 5

Chandra and XMM
Observations of the Composite

Supernova Remnant G327.1-1.1

G327.1-1.1 is a composite SNR that is an ideal object for a detailed study of the
evolutionary properties discussed in Chapter 4. G327.1-1.1 consists of a thermal SNR
shell; a moving pulsar, a relic PWN that was disrupted by the reverse shock, and a
newly forming PWN that may have deformed into a bow-shock. In addition to multiple
properties that are expected in the evolution of such systems, it also exhibits unusual
morphological features that are not easily explained by the current theories and that
may provide new details on the evolution of composite SNRs. This chapter describes
a study of new high-resolution deep X-ray observations of this unique SNR, obtained

with the Chandra and XMM-Newton observatories.
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ABSTRACT

(G327.1-1.1 has an unusual morphology consisting of a symmetric radio shell and an
off center non-thermal component that indicates the presence of a PWN. Radio obser-
vations show a narrow finger of emission extending from the PWN structure towards
the northwest. X-ray studies with ASCA, ROSAT, and BeppoSAX revealed elongated
extended emission and a compact source at the tip of the finger that may be coincident
with the actual pulsar. The high resolution Chandra observations provide new insight
into the structure of the inner region of the remnant. The images show a compact
source embedded in a cometary structure, from which a trail of X-ray emission extends
in the southeast direction. The Chandra images also reveal two prong-like structures
that appear to originate from the vicinity of the compact source and extend into a
large bubble that is oriented in the north-west direction, opposite from the bright radio
PWN. The emission from the entire radio shell is detected in the XMM data and can
be characterized by a thermal plasma model with a temperature of ~ 0.3 keV, which
we use to estimate the physical properties of the remnant. The peculiar morphology of
G327.1-1.1 may be explained by the emission from a moving pulsar and a relic PWN
that has been disrupted by the reverse shock.

This work was carried out under the supervision of Patrick Slane (Harvard-Smithsonian
Center for Astrophysics),and in collaboration with B. M. Gaensler (The University of
Sydney), John P. Hughes (Rutgers University), and Eric van der Swaluw (Royal Nether-
lands Meteorological Institute). The results are published in Temim et al. (2009) and

have been reproduced here by permission of the AAS.

5.1 Introduction

Composite SNRs are those for which we see distinct evidence of the two fundamen-

tal components that characterize the aftermath of massive star collapse. The blast
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wave from the explosion sweeps up ISM material and heats it to X-ray emitting tem-
peratures while accelerating electrons that produce radio synchrotron radiation in the
compressed magnetic field. The highly magnetic, rapidly rotating neutron star (NS)
that is left behind produces a particle wind which sustains an extended broadband syn-
chrotron nebula of magnetic flux and relativistic particles. X-ray observations provide
the thermal characteristics of the shell which allow us to constrain the explosion energy,
age, and the surrounding ISM density. Simultaneously, the spectral and spatial prop-
erties of a PWN allow us to infer the properties of the nebular pressure and magnetic
field, and provide constraints on the central pulsar created in the explosion.

G327.1-1.1 is a composite SNR that was originally discovered as a non-thermal
radio source by Clark et al. (1973, 1975). It contains a bright central PWN whose
structure is complex in both radio and X-ray bands. The radio morphology (Whiteoak
& Green 1996) shows a faint shell, 17 arcminutes in diameter, surrounding a bright
non-thermal PWN component that is presumably powered by a yet-to-be-discovered
pulsar. The bright part of the PWN is located off-center with respect to the SNR shell.
A distinct finger-like structure protrudes from the PWN in the northeast direction,
possibly suggesting a picture in which a fast-moving pulsar is moving through the SNR,
leaving the PWN in its wake. This type of PWN morphology indicates that the reverse
shock of the SNR disrupted the PWN (Blondin et al. 2001; van der Swaluw et al. 2004).
The X-ray emission from G327.1-1.1 was first detected by Lamb & Markert (1981), who
noticed an offset between the peak radio and X-ray emission. The composite nature of
G327.1-1.1 was further confirmed by recent X-ray studies, which provide evidence of a
compact X-ray source that is the likely counterpart for the pulsar powering the PWN
emission (Slane et al. 1998; Sun et al. 1999).

There has been evidence for thermal X-ray emission in G327.1-1.1 in previous stud-
ies, but the properties of this component are not well determined. ROSAT PSPC

observations by Seward et al. (1996) reveal X-ray emission concentrated at the position
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of the PWN with some very faint emission extending outward toward the SNR shell.
Using a simple blast-wave interpretation, they conclude that the remnant age is 7000
yr, although this value relies strongly on the inferred temperature of the outer emission
component which is not well determined from the ROSAT data. ASCA observations
also provide weak evidence for thermal emission with kT ~ 0.4 keV (Sun et al. 1999).
Using a Sedov model, the ASCA results imply a remnant age of 11000 yr, a preshock
density of ng = 0.1 cm™3, and a swept-up mass of 50 M. BepoSAX observations indi-
cate a temperature of about 0.2 keV, which leads to an age of 29000 yr, ng ~ 0.4 cm™3,
and a swept-up mass of 800 My (Bochinno & Bandiera 2003). In this work, we present
Chandra and XMM X-Ray imaging and spectroscopy of G327.1-1.1, along with the
Molonglo Observatory Synthesis Telescope (MOST) 843 MHz observations (Whiteoak

& Green 1996) for comparison.

5.2 Observations and Data Reduction

G327.1-1.1 was observed with the Advanced CCD Imaging Spectrometer, ACIS-1, on
board the Chandra X-ray observatory on 2001 July 15, under the observation ID 1955
and a total exposure time of 50 kiloseconds. The standard data reduction and cleaning
were performed in Ciao Version 3.4. The XMM-Newton observations were carried out
on 2004 Feb 07 with the MOS1, MOS2, and PN cameras for a total exposure time of
100 ks, under the observation ID 0203820101. The MOS cameras were operated in the
Full Frame Mode with a “medium” filter setting, and the PN camera was operated in
the Small Window Mode. The standard reduction of the data was performed using the
XMM-SAS software, version 7.1.0, and resulted in a final exposure time of 85 ks for

each of the MOS detectors, and 82 ks for the PN detector.
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5.2.1 Imaging

In order to analyze the X-ray morphology of G327.1-1.1, images in various energy bands
were created from the Chandra data. Point sources in the field were subtracted from
the cleaned event file using the Ciao task dmfilth. The missing pixel values for each
point source region were replaced by a Poisson distribution whose mean was determined
from the pixel values of the background region surrounding each point source. X-ray
images and the corresponding exposure maps, were created with a binning factor of 8
and convolved with a Gaussian function with sigma = 3 pixels. Finally, the binned
and smoothed images were divided by the exposure maps in order to correct for the
differences in the spectral response and effective area across the field.

Images in multiple X-ray energy bands were also created from the cleaned XMM-
Newton MOS1 and MOS2 event files. Events from the regions that correspond to
bright point sources in the field were removed from the data and were not refilled
in this case. The images and the exposure maps in the corresponding energy bands
were created using the SAS (version 7.1.0) software, with the spatial binning size set
to 5”. Since the background in the XMM images includes a non-vignetted compo-
nent from the internal background and X-ray fluorescence, dividing by the exposure
map tends to leave a hollow ring in the images. In order to remove the non-vignetted
background component, we used the Filter Wheel Closed (FWC) data provided by
the XMM-Newton EPIC Background Working Group at the University of Birmingham
(http://www.sr.bham.ac.uk/xmm3/BGproducts.html), which are dominated by the in-
ternal instrumental background. FWC images of the internal background were created
and subtracted from our data, after correcting for the difference in exposure times.
Before subtracting the background and dividing by the exposure maps, all the images
were smoothed by a Gaussian function with a width of 3 pixels (15”). Finally, the
MOS1 and MOS2 images were combined using the SAS task emosaic to produce one
final MOS image.
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Figure 5.1 MOST 843 MHz radio image of G327.1-1.1 with a resolution of 43”and
the PWN region contours overlaid , with levels of 0.05, 0.09, 0.13, and 0.21 Jy/beam
Whiteoak & Green (1996). The image shows a faint shell, 17" in diameter, surrounding
a bright non-thermal component, from which a narrow finger of emission extends to the
northwest.
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5.2.2 Spectroscopy

XMM-Newton MOS spectra were extracted from the cleaned and point source sub-
tracted event files using the SAS (version 7.1.0) especget task, which generates spectra
and the corresponding effective area and spectral response files. The spectra were ex-
tracted from a circular aperture with a radius of 52, centered on the PWN region of
(G327.1-1.1, and an annulus with an inner radius of 52 and and an outer radius of 11.6
" that mostly includes emission from the thermal shell. These regions are shown in
Figure 5.4. Since there was no suitable region available for background extraction due
to the spatial extent of the source, we used the combination of blank sky background
and FWC data to estimate the background. The blank sky background event files were
produced by the XMM-Newton EPIC Background Working Group at the University
of Birmingham, using observations for many sky positions (Carter & Read 2007). The
XMM Newton Skycast script was used to project the blank sky and FWC event files
into sky coordinates and match it to our dataset. Spectra were then extracted from
the same regions as the source spectra and corrected to the same exposure times. The
blank sky background data is a combination of the sky background and the internal
instrumental background, which can vary as a function of time. In order to determine
the possible difference in the internal background levels between our observations and
the background datasets, which were taken on different dates, we measured and com-
pared the high energy (10-12 keV) fluxes at the positions of the detector that were out
of the field of view. The blank sky high energy flux was found to be lower by 5% and
3% for the MOS1 and MOS2 observations, respectively. The spectra extracted from the
FWC data were then multiplied by these factors and added to the blank sky spectra in
order to account for the different levels in the internal background and produce a final
background spectrum. The final backgrounds were then subtracted from the source
spectra and grouped to include a minimum of 100 and 50 counts per bin for the PWN

and the shell emission spectrum, respectively.



132

The Chandra ACIS spectra and the corresponding effective area and spectral re-
sponse files were produced using the specextract script in Ciao version 3.4. The spectra
were extracted from elliptical apertures shown in Figure 5.3, with each larger aper-
ture excluding the counts from the inner apertures. Since the emission from the
remnant covered the majority of the ACIS detector, corresponding background spec-
tra from the same regions were extracted from the ACIS blank sky background files
(http://cxc.harvard.edu/ciao/threads/acisbackground/). The blank sky data are pro-
duced from observations at various sky positions with high Galactic latitude and have
been reprojected to the same sky coordinates as the source event file using the aspect
solution for our observation. The background was subtracted and the resulting source
spectra were grouped to include 30 counts in each bin for the two smaller apertures
and 50 counts in each bin for the two larger apertures. Since G327.1-1.1 is located near
the Galactic plane, the blank sky spectra most likely underestimate the background at

lower energies, which may result in a residual Galactic background component.

5.3 Analysis

5.3.1 X-ray Morphology

The Chandra ACIS raw and smoothed and exposure-corrected X-ray images of G327.1-
1.1 in the 0.3-10.0 keV band are shown in Figure 5.2. The MOST radio image is
shown in Figure 5.1 for comparison. The radio image shows a symmetric radio shell, 17
arcminutes in diameter, and a bright, off-center non-thermal component from which a
narrow finger of emission extends in the northwest direction. The Chandra images show
a compact source at the tip of this finger and more diffuse X-ray emission elongated
in the direction along the finger. The emission from the compact source does not have
a profile of a point source, but is slightly extended and may consist of a point source

embedded in a more extended region. Figure 5.3 shows the detailed structure of this
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Figure 5.2 The left panel is the exposure corrected and smoothed Chandra ACIS image
of G327.1-1.1 in the 0.5-10.0 keV band, with the contours of the radio image in Figure
5.1 overlaid. The image reveals a compact source at the tip of the radio finger, from
which a trail of X-ray emission extends towards the southeast. A pair of bright prong-
like structures originates from the vicinity of the compact source and extends into
a large bubble-like structure, indicated by the arrows.The left panel shows the same
image, binned by a factor of 8, but unsmoothed. The compact source region in the
black box, approximately 1’5 by 1’5 in size, is zoomed in at the bottom right corner
of the image. The image of the zoomed in region is unbinned and unsmoothed. The
contours are the binned and smoothed contours from the same data.
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region. The image is binned by a factor of 8, smoothed with a 2 pixel Gaussian, and
has not been exposure corrected. The compact source is embedded in a cometary
structure from which an X-ray trail extends in the southeast direction. A pair of
prong-like structures appears to originate from the vicinity of the compact source and
extends out to the northwest. The most unusual feature in the X-ray images is a
bubble-like structure that extends out from the prongs. The bubble is approximately
3 arcminutes in diameter and can be seen in both Chandra and XMM images. The
bubble is indicated by the black arrows in Figure 5.2a and is also evident in Figure 5.10,
where the unsmoothed Chandra image is shown in blue/green and the radio image in
red.

In the XMM MOS images, we detect the emission from nearly the entire radio shell.
The combined MOS1 and MOS2 image in the 1.0-2.0 keV band, overlaid with the radio
contours, is shown in Figure 5.4. The X-ray emission coincides well with the radio
contours of the thermal shell. As in the radio image, the non-thermal component in

X-rays is displaced from the geometric center of the X-ray shell.

5.3.2 Spectroscopy

In order to determine the general spectral properties of the X-ray emission in G327.1-
1.1, spectra were extracted from two different regions in the XMM data, the inner
PWN region and the outer shell. A circular aperture 52 in diameter, centered at
15h54m28.2s, -55°03'49.25” (J2000) was used for the PWN region, and an annulus with
the same center coordinates and an inner and outer radii of 52 and 11’6 was used for
the shell region (see Figure 5.4). The spectra were fit with the Ciao 3.4 Sherpa software
and are shown in Figure 5.5. The spectra extracted from MOS1 and MOS2 data were
fit simultaneously. The absorption column density, photon indices of the power law
models, and temperatures of the thermal models were linked for the MOS1 and MOS2

fits, but the normalization parameters of each model were left to vary.
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Figure 5.3 Chandra ACIS image of the inner region of G327.1-1.1 in the 0.5-10.0 keV
energy band. The image was smoothed with a 2 pixel Gaussian function and shows
a compact source, embedded in a cometary structure. The white dashed regions are
apertures from which spectra were extracted for the Chandra-ACIS data (see Section
5.2.2).
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The spectrum extracted from the annular aperture and the best fit models are shown
in the right panel of Figure 5.5. The emission appears to be thermal in nature and we
see evidence of emission lines from NeX, MgXI, and SiXIII. Since we expect most of the
emission in the annular aperture to be thermal emission from the shell, we attempted
to fit the spectrum with a one component XSPEC Raymond & Smith (1977) thermal
plasma model with fixed cosmic abundances. While a one component thermal model
can account for most of the emission at lower energies, an additional component is
needed in order to account for the excess emission at energies above 2 keV. Due to
the high uncertainties in this region of the spectrum, this additional component can
be fit equally well with a power law model with a photon index of 2.28 4+ 0.16, or a
thermal model with a temperature of 3.3 + 0.4 keV. While we cannot rule out the
possibility that this residual high energy emission is non-thermal emission from the
PWN particles that have diffused out to the outer remnant, in the fitting we assume
that this emission is thermal emission from the background. In the final fit, we used
a two component thermal model, which resulted in a 0.29 + 0.01 keV temperature
component that accounts for most of the total observed emission, and a 3.3 + 0.4 keV
temperature component, most likely due to residual Galactic background emission that
was not accounted for by the blank sky background spectra. The summary of the best
fit parameters for the shell region is listed in Table 5.1. The listed uncertainties are 90
% confidence, formal statistical uncertainties only.

While the spectrum of the inner PWN region of G327.1-1.1 is dominated by non-
thermal emission with a power-law spectrum, it is obvious that an additional component
is needed at energies below 2 keV. The spectrum was fit by an absorbed power law plus
a thermal model, where the thermal model was the Raymond & Smith (1977) thermal
plasma model with fixed cosmic abundances. The 3.3 keV thermal background compo-
nent, found from the XMM spectral fitting of the shell region, was also added to the fit

to account for the residual Galactic background. The temperature and normalization



137

-54.850

-54.900

-54.950

-55.000

-55.050

Declination

-55.100

-55.150

-55.200

-55.250

238.950 238.800 238.650 238.500 238.350

Right ascension

Figure 5.4 XMM-Newton combined MOS1 and MOS2 image of G327.1-1.1, in the 1.0-
2.0 energy band, overlaid with the MOST radio contours. X-ray emission from almost
the entire shell is detected in the XMM data and coincides well with the radio contours.
The dashed circles in black are the spectral extraction regions for the XMM data (see
Section 5.2.2).
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Table 5.1. G327.1-1.1: XMM Spectral Fitting Results

PARAMETER PWN Shell
N (102cm=2) 1.91 +£0.07  (1.91)
Photon Index 2.11 £ 0.03
kT (keV) 0.29 £ 0.01 0.30 £ 0.01
Residual background temperature (keV) (3.3) 3.3+04
Fx (total observed)(erg/cm?/s) 7.3E-12 4.0E-12
Fx (unabsorbed non-thermal)(erg/cm?/s) 1.7E-11 e
Fx (unabsorbed thermal)(erg/cm?/s) 9.8E-11 2.1E-10
Fx (unabsorbed background)(erg/cm?/s) 1.3E-12 5.1E-12
Reduced x? Statistic 1.08 1.26
Note. — The listed uncertainties are 1.6 sigma (90 % confidence) sta-

tistical uncertainties only. The apertures used in the spectral extractions
are shown in Figure 5.4, and the spectra and fits are shown in Figure 5.5.
The values in parentheses were held fixed. The fluxes were calculated in
the 0.3-9.0 keV band and represent the average of the MOS1 and MOS2
flux values.

of the background component, scaled by the difference in extraction areas, were held
fixed in the fit. Due do its small contribution, the fit parameters stay roughly the same
even if this component is excluded from the fit. The left panel of Figure 5.5 shows
the PWN spectrum and the best fit model. The power-law component is shown as the
dot-dashed curve, the thermal component as the dashed curve, and the fixed thermal
background as the dotted curve. The best fit power-law model has a photon index of
2.11 £+ 0.03 and the thermal component has a temperature of 0.29 + 0.01 keV. The
parameters are summarized in Table 5.1.

In order to determine how the spectrum of the non-thermal emission varies with
distance from the compact source, spectra were extracted from the Chandra ACIS event
files using four circular apertures shown in Figure 5.3, where each aperture excludes the
counts from the enclosed apertures. For more details about background subtraction,

refer to Section 5.2.2. Each of the spectra were fit with an absorbed power law plus
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Raymond & Smith (1977) thermal plasma model whose temperature was fixed to 0.29
keV, as determined from the spectral fitting of the XMM-observed shell emission. The
contribution from the residual 3.3 keV background component, found in the fitting of
the XMM-observed shell emission, is negligible compared to the non-thermal emission
inside the ACIS apertures and was not included in the fit. The value of Ny was fixed
to 1.91 x 10?2 ecm ™2, the value found from the XMM data. The spectra and best fit
models are shown in Figure 5.6 and the best fit parameters are summarized in Table 5.2.
As expected, the emission across the PWN is dominated by non-thermal emission, but
the spectrum extracted from the larger aperture clearly requires an additional thermal
component at energies below 2 keV. The best fit values for the photon indices show that
the spectrum is steepening with distance from the compact source. This is consistent
with the synchrotron burn-off of high energy electrons at larger distances from the

compact source.

5.3.3 Timing Analysis

The XMM PN data in the small window mode (6 ms time resolution) was used to search
for the pulsed signal from the compact source in G327.1-1.1. Events in the 0.5-10.0 keV
and 2.0-7.0 keV bands were extracted from a circular aperture with a radius of 20",
centered on 15h54m24.5s, -55°03'45.1” (J2000) (see Section 5.6.2). We used the Z2 test
(Buccheri et al. 1983) with one harmonic to perform a timing analysis on a total of
~6900 events between 0.5-10 keV and ~4000 events between 2.0-7.0 keV, 50% of which
can be attributed to the compact source, and the rest to the local background. In
Section 5.6.2, we show that the spatial structure of the compact source in the Chandra
data is composed of a point source embedded in a more extended structure that accounts
for the majority the emission. When we fit the extended component with a Gaussian,
the point source, assumed to be the pulsar, accounts for less than 10% of the total flux

in the compact source. This makes it undetectable above the local background, even
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with pulsed fraction of 100 %. It may be possible that the point source contributes
a larger fraction to the total flux, since the spatial profile of the underlying extended
component is unknown. We searched for periodicity in the 10~° to 83 Hz frequency
range, with a step size of 3 x 1079 Hz, a factor of 3 oversampling compared to 1/T,
where T is the duration of the observation. We found no peaks with a probability below

1073, representing a 3-sigma confidence level.
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5.4 Thermal Emission

XMM images of G327.1-1.1 reveal emission from the entire shell structure observed in
the radio. Figure 5.4 shows the XMM image in the 1-2 keV band overlaid with the
MOST radio contours, which coincide extremely well with the X-ray emission. Spectral
fitting of the shell region indicates that the emission is thermal and well described by
a 0.3 keV thermal plasma. We used the best fit temperature of the thermal shell to
estimate the physical properties of the remnant based on the Sedov (1959) simple blast
wave model, in which a SN with the explosion energy of Ey expands into an ISM with a
uniform density, ng. We assume that the ISM is compressed into a shell with four times
the initial ambient density, and a thickness of 1/12 of the remnant radius, R. In our
calculations, we also assume a complete shell, a remnant radius of 85, as measured from
the radio image, and equal ion and electron temperatures. The distance to G327.1-1.1 is
not well determined and introduces the greatest uncertainty in the derived parameters.
We adopt a distance of 9.0 kpc, which was estimated by Sun et al. (1999) based on the
statistical relation between the hydrogen column density in the X-ray band and E(B-V)
(Ryter et al. 1975), and the relation between E(B-V) and distance (Lucke 1978).

The following equations were used to calculate the remnant radius, R, shock velocity,
vg, and the ISM density, ng, where the last equation is based on the fitted intensity of
the X-ray spectrum and the assumed geometry. The equations are given as a function
of the angular size of the remnant in arcminutes, Rqn4, the distance in kiloparsecs,
Dy, and the shell temperature, Tiey .

R(pc) = 0.291R,,,, Dy, (5.1)

ang

vs(km s™!) = 928Tkl€/‘2/ (5.2)
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no(em™2) = 9.14R;%/*D, )/ (5.3)

The Sedov (1959) model yields the following relations for the remnant age, t, SN

explosion energy, Fy, and the swept up mass, M.

~1/2

t(yr) = 124RanngchkeV (5‘4)
Eo(10™erg) = 2.87 x 1074 R2 D)%, (5.5)
M (M) =522 x 107°R3)2 D}/? (5.6)

The derived values for G327.1-1.1 are listed in Table 5.3 and appear to be reasonable
for a remnant in the Sedov-Taylor stage. Since the model assumes a uniform ambient
density, and a single average thermal temperature, the derived parameters have unquan-
tifiable uncertainties due to uncertainties in the distance and the likely inhomogeneities
in the ambient ISM that would cause variations in density and temperature across the

shell.

5.5 Non-thermal Emission

The central part of G327.1-1.1 is dominated by a non-thermal X-ray component whose
total emission can be described by a power-law model with a photon index of 2.08 £
0.03, typical for a PWN. The X-ray data provide evidence for the existence of a pulsar
powering the PWN. Based on the empirical relationship between the pulsar’s current
spin-down energy loss rate and the luminosity of the non-thermal emission (Seward &

Wang 1988), Sun et al. (1999) estimated a pulsar period (P) of 62 ms, period derivative
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Figure 5.5 Spectra extracted from the XMM MOS1 data of the PWN region (left)
and shell region (right). The solid lines represent the two component best fits to the
spectra with the individual components shown as dotted and dashed curves. The PWN
components are a power-law (dot-dashed curve), 0.3 keV thermal model (dashed curve),
and the 3.3 keV thermal model attributed to the residual Galactic background (dotted
curve). The shell components are a 0.3 keV thermal model (dashed curve) and the
same 3.3 keV thermal residual background (dotted curve). The extraction apertures
are shown as dashed circles in Figure 5.4. The PWN spectrum was extracted from the
inner circle and the shell spectrum from the annulus defined by the two circles. The
best fit parameters are listed in Table 5.1.
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Table 5.3. G327.1-1.1: Input and Derived Properties for the Sedov Model

Property Value
D(kpc) 9.0
T (keV) 0.3
R(pc) 22
v(km/s) 500
t(yr) 18000
ng(em=3) 0.12
M (M) 31
Es; (10%erg) 0.5

Note. — A distance of 9.0
kpc was assumed in the calcu-
lations.

(P) of 8.9x 10 55!, and a surface magnetic field (By) of 2.3 x 10'2G. In this section,
we follow the discussion by Sun et al. (1999) and derive the same pulsar and PWN
properties for comparison. We assume the same distance of 9.0 kpc and the remnant
properties that we derived in Section 5.4 (Table 5.3).

The unabsorbed flux from the non-thermal component in the XMM data is 8.0 x
1072 ergem™2s7! in the 2-10 keV band. Based on a more recent relationship between
the pulsar’s spin-down energy loss rate and the non-thermal luminosity, logL x (2—10kev) =
1.34logE —15.3 (Possenti et al. 2002), and a distance of 9.0 kpc, this yields a spin-down
energy, E, of 2.8 x 107 ergs~!. Using an SNR age of 18000 yr, we derive the following
values; P = 35ms, P = 3.1 x 107 ss™!, and By = 1.0 x 102 G. Due to the very large
uncertainties associated with the distance and age of G327.1-1.1, the calculated values
are only rough approximations and are consistent with previous estimates by Sun et al.

(1999).
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Figure 5.6 Spectra extracted from the Chandra ACIS data using the elliptical apertures
shown in Figure 5.3. Each of the larger apertures excludes the counts from the inner
ones and the spectral plots (top to bottom) are ordered by the aperture size (smallest
to largest). The solid line represents the best fit two component model, power-law and
thermal. The individual components are represented by dashed curves for the thermal
component and dotted curves for the power-law component. The best fit parameters
are listed in Table 5.2.
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5.6 Evolution and Morphology

The evolution of a PWN inside a composite SNR can be divided into three stages when
the pulsar is not moving; the supersonic expansion stage, the reverse shock interaction
stage, and the subsonic expansion stage. In the initial supersonic expansion stage, the
PWN is bounded by a strong shock as it expands into the surrounding SN ejecta. The
reverse shock eventually encounters the PWN surface and crushes the nebula, causing
it to reverberate. After the reverse shock interaction stage, the PWN continues to
expand subsonically into the SN ejecta that has been heated by the reverse shock (van
der Swaluw et al. 2001; Blondin et al. 2001).

In the case where the pulsar is moving through the SNR at a high velocity, as it
appears to be the case for G327.1-1.1, the evolution and morphology become much
more complex. Initially, the PWN is carried along with the moving pulsar and the
reverse shock first interacts with the PWN surface that is closest to the SNR shell.
The PWN is swept away from the pulsar, resulting in a relic PWN that is located at
a position opposite of the pulsar motion. After the passage of the reverse shock, the
moving pulsar continues to generate a PWN that is now expanding subsonically into
the reheated SN ejecta and is connected to the old, relic PWN. An additional stage
of PWN evolution becomes evident when the pulsar’s velocity becomes supersonic and
the head of its PWN deforms into a bow shock (van der Swaluw et al. 2004).

In the case of G327.1-1.1, we observe a bright radio PWN, which may be interpreted
as the older, relic PWN, left behind after the passage of the reverse shock. van der
Swaluw et al. (2004) gives an expression for the timescale, .., for the reverse shock to

collide with the entire PWN surface,

M. 5/6
teoy = 1045 B, (J) ng yr, (5.7)
M@

where Fy, is the explosion energy in units of 10°! erg, and M ¢; 1s the ejected mass.
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Assuming an ejected mass of 10M,, and using the derived values from Table 5.3, we
find the timescale for the reverse shock collision to be on the same order as the derived
SNR age of 18000 yr. This suggests that the PWN is either still in the reverse shock
interaction stage, or that the reverberations from the collision between the reverse shock
and the PWN have died out and the expansion of the overall PWN structure has become
subsonic. The displacement of the relic PWN in G327.1-1.1 cannot be explained by the
asymmetries due to the pulsar motion alone. Its displacement is not aligned with the
X-ray trail or the radio finger, but is instead located further to the east. In order to
explain the displacement of the PWN from the center of the SNR shell, a combination
of the pulsar motion and an asymmetric reverse shock may be required.

Chandra observations clearly show that the compact source is surrounded by an
extended, cometary structure, with an average radius of approximately half an ar-
cminute (see Figures 5.2,5.3, and 5.8). According to hydrodynamic simulations of van
der Swaluw et al. (2004), there are two possible scenarios that may give rise to this
type of morphology. The pulsar may be moving at a supersonic velocity with respect
to the SNR, causing the PWN to deform into a true bow shock, or the reverse shock

has disrupted the PWN from the NW, giving rise to the cometary morphology.

5.6.1 Pulsar Velocity and Bow Shock Formation

The formation of the bow-shock is expected to occur at half the crossing time, t.,
(defined as the age of the remnant when the pulsar reaches the SNR shell), assuming

that the remnant is in the Sedov-Taylor stage (van der Swaluw et al. 2003);
ter = 1.4 X 104E;{3V1_0363nal/3y7’, (5.8)

where Vigoo is the pulsar velocity in units of 1000 km s~!. At this time, the pulsar is

positioned at a distance equal to two thirds of the blast wave radius, R (van der Swaluw
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5.0"

Figure 5.7 The left panel shows the unsmoothed Chandra image of the compact source
region. The right panel is the image of the best fit model to the compact source
emission, consisting of a point source and a more extended Gaussian component. The
middle panel is the residual image. All three panels are displayed on the same linear
scale from 0-16 counts.
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et al. 2004). Using the physical parameters for G327.1-1.1, we find that the pulsar
velocity would need to be ~ 770 km s~! in order for the current age of the remnant
to be larger than half the crossing time t... This is the pulsar velocity required for
the bow-shock formation to have already taken place in G327.1-1.1. The approximate
displacement of the compact source in G327.1-1.1 from the geometric center of its radio
shell is 7.5 parsecs. This is also the approximate length of the radio finger, which is
presumably the pulsar trail. Using this projected distance and the derived age, we
calculate the tangential pulsar velocity to be on the order of ~ 400 kms~'. This would
require a 30 degree angle between the pulsar velocity and the line of sight to achieve
a velocity of 770 km s~!, required for bow-shock formation. While the required pulsar
velocity is somewhat high for a typical pulsar, it is not entirely unreasonable and cannot
discount the possibility that the structure in Figure 5.3 is the head of the PWN that

has already been deformed into a bow shock.

5.6.2 Spatial Modeling of the Compact Source

At the tip of the radio finger, the Chandra image shows a compact source whose spatial
profile is significantly more extended than that of a point source (see Figure 5.2b).
Figure 5.9 shows the contours and scales for the three main emission regions in the
Chandra image, the compact source region in the innermost contour, the cometary
region in the middle contour, and the elongated X-ray emission that is coincident with
the radio finger in the outer contour. We used Sherpa to spatially fit the unbinned
image of the compact source region in the 0.3 to 9.0 keV energy band. The fitting was
performed on a circular section of the image, 24 pixels (~ 12 ") in radius, centered
on the brightest region of the compact source. A normalized image of a 3 keV point
spread function, generated with the Ciao tool mkpsf, was used as a convolution kernel
in the fitting. We used a model consisting of a delta function plus a Gaussian, and

a level offset for the local background surrounding the compact source. The spatial
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profile and the best fit model are shown in Figure 5.8a. The best fit model consists of a
delta function with an amplitude of 48419 counts, a Gaussian with a fwhm of 57540"5,
and an ellipticity of 0.21£0.08, and a background offset of 1.1 counts arcsec™2. The
quoted uncertainties represent 1-sigma errors on the fitted parameters. The center
coordinates of the delta function and the Gaussian components are 15h54m24.5s, -
55°03'45.1" (J2000), and 15h54m24.4s, -55°03'44.6” (J2000), respectively. The total
fluxes inside the 12 "radius aperture are 48 counts in the point source component and
749 counts in the extended, Gaussian component. The best-fit values are summarized
in Table 5.4. Figure 5.7 shows the Chandra image of the compact source region in the
left panel, the image of the best fit model in the right panel, and the residual image in
the middle panel. We note that the residual image shows a slightly elongated knot of
emission, approximately 4”in length, that originates near the peak of the point source
and extends to the northwest. The residual emission in the brightest pixels of the knot
is approximately 5 sigma above the noise.

The results of the fitting suggest that the emission originates from a point source,
assumed to be the pulsar, embedded in a more extended structure which accounts for
94 % of the compact source flux. A similar type of emission was seen in the Mouse
(Gaensler et al. 2004) bow shock nebula, where the X-ray emission from its compact
source is also composed of a point source embedded in a broader component, 274 in
size. In the Mouse, this emission is contained within the termination shock of the pulsar
and it was attributed to X-ray knots that are produced in its vicinity (Gaensler et al.
2004). In the case of G327.1-1.1, the size of the extended component is much broader,
~12"in diameter, and the emission is surprisingly uniform. A possible explanation for
the origin of this emission is the shocked pulsar wind downstream of the termination
shock, which would require the boundary of the shock to be on a much smaller scale
than the spatial extent of the compact source and well within the innermost contour of

Figure 5.9.
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Table 5.4. G327.1-1.1: Best-fit Parameters for the Chandra Spatial Modeling of the
Compact Source

PARAMETER

Value

Delta Function

Center coordinates
Amplitude
Total flux

Gaussian

15:54:24.5, -55:03:45.1
48 £+ 19 counts
48 counts

Center coordinates
FWHM

Ellipticity

Total flux

Background level

15:54:24.4, -55:03:44.6
554075

0.21£0.08

749 counts

Amplitude

1.1 counts arcsec™2
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Figure 5.8 Chandra emission profile of the compact source region. The curve represent-
ing the best fit model composed of a Chandra PSF and a more extended Gaussian com-
ponent. The profile is centered at the coordinates 15h54m?24.5s, -55°03'45.1" (J2000),
and each pixel corresponds to a spatial size of 0//5.



154
5.6.3 Prong and Bubble Structures

The most unusual feature in the Chandra and XMM images are two prong-like struc-
tures that extend into a faint bubble, approximately 3 arcminutes in diameter (Figures
5.2 and 5.3). The prongs are approximately 1.5 arcminutes in length and their axes are
not aligned with the position of the compact source, which is presumably the pulsar.
It seems unlikely that the prongs and bubble structures are from the SNR itself and
that their position only coincidentally falls along the line of sight to the position of the
pulsar and is aligned along the direction of the pulsar motion. The structures may arise
from the violent interaction between the reverse shock and the PWN that would cause

the pulsar wind material to mix in with the SNR ejecta.

5.6.4 Size of the PWN and Pulsar Wind Cavity

In this section, we estimate the expected sizes of the PWN and the pulsar wind cavity
for two scenarios and compare them to the observations; the case where the PWN has
reformed and is now expanding subsonically, and the case where the PWN has been
deformed into a bow shock, due to the pulsar motion. In Section 5.5 we found that
the timescale for the reverse shock to interact with the entire PWN surface of G327.1-
1.1 is on the same order as the remnant age. We note that the uncertainty on these
estimates is high and that it is possible that the PWN has entered the subsonic stage of
expansion. Here we assume that the PWN is expanding subsonically, and has reached
a pressure equilibrium with the SNR, after the passage of the reverse shock, in order
to make rough estimates of the relative sizes of the SNR radius, (Rsnygr), the PWN
radius (Rpwn), and the termination shock radius (Rys). Following van der Swaluw et

al. (2001) and setting Ppwn equal to Psyy, the radius of the PWN can be expressed as

L\ 1/3
Et
RpwnN =~ (EO> RsNR, (5.9)
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where E is the mechanical luminosity driving the pulsar wind, found in Section 5.5, and
t is the time passed since the passage of the reverse shock (tgnygr minus t.y). In Section
5.6, we calculated that tgygr and t.,; are on the same order of magnitude, but the
values are associated with very large uncertainties. For the purpose of our calculation,
we set t equal to 5000 yr. Setting the pressure of the relativistic wind terminated at a

radius Ris (Kennel & Coroniti 1984) equal to the SNR pressure, we obtain the following

E
Ry ~ || —R¥2. 5.10
t cEsnr ( )

Using the parameters for G327.1-1.1, and our estimate of E from Section 5.5, we

expression for Ry

estimate that Rpy n ~ 2.7 pct%goyr, or ~ 60" tl_olo/ogyr. Since the average extent of the X-

ray emission observed by Chandra is on the order of 60" (see Figure 5.9), the time since
the reverse shock collided with the PWN should be ~ 1000 yr. The prongs and bubble
structures ahead of the pulsar may be caused by the turbulent interaction between
the reverse shock and the PWN, and may provide further evidence for a somewhat
recent reverse shock collision. We calculate a termination shock radius of 0.25 pc, or
6”, roughly the same size as the extent of the compact source seen in the Chandra
image (indicated by the innermost contour of Figure 5.9). Even though the estimated
values are only first order estimates, the predicted size of Ry indicates that the pulsar
wind cavity is too small to be associated with the observed cometary structure. In this
scenario, the cometary morphology may be caused by the passage of the reverse shock,
which disrupted the reformed PWN from the NW direction.

As an alternative, we consider the case in which the PWN has been deformed into a
bow shock and make similar estimates to compare with our observations. We assume a
pulsar velocity of 770 kms™!, the minimum required velocity for bow shock formation,

found in Section 5.6.1. Following the discussion by van der Swaluw et al. (2003), we



156
calculate the values of the pressure behind the SNR blast wave, Py, pulsar mach num-
ber, My, bow shock pressure, Py, leading to the the radius of the forward termination
shock, Rl (equations 6, 10, 16, and 21 of van der Swaluw et al. (2003)). Using the
parameters for G327.1-1.1 and «y of 5/3, we calculate that P,, = 5.2 x 1071%dyne cm—2,
Mpsy = 2.8, Pys = 4.7 x 107 %dyne cm 2, and finally Rf, = 0.033 pc, or 0”8, based on a
distance of 9.0 kpc. The radius of the backward termination shock would then be on the
order of 2”7, making the entire extent of the termination shock ~3”5 (Bucciantini 2002;
van der Swaluw et al. 2003). This is somewhat smaller, but on the same order of mag-
nitude as the size of the compact source in G327.1-1.1. The expected size of the contact
discontinuity radius is ~ 1.33 R, = 0.04 pc, or 1” (Bucciantini 2002; van der Swaluw et
al. 2003; Gaensler et al. 2004). Based on these estimates, the cometary structure in the
Chandra image appears too large to be attributed to the contact discontinuity, since it
extends at least 8” beyond the extent of the compact source in the forward direction
(see Figure 5.9). The relative sizes of the observed structures are not consistent with
estimated sizes from bow shock simulations, but due to the large uncertainties in the
derived parameters for G327.1-1.1, we cannot rule out the bow shock scenario on this
basis alone. However, we note that the observed X-ray emission ahead of the pulsar
in the form of prongs and bubble structures, does suggest that the cometary structure

that we are observing is most likely not a bow shock.

5.7 Possible Physical Scenario

There are two possible scenarios that may give rise to the cometary morphology ob-
served in G327.1-1.1; the newly forming PWN may be deformed into a bow shock
when the pulsar velocity becomes supersonic, or an asymmetric passage of the reverse
shock may disrupt the PWN from one side and give rise to the cometary morphology.
While we were not able to rule out either scenario, the latter appears to be a more

likely based on the observed X-ray emission ahead of the pulsar (see Section 5.6.4).
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Figure 5.9 The contours and spatial scales for the three main emission regions in the
Chandra image; the compact source region inside the innermost contour, cometary
structure inside the middle contour, and the extended X-ray emission inside the outer-
most contour.
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We suggest that PWN in G327.1-1.1 is in the subsonic stage of expansion, after the
passage of the reverse shock. Figure 5.10 illustrates a possible physical scenario that
could explain the observed morphology. If we assume that the pulsar was born in the
geometric center of the radio shell, indicated by a white dashed circle, its current posi-
tion suggests that the velocity vector is in the north direction, as indicated by the green
arrow. Before the passage of the reverse shock, the PWN was expanding supersonically
and was being carried along with the moving pulsar to the north. The position of the
PWN immediately before the passage of the reverse shock would therefore be north of
the remnant center, as shown by the green circle in Figure 5.10. If inhomogeneities in
the ISM caused the reverse shock to reach the PWN from the NW direction first, it
would displace the PWN to the location of the radio relic and cause the newly forming
PWN to take on the observed cometary morphology (van der Swaluw et al. 2004). Hy-
drodynamic simulations of van der Swaluw et al. (2004) show the various stages of this
process (see Figure 4.3), with the main difference being that an additional asymmetry,
besides the pulsar’s velocity vector, is required to explain the morphology. In order for
the reverse shock to first reach the PWN surface from the northwest direction, a higher
ISM density in the West would be required, which cannot be confirmed or ruled out by

our data.

5.8 Conclusions

In this paper, we analyzed the Chandra and XMM imaging and spectroscopy of G327.1-
1.1 in order to characterize the nature of the X-ray emission, determine the properties
of the SNR and the pulsar progenitor, and understand the evolutionary and physical
scenario that would lead to the observed morphology. The X-ray images show an
extended compact source that is embedded in a cometary structure, from which a trail
of emission extends towards the bright radio PWN. Prong-like structures originate near

the compact source and extend into a faint bubble, 3'in diameter. A symmetric shell
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Figure 5.10 The MOST radio image is show in red and Chandra ACIS X-ray image in
blue/green. The figure illustrates a possible physical scenario that could give rise to
the observed radio and X-ray morphology. The white dashed circle is the boundary
of the radio shell, the green cross is the geometric center of the shell, the green arrow
represents a possible direction of the pulsar motion, the green circle is the position of
the PWN immediately before the passage of the reverse shock, and the white arrow
indicates the proposed direction of the reverse shock.
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coincident with the shell observed in the radio is evident in the 1-2 keV XMM image.
The X-ray spectrum of the PWN is described by a power-law model with an average
photon index of 2.11 4+ 0.03. The shell emission is best described by thermal model
with a temperature of 0.30 = 0.01 keV. Using the Sedov model and assuming a distance
of 9 kpc, we calculate a remnant radius of 22 pc, an age of 18000 years, shock velocity
of 500 kms™!, ny of 0.12 cm ™3, a swept-up mass of 31 My, and an explosion energy of
0.5 x 10°! ergs. Since the remnant has most likely expanded into a nonuniform medium,
the derived dynamical properties are expected to vary.

Based on the timescale for reverse shock interaction and the derived remnant age,
it is possible that G327.1-1.1 is in the subsonic expansion stage of its evolution. While
we can not discount the possibility of a bow shock formation in G327.1-1.1 based on
the calculations of the relative sizes of the PWN and the termination shock radii, the
observed X-ray emission ahead of the pulsar makes the bow shock scenario less likely.
The cometary morphology may be explained by the passage of the reverse shock from
the northwest direction that disrupted the newly forming PWN, which was originally

located north of the SNR center.



Chapter 6

Summary of Conclusions and

Future Work

This thesis presents multi-wavelength studies of PWNe and composite SNRs with the
goal of better understanding their evolutionary development and the impact that they
have on their surroundings. When a massive star (< 8 Mg) collapses and undergoes
a SN explosion, it leaves behind a remnant that can be classified as a shell-type SNR,
a PWN, or a composite remnant. Shell-type SNRs are composed of an expanding SN
blast wave that sweeps the surrounding ISM, and they typically have a symmetric shell
morphology. PWNe result from SNe that leave behind a central pulsar that generates a
wind of energetic particles that are accelerated in the magnetic field and are producing
synchrotron radiation. For these remnants, the rest of the SNR is most likely still
undetected, possibly because the SN exploded in a low density medium and the blast
wave has not interacted with enough material to produce a detectable shell. Remnants
that contain a PWN in addition to an expanding shell are called composite SNRs, and
the study of their evolution and morphology can reveal information about the SNR
properties that may otherwise be unobservable.

The evolution of PWNe and composite remnants can be divided into several stages;
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supersonic PWN expansion into freely expanding ejecta, reverse shock interaction stage,
and subsonic expansion into heated ejecta. Initially, the PWN is bounded by a shock
driven into the freely expanding SN ejecta. The observational signatures of such an
interaction include the detection of thermal emission from heated ejecta in X-rays,
line emission in the IR that can be compared to shock models and used to derive
shock velocities, spectral line broadening from rapidly moving ejecta, and signatures of
processing and destruction of dust in the inner SNR region. When the reverse shock
reaches the PWN and crushes the nebula, we expect to observe a disrupted PWN
morphology and thermal emission from SN ejecta that has been mixed-in with the
PWN material. In the case where the PWN is located off-center due to the pulsar’s
motion, or when the inhomogeneities in the surrounding ISM density cause the reverse
shock to reach the PWN asymmetrically, the reverse shock sweeps the PWN to one side
and leaves behind a relic PWN. A new nebula forms around the pulsar and is expected
to have a harder spectrum than the relic PWN. If the pulsar’s velocity with respect
to the surrounding heated ejecta becomes supersonic, the new PWN deforms into a
bow shock that appears as a cometary structure. These spectral and morphological
signatures can be used to determine the evolutionary stage of the remnant and help
develop a more complete understanding of evolutionary process that take place.

This thesis focused on a multi-wavelength study of three different systems that con-
tain PWNe in different stages of their evolution. Each system exhibits unique properties
that allowed us to learn about their evolution in greater detail. This chapter summa-
rizes the results for each object, the outstanding questions, and the ongoing and future

work that may improve our understanding of the evolution of PWNe and SNRs.
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6.1 The Crab Nebula

The Crab Nebula was formed by a SN explosion in 1054 AD. It contains a central
pulsar that powers the surrounding PWN that emits synchrotron radiation from the
radio to gamma ray wavelengths. The PWN is in the early stage of its evolution,
sweeping up the freely-expanding SN ejecta that is observed in the form of filaments of
ionized gas that produce emission line spectra. The filaments are photoionized by the
high-energy synchrotron emission and they contain traces of dust, seen as absorption
features against the nebular background. The Crab Nebula has been extensively studied
across the electromagnetic spectrum, but prior to the Spitzer Space Telescope, there
have been no high resolution IR images at wavelengths longer than 5 pym. The study
presented in this thesis is based on the highest quality IR observations available to date.
It allowed us to estimate the dust content in the Crab and obtain spatial information
about the synchrotron emission in the IR that can be used in combination with the
spatial information at other wavelengths to derive a rough, general broadband shape of
the Crab’s synchrotron spectrum (Temim et al. 2006).

Variations in the slope of the synchrotron spectrum as a function of both frequency
and spatial position in the remnant, can be used to derive a general shape of the spec-
trum over a large frequency range (Katz-Stone et al. 1993). We used the synchrotron
dominated 3.6 and 4.5 pum images of the Crab Nebula to create a map of the spec-
tral index. The map shows that there are spatial variations in the index ranging from
values of 0.3 to 0.8 across the nebula. Combining this information with optical and
X-ray synchrotron images, we derived a broadband spectrum that shows evidence of
multiple components along the line of sight. The multiple components are most likely
due to the flatter torus and jet and the diffuse emission that steepens with distance.
The broadband spectrum also shows evidence for an offset in the spectrum somewhere

between the optical and X-ray. This may be an indication of a bump that is expected
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from the pileup of relativistic electrons due to energy losses at higher energies.

The evidence for dust in the Crab Nebula was found in the form of optical extinction
in the filaments and an infrared excess in the far-IR spectrum (Hester et al. 1990; Fesen
& Blair 1990; Green et al. 2004). However, the dust masses estimated in previous IR
studies are orders of magnitude smaller than expected, and they indicate that there is a
lack of dust in the Crab Nebula. We analyzed Spitzer infrared imaging and spectroscopy
of the Crab Nebula obtained with the Infrared Array Camera (IRAC) at 3.6, 4.5, 5.8,
and 8.0 pum, the Multiband Imaging Photometer (MIPS) at 24 and 70 pm, and three
modules of the Infrared Spectrograph (IRS) covering the wavelengths between 5 and
38 pum. The sensitivity of Spitzer Space Telescope instruments allowed us to search for
dust and forbidden line emission and study the spatial variations of the synchrotron
emission across the remnant. The IR spectra of the Crab Nebula show strong forbidden
line emission of [Ne 11], [Ne 111], [O 1], [Fe 11], [S 111], and [Si 11]. We found no evidence
for silicate emission, but we observe an infrared excess above the synchrotron continuum
at MIPS wavelengths, from which we derived a temperature of ~ 74 K and a dust mass
that is on the order of 0.01 M. This is still more than an order of magnitude smaller
than what theories predict, and the warmer, smaller dust grains appear to be missing

entirely.

6.1.1 Future Work

An important question that remains to be answered is where the dust in the Crab
Nebula is located and how it is distributed throughout the filaments. Information about
the spatial distribution of dust in the Crab has only been obtained through observations
of absorption features against the nebular background. The excess of IR emission from
dust has been measured from the integrated photometry of the Crab, but there is no
spectral or spatial information on IR dust emission. When compared to the [Fe 11]

1.644 pm image, the filaments running east to west across the remnant appear much
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brighter in the MIPS 24 um image than the filaments in the north and south. This
may be either due to stronger [O 1v] 25.89 pum in these filaments or substantially more
warm dust. Since our Spitzer spectra were obtained from the Crab torus, we were not
able to determine the precise contribution of the synchrotron and line emission to the
dense filaments in the IR. In order to investigate the distribution and properties of dust
in the Crab, IR spectroscopy of the filaments is required. Spitzer IRS spectroscopy of
five additional positions in the Crab Nebula is available under the Roellig Guaranteed
Time Observing Program (Program ID 24), and has yet to be fully analyzed. The new
spectroscopy samples different regions of the Crab Nebula that include bright filament
cores, synchrotron bays, and outer regions of the remnant. The analysis of the new data
will help determine how the infrared spectrum varies spatially across the remnant and
whether the enhanced brightness of the filaments in the MIPS images is dominated by
line emission or dust. Since the contribution from synchrotron emission is less in some
of these regions, it may even be possible to extract spectra of the dust component that
can provide information about the composition of dust grains and constrain the dust
mass and temperature estimates. Characterizing the properties of dust in the Crab is
important in constraining the general properties of dust that condenses directly from

SN ejecta.

6.2 Pulsar wind nebula G54.14+0.3 and its IR Shell

Gb54.14-0.3 is a young PWN closely resembling the Crab for which no thermal emission
has been detected in X-rays. As in the Crab Nebula, the larger SNR is presumed to be
undetectable because it is expanding into a low density cavity and has not interacted
with enough ISM material. The PWN is likely still expanding into the cold SN ejecta
that is in free-expansion. However, there have been no previous detections of the
thermal emission that would confirm this interaction and the evolutionary stage of the

system. In the study described in Chapter 3, we present the first evidence that the
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PWN in Gb54.140.3 is interacting with the freely expanding SN ejecta. The Spitzer IR
images revealed a shell of emission in which a dozen point sources are embedded, along
with a more extended clump of emission in the SW, that appears to be aligned with
the pulsar’s X-ray jet (see Fig. 3.4). A number emission lines are present in the IR
spectrum, including [ArII], [NelI], [CIII], [SIII], [FeII], and [Sill], and several of these
lines are broadened to velocities of ~ 1000 km s~!, proving the first direct evidence of
the expanding SN ejecta swept-up by the PWN. Based on the observed line intensity
ratios, the shock velocity is on the order of ~ 100 km s*.

The spectra also reveal an unidentified dust feature at 21 pym that dominates the
emission in the MIPS 24 ym image. It is present in the diffuse shell emission and sig-
nificantly enhanced at the position of the bright IR clump. The spectrum of G54.1+0.3
is remarkably similar to the spectrum of Cas A Rho et al. (2008), and it is most likely
produced by the same dust species. Based on our study of the Chandra X-ray and
Spitzer IR observations of this system, we conclude that the IR emission from the shell
mostly originates from the SN ejecta. The line emission is mostly produced in the
shocked SN ejecta, while the continuum emission from dust originates from the freshly
formed SN dust that is being illuminated by the members of the young stellar cluster in
which the SN exploded. The point sources in the IR shell are attributed to radiatively
heated dust that is blowing by these stars. Dust models shows that such a scenario can
reproduce the observed IR emission from the shell and the embedded point sources,
and that approximately 0.1 Mg of dust heated by a dozen young stars is required. The
unique environment of G54.140.3 and the presence of the stars allowed us to detect
and characterize the SN dust that would otherwise be unobservable. The study of un-
shocked dust may prove to be most effective in systems in which the SN explodes inside

a stellar cluster.
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6.2.1 Future Work

In Chapter 3, we proposed that the IR point sources embedded in the shell of G54.140.3
are early-type stars belonging to a cluster in which the SN exploded. The freshly formed
SN dust is being illuminated as it blows past the stellar sources, giving rise to the
observed IR emission. In this scenario, the IR shell and the observed emission lines all
arise from SN ejecta. This result has important implications since it implies that we
are actually probing freshly formed SN dust that has not yet been processed by the
reverse shock. In order to confirm this scenario, optical and IR spectroscopy of the
embedded point sources is required. A more detailed spectroscopic study of the stellar
sources would help verify their spectral types and develop a better understanding of
the radiation field in the proposed stellar cluster, allowing for improved modeling of the
radiative heating of dust in the shell and better constraints on the dust mass.

More detailed modeling of the IR spectrum of the shell in G54.14+0.3 will provide
important constraints on the grain properties and quantity of dust that condenses out
of SN ejecta. The spectrum of the dust in G54.14-0.3 exhibits very similar features as
the spectrum of the dust in Cas A, and the dust appears to be freshly formed SN dust
in both cases. Modeling of the spectral shape with different grain compositions and
temperatures is crucial in understanding the dust properties. While attempts to model
the dust emission in Cas A provided some estimates of the mass and composition (Rho
et al. 2008), the fits to the dominant emission features at 21 and 13 pm have not been
satisfactory. Determining the relative ratios of various grain compositions that condense
in SN ejecta will significantly improve the available models for dust condensation in SNe

(Kozasa et al. 2009).
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6.3 Composite Supernova Remnant G327.1-1.1

(G327.1-1.1 is a composite supernova remnant that has an unusual morphology consist-
ing of a symmetric radio shell and an off center non-thermal component that indicates
the presence of a PWN (Figure 5.1). A narrow ridge of emission extends from the
PWN structure toward the northwest. G327.1-1.1 is an ideal object for the study of
several aspects of the late stages of PWN evolution. It appears to be comprised of a
moving pulsar, an asymmetric reverse shock, a relic PWN swept aside by the reverse
shock, and a newly forming PWN that has possibly been deformed into a bow-shock
nebula. In addition to these structures, there are additional features whose presence
in unexpected. Diffuse emission in the form of prong-like features and a large bubble
is not expected ahead of a bow-shock. The various structures in the cometary region
itself are not entirely consistent with bow-shock models, and may suggest that we are
actually observing a transition phase in which the PWN transforms into a bow-shock.

Previous X-ray studies of G327.1-1.1 have revealed elongated extended emission
and a compact source at the tip of the radio ridge that may be coincident with the
actual pulsar. There has also been evidence for thermal emission in G327.1-1.1, but
the properties of this component are not well determined from previous X-ray data.
In the study presented in Chapter 5, we analyzed Chandra ACIS 50 ks observations
and XMM-Newton 100 ks observations of G327.1-1.1. The high resolution Chandra
observations provide new insight into the structure of the inner region of the remnant,
while the sensitivity of the XMM data allowed us to image the thermal X-ray shell for
the first time and to characterize its properties.

The Chandra image (Figure 5.2) of G327.1-1.1 shows a compact source embedded
in a cometary structure, from which a trail of X-ray emission extends in the southeast
direction, along the radio ridge. A bright prong-like structure appears to originate from
the vicinity of the compact source and extend out to the northwest. The most unusual

feature in the X-ray images is the bubble-like structure, 3 arcminutes in diameter, that
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extends out from the prongs. The compact core itself is similar to compact nebulae
observed around many other young neutron stars, and typically associated with inner
jet and torus structures. Indeed, simple spatial modeling in which the best fit Gaussian
components are removed from the core reveals an asymmetric jet-like structure, 4” in
length.

The XMM images show emission from the entire radio shell (Figure 5.4). As in
the radio image, the plerionic component in X-rays is displaced from the geometric
center of the X-ray shell. In order to determine the general spectral properties of the
X-ray emission in G327.1-1.1, spectra were extracted from two different regions in the
XMM data, the inner PWN region and the outer shell. The PWN emission is well
characterized by a power-law model with a photon index of 2.0, while the emission
from the shell region can be described by a thermal model with a temperature of
approximately 0.3 keV. We used this newly determined temperature to calculate the
remnant properties based on the Sedov blast wave model. Assuming a distance of 9 kpc,
we calculate a remnant radius of 22 pc, an age of 18000yr, shock velocity of 500 kms™!,

3 a swept-up mass of 31 Mg, and an explosion energy 0.5 x 105! ergs.

n, of 0.12 cm™

In order to determine how the spectrum of the PWN varies with distance from
the compact source, spectra were also extracted from the Chandra ACIS data using
apertures at various distances from the compact source. Each of the spectra were fit
with an absorbed power law plus a thermal plasma model and they show steepening
with distance from the compact source, which is consistent with the synchrotron burn-
off of high energy electrons injected by a pulsar. The peculiar morphology of G327.1-1.1
may be explained by the emission from a rapidly moving pulsar and a relic PWN that
has been disrupted by the reverse shock. A possible scenario is a pulsar moving in the

direction opposite of the X-ray trail with the reverse shock disrupting the PWN from

the southwest (see Fig. 5.10).
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6.3.1 Future Work

The X-ray study of G327.1-1.1 helped characterize the properties and the evolutionary
stage of this composite SNR, and it helped shed light on the origin of its complex
morphology. The study also led to the discovery of faint structures that may hold
the key to understanding the precise geometry of this system and the particular phase
of PWN evolution that marks a transitional stage between a static PWN and a bow
shock nebula. The morphology of the cometary structure is suggestive of a bow shock
nebula, but the the prong, bubble, and jet-like structures do not appear to be consistent
with this scenario. Emission beyond the confines of a bow shock is not expected to be
present, and the formation of jet and torus structures should not occur in the case of
a bow shock. It may be possible that the observed cometary morphology is instead
caused by the passage of an asymmetric reverse shock that swept-up the PWN in one
direction, giving it a cometary morphology, but even in this case it is difficult to explain
all the observed structures and size scale of the PWN.

Deeper high-resolution X-ray observations of G327.1-1.1 are required to investigate
the observed structures in G327.1-1.1 and uncover their nature. Their characterization
may provide additional constraints for models describing the evolution of composite
remnants, particularly in the late phase of evolution when the PWN is reforming after
being disrupted by the reverse shock. Deeper imaging of the prong and bubble features
would help establish how they are connected to the cometary structure and the rest of
the PWN, giving clues about their formation. It is unclear whether these structures
are connected to the cometary feature itself, or if they were formed as a result of the
passage of the reverse shock. The orientation of these features is aligned with the long
axis of the cometary structure and the X-ray tail, but the reason for this alignment still
remains unknown. Spectroscopy and improved imaging will help shed light on these
outstanding questions.

High-resolution imaging of the extended core region in G327.1-1.1 will help resolve
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its structure and determine whether the morphology is consistent with a torus and jet.
The detection of such structures will help distinguish whether the cometary structure
is caused by the passage of an asymmetric reverse shock, or if it is a bow shock nebula.
Deeper imaging will also allow for better constraints on the properties of the thermal
shell in G327.1-1.1 and a search for SN ejecta mixed in with the disrupted PWN, as
would be expected after a reverse shock interaction. These additional clues will help
us confirm the current evolutionary stage of G327.1-1.1 and construct its evolutionary

history.

6.4 Dust Properties in SNRs

The questions of what types and quantities of dust are formed in SNe explosions and
injected into the ISM are still not very well understood. Only in recent years have
the higher resolution IR observations with Spitzer allowed for direct detections of dust
emission from freshly formed grains in SNRs. IRS spectral maps enabled comparisons
between the spatial distribution of dust emission and SN ejecta that confirmed that the
dust is indeed SN formed dust, as opposed to the swept-up ISM or circumstellar dust.
IR spectroscopy of the dust that condensed out of SN ejecta is available for several
SNRs, including G54.14-0.3 (see Chapter 3) and Cas A (Rho et al. 2008). While some
work has been done to characterize the shape of the IR spectra and determine the grain
properties (e.g. Rho et al. 2008; Kozasa et al. 2009), dominant emission features are
still not well described by these models. More detailed modeling of the observed dust
emission is required to determine the composition and quantity of freshly formed dust
in SNRs. The estimate of dust masses in SNRs, in the range of 0.01 — 0.05 Mg, (e.g.
Rho et al. 2009), are still well below the masses predicted by models describing dust
production and survival in SNe (Kozasa et al. 2009). It is possible that a large fraction
of the dust in SNRs is cold, and therefore does not contribute enough to the Spitzer

wavebands to be detected. The current estimates are mostly probing warm dust that has
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either been collisionally heated by the reverse shock, or heated by synchrotron emission
(e.g. Chapter 2) or a stellar radiation field (e.g. Chapter 3). In order to estimate the
total mass of dust present in an SNR, longer wavelength observations with Herschel,
SCUBA-2, and ALMA will prove to be crucial. The high resolution (down to 0.005")
sub-millimeter observations with ALMA will help map the cold dust distribution in
SNRs and significantly improve the total mass estimates. The observations of PWNe
that are presumably evolving in SNRs that are expanding in a low density medium,
such as the Crab and G54.14-0.3, may prove to be ideal for the study of the cold dust
distribution since the dust that surrounds these nebulae has not yet been destroyed and

processed by the reverse shock, nor mixed with the ISM material.

6.5 IR Spectroscopy of Kes 75: Constraining the Dust-

to-Gas Mass Ratio

The composite SNR Kes 75, recently detected with Spitzer, is an excellent candidate
for the study of the dust content and processing in composite SNRs. Kes 75 is a
Galactic SNR consisting of a PWN and a partial thermal shell. The PWN is powered
by a 0.3 s pulsar (PSR J1846-0258) that has a characteristic age of 723 yr, one of the
youngest known (Gotthelf et al. 2000). An upper limit on its true age of 884 yr was
derived from the measurement of the braking index, n = 2.65 £ 0.01 (Livingstone et
al. 2006). The spin-down rate P=71x%x10""2ss! leads to a spin-down luminosity of
E =81 x 10% ergs s~ and a strong surface magnetic field B = 5 x 10'3 G (Gotthelf
et al. 2000). The distance to Kes 75 is poorly constrained, with the estimates ranging
from 5.1 to 21 kpc (Caswell et al. 1975; Milne 1979; Becker & Helfand 1984; Leahy &
Tian 2008). Recent millimeter observations of CO line emission towards Kes 75 provide
evidence for an association with an adjacent molecular cloud at a distance of ~ 10.6 pc

(Su et al. 2009).



173

Radio observations of Kes 75 show a partial SNR shell , ~ 1.5" in radius, with a
spectral index a = 0.7, and a flatter PWN component with o = 0.25 (Becker & Kundu
1976; Helfand et al. 2003). X-ray observations with ASCA and Chandra also showed
the composite nature of the remnant with a morphology closely resembling the radio
(Blanton & Helfand 1996; Helfand et al. 2003). Chandra spectroscopy of the PWN
shows that the emission softens with distance from the pulsar, with the photon index I'
ranging from 1.1 to 1.9, and a thermal component arising in the outer regions (Morton
et al. 2007; Ng et al. 2008). The shell emission in Kes 75 is primarily concentrated in
two regions in the southeast (SE) and the southwest (SW). Morton et al. (2007) show
that the spectra of the shell can be characterized by a two-component thermal model
with temperatures of 0.25keV and 1.38keV for the SE region and 0.22keV and 1.50keV
for the SW region. The hydrogen column density, Ny was fixed to 4.0 x 10?2 cm™2, as
derived from the spectral fitting of the PWN region. The higher temperature thermal
components showed an increased abundance of Si, S, and Ar, and was attributed to
SN ejecta material heated by the reverse shock, with the lower temperature component
arising from the swept-up ISM/CSM material (Morton et al. 2007).

The first IR detection of the Kes 75 with Spitzer revealed a partial IR shell coincident
with the shell at radio and X-ray wavelengths. Morton et al. (2007) used Chandra and
MIPS 24 pum observations, along with IRAC upper limits, to constrain the dust emission
models and obtain a dust-to-gas mass ratio Mgyst/Mgas ~ 5 X 10~%, more than an order
of magnitude lower than that of the Galaxy. This dust-to gas ratio is consistent with the
values measured for Large Magellanic Cloud (LMC) SNRs that are 5 times lower than
the ratios assumed for the LMC, implying that as much as 40 % of dust is destroyed
by the SNR shocks (Borkowski et al. 2006; Williams et al. 2006). Since Kes 75 was
only detected in the MIPS 24 pym band, the data were not sufficient to characterization
the dust composition and place tighter constraints on the temperature and mass. In

order to place better constraints on the observed dust emission, we obtained Spitzer
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IRS long-wavelength (LH and LL) spectra of Kes 75, at both the SE and SW regions
of the shell. The spectroscopy allows us to to characterize the shape of the spectrum,
determine what fraction of the IR emission arises from lines, gain information about
the grain composition, and better constrain the available dust model. Our preliminary
results indicate that the IR emission of the shell is dominated by continuum emission
from dust with very little contribution from line emission. The spectrum will be used
to test the prediction of the dust emission model from Morton et al. (2007) and further

constrain the dust-to-gas ratio in Kes 75.

6.6 Hydrodynamic Modeling of Composite SNRs

Numerical models of PWNe and composite SNRs help us understand the physical pro-
cesses and evolutionary stages that they go through, their morphological properties,
and the interactions between the system’s various components. Even more importantly,
simulations of these systems produce results and predictions that we can compare with
observations at multiple wavelengths and use to constrain the physical properties of
the system, determine their current evolutionary phase, and construct their evolution-
ary history. In turn, the information obtained from multi-wavelength observations of
SNRs leads to more sophisticated numerical modeling that better describes the avail-
able data. Hydrodynamic models for the evolution of composite remnants, in which the
PWN initially expands into the inner SN ejecta and is subsequently crushed by the re-
verse shock, have been implemented by several authors, including van der Swaluw et al.
(1998); Blondin et al. (2001); Bucciantini et al. (2003). All models in which the pulsar
and the PWN remain centered in the SNR show that the timescale for the reverse shock
interaction stage is comparable to the timescale for the supersonic expansion stage of
the PWN evolution. This suggests that many composite SNRs should be observed in
this transitional stage of evolution whose signatures include a small PWN to SNR ra-

dius ratio, and brightened emission and a low frequency cooling break due to increased
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magnetic field strength (van der Swaluw 2005, and references therein). As discussed in
Chapter 4, when the pulsar has a high velocity and becomes displaced from the center of
the SNR, the reverse shock will disrupted the PWN asymmetrically and sweep it to the
opposite side, producing a relic PWN. The system then consists of a relic nebula that
is typically bright in the radio, and a newly forming PWN that surrounds the moving
pulsar. An example of such a system is G327.1-1.1, discussed in detail in Chapter 5.
When the pulsar’s velocity becomes supersonic with respect to the surrounding SNR,
the PWN deforms into a bow shock and takes on a cometary morphology. A similar
morphology can result in a case where the pulsar is static, but the inhomogeneities
in the ISM density cause the reverse shock to reach the PWN asymmetrically. Two-
dimensional hydrodynamic modeling of these scenarios have been carried out by van
der Swaluw et al. (2004) for the case of the moving pulsar, and by Blondin et al. (2001)
for a zero velocity pulsar and inhomogeneous ISM density. The models produce the
two-component morphology consisting of the relic nebula and the newly forming PWN;,
and both result in a disrupted PWN that mixes with the surrounding material and
has a complex morphology. While the current 2-dimensional models provide impor-
tant predictions that can be compared with observations of composite remnants, the
morphology of the actual systems likely depends on both the pulsar’s motion and the
density structure of the surrounding ISM. As in the case of G327.1-1.1 (see Chapter 5),
it can be difficult to distinguish between the two cases and determine how much each
of the factors affects the morphology of the SNR. In order to investigate the effects
of the pulsar’s motion and inhomogeneities in the ambient density, three-dimensional
hydrodynamic simulations of composite SNRs are required. Expanding the existing
models into three dimensions is the key to understanding the complex morphology of

composite SNRs.
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