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Abstract
Supernova explosions are among the most energetic events known in the universe, leaving
supernova remnants (SNRs) as their relics. The cores of massive stars collapse to form
neutron stars, among the most compact and strongest magnets in the cosmos. The thesis
studies a sample of such magnetic “beauties” in X-rays, the magnetars and high-magnetic
field pulsars (HBPs), with the motivation to understand their evolutionary links. We also
address the connection between these sources by investigating their environs through
their securely associated SNRs. Magnetars have ultra-high magnetic fields B ∼ 1014
– 1015 Gauss (G) and include the soft-gamma repeaters (SGRs) and anomalous X-ray
pulsars (AXPs). The HBPs have magnetic fields B ∼ 1013 – 1014 G, intermediate between
the classical rotation-powered pulsars (B ∼ 1012 G) and magnetars.
We focussed on two HBPs: J1119–6127 and J1846–0258, with similar spin-properties
and associated with the SNRs G292.2–0.5 and Kes 75, respectively.

In our studies,

magnetar-like behavior was discovered from the Crab-like pulsar J1846–0258, clearly establishing a connection between the HBPs and magnetars for the first time, while no
such behavior has been observed from PSR J1119–6127 so far. J1119–6127’s overall Xray properties together with its compact pulsar wind nebula resemble more the classical
rotation-powered pulsars. We studied two magnetars, one from each sub-class: SGR
0501+4516 and AXP 1E 1841–045. The spectral and statistical analysis of the bursts
and the persistent X-ray emission properties observed from them were found consistent
with the magnetar model predictions as well as those seen in other SGRs. Finally, we

iii
probed the environment of these stellar magnets by performing a detailed X-ray imaging
and spatially resolved spectroscopic study of two SNRs: G292.2–0.5 and Kes 73 associated with J1119–6127 and 1E 1841–045, respectively. We found that both SNRs point to
very massive progenitors (&25 solar masses), further supporting the growing evidence for
magnetars originating from massive progenitors using other multiwavelength studies.
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Chapter 1
Introduction
“On 7 December 185, a guest star appeared within ‘Nan-men’; it was as big as
half a mat; it was multicoloured and it fluctuated. It gradually became smaller
and disappeared in the sixth month of the year following the next year.”
Clark & Stephenson 1977
Supernova (SN; plural: supernovae SNe) explosions are among the most energetic
and enigmatic stellar events known in the Universe. The relics of these phenomena are
observed as supernova remnants (SNRs) in various energy bands. During the process,
the elements produced in the progenitor stars and in the explosion are ejected into the
interstellar medium (ISM). The cores of the massive remnants collapse to form neutron
stars (NSs), the most compact and magnetic objects known in the universe. This chapter
describes the background and basics for these astrophysical objects (sections 1.1 for supernova and their remnants, 1.2–1.4 for NSs and associated objects, and 1.5 on their
progenitors), that are discussed in the body of the thesis.

1.1

Supernovae and their remnants

Supernova explosions occur at the end of a massive (> 8 M⊙ ) star’s life, depositing a
kinetic energy of 1051 ergs in the debris and immediate surroundings. The term ‘supernova’
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was coined by Baade & Zwicky (1934) to distinguish these anomalously bright stellar
explosions from the more ordinary novae. The luminosity produced in the explosion is
so large that it can outshine our entire host Galaxy before fading over several weeks or
months. Supernovae are responsible for producing and disseminating most of the nuclei
found in the universe and are of prime importance in understanding the synthesis of heavy
elements. By redistributing these elements and initiating new stellar births, they play a
key role in shaping the chemical evolution of the Universe. They are also believed to be
the likely sources of Galactic cosmic rays.
The contents of this section are largely based on the standard textbook by Charles &
Seward (1995) and the review paper by Vink (2012), unless otherwise stated.

1.1.1

Supernova classification

Supernovae are mainly classified as thermonuclear and core-collapse (CC) SNe based on
their explosion mechanisms. Thermonuclear SNe result from the sudden explosion of
a white dwarf in a binary system with a giant star (single-degenerate origin), or from
two low-mass white dwarfs in a binary system (double-degenerate origin; Hillebrandt &
Niemeyer 2000). Core-collapse SNe, on the other hand, result from the core-collapse of a
massive star under its own gravity.
SNe have been classified historically according to their optical spectra and light curves
(LCs; see Filippenko 1997 for a review). The SNe lacking hydrogen absorption lines were
identified as type I and those with hydrogen lines were called type II (Minkowski 1941).
Type I includes SN Ia (with Si lines), SN Ib (with He lines), and SN Ic (with neither
Si nor He lines); while Type II includes SN IIP (plateau LC), IIL (linear LC), and IIb
(initially show H lines, but later on show He lines with weak or no H lines). It is now
believed that the type Ia SNe result from thermonuclear explosions, while all other SN
types are formed from the collapsed cores of their massive progenitor stars with large
H-rich envelopes, and hence the presence of H in their optical spectra. The progenitors
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of SN Ib and Ic (referred to as SN Ib/c) also have a core-collapse origin and lose their
hydrogen-rich envelope through stellar wind mass loss (Heger et al. 2003) or by mass
transfer through binary interaction (Podsiadlowski et al. 1992). This thesis focuses on
the core-collapse types which lead to the formation of a neutron star (NS) or pulsar (PSR;
a neutron star which displays pulsations; see Section 1.2).

1.1.2

Core-collapse supernova explosions

A star’s life undergoes successive thermonuclear burning of H, He, and the heavier elements formed during the fusion process. The low-mass and intermediate-mass stars (<8
M⊙ ) end their lives mostly as white dwarfs (∼1 M⊙ ) leaving a carbon (C) + oxygen (O)
core. The high mass stars (M > 8–10 M⊙ ), however, undergo further fusion processes
of the C + O core due to the higher temperature and density inside the core (Burrows
2000). Further increase in temperature and density can initiate a new series of nuclear
fusion reactions in the core while the surrounding layers with lower temperatures and
densities undergo fusion of lighter elements. At the end of hydrostatic burning, the star
creates nested shells of H, He, C, O/Ne/Mg, Si, Fe, and appears supergiant, as shown in
Figure 1.1. With the stellar core now rich in Fe, fusion comes to an abrupt end since Fe
has the highest binding energy of all nuclei and any reaction involving Fe is endothermic.
The endothermic reaction leads to a loss of pressure support and when the Fe core mass
exceeds 1.4M⊙ , the electron degeneracy pressure can no longer stabilize the core. Eventually, the core collapses and explodes in a core-collapse SN explosion, ejecting the enriched
elements and outer shells into the interstellar medium (Burrows 2000). The debris of the
explosion forms the so-called supernova remnant (SNR).
During the core-collapse, when temperature in the core surpasses 5×109 K and densities exceed 1010 g cm−3 , two highly endothermic processes happen inside the Fe core
accelerating the core collapse – photo-disintegration of Fe and He producing individual
protons and neutrons, and electron capture, where free electrons are captured by free pro-
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Figure 1.1 Schematic of the onion-like structure undergoing nuclear burning in a corecollapse SN (not to scale).

tons producing neutrons and electron neutrinos (Woosley & Janka 2005). As the collapse
continues, the core accumulates a plethora of neutrons (a state known as “neutronization”). The Fe core, however, continues to collapse freely and shrinks to a highly dense
neutron-rich sphere of ∼30 km in radius, known as a proto-neutron star (Woosley & Janka
2005). When the density in the core increases such that it approaches the nuclear density
(∼5×1014 g cm−3 ), nucleons are squeezed so closely that their own repulsive forces come
into play, suddenly halting the collapse. This generates a strong rebound shock, which
plows through the tenths of solar masses of infalling material at large velocities (∼60000
km s−1 ), a process known as core-bounce. But within a few milliseconds, due to energy
losses through photo-disintegration and neutrino losses, the shock stalls and matter begins to fall back. If the fallback is not prevented, the massive star collapses to form a
black hole within seconds; if the shock wave is strong enough, outer layers are ejected
violently in a core-collapse supernova explosion. The proto-neutron star, after radiating
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most of its energy in the form of neutrinos then settles into a neutron star of ∼10 km
radius (Woosley & Janka 2005). In some cases, if enough shocked matter falls back on
the so-formed neutron star, it can further collapse into a black hole.

1.1.3

Supernova remnants and their evolution

Figure 1.2 Schematic of an SNR expanding in a homogenous environment (not to
scale). The forward shock moves supersonically into the interstellar/circumstellar medium (ISM/CSM) while the reverse shock propagates back into the ejecta.

During a core-collapse SN explosion, the outer layers of the exploded star are ejected
at very high velocities of ∼104 km s−1 into the surrounding ISM or circumstellar medium
(CSM). As these ejected materials (the ejecta) sweep up the ambient medium, a strong
shock termed the blast wave (or the forward shock) propagates outward into the ISM.
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When sufficient matter is swept up, the expanding blast wave decelerates and an increase
in pressure drives a shock propagating backward into the ejecta, known as the reverse
shock (McKee 1974). The reverse shock compresses and heats the ejecta. Between the
forward shock heated ambient medium and the reverse shocked ejecta, lies the ‘contact
discontinuity’, a surface in pressure equilibrium with different composition, temperature
and density. Figure 1.2 illustrates the schematic of an idealized SNR expanding in a
homogenous medium consisting of a nested structure from the centre outwards with the
unshocked ejecta, reverse shock, shocked ejecta, contact discontinuity, shocked ISM and
the unshocked ISM. The figure also shows a neutron star (labelled as ‘NS’) at the center
of this expanding SNR. Neutron stars are discussed later in this chapter (Section 1.2).
The standard picture of the evolution of a SNR in a uniform ambient medium can
be divided into four main phases, as described below, characterized by the initial SN
explosion energy, interstellar ambient density, and the age of the remnant (Woltjer 1972;
see Vink 2012 for a most recent review).
Free expansion phase
The free expansion phase begins when the SN shock wave reaches the stellar surface with
the ejecta expanding supersonically without deceleration, at speeds of several thousands
km s−1 . Most of the initial explosion energy E0 of the SNR is transferred into kinetic
energy of the ejected gas and the plasma is heated to X-ray emitting temperatures of
several millions degrees Kelvin. The explosion energy E0 , expansion velocity Vs , and the
shock radius Rs can be expressed as:

Rs = Vs t,

(1.1)

1
E0 = Mej Vs2 ,
2

(1.2)

where Mej is the total mass of the ejecta and t is the age of the remnant. In this phase,
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the bulk of the thermal X-ray emission originates from the ejecta component rather than
the swept up ISM, which can provide important information on the chemical composition
of heavy elements produced during the explosion. Assuming that the SNR has a spherical
shape during the free expansion, the mass of the shocked interstellar matter swept up by
the blast wave is given by
4
Msw = πRs3 µmH n0 ,
3

(1.3)

where n0 is the density of the ambient medium or ISM, mH is the mass of hydrogen, µ is
the mean particle mass in proton mass mp . This phase continues until Msw ∼ Mej ∼ 1
M⊙ and lasts for ∼100–1000 years.
Sedov-Taylor phase (or Adiabatic phase)
When the mass swept up by the blast wave becomes large compared to the ejecta mass
(Msw & Mej ), the expansion velocity decreases and the remnant expands adiabatically.
The radiative energy loss is still negligible compared to the remnant’s internal energy
and the remnant now enters the adiabatic phase. The thermal X-ray emission originates
from a thin shell behind the blast wave and the SNR evolution is determined by the
initial explosion energy E0 and density n0 of the surrounding ambient medium (Sedov
1959). The radius Rs , velocity Vs , and the mean temperature Ts at the shock front can
be estimated as
1/5

E0 t2
Rs = ζ
n0
Vs =
Ts =

2Rs
;
5t

(i.e., Vs ∝ t−3/5 )

3
µmH Vs2 ;
16k

(i.e., Ts ∝ t−6/5 )

(1.4)
(1.5)
(1.6)

where ζ is a dimensionless constant depending on the adiabatic index (ζ = 2.026 for a
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non-relativistic, monatomic gas of specific heat γ = 5/3), t is the age of the remnant, k is
the Boltzmann constant, µ = 0.604 is the mean mass per free particle for a fully ionized
plasma, and mH is the hydrogen mass. This phase lasts for a few 104 years.
Radiative phase
As the SNR expands and cools adiabatically, the pressure in the outer shell decreases.
The drop in temperature causes the ionized atoms to capture free electrons, which lose
their excitation energy by radiation observed as ultraviolet emission lines. The remnant
now enters the radiative phase, where radiative losses of energy become important and the
swept up masses collapse into a thin dense layer. This phase is also known as the “constant
momentum phase” because the shell keeps expanding with constant radial momentum as
the pressure of the interior gas becomes negligibly low. In this phase, the radius Rs and
velocity Vs of the remnant are related to its age (t) as

Rs ∝ t1/4 ,

(1.7)

Vs ∝ t−3/4 ,

(1.8)

and lasts for a few 105 years.
Merging phase
This is the final phase of the SNR evolution, where the shock velocity and the temperature
behind the shock become comparable to the turbulent velocity and temperature of the
ISM. The shell expansion slows down to subsonic speeds (<20 km s−1 ) with the shell
becoming fainter and fainter until it merges with the surrounding ISM. At this point, the
remnant ceases to emit radiation and the total energy of the explosion gets dissipated in
the ISM. The age of the SNR in this phase exceeds &106 years.
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The above mentioned phases depict the evolution of a SNR in an idealized scenario.
However, in reality, many SNRs do not follow this standard model due to several factors
such as expansion of the remnant in a non-uniform anisotropic medium (Dohm-Palmer &
Jones 1996), or within a molecular cloud (Wheeler et al. 1980), or in a strongly magnetized
ISM (Insertis & Rees 1991), or due to SN explosions occurring inside pre-existing winddriven bubbles (Franco et al. 1991), leading to complex SNR morphologies or affecting
the internal dynamics of a young SNR.
In this thesis, we study two SNRs (Chapters 7 & 8), which are either in a state of
transition from the freely expanding phase to the Sedov phase or in their early SedovTaylor phase.

1.2

Pulsars and pulsar wind nebulae

The contents of this section are based on the standard textbook by Manchester & Taylor
1977, and the review papers by Gaensler & Slane 2006, Kargaltsev & Pavlov 2008, and
Safi-Harb 2004, 2012a, 2012b.
The idea of neutron stars was first conceived by Baade & Zwicky (1934) in their historical paper, shortly after the discovery of neutrons by James Chadwick in 1932. They
speculated that “the phenomenon of a supernova represents the transition of ordinary
stars into neutron stars, which in their final stages consist of extremely closely packed
neutrons”. Following their prediction, Oppenheimer & Volkoff (1939) performed the first
calculations of the neutron stars masses and radii. However, it was not until thirty years
later (in 1967) that the discovery of such stars was reported. Jocelyn Bell, a doctoral student working with Anthony Hewish from Cavendish Laboratory in Cambridge, discovered
signals at a period of 1.337 s while searching for scintillations from quasars using a radio
telescope. Subsequently, signals were detected from three more sources from other parts
of the sky, further establishing the pulsating nature of these objects. Thus the first pulsar
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(PSR for ‘Pulsating Source of Radio’), B1919+21, was discovered serendipitously (Hewish
et al. 1968), providing the first evidence for the existence of neutron stars. Pacini (1967)
and Gold (1968) independently argued the case for a rapidly rotating neutron star with a
strong dipolar magnetic field, which would provide a source of energy to the surrounding
nebula (e.g., similar to the Crab Nebula). The discovery of 33 ms and 89 ms pulsations
from the Crab and Vela pulsars (Staelin & Reifenstein 1968; Large et al. 1968) within
supernova remnants, respectively, and the slowdown in the period of the Crab pulsar
(Richards & Comella 1969) further affirmed all the above predictions.
Neutron stars, created in the aftermath of core-collapse supernova explosions, have
a typical radius of ∼10–12 km and mass greater than the Chandrasekhar mass limit of
∼1.4 solar mass (M⊙ ). The internal structure of a neutron star is very complex and still
unclear, which will not be discussed in this thesis. The neutron star densities range from
∼106 g cm−3 at the surface to &1015 g cm−3 at the core, providing the ideal astrophysical
laboratories for studying matter under extreme conditions. The newly formed neutron
stars can spin very rapidly (due to conservation of angular momentum), and have very
large magnetic fields B & 1010 Gauss1 (G) indicating an amplification of the progenitor
star’s magnetic field to conserve magnetic flux (see Lattimer & Prakash 2004 for a review).
These neutron stars are observable as pulsars if they emit beams of electromagnetic radiation along the line of sight of an observer on Earth. Due to a misalignment of the pulsar’s
rotational axis and dipole axis, pulsations are observed as the pulsar beam sweeps by (like
a lighthouse beacon); this is the characteristic feature that distinguishes a pulsar from a
non-pulsating neutron star. A schematic of the pulsar and its magnetosphere is shown in
Figure 1.3.
To date, there are more than 2000 pulsars2 known (Manchester et al. 2005). The
neutron star population is now observed to have many flavors, dominated by the radio
1

Gauss (G), the cgs unit of measurement of a magnetic field B, equals 1 × 10−4 Tesla (T).

2

http://www.atnf.csiro.au/people/pulsar/psrcat/
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Figure 1.3 Model of a rotating pulsar (marked as NS at the center) and its magnetosphere
(not to scale).

pulsars. The diversity of isolated neutron stars includes the rotation-powered pulsars
(RPPs; see Section 1.2), magnetars (see Section 1.3), and high-magnetic field pulsars
(Section 1.4), in addition to the central compact objects (CCOs; Gotthelf & Halpern
2008) and the rotating radio transients (RRATs; Keane & McLaughlin 2011). In this
thesis, we will not address the accretion-powered pulsars in binary systems, CCOs, and
RRATs. We will focus here only on the manifestations that are currently believed to have
ultra-high magnetic fields, the HBPs and magnetars, and their connection to RPPs.
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Rotation-powered pulsars and observed properties

Rotation-powered pulsars (RPPs), more commonly known as the radio pulsars, are powered
by the loss of their rotational kinetic energy and have magnetic fields in the range of
∼1011 –1013 G. The Crab nebula, one of the most studied objects in the sky, is the canonical example of a rotation-powered pulsar. Hence, these RPPs are also sometimes referred
to as ‘Crab-like’ pulsars.
A pulsar is characterized by a spin period P and a period derivative with respect to
time (Ṗ =

dP
dt

), both of which are determined from observations of the pulsed signal. Ob-

served pulsars have periods ranging between ∼0.001–12 s and Ṗ ranging from ∼10−21 s s−1
to ∼10−11 s s−1 (Manchester 2005). The basic physical properties of rotation-powered
pulsars, which can be inferred by measuring their periods and period derivatives, are
discussed below (Manchester & Taylor 1977).
The rate at which the rotational kinetic energy of a pulsar is dissipated is known as
the spin-down luminosity Ė. As pulsars slowly lose their rotational kinetic energy due to
magnetic dipole braking, their periods lengthen and the majority of them slow down on a
timescale of 106−8 yrs. Rotation-powered pulsars, in general, have much higher spin-down
luminosities than their observed X-ray (and radio) luminosities (see e.g., Safi-Harb 2004).
The pulsar’s spin-down luminosity, which can be obtained by taking the time derivative
of its rotational kinetic energy (E = 12 IΩ2 = 2π 2 IP −2 ), is given by

Ė = IΩΩ̇ ≡ −4π 2 I

Ṗ
,
P3

(1.9)

where I is the neutron star’s moment of inertia, assumed to have a typical value of 1045
g cm2 for a stellar mass of 1.4 M⊙ and a radius of 10 km. Ė represents the maximum
energy loss output available for rotation-powered pulsars across the whole electromagnetic
spectrum. The observed spin-down luminosity for pulsars ranges from 3×1028 ergs s−1
for the pulsar PSR J2144-3933 to ∼ 5×1038 ergs s−1 for the well known Crab nebula
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(Manchester et al. 2005; Gaensler & Slane 2006).
As pulsars are powered by their rotational energy, their spin-frequency decreases. The
slow down can be described by

Ω̇ = −kΩn ,

(1.10)

where n measures the efficiency of braking (or the braking index), Ω = 2π/P is the angular
spin frequency, and k is a constant depending on the magnetic moment of the star.
The age of a pulsar can be obtained as

τ=

P0
P
[1 − ( )n−1 ],
P
(n − 1)Ṗ

(1.11)

where P0 is the initial period of the pulsar (at birth) and P is the current period. If we
assume that P0 << P and n = 3 (for magnetic dipole radiation), the above equation
reduces to the expression for the so-called characteristic age of a pulsar as

τc =

P
.
2Ṗ

(1.12)

The surface magnetic field strength of Crab-like RPPs, typically in the range of ∼1011 –
1013 G, can be estimated by equating the rotational energy loss to the radiation from a
magnetic dipole moment, given by

B=

3c3 IP Ṗ
8π 2 R6

!1/2


1/2
∼ 3.2 × 1019 P Ṗ
Gauss,

(1.13)

where P is in seconds. The above expressions give a general estimate of the pulsar’s
properties and should not be taken at face value since these results were derived by
making many assumptions such as magnetic dipole braking, negligible spin period etc.
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Pulsar wind nebulae (PWNe)

In this section, we briefly outline the general properties of pulsar wind nebulae (PWNe)
since this thesis includes the study of PWNe associated with high-magnetic field pulsars
(see Section 1.4 and Chapters 3–4).
As mentioned above, a young rotation-powered pulsar is driven by the spin-down
energy from a rapidly rotating neutron star. The relativistic wind of particles emitted by
the pulsar (called “pulsar wind”) gets shocked as it encounters its confining surrounding
medium (SNR or ISM), forming a “pulsar wind nebula” (PWN), which gives the SNR a
centrally filled morphology (Weiler & Panagia 1978). Pulsar wind nebulae (PWNe) are,
therefore, hot bubbles of relativistic particles emitting non-thermal radiation from radio to
γ-rays. They act as excellent probes of relativistic flows and shocks, particle acceleration,
and interstellar gas. The pulsar is the central engine of the PWN, continuously injecting
relativistic particles and magnetic field into its surrounding environment. Therefore, in
the absence of detection of pulsations from a pulsar, PWNe have been used as calorimeters
for pulsar discoveries.
The highly relativistic pulsar wind and its magnetic field inflate an expanding bubble
which is confined by the shell of slowly moving SNR ejecta. When this free-flowing wind
encounters the hot, shocked, SNR ejecta, it is decelerated to subsonic speeds across a
standing shock RS , termed as the “wind termination shock”, where the ram pressure
of the wind is balanced by the pressure of its ambient medium. The termination shock
radius is given by

RS =

Ė
4πωcPP W N

!1/2

,

(1.14)

where Ė is the pulsar’s spin-down energy and ω is the filling factor of the pulsar wind.
PP W N = Bn2 /4π is the total pressure in the nebula, where Bn is the mean nebular magnetic
field. The pulsar wind is also characterized by a “magnetization parameter” σ, defined
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by the ratio of magnetic to particle flux (Kennel & Coroniti 1984) as

σ≡

B2
,
4πργc2

(1.15)

where B, ρ, and γ are the magnetic field, mass density, and Lorentz factor, in the wind
respectively (Gaensler & Slane 2006).
PWNe can have complex morphologies with fine structures on angular scales as small
as ∼1′′ as observed with the Chandra X-ray telescope (see Chapter 2). These structures
are associated with the deposition of the pulsar wind’s energy into its surroundings at the
termination shock. The best studied example of a PWN is the Crab nebula, observed to
have a torus and jets clearly revealed with Chandra (Weisskopf et al. 2000).

1.3

Magnetars

In recent years, high-energy observations have led to the discovery of a growing class of
“atypical” pulsars with X-ray luminosities exceeding their spin-down energy loss (LX ≫ Ė).
These are called “magnetars” as they are believed to have extremely powerful magnetic
fields in the range of 1014 –1015 G, two orders of magnitude higher than that of a typical
Crab-like pulsar. They were originally discovered in X-rays and γ-rays with no known
radio counterparts or any binary companions. Unlike Crab-like pulsars, they showed flux
variabilities and sporadic burst events in the X-rays and soft γ-rays, and have relatively
slow rotation periods P ∼ 2–12 s and large period derivatives Ṗ ∼ 10−10 –10−13 s s−1 . As a
result, their inferred surface magnetic fields are extremely large (see Equation 1.13), above
the quantum critical field strength of BQ ∼ m2e c3 /~e ≃ 4.4 × 1013 G, where the electrons
in the field become ultra-relativistic. The high X-ray luminosities observed for magnetars
(&1035 ergs s−1 ) posed a difficulty in explaining the persistent X-ray emission by rotational
energy alone. Therefore, to distinguish them from the classical rotation-powered pulsars,
Duncan & Thompson (1992) first introduced the term ‘magnetars’, suggesting that these
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sources could be powered by the release of magnetic energy in an ultra-high magnetic
field (B > 1014 G). Due to their large magnetic fields, the magnetars quickly spin down
with an average life of ∼103 yrs and eventually stop emitting bright X-rays.
Two types of sources are considered to be magnetar candidates: Soft Gamma Repeaters (SGRs) and Anomalous X-ray Pulsars (AXPs). The thesis includes the spectroscopic
and burst studies of two magnetars, one from each subclass: SGR 0501+4516, discovered
in 2008 and AXP 1E 1841–045, associated with the SNR Kes 73. The sub-sections below
briefly outline the main characteristics of magnetars, based on the contents from Robert C.
Duncan’s3 website, review papers by Woods & Thompson 2006, Kaspi 2007, Mereghetti
2008, Rea & Esposito 2011, and Rea 2012.

1.3.1

Soft gamma repeaters (SGRs)

Soft-gamma repeaters (SGRs) are one “flavor” of magnetar, originally discovered through
the detections of short (∼0.1 s) bursts (a sudden release of energy) in the X-ray and soft
γ-radiation (<100 keV). The first magnetar burst was observed from SGR 1806–20 in the
constellation Sagittarius on 7 January 1979 by the Venera satellite (Mazets & Golenetskii
1981; Laros et al. 1986). The burst had a luminosity of ∼1041 ergs s−1 and was initially
classified as a gamma-ray burst (GRB)4. A second energetic burst (∼5×1044 ergs) was
discovered on 5 March 1979 from another source, SGR 0526–66 (Mazets et al. 1979),
which was unusually bright (∼1045 ergs s−1 ; Golenetskii et al. 1984) and had a 3-minute
long decaying tail of 8 s pulsation. The position of the March 5th burst was localized to the
SNR N49 in the Large Magellanic Cloud (LMC; Cline et al. 1989), indicating the neutron
star nature of the source. Following this major outburst, SGR 0526–66 also emitted a
few short bursts (Aptekar et al. 2001). Within the next few days, a third magnetar
3

http://solomon.as.utexas.edu/∼duncan/magnetar.html

4
Gamma-ray bursts (GRBs) are sudden, bright flashes of γ-rays originating from the cosmos and
typically last for tens of seconds.
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(SGR 1900+14) was discovered emitting three soft bursts from the same location. This
implied that SGRs could not be associated with GRBs since the GRBs were one-time
events and the gamma-rays in SGR bursts were spectrally softer (average energy per
gamma-ray photon is less) compared to those in GRBs. Hence, these sources were named
as soft-gamma repeaters to distinguish them from the classical GRBs. Thus, the year
1979 marked the discovery of magnetars.
From the age of SNR N49 (∼6000–16000 yr; Vancura et al. 1992), the magnetic
field needed for SGR 0526–66 to slow down to 8 s through magnetic dipole radiation
was inferred to be 5×1014 (P/8 s)(tSN R /104 yr)−1/2 G, and no known radio pulsar was
observed to have such large magnetic field (or such a slow period) at that time. These
results laid the foundation for the magnetar model (see Section 1.3.3), where Duncan
& Thompson (1992) argue that a dynamo process inside a neutron star born with high
rotational velocities (>300 revolutions per second) can produce ultra-high magnetic fields.
The magnetar nature of these objects was first confirmed by Kouveliotou et. al. (1998),
with the discovery of 7.5 s pulsations from SGR 1806–20. A spin-down age of 1500 yr and
magnetic field of 8 × 1014 G were estimated (see equations 1.12 and 1.13) and the rapid
spin-down was interpreted in terms of the magnetic braking in an isolated neutron star
with a ≃1015 G dipole magnetic field.
SGRs show intermittent burst activities, with episodes of several hundreds of bursts
on timescales of days to months. When concentrated in time, these activities are generally
referred to as ‘outbursts’. Between these events, the source may remain dormant for long
time periods, known as ‘quiescence’. SGR bursts are classified into 3 groups: short bursts,
giant flares, and intermediate flares (Mereghetti 2008). Short bursts are more common,
with durations ∼0.1–0.2 s and peak luminosities in the range of ∼1040 –1041 ergs s−1 . Giant
flares usually begin with a ∼1 s bright spike releasing an enormous amount of energy and
decay rapidly with a pulsating tail characteristic of the neutron star’s rotation period.
The spectra of the initial spikes are observed to be harder (∼ a few hundreds of keV)
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than the short bursts and have peak luminosities in the range of ∼1044 –1047 ergs s−1 .
So far, three such giant flares have been observed from SGRs 0526–66 (the 5th March
event mentioned above; Mazets et al. 1979), 1900+14 (Hurley et al. 1999), and 1806–20
(Hurley et al. 2005). Sometimes, SGRs are also known to exhibit intermediate bursts
with durations in the range ∼ 1–60 s and peak luminosities of ∼1041 –1043 ergs s−1 (i.e.,
intermediate between those observed for the short bursts and giant flares). Intermediate
flares have been observed from a few magnetars, for e.g., SGR 0526–66, SGR 1900+14,
SGR 1627–41 (see Woods & Thompson 2006 and references therein).
SGRs are also persistent X-ray sources in the 1–200 keV energy range during quiescence (Rea & Esposito 2011), characterized by by luminosities in the range of ∼1034 –
1036 ergs s−1 . Their soft X-ray emission (0.5–10 keV) is generally described by a combination of non-thermal and thermal components, where the non-thermal component
corresponds to magnetospheric emission (power-law with a photon index Γ ∼ 2) while the
thermal component corresponds to emission from the neutron star’s surface (blackbody
with temperature kT ∼ 0.5 keV). The hard X-ray (>10 keV) emission is mainly attributed
to magnetospheric effects (with a harder spectra Γ ∼ 1). See Chapter 2 and Appendix A
for a description of these models.
As of writing this chapter, there are 10 confirmed SGRs discovered having spin periods
P ∼5–8 s and period derivates Ṗ ∼10−10 –10−11 s s−1 (SGRs 1806–20, 0526-66, 1900+14,
1627–41, 0501+4516, 0418+5729, 1833–0832, Swift J1822.3–1606, Swift J1834.9–0846,
and J1745–2900) and a few unconfirmed candidates5 (SGRs 1801–23 and 2013+34).

1.3.2

Anomalous X-ray pulsars (AXPs)

Anomalous X-ray pulsars, the second manifestation of magnetars, were discovered as
isolated neutron stars with persistent X-ray luminosities &1034 ergs s−1 . The first AXP
5

The magnetar catalog maintained by the McGill pulsar group gives the current information on all
magnetars discovered so far; see http://www.physics.mcgill.ca/∼pulsar/magnetar/main.html
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to be detected through coherent pulsations (∼7 s) was 1E 2259+589 at the center of the
SNR CTB 109 (Fahlman & Gregory 1981). The source, originally interpreted as an X-ray
binary (Mereghetti & Stella 1995), was soon found to be spinning down steadily (Koyama
et al. 1987). Its X-ray luminosity was too high to be powered by the rotational energy
loss as observed in a classical pulsar. Several other AXPs were also discovered in the
following years with periods between 5–9 s and showing associations with SNRs. These
evidences, together with the lack of evidence of a binary companion and the absence of
orbital modulations, argued against the possibility of them being low-mass X-ray binaries
(van Paradijs et al. 1995).
Thompson & Duncan (1996) observed similarities in the periods, period derivatives,
and inferred magnetic fields of these sources with those displayed by SGRs during their
period of quiescence. They argued that AXPs could be magnetar candidates, where the
decay of their ultra-strong magnetic fields could be powering their anomalously bright
X-ray emission. The suggestion that AXPs are magnetars were further supported by the
detection of two short SGR-like bursts from 1E 1048.1–5937 in 2001 (Gavriil et al. 2002).
Shortly after, the AXP 1E 2259+586 in the SNR CTB 109 was caught emitting more
than 80 SGR-like bursts (Kaspi et al. 2003). In the following years, several bursts have
been observed from other AXPs, which led Woods et al. (2005) to suggest two distinct
classes of AXP bursts: type A bursts having short and symmetric profiles similar to
those observed for SGRs and type B bursts, seen only in AXPs, having longer durations,
thermal X-ray spectra, and extended tails that last tens to hundreds seconds.
The soft X-ray spectra (<10 keV) of AXPs are commonly described by a combination
of power-law (Γ ∼ 3–4) and blackbody (kT ∼ 0.4–0.7 keV) or two blackbody models.
Hard X-ray emission (&20 keV) has also been observed for a few AXPs (Kuiper et al.
2004; Molkov et al. 2004; den Hartog et al. 2006), which are described by hard powerlaw models (Mereghetti 2008). Flux variability has been observed for most AXPs, where
their total fluxes and X-ray spectra vary on a variety of different timescales, from a few
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milliseconds to several years (Kaspi 2007).
As of writing this chapter, there are 11 confirmed AXPs (CXOU J010043.1–721134,
4U 0142+61, 1E 1048.1–5937, 1E 1547.0–5408, PSR J1622–4950, CXO J164710.2–455216,
1RXS J170849.0–400910, CXOU J171405.7–381031, XTE J1810–197, 1E 1841–045 (see
Chapter 6), and 1E 2259+586) and two unconfirmed candidates (AX J1845–0258 and AX
J1818.8–1559), with spin periods P ranging between 2–12 s.

1.3.3

The magnetar model

The magnetar model was first proposed by Duncan & Thompson (1992) and Thompson
& Duncan (1993, 1995, 1996), in an effort to illustrate the major defining properties of
magnetars such as their persistent X-ray emission and bursting behavior in a very strong
magnetic field (B > 1014 G).
Neutron stars, when formed, are very hot and can conduct electricity due to the presence of some free electrons and protons in their ultra-dense interior. They also undergoes
vigorous convective instability during the first ∼30 s and the magnetic fields caught in
the nuclear fluid would be swept along by the convective motions. Neutron stars also experience a strong differential rotation during the collapse to conserve angular momentum.
This led Duncan & Thompson (1992) to propose that the combined effects of turbulent
dynamo and convection processes inside a proto-neutron star born with small spin periods
P0 ∼ 1–2 ms can amplify the magnetic field up to ∼3 × 1017 (P0 /1 ms)−1 G. The dynamo
effect, though active only for ∼ 10 s, is sufficient enough to boost the magnetic field to
extremely large values, but requires that the magnetars be born with very short rotation
periods. The dynamo action and convection stop as the neutron star cools off, however,
the ultra-high magnetic field thus generated remains trapped by the dense and superfluid
neutron star interior. The observational consequences of such a formation scenario is
large spatial velocities for magnetars at birth with v ∼ 1000 km s−1 as well as highly
energetic SNRs (in comparison with the ordinary core-collapse SNRs) associated with
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magnetars. However, there is no observational evidence to support these predictions yet
(Vink & Kuiper 2006; Mereghetti 2008). A major limitation to this model comes from the
fact that there are no measurements to support the hypothesis of neutron stars rotating
extremely fast following their birth, and the period measurements of the magnetars (P ∼
2–12 s) discovered so far suggest that they are rotating too slowly.

Figure 1.4 Twisting of magnetic field lines in the magnetosphere of a magnetar.
Left: A dipolar field with magnetic field lines anchored on the surface without a
twist. Right: When a twist is imposed, the field lines are dragged with it causing the current to flow (shown by black arrow), which can produce the observed
X-ray emission and bursts. Figure reproduced from Robert C. Duncan’s webpage:
http://solomon.as.utexas.edu/∼duncan/magnetar.html

The magnetar model explains the persistent X-ray emission observed in magnetars
as due to magnetic field decay, mainly via ambipolar diffusion (the combined drift of
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magnetic field lines and charged particles relative to the neutrons), which can provide
a significant source of internal heating (Mereghetti 2008). According to this model, the
internal field of a magnetar is tightly wound and ∼10 times stronger than its external field
(Thompson et al. 2002). The sudden unwinding of this internal magnetic field shears the
neutron star crust and implants a twist into the magnetosphere. The twisting, in turn,
induces electric currents in the magnetosphere. A schematic of the magnetic field twisting
is shown in Figure 1.4. The heavier charged particles strike back the surface, causing
further heating while the electrons get accelerated by the magnetic field producing nonthermal emission. As a result of internal or magnetospheric heating, the currents in the
magnetosphere can upscatter thermal photons from the surface to higher energies and
produce further non-thermal emission (Thompson et al. 2002). Thompson & Duncan
(1995) suggest that the motion of magnetic fields diffusing out of the neutron star can
result in small-scale cracking of the crust due to strong, evolving magnetic stresses. The
crustal fracturing will inject a sudden burst of thermal photon-pair plasma (referred to as
a ‘fireball’), which are observed as short bursts. Sometimes, a large-scale rearrangement
and/or reconnection of the magnetic field can occur after a large external twist, and
the neutron star magnetosphere gets densely filled with fireballs having energy ∼1044 –
1045 ergs, large enough to power the giant flares.
To conclude, although the magnetar model is very successful in explaining most of the
observations, a complete understanding of the origin of magnetar emission is still missing.
Several other models have also been put forward to explain the magnetar properties and
origin such as the fallback disk model (Alpar et al. 2001) and the quark star model
(Ouyed et al. 2004) among others, which will not be discussed in this thesis. Regardless,
detailed observational and theoretical studies are required to shed light on the magnetar
emission mechanisms.

1.4 High-magnetic field pulsars (HBPs)
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High-magnetic field pulsars (HBPs)

The last decade has shown growing evidence for a new and small class of pulsars known as
the high-magnetic field pulsars (HBPs; they are also referred to as the high-magnetic field
radio pulsars HBRPs). They were discovered at radio wavelengths, with their magnetic
fields lying above the defined quantum critical field BQ & 4.4×1013 G, but below that
of magnetars. They were also observed to have spin properties intermediate between the
rotation-powered pulsars and magnetars. Therefore, HBPs were suggested to present an
important link between the classical pulsars and magnetars.
Seven HBPs have been identified so far, which include 5 radio pulsars: J1847–0130,
J1718–3718, J1814–1744, J1734–3333, and J1119–6127, one X-ray pulsar: J1846–0258,
and one rotating radio transient (RRAT): J1819–1458 (see Table 4.3 in Chapter 4, and
Ng & Kaspi 2010 for a recent review). They are mainly radio sources with the exception
of J1846–0258, which has not been detected in radio wavelengths so far. Most of them
have been detected in X-rays as well, except for J1847–0130. Table 1.1 summarizes the
general properties (spin period P , period derivative Ṗ , magnetic field B, spin-down energy
Ė, characteristic age τc ; see Section 1.2.1) of these HBPs.
Aside from the question on the link of HBPs to magnetars, another interesting question
related to this thesis is whether they power PWNe, like the more classical rotation-powered
pulsars (See Safi-Harb 2012a, 2012b for recent reviews). So far, only three HBPs (J1119–
6127, J1846–0258, and RRAT J1819–1458) have shown X-ray PWNe affirmatively. In
this thesis, we study PSRs J1119-6127 & J1846-0258 (Chapters 3 and 4), which are the
only two X-ray detected HBPs associated with supernova remnants and also characterized
by high spin-down energies. We also study in detail the compact PWN associated with
J1119–6127 and discovered earlier with Chandra (Gonzalez & Safi-Harb 2003).
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Table 1.1 General properties of the high-magnetic field pulsars. See Safi-Harb & Kumar
2008 (Table 4.3 in Chapter 4) and Ng & Kaspi 2010 for details.
Name

P
(s)
PSR J1119-6127 0.41
PSR J1846-0258 0.33
PSR J1819-1458
4.26
PSR J1734-3333
1.17
PSR J1814-1744
3.98
PSR J1718-3718
3.38
PSR J1847-0130
6.71

Ṗ
(10−12 s s−1 )
4.0
7.1
0.57
2.3
0.74
1.4
1.3

B
Ė
13
(10 G) (ergs s−1 )
4.1
2.3×1036
4.9
8.1×1036
5.0
2.9×1032
5.2
5.6×1034
5.5
4.7×1032
7.4
1.6×1033
9.4
1.7×1032

τc
(kyr)
1.7
0.9
117
8.1
85
34
83

Distance
(kpc)
8.4
6.0
3.6
6.1
10
4.5
8.4

Note. — The pulsars studied in this thesis are marked in bold face.

1.5

Progenitors of HBPs and magnetars

The progenitors and environs of HBPs and magnetars can be investigated to shed light
on their formation scenarios and any connection between these two classes. This can
be achieved by studying their securely associated SNRs in X-rays. Such studies can also
constrain the neutron star’s birth properties, age, and distance. The expanding blast wave
in SNRs creates an X-ray emitting shell with abundances suggestive of the ISM or CSM
while the reverse shock creates an inner shell of abundances reflecting the composition
of the stellar ejecta. By studying the X-ray spectra of SNRs, one can probe into the
elemental abundances of the prime nucleosynthesis products produced in a supernova
explosion. Emission lines from O, Ne, Mg, Si, S, Ar, Ca, and Fe are observed to dominate
the X-ray spectra of young SNRs in the 0.5–10 keV range, with the strength of the
emission line reflecting the abundance of that element in the plasma. Therefore, X-ray
spectroscopic studies of these elements can be used to infer the progenitor mass, providing
important information on the environments in which the SN explosion occurs as well as
the nature of their progenitor stars (Filippenko 1997; Chevalier 2005).
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Currently, there are two SNRs securely associated with the HBPs: G292.2–0.5/J1119–
6127 and Kes 75/J1846–0258, and 4 SNRs associated with the magnetars: SGR 1627–
41/G337.0–0.1, CTB 109/1E 2259+586, G327.24–0.13/1E 1547.0–5408, and Kes 73/1E 1841–
045. Other proposed associations are: N49/SGR 0526–66, W41/Swift J1834.9–0846,
G29.6+0.1/AX J1845–0258, CTB 37B/CXOU J171405.7–381031, and G333.9+0.0/PSR
J1622–49506 (see Safi-Harb & Kumar 2012 for a recent review). This thesis includes the
X-ray study of two SNRs: G292.2–0.5 associated with the HBP J1119–6127 and Kes 73
associated with the magnetar 1E 1841–045. Chapters 3 and 4 present the studies of the
compact objects while Chapters 7 and 8 focus on their associated SNRs.
The progenitor masses may be determined by comparing the nucleosynthesis products
between the observations and available core-collapse nucleosynthesis yield models. In
this research, we consider the Woosley & Weaver (1995) and Thielemann et al. (1996)
nucleosynthesis models for core-collapse SNRs. These models have been computed by
artificially simulating a SN explosion, injecting thermal energy into the Fe core such that
the ejecta attains a kinetic energy of ∼1051 ergs. The Woosley & Weaver (1995) models
provide nucleosynthesis yields for core-collapse supernovae of varying masses ranging from
13–40M⊙ whereas Thielemann et al. (1996) models provide the yields specifically for the
13, 15, 20 and 25M⊙ progenitor stars. However, the yields obtained from these two
models for a particular progenitor star differ due to the different assumptions used in
the processes such as convection, explosion energy and explosion mechanisms, mass-loss,
initial metallicity etc. (Hoffman et al. 1999). Also, Thielemann et al (1996) models
produce more Ne and Mg, and less Fe in the high mass (≥20–25 M⊙ ) stars than the
Woosley & Weaver (1995) models, but they agree fairly well with each other for the
lower mass stars (≤20M⊙ ). The nucleosynthesis models show that the mass or relative
abundance ratio [X/Si]/[X/Si]⊙ of ejected mass of any element X with respect to Silicon
6

http://www.mrao.cam.ac.uk/surveys/snrs/ for Dave Green’s catalogue of Galactic SNRs, and
http://www.physics.umanitoba.ca/snr/SNRcat/ for a census of the high-energy observations of Galactic
SNRs.
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(Si) varies significantly as a function of the progenitor mass (Willingale et al. 2002). The
ratios are computed with respect to Si as Si is the least dependent on the progenitor mass
(Thielemann et al. 1996). From the abundances obtained by fitting the X-ray spectra of
young SNRs, we first calculate the abundance ratio of each element with respect to Si.
Next, by comparing the ratios of all elements with the available nucleosynthesis models,
the progenitor mass of the remnant can be determined.
To date, we do not have any conclusive evidence on the origin of such ultra-high
magnetic fields. The study of progenitor star properties can, therefore, also help in testing
the different models hypothesizing their origin. For example, another competing model
explaining the origin of high magnetic fields in magnetars, in addition to the magnetar
model, is the fossil field hypothesis suggested by Ferrario & Wickramasinghe (2006), based
on a population synthesis study of their observed properties. According to this model,
the very large magnetic field is a relic of its own progenitor star, which was amplified
during its collapse. The progenitor stars are expected to have masses between 20 M⊙
≤ Mp ≤ 45 M⊙ , where Mp is the progenitor mass, in order to generate such extremely
high magnetic fields. It is also suggested that the star’s progenitor mass can influence the
spin and distribution of magnetic field in the newborn magnetar (Heger et al. 2003). As
well, the combined effects of the dynamo process (as explained by the magnetar model
hypothesis) and the shearing of a poloidal field of fossil origin can produce strong poloidal
and toroidal magnetic field components.

1.6

Thesis motivation and outline

Since the discovery of the first pulsar in 1967, we have come a long way in our understanding of these rapidly spinning neutron stars. These objects are important astrophysical
laboratories to test gravitational and particle physics, neutron star’s equation of state, as
well as understanding physics in extremely high magnetic fields impossible to reproduce
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on Earth. The past decades have shown us a diverse population of neutron stars with
puzzling observational properties such as a wide range of magnetic field strengths, ages,
evolutionary stages, and progenitor masses. The primary focus of this thesis is the highly
magnetized neutron stars, namely the high-magnetic field pulsars (HBPs) and magnetars,
with magnetic fields greater than the quantum critical field strength of ∼ 4.4×1013 G.
There are still many outstanding issues that remain debatable regarding these objects
such as the conditions that determine a neutron star to be born with magnetar-like or
Crab-like properties, the environment and progenitors of highly magnetized neutron stars,
the origin of their extremely large magnetic fields etc. In this thesis, we have addressed
some of these questions by (1) studying the high-energy properties of the compact objects:
two HBPs and two bursting magnetars, and (2) X-ray imaging and spectral analysis of
the SNRs/PWNe associated with two of these sources. The latter study was particularly
aimed at determining the supernova explosion properties and ambient conditions, and
inferring the mass of the progenitor stars that created these compact objects. A comparison of the common characteristics of all the magnetars/HBPs and their hosting SNRs
through such studies, can provide solid constraints on their evolutionary links, emission
mechanisms, and morphology.
The outline of the thesis is given below. The studies, presented here, are focused on
data using X-ray observatories and have been published (except for Chapter 8 that has
been submitted for publication).
Chapter 2 reviews the X-ray emission mechanisms seen in SNRs and pulsars relevant
to this thesis. The main properties of the X-ray telescopes used for observations here,
namely Chandra, XMM-Newton, and Swift are briefly discussed.
Chapter 3 presents the results obtained from the archival Chandra observation of
the high-magnetic field pulsar J1846–0258. We report the discovery of magnetar-like
behavior from this pulsar, revealing for the first time the apparent connection between
the high-magnetic field pulsars and magnetars.
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Chapter 4 describes the results on the high-magnetic field pulsar J1119–6127 using
Chandra observations. This pulsar has similar spin properties as J1846–0258 but so far
has not displayed magnetar-like behavior. This chapter focuses on the X-ray properties
of the X-ray detected pulsar and its surrounding compact nebula first discovered with
Chandra, together with a comparison of its properties to other HBPs including J1846–
0258 presented in Chapter 3.
Chapter 5 presents the results on the recently discovered magnetar SGR 0501+4516
using the Swift satellite. We performed a detailed spectral and statistical analysis of the
bursts observed from SGR 0501+4516 and compared our results with those seen in other
SGRs. Our results were found to be consistent with the magnetar model predictions.
Chapter 6 presents the results of another magnetar, AXP 1E 1841–045, using the
Swift satellite. We performed a detailed study of an SGR-like burst discovered from this
AXP in May 2010, detected for the first time since its discovery in 1985. The burst
properties were similar to those observed in typical short SGR-like bursts. The AXP also
displayed flux variability associated with the burst.
Chapter 7 presents the results on the SNR G292.2–0.5 associated with the HBP
J1119–6127 using all available Chandra and XMM-Newton observations. We performed
a detailed imaging and spatially resolved spectroscopic study of this SNR and estimated
the SNR explosion properties as well as the mass of its progenitor star.
Chapter 8 presents the results on the SNR Kes 73 associated with a magnetar,
1E 1841–045, using Chandra and XMM-Newton observatories. The detailed multi-wavelength
imaging and spatially resolved spectroscopic study of this SNR constrained the remnant’s
explosion properties. Like for G292.2–0.5, we also inferred the mass of progenitor star
that created Kes 73.
Chapter 9 summarizes the major findings of our study on the bursts and environs of
highly magnetized neutron stars.
Appendix A describes the different X-ray spectral fitting models used in the data
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analysis throughout this research work.
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Chapter 2
X-ray emission processes and
observatories
2.1

Introduction

In this chapter, we provide a brief overview of the X-ray emission mechanisms and the
main capabilities of the X-ray observatories used to carry out this research. The radiation
mechanisms responsible for the production of X-rays in SNRs, pulsars, and magnetars include both thermal and non-thermal emission processes. The section below (2.2) focusses
only on the emission mechanisms that are relevant to this thesis and based on the standard textbooks by Longair 2011 and Charles & Seward 1995, and the review papers by
Mewe 1999, Kaastra et al. 2008, and Vink 2012, unless otherwise stated. We refer to
Appendix A for details on all the spectral fitting models used in this research work. The
satellites used for this research are NASA’s Chandra and Swift X-ray observatories, and
the European Space Agency’s XMM-Newton. Section 2.3 presents a brief summary of the
capabilities of these powerful X-ray telescopes.
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X-ray emission processes

As a SNR expands, the ejected material is heated to X-ray emitting temperatures of
&106 K. At these temperatures, the atoms are highly ionized with electrons and ions.
The electrons are mainly responsible for the observed thermal X-ray emission originating
from the shock-heated gas. Under these circumstances, it is important to understand
the temperature and ionization state of the plasma in the SNR. Thermal equilibrium is
achieved when the average energy of all particles is the same (Charles & Seward 1995).
The particles passing through the SNR shock front are heated to a mean temperature
kTi,e ∼ 3/16mi,e Vs2 , where Ti,e and mi,e are the ion and electron temperatures and masses,
respectively, and Vs is the shock velocity. The ions being more massive than electrons are
immediately heated after the passage of the shock and attain larger thermal energy than
the electrons. Therefore, the electrons and ions are in a state of non-equipartition initially.
It is suggested that the electrons are gradually heated to reach equipartition with ions
through ‘collisionless’ heating, where energy is transmitted through the magnetic field to
the surrounding material (Tidman & Krall 1971; Charles & Seward 1995). However, a
detailed knowledge on the heating mechanism of electrons is still missing.
Ionization equilibrium occurs when the rate of ionization is balanced by the rate of
recombination. In a shocked-heated plasma, the newly shocked ions are collisionally
ionized to higher states. Since the SNR’s shock waves propagate through a medium
with a very low density of ∼1 cm−3 , the time required for electrons and ions in the
shocked interstellar gas and ejecta to achieve ionization equilibrium often exceeds the
typical lifetime of a young remnant. Therefore, most of the young SNRs are in a state of
non-equilibrium ionization (NEI; Itoh 1977, 1978). The time evolution of the plasma to
R
achieve ionization equilibrium is given by τ = ne dt, where τ is the ionization age, which

measures the extent to which the ionization state of a plasma reaches its equilibrium

state, ne is the electron density, and t is the time since the passage of shock. For typical
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densities of ∼1 cm−3 , the timescale needed for remnants to reach ionization equilibrium
is estimated as ∼1012 cm−3 s (Masai 1984, 1994).
X-ray spectroscopic studies can directly measure the ionization age of the SNRs,
thus enabling us to infer whether the SNR plasma is in ionization equilibrium or nonequilibrium ionization. The X-ray emitting hot plasma in NEI initially radiates thermal
bremsstrahlung, representing the high temperature just after the heating, accompanied by
line emission characteristic of the NEI structure corresponding to the pre-heating state
(Mewe 1999). As a result, the line spectrum appears softer than the bremsstrahlung
continuum, which gradually disappears as the gas ionizes fully (Mewe 1999).

2.2.1

Bremsstrahlung

Thermal bremsstrahlung, also known as free-free absorption, is the dominant continuum
radiation in optically thin thermal plasma and results from the acceleration of free electrons, with a Maxwellian velocity distribution and electron temperatures Te > 107 K, in
the electric fields of ions. The emissivity of a plasma with electron and ion density ne and
ni , respectively, is given by

ǫf f

√
1/2

2
2 2ασT cne ni Zef
me c2
f
√
gf f e−E/kTe ,
=
kTe
3πE

(2.1)

where α is the fine structure constant, σT is the Thomson cross section, E is the energy
of the emitted photon, and gf f ≈ 1 is the Gaunt factor. Zef f is the effective charge of
the ion given by Zef f = (n2r Ir /EH )1/2 , where EH is the ionization energy of hydrogen
(13.6 eV), Ir is the ionization potential of the ion after a recombination, and nr is the
corresponding principal quantum number. For E << kTe , the bremsstrahlung spectrum
appears approximately flat and for E >> kTe , the spectrum drops exponentially (Kaastra
et al. 2008). When the electron distribution is not Maxwellian, it is called a non-thermal
bremsstrahlung contributing mainly to the hard X-ray/γ-ray spectrum.
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Thermal bremsstrahlung mainly dominates the soft X-ray continua, with the energy
spectrum strongly dependent on the temperature, and provides a direct glimpse of the electron temperatures (kTe ) behind the blast wave using X-ray observations (Mewe 1999). In
addition, the emissivity is also determined by the electron and ion (protons/He ions) dens2
ities (∝ne ni Zef
f ; Vink 2012). Hence, another important parameter that can be inferred
R
from the X-ray spectrum is emission measure, defined as EM = ne nH dV , integrated

over the volume V of the shocked ejecta, where nH is the hydrogen density. EM is defined

as a measure of the amount of plasma available to produce the observed flux (Mewe 1999)
and is incorporated in the standard X-ray data spectral fitting softwares such as XSPEC
(Arnaud 1996) in the form of a ‘normalization’ quantity, defined as EM × 10−14 /4πD 2
(where D is the distance to the source taken into account to convert to flux units; see
R
Appendix A). Using the normalization factor ne nH dV /4πD 2 , one can estimate the hydrogen, electron, and ambient densities nH , ne = 1.2nH , and n0 = ne /4.8 of a SNR in

Sedov-Taylor expansion (Sedov 1959)

2.2.2

Line emission

The line emission observed in the SNR spectrum mainly results from collisional excitation,
also known as bound-bound emission, either by direct excitation or recombination. Here,
the collision of an ion with an electron excites the ion to a higher energy level and while
decaying back to the ground level, a photon of appropriate energy is emitted which appears
as emission lines (Kaastra et al. 2008). In hot SNR plasmas, elements are highly ionized
to H-like (an atom consisting of one nucleus and a single electron) or He-like (an atom
consisting of one nucleus and two electrons) states. The strength of an emission line
in a spectrum reflects the abundance of that element in the plasma, and hence, the line
emissions in SNR spectra can provide important information on the chemical composition
of the radiating plasma.
The probability per unit time Pij (in units of photons cm−3 s−1 ) of a particular spectral
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line with a transition from the lower level i to the excited level j is given by

Pij = Aij nj ,

(2.2)

where Aij (units: s−1 ) is the spontaneous radiative transition probability and nj is the
ion density (units: cm−3 ) in the excited state j. The relative population of ions (nj /ng
<< 1) can be determined from

ng ne Sgj = nj Agj ,

(2.3)

where ng is the ion density in the ground state and Sgj is the rate of excitation from the
ground state g to excited state j.
The lines observed in X-ray spectra of young SNRs due to shock-heated ejecta, including those from O, Ne, Mg, Si, S, Ar, Ca, and Fe, are detected in the 0.5-10 keV energy
band, which is Chandra’s and XMM-Newton’s bandpass.

2.2.3

Blackbody radiation

The simplest case of thermal radiation originating from a neutron star’s surface at temperatures of ∼ 106−7 K is that of a black-body (BB) which absorbs all radiation falling
on it and emits a smooth spectrum of radiation. The peak wavelength of the spectrum
depends only on the temperature of the source. The intensity of blackbody radiation is
described by the Planck spectrum as

Bν (T ) =

2hν 3 /c2
,
ehν/kT − 1

(2.4)

where h is the Planck’s constant and kT is the temperature of the source. For hν << kT ,
Bν ∼

2kT
λ2

known as the Rayleigh-Jeans law, and for hν >> kT , Bν ∼

as the Wein’s approximation law.

2hν 3 −hν/kT
e
c2

known
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Assuming isotropic emission, we can also determine the monochromatic luminosity Lν
from the Planck’s function as
Lν = 4π 2 R2 Bν dν,

(2.5)

Integrating over all wavelengths,
Z

∞

Bν (T )dν =
0

σT 4
,
π

(2.6)

where R is the radius of the emitting region, σ is the Stefan−Boltzmann constant, and T
is the effective temperature of a star’s surface. For neutron stars, we estimate the radius
4
using the formula L = 4πR2 σTef
f . In terms of monochromatic flux measured by a distant

observer, we can write the equation as

Fν dν =

Lν
dν,
4πD 2

(2.7)

where D is the distance to the star.

2.2.4

Synchrotron emission

The dominant form of non-thermal radiation observed in neutron stars (and SNR shells)
arises from the synchrotron emission of high-energy particles accelerated in the pulsar
magnetosphere (or at SNR shocks), or due to the interaction between relativistic magnetized PWNe and confining medium. Synchrotron emission is produced by the acceleration
of relativistic electrons gyrating in a magnetic field and is emitted over a wide range of
energies producing a continuous spectrum (Ginzburg & Syrovatskii 1967). The radiation
is highly polarized, which is seen at all wavelengths, and can also be beamed at relativistic
speeds. The power emitted by a single electron of velocity v in a magnetic field B is given
by
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P =

4c
σT γ 2 β 2 UB ,
3

(2.8)

(e2 /me c2 )2 is the Thompson cross-section (me : mass of electron), γ =
where σT = 8π
3
p
1/ 1 − (v/c)2 is the Lorentz factor which measures the importance of relativistic effects
p
(c: speed of light), β = 1 − 1/γ 2 and UB = B2 /8π is the energy density of the magnetic
field (see Rybicki & Lightman 1986 for detailed calculations).

From an astronomical point of view, we generally consider a population of electrons
having a distribution of energies, which can be described by a power-law as

N(E)dE = κE −p dE,

(2.9)

where N(E) is the number of photons between energies E and E+dE, N0 is a constant,
and p is the power-law index of the electron distribution (Longair 2011). The synchrotron
radiation spectrum emitted by an electron of E can be assumed to peak near a critical
frequency νc , as

2

ν ≈ νc ≈ γ νg =
where νg =

eB
2πme



E
me c2

2

νg ; νg =

eB
,
2πme

(2.10)

is the non-relativistic gyrofrequency of an electron, which denotes the

number of times per second the electron rotates about the magnetic field direction. Now,
the energy radiated in the frequency range ν + dν can be written as


dE
N(E)dE,
J(ν)dν = −
dt

(2.11)

The electron energy is given by E = γme c2 ∼ (ν/νg )1/2 me c2 . Solving the above equation,
the emissivity is determined as
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J(ν) ∝ B (p+1)/2 ν −(p−1)/2
∝ν

(2.12)

−α

where α = (p − 1)/2 is the spectral index of the synchrotron emission of electrons and
is determined by the slope of the electron energy spectrum p (Longair 2011). Thus,
the shape of the emitted spectrum depends on the electron energy distribution and the
strength of the magnetic field. At X-ray energies, the synchrotron spectrum can be defined
as I(E) ∝ E −Γ , where Γ ≡ 1+α is the X-ray photon index (thus, the fits with a “powerlaw” model). The synchrotron spectra can be described as “hard” or “soft” based on the
spectral index value. The larger the value of α, the softer (steeper) the spectrum. Since
the slope of the power-law determines how rapidly the energy spectrum drops off with
increasing energy, a larger value of p results in a steeper power-law slope implying that
the higher energies are less prominent in the particle population (Longair 2011).

2.3

X-ray observatories

The history of X-ray astronomy dates back to the early years after World War II with
the detection of X-ray emission from the solar corona. The first detection of X-rays from
an extra-solar source came from an accretion-powered neutron sar, Scorpius X-1, in 1962
by a team led by Riccardo Giacconi during a rocket flight (Giaconni et al. 1962). The
success of this flight paved the way for many rocket flights in the 1960s, which discovered
many new stellar and extragalactic sources. The first generation of X-ray observatories
began with the launch of Uhuru in 1970 by NASA (Giacconi et al. 1971). Uhuru was
entirely dedicated to X-ray astronomy, which performed an all-sky survey using collimated
proportional counters and detected over 300 sources including binary X-ray sources, SNRs,
neutron stars, galaxies, quasars, etc. (Giacconi et al. 1971). Subsequent years saw rapid
progress in the development of sophisticated X-ray detectors and the launch of many great

2.3 X-ray observatories

43

observatories such as Einstein, ROSAT, ASCA, RXTE, Chandra, and XMM–Newton. In
the following sub-sections, we provide a very brief overview of Chandra, XMM-Newton,
and Swift satellites (all currently operating) used in this research, which allowed us to
acquire data for SNRs and the highly magnetized neutron stars. Table 2.1 lists the main
detector characteristics for these missions.
Table 2.1 Summary of mission characteristics of X-ray observatories
Mission

Detector

Chandra
XMM-Newton

ACIS
MOS
PN
BAT
XRT

Swift

Energy Band
(keV)
0.2 – 10
0.1 –15
0.1 – 15
15 – 150
0.2 – 10

Effective area FOV
(cm−2 )
550
17′ × 17′
922
33′ × 33′
1227
27′ .5 × 27′ .5
5200
1.4 Steradians
120
23′ .6 × 23′ .6

PSF
0.5′′
17′′
17′′
17′
18′′

Note. — For further details, see http://cxc.harvard.edu/ for Chandra, http://xmm.vilpsa.esa.es/ for
XMM-Newton, and http://swift.gsfc.nasa.gov/ for Swift.

2.3.1

Chandra

The Chandra X-ray observatory was launched by NASA on 23 July 1999 and is known for
its unprecedented capabilities for sub-arcsecond imaging (Weisskopf et al. 2002). The two
focal plane instruments onboard Chandra 1 are the Advanced CCD Imaging Spectrometer
(ACIS; Garmire et al. 2003) using charge-coupled device (CCD) detectors and the High
Resolution Camera (HRC; Murray et al. 2000) using micro-channel plates to detect X-rays.
Chandra also has two transmission grating spectrometers, formed by sets of gold gratings
placed just behind the mirrors, one optimized for low energies (LETG; Brinkman et al.
2000) and the other for high energies (HETG; Markert et al. 1994). The data presented
1

See http://cxc.harvard.edu/proposer/POG/html/index.html for a detailed overview of the Chandra
spacecraft and science instruments.
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Figure 2.1 Configuration of Chandra ACIS-I (top) and ACIS-S (bottom) instruments,
with the default aimpoints of each configuration marked by a cross. Image adapted from
http://cxc.harvard.edu/cal/Acis/

in this thesis are obtained with Chandra’s ACIS detectors, discussed below.
The ACIS detectors have excellent spatial resolution (0.5′′) and high detector efficiency
in the 0.2–10 keV band. They consist of two CCD arrays: a 4-chip array, ACIS-I, and a
6-chip array, ACIS-S (see Table 2.1). Each CCD contains 1024×1024 pixels, designed to
collect imaging and spectral information of the source simultaneously. ACIS-I is comprised
of front-illuminated (FI) CCDs while ACIS-S is comprised of 4 FI and 2 back-illuminated
(BI) CCDs, one of which is at the best focus position. The response of the BI CCDs
extends to lower energies in comparison with the FI CCDs, with the energy resolution
mostly independent of position whereas the response of the FI CCD is more efficient
at higher energies, with the energy resolution varying with position. The point spread
function (PSF), which is a function of source position and energy, of the mirror is much
better at the centre of the field of view (FOV) than it is off-centre. For an on-axis source,
90% of its photons will arrive within a circular region of radius 2–2.5 pixels and for
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an off-axis source, the 90% encircling region can be as large as 5 pixels in radius. The
configuration of the Chandra ACIS instruments with default aimpoints (nominal positions
on the ACIS detectors where the flux from a point source with no target offsets is placed)
are shown in Figure 2.1.

Figure 2.2 Configuration of the XMM-Newton EPIC MOS (left) and pn (right) cameras.
Image adapted from http://heasarc.gsfc.nasa.gov/docs/xmm/uhb/epic.html

2.3.2

XMM-Newton

The XMM-Newton observatory was launched by the European Space Agency (ESA) on
10 December 1999. XMM-Newton, which has a large collecting area of 4500 cm2 at 1 keV,
carries three science instruments: the European Photon-Imaging Camera (EPIC; Struder
et al. 2001; Turner et al. 2001), the Reflection Grating Spectrometer (RGS; den Herder
et al. 2001), and the Optical Monitor (OM; Mason et al. 2001). The data presented here
is obtained with EPIC and the detector details are listed in Table 2.1.
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EPIC2 is comprised of a set of three CCD cameras for moderate resolution X-ray
spectroscopy and X-ray photometry. Two of the cameras contain the MOS CCD arrays
and the third uses the pn CCD. The MOS camera is composed of seven FI CCDs with a
central CCD in the focal plane and six surrounding ones. Each CCD consists of 600 ×
600 pixels with a pixel size of 1′′ .1 × 1′′ .1 of the sky. The pn camera has 12 BI CCDs
of 64 × 200 pixels arranged in two rows of six CCDs. A schematic configuration of the
EPIC instrument is shown in Figure 2.2.

2.3.3

Swift

The Swift multiwavelength observatory was launched by NASA on 11 December 2004,
and is a mission dedicated to the study of gamma-ray bursts (GRBs) and their afterglows
(Gehrels 2004). Swift has also successfully discovered a few magnetars and caught many
of their outbursts. It has three instruments onboard, namely, the Burst Alert Telescope
(BAT) operating in the 15–150 keV energy range (Barthelmy et al. 2005), X-ray Telescope (XRT) operating in the 0.3–10 keV energy range (Burrows et al. 2000; Hill et al.
2000) and Ultraviolet/Optical Telescope (UVOT) operating in the 170–600 nm waveband
(Roming et al. 2005). These detectors are designed to provide rapid identification and
multiwavelength follow-up of gamma-ray bursts (GRBs) and their afterglows. The BAT
first detects the GRB and its coded-aperture mask design locates the burst to 1′ –4′ accuracy within 20 s after the start of the event. The satellite quickly slews to bring the burst
within the field of view of XRT and UVOT to observe the immediate burst afterglow.
The detectors used in this study are BAT3 and XRT4 , and their configuration details
are given in Table 2.1. The BAT monitors a large fraction of the sky for GRBs in the
2

See http://xmm.esac.esa.int/external/xmm user support/documentation/technical/EPIC/index.shtml
for a detailed overview of EPIC onboard XMM-Newton.
3

See http://heasarc.nasa.gov/docs/swift/about swift/bat desc.html for a detailed overview of BAT.

4

See http://heasarc.nasa.gov/docs/swift/about swift/xrt desc.html for a detailed overview of XRT.
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15–150 keV energy range and uses a coded aperture mask, consisting of approximately
54000 lead tiles. With its large field-of-view (2 steradians) and high sensitivity, the BAT
detects about 100 GRBs per year, and computes burst positions onboard the satellite with
arc-minute positional accuracy. The detector consists of 256 modules of 128 elements
(CdZnTe). BAT has two operational modes, burst mode and survey mode. In burst
mode, BAT reads data in a photon counting mode. When not triggered on a burst, the
instrument collects data by count rate in 64 energy bins. The XRT is a grazing-incidence
telescope providing X-ray imaging, spectroscopy, and timing. The CCD consists of an
image area with 600 × 602 pixels (40 × 40 microns) and a storage region of 600 × 602
pixels (39 × 12 microns). The XRT takes images and obtains spectra of GRB afterglows
during pointed follow-up observations. The images are used for higher accuracy position
localizations, while the light curves are used to study flaring and the long-term decay of
the X-ray afterglow.
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Chapter 3
Magnetar-like behavior from the
high-magnetic field pulsar
J1846–0258
The content of this chapter, reproduced by permission of the AAS, is published in the
refereed paper: Kumar, H. S., & Safi-Harb, S., Variability of the high magnetic field Xray pulsar J1846–0258 associated with the SNR Kes 75 as revealed by the Chandra X-ray
observatory, Astrophysical Journal Letters, 678, 43–46, 2008.
This chapter presents the results obtained from the archival Chandra observations of
the high-magnetic field pulsar J1846–0258. As discussed in Chapter 1, the high-magnetic
field pulsars (HBPs) were suggested to present an important link between the conventional Crab-like pulsars and magnetars. Here, we report the discovery of a magnetar-like
behavior from J1846–0258 which strengthened for the first time the connection between
HBPs and magnetars, previously thought to fall under distinct classes of objects.

3.1 Introduction
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Introduction

Magnetars are highly magnetized neutron stars with magnetic fields B ∼ 1014−15 G, at
least two orders of magnitude higher than the Crab-like pulsars (B ∼ 1012 G). Two types of
objects are thought to be magnetars – the Anomalous X-ray Pulsars (AXPs) and the Soft
Gamma Repeaters (SGRs), having spin periods P ∼ 2–12 s and X-ray luminosities, LX ,
much larger than their spin-down luminosities, Ė (Woods & Thompson 2006). There is
now growing evidence of a new and small class of pulsars, the high magnetic field pulsars
(HBPs), with spin and magnetic properties intermediate between the rotation-powered
pulsars and the magnetars, and with magnetic fields B ≥ BQED ; where BQED = m2e c3 /~e
= 4.4×1013 G is the so-called quantum critical field. It is still under debate whether these
HBPs form transient objects between the classical pulsars and the magnetars or whether
they stand as a separate class of population. So far, there are six HBPs discovered with
B ≥ BQED , five of which are discovered as radio pulsars.
PSR J1846−0258 is an energetic HBP discovered in X-rays, powering a bright pulsar
wind nebula (PWN), at the center of the composite type SNR Kes 75 (SNR G29.7−0.3)
of ∼ 3.5′ in diameter (Gotthelf et al. 2000). It has a rotation period P = 324 ms, a
period derivative Ṗ = 7.1 × 10−12 s s−1 , a magnetic field B = 5 × 1013 G, and a spindown luminosity Ė = 8.3 × 1036 erg s−1 . With a characteristic age of 723 yrs, it is likely
the youngest of all known rotation-powered pulsars (Gotthelf et al. 2000). No radio
pulsations have been detected so far from this pulsar. It has been classified as a Crab-like
pulsar because of its non-thermal hard X-ray spectrum and for powering a bright PWN
(Gotthelf et al. 2000; Helfand et al. 2003, hereafter H03). Recent timing measurements
using the Rossi X-ray Timing Explorer (RXTE) placed an upper limit on the spin-down
age of 884 yrs for the pulsar, the smallest estimated age for any rotation-powered pulsar
based on a braking index n = 2.65 ± 0.01 (Livingstone et al. 2006). New Chandra and
Spitzer Space Telescope observations of the SNR Kes 75 suggests a Wolf-Rayet progenitor
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for the supernova explosion (Morton et al. 2007). Until now, all calculations for the PSR
J1846−0258 were based on a distance of 19 kpc obtained from neutral hydrogen absorption
measurements (Becker & Helfand 1984). Also, its X-ray efficiency (ηX = LX /Ė = 5%;
calculated using luminosities quoted by H03 at a distance of 19 kpc) is very high compared
to rotation-powered pulsars. Recently, Leahy & Tian (2008) obtained a more accurate
distance of 6 kpc for the SNR Kes 75 using HI+13 CO observations of the VLA Galactic
Plane Survey. Revision of the distance from 19 kpc to 6 kpc lowers the luminosity and the
X-ray efficiency by a factor of 10. γ-ray observations using INT EGRAL detected soft
γ-rays from the pulsar and its PWN with a combined efficiency of ∼2.7% (recalculated
using a distance of 6 kpc) in the Chandra (2–10 keV) and INT EGRAL (20–100 keV)
bands (McBride et al. 2008).
PSR J1846−0258’s spin properties are remarkably similar to those of the radio pulsar
PSR J1119−6127, however their X-ray properties are very different (see Section 3.4.2).
Although PSR J1846−0258 has been classified as a Crab-like pulsar, its spin properties
and unusually high X-ray efficiency have long been suspected to be linked to its magnetarstrength field (e.g., Gotthelf et al. 2000). In order to compare the properties of these
two HBPs and shed light on the intriguing nature of PSR J1846−0258, we analyzed four
recent Chandra archived observations. Here, we report the results from this analysis and
show the first evidence of variability from the pulsar, revealing an activity most likely
linked to its magnetar-strength field.

3.2

Observations & Imaging Results

PSR J1846−0258 was observed with the Advanced CCD Imaging Spectrometer (ACIS)
onboard the Chandra X-ray Observatory (CXO) in 2000 Oct 15 (ObsID: 748), and again
in 2006 June 7–12 (ObsIDs: 6686, 7337, 7338, 7339). The source was positioned at
the aimpoint of the back-illuminated S3 chip of the ACIS. The CCD temperature was
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−120 C, with a CCD frame readout time of 3.2 s. The data were reduced using the
standard CIAO 3.4 routines. The resulting effective exposure time was 192.2 ks for all
the five observations.

Figure 3.1 Lef t: Chandra ACIS-S3 tri-color image of the PSR J1846−0258 and its hard
PWN at the center of the SNR Kes 75. Right: The zoomed-in intensity image of PSR
J1846−0258 and its PWN (in logarithmic scale) adaptively smoothed using a Gaussian
with σ = 1′′ –3′′ for a significance of detection 2 to 5. Overlaid in green are the regions
selected for the spectroscopic study of the pulsar (2′′ -radius central circle) and PWN
(18′′-radius outer circle excluding the pulsar).
Figure 3.1 (left) shows the combined ACIS-S3 image of the thermally emitting plasma
from the SNR Kes 75 (studied in detail by Morton et al. 2007) and the PSR J1846−0258
(αJ2000 = 18h 46m 24s .94 ± 0s .01, δJ2000 = −02◦ 58′ 30′′ .1 ± 0′′ .2; H03) surrounded by a
bright and hard PWN. The background-subtracted images were divided in the soft (0.5–
1.15 keV; red), medium (1.15–2.3 keV; green) and hard (2.3–10.0 keV; blue) energy bands,
adaptively smoothed using a Gaussian with σ = 1′′ –3′′ for a significance of detection 2
to 5, and finally combined to produce the image shown in Figure 3.1 (left). A detailed
spatially resolved spectroscopic study of the PWN features is beyond the scope of this
paper. Here, we will focus on the overall spectrum of the PWN to study any changes in
its properties from 2000 to 2006 in the context of the variability detected from the pulsar.
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Spectroscopy of PSR J1846−0258 and its PWN

The spectroscopic study of PSR J1846−0258 and its PWN was carried out in the 0.5–10
keV energy range using XSPEC version 12.4.1. The spectrum of the pulsar was extracted by selecting a circular region of 2′′ -radius centered on the pulsar (Fig. 3.1 (right)),
encompassing 90% of the encircled energy1 . The background region was selected from an
annular ring from 3′′ to 4′′ centered on the pulsar to subtract the contamination by the
surrounding bright PWN. The spectrum of the PWN was extracted from a circular region
of 18′′ -radius (Fig. 3.1 (right)). The background was extracted from a source-free region
to the north-west of the pulsar. The spectra extracted were grouped by a minimum of
20 and 50 counts per bin for the 2000 and 2006 data, respectively, and the errors were
calculated at the 90% confidence level.
Table 3.1 Spectral fits to the PSR J1846−0258 and its PWN for the 2000 and 2006
observations
Parameter
NH a
Γ
kT (keV)
F (PL)b
F (BB)b
χ2ν (dof )
LX c
ηX

2006 PSR
PL
BB+PL
4.15+0.09
4.15
(frozen)
−0.12
+0.05
1.97−0.07
1.97 (frozen)
···
0.74+0.32
−0.05
−11
−11
2.7+0.1
2.4+1.3
−0.2 × 10
−0.3 × 10
−13
···
4.7+7.5
−2.2 × 10
1.02 (833)
1.01 (832)
+0.03
35
35
1.16−0.07 ×10
1.03+3.40
−0.96 ×10
+0.04
+4.0
1.4−0.08 %
1.2−1.1 %

2000 PSR
PL
3.96 (frozen)
1.32+0.08
−0.09
···
(4.3±0.2)×10−12
···
1.10 (165)
(1.85±0.08)×1034
0.2±0.01%

2006 PWN
PL
3.92±0.05
1.89±0.03
···
−11
3.6+0.2
−0.1 × 10
···
0.99 (1170)
35
1.55+0.05
−0.07 × 10
+0.06
1.85−0.08 %

2000 PWN
PL
3.84+0.10
−0.12
1.83+0.05
−0.06
···
−11
3.3+0.2
−0.1 × 10
···
0.91 (387)
35
1.4+0.09
−0.05 × 10
+0.10
1.6−0.05 %

Note. — a The derived column density NH in units of 1022 cm−2 from the XSPEC ‘wabs’ model uses
the Wisconsin cross-sections (Morrison & McCammon 1983). b Unabsorbed flux (0.5–10 keV) in units of
erg cm−2 s−1 . c Luminosity (0.5–10 keV) in units of erg s−1 .

A simple absorbed power-law (PL) model to the pulsar gave a poor fit due to CCD
1

http://cxc.harvard.edu/proposer/POG/html/ACIS.html
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pileup2 leading to the artificial flattening of the observed spectrum. PSR J1846−0258,
being a bright source, is affected by pileup with an estimated pileup fraction of ∼ 10%
for the 2000 data (H03) and 18% for the 2006 data. To account for pileup in our analysis,
we included a convolution model (“pileup”) in XSPEC. The resulting model (Fig. 3.2 (a),
Table 3.1) produced an excellent fit. The spectra were further examined by adding a
blackbody (BB) component to the model (after freezing the PL parameters) to account
for any surface thermal emission from the pulsar. We obtained a BB temperature kT =
+3.7
+7.5
6
−13
0.74+0.32
−0.05 keV (T = 8.6−0.6 ×10 K) and an unabsorbed thermal flux of (4.7−2.2 ) × 10

erg cm−2 s−1 (0.5–10 keV), which is only ∼2% of the total non-thermal flux. However,
the current statistics did not allow us to confirm or constrain the additional BB component. Using the BB component and assuming isotropic emission, we infer a BB radius
R = 0.23+0.18
−0.05 km, which is in agreement with the conventional polar cap radius Rpc ∼
P −1/2
)
= 0.27 km. We also independently carried out the spectral analysis of the
0.5( 0.1s

2000 data by freezing NH = 3.96 × 1022 cm−2 to compare with the values obtained by
H03. Our observed photon index Γ = 1.32+0.08
−0.09 is in good agreement with that obtained
by H03 (Γ = 1.39±0.04). Due to the limited number of counts, we could not add a BB
component to the 2000 data. The variability of the pulsar’s spectrum from 2000 to 2006
is discussed in Section 3.4.1. The PWN is well fitted with an absorbed PL as summarized
in Table 3.1. By comparing the 2000 and the 2006 spectral parameters, we note that the
+2
PWN’s luminosity and photon index have increased by ∼11+3
−4 % and ∼3−1 %, respectively;

however within error these changes are not significant.

2

See http://space.mit.edu/%7Edavis/papers/pileup2001.ps
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Figure 3.2 (a) The 2000 (red crosses) and 2006 data of PSR J1846−0258 fitted with an
absorbed PL model, corrected for pileup. (b) The 2006 PWN data fitted with an absorbed
PL model. Bottom panels: Residuals of the fit to an absorbed PL model.

3.4 Discussion

3.4
3.4.1

57

Discussion
X-ray variability of PSR J1846−0258

The PL fit to the pulsar clearly shows a flux enhancement and a spectral softening from
2000 to 2006 (Fig. 3.2 (a), Table 3.1). The corresponding increase observed in the
luminosity by more than a factor of 6 provides evidence for brightening of the pulsar,
suggesting for the first time an activity most likely associated with its ultra-high Bfield. We now discuss the implications of the observed variations in the spectrum of PSR
J1846−0258 considered as a Crab-like pulsar so far. Firstly, rotation-powered pulsars are
known to be steady while PSR J1846−0258 has brightened by a factor of 6, a behavior
seen in magnetars. For example, the transient magnetar XTE J1810-197 brightened by 2
orders of magnitude in 2003 (Ibrahim et al. 2004); and the most recently discovered 2-s
magnetar, 1E 1547.0−5408 (Camilo et al. 2007), had its X-ray flux vary by a factor of 7
between 1980 and 2006 (Gelfand & Gaensler 2007; Halpern et al. 2007). Secondly, the
pulsar’s spectrum softened as it brightened (Γ increased from 1.32 to 1.97), indicating a
spectral change that could be tied to a change in its B-field configuration or a magnetarlike burst. Thirdly, there is a hint that the PWN’s spectrum has also changed as seen
from the increase in its LX by ∼11% and a slight softening of its spectrum. While these
changes are not significant within error, they support the emergence of a magnetar-like
burst from PSR J1846−0258 which would have injected relativistic particles in the PWN,
thus enhancing its brightness observed in 2006. Furthermore, as pointed out by Kargaltsev
& Pavlov (2008), it is possible that the unusually high efficiency of the PWN could be
explained by a series of magnetar-like bursts. Therefore, based on the observed changes,
we conclude that PSR J1846−0258 revealed its identity as a magnetar, likely after a
magnetar-like burst.
Like the young rotation-powered pulsars, PSR J1846−0258’s X-ray spectrum is de-
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scribed by a PL spectrum with a hard photon index, even at its steeper phase (Γ = 1.97).
The only 2 magnetars having hard PL X-ray spectra with Γ ∼ 2 are SGR 1806−20 and
SGR 1900+14 (Woods & Thompson 2006). As well, its X-ray efficiency, despite being
high in comparison to rotation-powered pulsars, is still smaller than 1 — a characteristic
that differentiates rotation-powered pulsars from magnetars. Although these properties
pose some difficulty in interpreting the pulsar as a newly emerging magnetar, they can be
attributed to the pulsar being young and highly energetic. In particular, magnetars’ X-ray
luminosities can easily exceed their spin-down luminosity because they have a much lower
Ė (∼1033 erg s−1 ), ranging from ∼6 × 1031 erg s−1 for 1E 2259+586 to 5 × 1034 erg s−1
for SGR 1806−20. The highest known Ė of a magnetar is that of the 2-s magnetar, 1E
1547.0−5408, with Ė = 1.0×1035 erg s−1 (Camilo et al. 2007), still ∼2 orders of magnitude
smaller than that of PSR J1846−0258 . The X-ray luminosity of 1E 1547.0−5408 only
just exceeded its Ė during outburst. Furthermore, magnetars are known to spin down
fast to a period of a few seconds in ≤ 10,000 yrs, but PSR J1846−0258 is only ≤900 years
and hence, its Ė (∝P −3 ) is still high. Therefore, based on pure energetic grounds, PSR
J1846−0258’s rotational energy loss can still power its LX and the surrounding PWN, like
the rotation-powered pulsars. On the other hand, the unusually high X-ray efficiency (of
the pulsar and PWN) and the variability observed between 2000 and 2006 suggests that
at least a fraction of the X-ray luminosity is powered by magnetic energy that would be
supplied e.g. during a magnetar-like burst. Finally we note that we cannot rule out the
possibility that the pulsar’s LX exceeded its Ė prior to the 2006 Chandra observations
during a magnetar-like burst that was missed by the Chandra observations.

3.4.2

Comparison with the HBP PSR J1119−6127

Of all the HBPs, PSR J1846−0258 has the highest Ė = 8.3 × 1036 erg s−1 (Gotthelf et
al. 2000) and ηX = 1.4% (using the 2006 flux from this work). It has spin parameters
similar to the HBP PSR J1119−6127 (P = 407 ms, Ṗ = 4 × 10−12 s s−1 , B = 5 × 1013 G;
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Camilo et al. 2000) and both pulsars are now believed to be at about the same distance,
D ∼ 6 kpc (Gonzalez & Safi-Harb 2003, Leahy & Tian 2008). Despite the remarkable
similarities between their spin properties, they have very different X-ray properties. The
resolved spectrum of PSR J1119−6127 is best fitted by a two-component BB+PL model,
with the BB component dominating the X-ray emission (Safi-Harb & Kumar 2008), and
characterized by a high pulsed fraction of 74 ± 14% in the 0.5–2.0 keV (Gonzalez et al.
2005); however, the emission from PSR J1846−0258 is dominated by a PL model with a
hard photon index. Furthermore, the X-ray efficiency of PSR J1119−6127 is only ∼0.05%
(Safi-Harb & Kumar 2008), much lower than that of PSR J1846−0258. Moreover, PSR
J1119−6127 powers a weak PWN (ηX ∼ 0.02%, Safi-Harb & Kumar 2008) while PSR
J1846−0258 powers a much brighter PWN (ηX ∼ 1.85%). While the data presented here
show the first evidence of spectral changes from PSR J1846−0258 between 2000 and 2006,
no changes were observed in the Chandra data of PSR J1119−6127 taken in 2002 & 2004
(Safi-Harb & Kumar 2008). These differences indicate that the B-field strength is not
the sole parameter that determines their characteristics. We attribute these differences
mainly to their evolutionary state (PSR J1119−6127 being twice as old and less energetic),
their different NH (PSR J846-0258’s NH is at least twice as high as PSR J1119−6127’s
thus burying any soft BB component), and likely different progenitor stars. Morton et
al. (2007) suggests that Kes 75 could have resulted from the rare explosion of a WolfRayet star during a Type Ib or Ic event. Furthermore, PSR J1846−0258 has revealed its
magnetar-like nature only now. Since two transient magnetars have now been observed
in the radio (Camilo et al. 2006, 2007), monitoring of PSR J1846−0258 in the radio
and other wavelengths will shed more light on its magnetar nature. As well, monitoring
of PSR J1119−6127 in the X-ray may reveal in the future a magnetar-like activity as
observed for PSR J1846−0258, and as recently inferred for 1E 1547.0-5408 (Gelfand &
Gaensler 2007) .

3.5 Conclusions
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Conclusions

We have used the archival Chandra data to carry out a spectroscopic study of the HBP
PSR J1846−0258, classified as a Crab-like pulsar, and its PWN in the 0.5–10 keV energy
band. Our analysis of the pulsar’s spectrum revealed flux enhancement by a factor of more
than 6 and X-ray softening from 2000 to 2006, accompanied by a hint of flux enhancement
of the PWN. This provides the first observational evidence of a magnetar-like emission
associated with this HBP. It is still intriguing that the X-ray luminosity, even at its
observed peak, did not exceed the pulsar’s rotational energy power, suggesting that spindown can energetically power the X-ray emission from the pulsar and its PWN. Further
observations of this source at all wavelengths and monitoring of other HBPs will answer
the question whether HBPs are indeed transient magnetars disguised in other forms, and
will shed more light on the nature of these sources and their link to magnetars and the
rotation-powered pulsars.
We acknowledge a recent private communication with M. Gonzalez who, prior to the
submission of this paper, made us aware of the Gavriil et al. (2008) finding (paper
posted on the arXiv after submission of our manuscript), which confirm the results and
conclusions we had reached independently prior to the conversation, and which further
establish the magnetar nature of the pulsar. It was also brought to our attention, after
submission of our paper, that the variability detected from the pulsar with Chandra was
also independently found by Ng et al. 2008 (P. Slane, private communication). We thank
F. Camilo for commenting on our manuscript. S. Safi-Harb acknowledges support by the
Natural Sciences and Engineering Research Council of Canada and the Canada Research
Chairs program. This research made use of NASA’s Astrophysics Data System and of
NASA’s HEASARC maintained at the Goddard Space Flight Center.
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Chapter 4
X-ray properties of the
high-magnetic field pulsar
J1119–6127 in SNR G292.2–0.5
The content of this chapter, reproduced by permission of the AAS, is published in the
refereed paper: Safi-Harb, S., & Kumar, H. S. Using Chandra to Unveil the High-Energy
Properties of the High Magnetic Field Radio Pulsar J1119–6127, Astrophysical Journal,
684, 532–541, 2008.
This chapter presents the Chandra X-ray study of the high-magnetic field pulsar
(HBP) J1119–6127 and its associated pulsar wind nebula (PWN). The paper is included
in this thesis to compare the pulsar’s X-ray properties with PSR J1846–0258 (discussed
in Chapter 3), a pulsar with similar spin properties but that showed a magnetar-like
behavior.
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Introduction

A pulsar wind nebula (PWN) is a bubble of relativistic particles and magnetic field,
powered by the rotational energy of a young energetic pulsar. The PWN’s non-thermal
emission arises from synchrotron radiation of the high-energy particles injected by the
pulsar and accelerated at the site where the relativistic pulsar wind is decelerated by the
confining medium. As such, PWNe represent an ideal laboratory to study the physics of
neutron stars, particle acceleration, and relativistic shocks.
The Crab nebula has been viewed for almost three decades as the canonical example
of how a fast rotation-powered pulsar dumps its energy into its surroundings. However,
the past several years have witnessed a synergy of high-energy observations pointing to
a growing class of compact objects which manifest themselves differently from the Crab.
These include the anomalous X-ray pulsars (AXPs) and the soft gamma-ray repeaters
(SGRs), commonly believed to be highly magnetized neutron stars, or magnetars (B ∼
1014 –1015 G), powered by magnetic field decay rather than by rotation, and characterized
by relatively slow periods (5–12 seconds; see Woods and Thompson 2006 for a review).
So far, there is no evidence of PWNe surrounding these objects. Furthermore, they were
believed to be radio quiet, however recently radio emission has been observed from the
transient magnetar XTE J1810−197 (Halpern et al. 2005, Camilo et al. 2006) and 2second radio pulsations have been discovered from a new magnetar (1E 1547.0−5408;
Camilo et al. 2007).
Interestingly, there are about half a dozen radio pulsars with spin and magnetic field
properties intermediate between the “classical” Crab-like pulsars1 and the magnetars;
their spin periods range from a fraction of a second to ∼7 seconds, and their magnetic
field2 is close to the QED value of 4.4×1013 Gauss (the field at which the electron’s rest
1

A Crab-like pulsar here refers to a rotation-powered pulsar powering a PWN.

2

the magnetic field is derived assuming magnetic dipole radiation and is related to the spin period, P ,
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mass energy equals its cyclotron energy). The question whether these pulsars should
display more magnetar-like or Crab-like properties is still under debate (see e.g. the
references in Table 4.3). X-ray observations targeted to study these objects offer the best
window to address this question and better understand their emission properties. The
search for and study of any associated PWN should in particular shed light on the nature
of their high-energy emission in comparison with the other pulsars.
PSR J1119−6127 is a member of this small, yet growing, class of objects. It was
discovered in the Parkes multi-beam pulsar survey (Camilo et al. 2000). It has a rotation
period P of 408 ms, a large period derivative Ṗ of 4×10−12 , a characteristic age

P
2Ṗ

of 1600 yrs, a surface dipole magnetic field B of 4.1×1013 G, a spin-down luminosity
Ė of 2.3×1036 ergs s−1 , and a braking index of 2.9 implying an upper limit on its age
of 1,700 years (under standard assumptions of simple spindown). No radio PWN was
detected around the pulsar despite its youth (Crawford et al. 2001). The pulsar was found
within the supernova remnant (SNR) G292.2−0.5 of 15′ in diameter, discovered with the
Australia Telescope Compact Array (ATCA) (Crawford et al. 2001), and subsequently
detected with X-ray observations acquired with the ROSAT satellite and the Advanced
Satellite for Cosmology and Astrophysics, (ASCA; Pivovaroff et al. 2001).
The X-ray counterpart to the radio pulsar was first resolved with Chandra, which also
revealed for the first time evidence for a compact (3′′ ×6′′ ) PWN (Gonzalez & Safi-Harb
2003; hereafter GSH03). The pulsar was subsequently detected with XMM-Newton and
was found to exhibit thermal emission with an unusually high pulsed fraction of 74%
± 14% in the 0.5–2.0 keV range (Gonzalez et al. 2005). The XMM-Newton–derived
temperature was also unusually high, in comparison with other pulsars of similar age or
even younger, like the pulsar in the SNR 3C 58 (Slane et al. 2002).
While a spectrum of the pulsar has been obtained with the previous Chandra and
XMM-Newton observations, the Chandra spectrum suffered from poor statistics and it

1/2
and the spin-down period derivative, Ṗ , as B=3.2×1019 P Ṗ
Gauss
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was not possible to extract a spectrum from the PWN. The XMM-Newton spectrum
of the pulsar was contaminated by the PWN’s spectrum due to the large point spread
function (PSF) of XMM-Newton.
In this chapter, we present new observations of the pulsar obtained with Chandra and
targeted to constrain the properties of the pulsar and associated PWN. The distance to
the pulsar was determined to be in the 2.4–8.0 kpc range (Camilo et al. 2000). Using the
fitted X-ray column density to the pulsar and that to its associated SNR, GSH03 estimated
a distance in the 4.0–12.6 kpc range, but the location of the source with respect to the
Carina spiral arm (Camilo et al. 2000) puts an upper limit on the distance of ∼8 kpc.
The Cordes-Lazio Galactic free electron density model (NE2001; Cordes & Lazio 2002)
suggests a much larger distance of 16.7 kpc, while Caswell et al. (2004) estimate a distance
of 8.4 kpc using neutral hydrogen absorption measurements to the SNR. In this work, we
adopt the distance to the SNR of 8.4 kpc, and scale all derived quantities in units of d8.4
= D/8.4 kpc.
The chapter is organized as follows. In Section 4.2, we summarize the Chandra observations. In Sections 4.3 and 4.4, we present our imaging and spectroscopic results,
respectively. Finally, in Section 4.5, we present our discussion and conclusions.

4.2

Observations and Data Analysis

PSR J1119−6127 was observed with Chandra in cycle 5 on 2004 November 2–3 (ObsID
6153), and October 31–November 1 (ObsID 4676). We combine these new data with the
observation conducted during cycle 3 (ObsID 2833; GSH03) in order to improve on the
statistics. All three observations were positioned at the aimpoint of the back-illuminated
S3 chip of the Advanced CCD Imaging Spectrometer (ACIS). X-ray photon events were
acquired in the timed-exposure readouts, at a CCD temperature of −120◦ C and a frame
readout time of 3.2 sec, and telemetered to the ground in the “Very Faint” mode. The
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roll angles were chosen such as the AO-3 data covered the western side of the SNR and
the AO-5 data covered the eastern side (see Fig. 4.1). The data were then reduced using
standard CIAO 4.0 routines3 . We have created a cleaned events file by retaining events
with the standard ASCA grades 02346 and rejecting hot pixels. As well, the data were
filtered for good time intervals, removing periods with high background rates or unstable
aspect. The resulting effective exposure time was 56.8 ks for ObsID 2833, 60.5 ks for
ObsID 4676, and 18.9 ks for ObsID 6153, yielding a total effective exposure time for the
three combined observations covering the field around the pulsar of 136.2 ksec.

4.3
4.3.1

Imaging results
G292.2-0.5

Figure 4.1 shows the Chandra cycle 3 (covering the western side of the remnant) and
cycle 5 (covering the eastern side of the remnant) observations overlaid on the ASCA
hard band (2–10 keV) image, and with the radio extent of the SNR shown as a black
circle overlaid. The central circle denotes the position of the pulsar. The image illustrates
the power of Chandra in resolving the X-ray emission and shows the overlap between the
Chandra observations leading to a deep exposure of the pulsar and central regions of the
SNR. The pulsar and surrounding region will be the focus of this Chapter.
Figure 4.2 shows the combined Chandra tri-color image, zoomed on the pulsar region,
and obtained as follows: the data were first divided into individual images in the soft
(0.5–1.15 keV, red), medium (1.15–2.3 keV, green), and hard (2.3–10.0 keV, blue) bands
(the energy boundaries were chosen to match those in GSH03). Individual background
images were then obtained from the blank-sky data sets available in CIAO. For each
observation, background images were reprojected to match the corresponding events file.
3

http://cxc.harvard.edu/ciao
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The background images were then divided into the same energy bands mentioned above,
and then subtracted from their corresponding source+background image. The resulting
images were subsequently adaptively smoothed4 using a Gaussian with σ = 1′′ for significance of detection >5 and up to σ = 5′′ for significance down to 2. The individual
background-subtracted images were then combined to produce the image shown in Figure 4.2. As in our previous X-ray study (GSH03), the X-ray emission can be resolved into
several X-ray sources (see Gonzalez & Safi-Harb 2005), surrounded by diffuse emission
from the SNR interior. As well, the pulsar and associated PWN immediately stand out
as a hard (blue) source.

4.3.2

PSR J1119−6127 and its PWN

The peak of the X-ray emission from the pulsar is positioned at: αJ2000 = 11h 19m 14.s 26,
δJ2000 = −61◦ 27′ 49.′′ 3, which match within error the radio coordinates of the pulsar αJ2000
= 11h 19m 14.s 3 and δ J2000 = −61◦ 27′ 49.′′ 5 (with 0.3′′ error).
In order to compare the source’s spatial characteristics with Chandra’s PSF, we performed a two-dimensional spatial fit to the new Chandra data using the SHERPA software5 . We created images of the source in the soft (0.5–1.15 keV), medium (1.15–2.3
keV), and hard (2.3–10 keV) bands. We subsequently created normalized PSF images
at the energies characteristic of the source’s energy histogram. These images were then
used as convolution kernels when fitting. The soft band image yielded a FWHM value of
0.8′′ consistent with a point source, the medium band image gave a slightly higher value
of 0.9′′ , while the hard band was best described by an elliptical Gaussian function with
FWHM 0.9′′ ×1.2′′ , confirming the extended nature of the PWN in the hard band, a result
that is consistent with GSH03.
4
the “csmooth” CIAO tool is based on the “asmooth” algorithm (Ebeling et al. 2006), which has the
advantage of visually enhancing extended features in noise-dominated regions. We note that the compact
PWN and the southern jet display a similar morphology using a simple Gaussian smoothing.
5

http://cxc.harvard.edu/sherpa/
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Figure 4.1 The 2.0–10.0 keV ASCA image of SNR G292.2−0.5, smoothed with a Gaussian
with σ = 45′′ , with the black circle showing the radio boundary (15′ in diameter). The
superimposed squares mark the locations of the 8′ ×8′ Chandra’s S3 chip during AO-3
(right) and AO-5 (left), covering the western and eastern sides of the remnant, respectively,
with the grayscale image showing the raw 0.5–10 keV emission seen with Chandra. The
central circle marks the position of PSR J1119−6127. North is up and east is to the left.
In Figures 4.3 and 4.4, we show zoomed in images of the PWN. Figure 4.3 shows
the raw soft band (0.5–2 keV) and hard band (2–10 keV) images centered on the pulsar,
and Figure 4.4 shows the same images adaptively smoothed using a Gaussian with σ =
1′′ for a significance of detection greater than 5 and up to σ = 3′′ for a significance of
detection down to 2. As mentioned earlier, the PWN structures (further discussed below)
are also visible using a simple Gaussian smoothing. We verified that they are also evident
in the hard band images for the individual observations. Furthermore, using the celldetect
CIAO routine, we did not find any point sources within the PWN, thus ruling out the
contamination of the PWN structures by background sources.
The images clearly show that the PWN is harder than the pulsar and can be resolved
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5"

Figure 4.2 The tri-color energy image of PSR J1119−6127 and associated PWN. The
image is 2.4′ ×2.3′ in size and is exposure corrected. Red, green, and blue correspond to
0.5–1.15 keV, 1.15–2.3 keV, and 2.3–10.0 keV, respectively.
into elongated “jet-like” structures extending to at least 7′′ north and south of the pulsar.
This confirms the evidence of a hard PWN associated with this high-magnetic field pulsar
(GSH03) but also shows that the PWN is larger than originally thought. The PWN is
elongated in the north-south direction, with the northern extension (which we refer to as
a ‘jet’) appearing tilted to ∼30◦ west of north, and the southern jet being more elongated
and ∼2× brighter than the northern ‘jet’. In Figure 4.5, we highlight the first evidence
for a more extended (&20′′ ) faint and hard jet-like structure southwest of the pulsar. We
accumulate 100 ± 23 background-subtracted source counts from this region, which on top
of 99 ± 21 background counts (normalized to the source area), imply a ∼7 ± 2 σ detection
(0.5–7.0 keV). It is not clear whether this structure is an extension of the southern compact
jet seen closer to the pulsar or an SNR filament. However, its morphology (in particular its
knotty structure which is similar to Vela’s long jet; Kargaltsev et al. 2003) and spectrum
(see Section 4.4.2) suggest an association with PSR J1119−6127’s PWN, a result that can
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Figure 4.3 The raw soft (0.5–2.0 keV) and hard (2.0–10 keV) images of PSR J1119−6127
and associated nebula. These images were not background-subtracted.

Figure 4.4 The same images as in Fig. 4.3, adaptively smoothed (with ‘csmooth’) using
a Gaussian with σ = 1′′ for a significance of detection greater than 5 and up to σ = 3′′
for a significance of detection down to 2. The PWN and its elongated morphology in the
north-south direction is evident in the hard band image. Contours are overlaid on a linear
scale, chosen to highlight the emission from the jets, and ranging from 2.5 to 17 counts
per pixel in steps of 2 for the soft band image, and from 2.5 to 7 counts per pixel in steps
of 0.75 for the hard band image.
be confirmed with a deeper exposure. We note that while the XMM-Newton MOS2 image
shows a hint of a southern extension, the large and distorted PSF of the MOS2 camera
does not allow a confirmation of this jet (M. Gonzalez 2008, private communication).
In the following, we refer to the PWN region shown in Figure 4.4, right (size ∼6′′ in
the east-west direction by ∼15′′ in the north-south direction) as the “compact PWN”, and
to the extended jet-like structure southwest of the pulsar (size ∼6′′ × 20′′ , see Fig. 4.5)
as the ‘southern jet’. We note here that it is possible that the compact PWN corresponds to a torus viewed edge-on. However, the southern extension (if proven to be a
jet associated with the pulsar) would falsify this interpretation as the jets are expected
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jets

torus

southern
jet

Figure 4.5 The 2–10 keV image of PSR J1119−6127 displaying the extended jet-like feature
southwest of the pulsar. The image has been background-subtracted and smoothed as
the previous figure. The overlaid contours range from 1.4 to 10 counts per pixel in steps
of 1 in linear scale and are chosen to highlight the structure of the elongated jet.
to be perpendicular to the torus. We further discuss these features in Section 4.4.2 and
Section 4.5.2.

4.4

Spatially resolved spectroscopy

The spectral analysis was performed using the X-ray spectral fitting package, XSPEC
v12.4.06 , and constrained to the 0.5–7.0 keV band as the spectra provided little useful
information outside this range. The pulsar’s spectrum was grouped with a minimum of
6

http://xspec.gsfc.nasa.gov
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20 counts bin−1 , while the PWN’s spectrum was binned using a minimum of 10 counts
bin−1 . Errors are at the 90% confidence level throughout this Chapter.

4.4.1

PSR J1119−6127

The spectrum of PSR J1119−6127 was extracted using a circle centered at the position of
the pulsar and with a radius of 2.5′′ , thus encompassing 90% of the encircled energy7 . The
background was extracted from a ring centered at the pulsar, and extending from 3′′ to
4′′ . This has the advantage of minimizing contamination by the PWN. We note, however,
that the PWN contamination is negligible as its surface brightness is nearly two orders
of magnitude smaller than the pulsar’s, and so the spectral results are practically independent of the background subtraction region (see e.g. Safi-Harb 2008 for a preliminary
analysis of the pulsar’s spectrum using a source-free background region taken from the
S3 chip8 ). The background-subtracted pulsar count rate is (5.2 ± 0.3) × 10−3 counts s−1
for the 2833 observation, (5.8 ± 0.3) × 10−3 counts s−1 for the 4676 observation, and
(3.7 ± 0.5) × 10−3 counts s−1 for the 6153 observation, thus accumulating 715 ± 27 total
counts from the pulsar. To model the emission from the pulsar, we used a blackbody
model to account for any surface thermal emission from the neutron star and a power-law
to account for any magnetospheric emission. A power-law model yields a column density
22
NH = (1.2+0.4
cm−2 , a steep photon index Γ = 3.0 ± 0.5, and an unabsorbed
−0.3 ) × 10
−13
flux of (1.7+1.3
ergs cm−2 s−1 , with a reduced chi-squared value χ2ν = 1.356 (ν
−0.7 ) × 10

= 31 dof). A blackbody model does not yield an acceptable fit (χ2ν = 2.166, ν = 31 dof);
and as shown in Figure 4.6, it does not account for the emission above ∼3 keV. Adding a
power-law component to the blackbody model improves the fit significantly, and yields an
+1.1
22
−2
excellent fit with the following parameters: NH = (1.8+1.5
−0.6 ) × 10 cm , Γ = 1.9−0.9 , kT =
7
8

http://cxc.harvard.edu/proposer/POG/html/ACIS.html

The tabulated values in Safi-Harb (2008) correspond to binning the data with a minimum of 10
counts bin−1 , whereas the data here are binned by a minimum of 20 counts bin−1 .
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0.21±0.01 keV, χ2ν = 0.948 (ν = 29 dof), with the luminosity of the power-law component
representing ∼30% of the luminosity of the blackbody component (or ∼23% of the total
pulsar’s luminosity) in the 0.5–7.0 keV range. Figure 4.7 shows the blackbody+power-law
model fit, and Table 4.1 summarizes the best fit parameters.
The thermal and soft component is equally well fit with a neutron star magnetized (B =
1013 G) atmospheric model (the NSA code in XSPEC; Zavlin et al. 1996). The parameters
for the blackbody and atmospheric model are however different, and as expected the NSA
model yields a lower temperature than the blackbody model. Both models require a hard
photon index (Γ ∼ 1.5–2.0) for the power-law component. As shown in Table 4.1, the nonthermal unabsorbed flux amounts to ∼30% – 35% of the thermal flux. In the NSA model,
the distance was fixed to 8.4 kpc. We attempted to fit for this distance, however we find
that it is poorly constrained (ranging from 2.6 to 30 kpc). The best fit parameters are:
NH = 1.6 × 1022 cm−2 , ΓP L = 1.5, TN SA = 1.6 × 106 K, and D = 8.4 kpc. Therefore we
restrict our discussion below to the fit with the fixed and reasonable distance of 8.4 kpc.

Figure 4.6 The spectrum of PSR J1119−6127 fitted with the blackbody model, illustrating
the excess of emission above ∼3 keV unaccounted for by the blackbody model. The lower
panel shows the ratio of data to plotted model. The 3 colors refer to the 3 observations
used in our analysis (ObsIDs: 2833 in black, 4676 in red, and 6153 in green).
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Figure 4.7 The spectrum of PSR J1119−6127 fitted with the BB+PL model shown in
Table 4.1. The lower panel shows the ratio of data to plotted model. The dotted lines
show the contributions of the blackbody (soft) and power-law (hard) components to the
spectrum. The 3 colors refer to the 3 observations used in our analysis (obsid 2833 in
black, 4676 in red, and 6153 in green).

4.4.2

The PWN

The compact PWN’s spectrum was extracted from the elongated nebula (∼6′′ ×15′′ )(see
Fig. 4.4, right) with the pulsar region removed. The background was extracted from
a nearby source-free region. The total number of background-subtracted counts accumulated from the PWN is only 103 ± 17 counts in the 0.5–7.0 keV range, therefore restricting
our ability to constrain the spectral parameters or to perform a spatially resolved spectroscopy of the northern and southern extensions. However, fixing the column density to
1.8 × 1022 cm−2 (the best fit value for the pulsar in the BB+PL fit, Table 4.1), we find
2
that a power-law model yields a hard photon index Γ = 1.1+0.9
−0.7 , χν = 1.23 (ν = 17 dof),
32 2
and a luminosity Lx (0.5–7.0 keV) ∼ (1.6+2.3
d8.4 ergs s−1 . Allowing NH to vary
−0.9 ) × 10

between (1.2–3.3) × 1022 cm−2 (the range allowed by the PL+BB model fit to the pulsar),
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Table 4.1 Spectral fits to the pulsar
Parameter
NH (1022 cm−2 )
Γ
Norm.b(PL)
kTeff (keV)
Norm.b(BB)
Funabs (P L)c
Funabs c(thermal)
LX d1033 ergs s−1
χ2ν (dof)

PL
1.2+0.4
−0.3
3.0+0.5
−0.5
−5
5.7+4.2
−2.3 × 10
···
···
−13
1.7+1.3
−0.7 × 10
···
1.4+1.1
−0.6
1.356 (31)

BB+PL
1.8+1.5
−0.6
1.9+1.1
−0.9
−5
1.5+2.3
−0.9 × 10
0.21±0.01
−6
3.5+1.5
−0.8 × 10
+0.7
6.7−2.2 × 10−14
−13
2.2+0.9
−0.5 × 10
2.4+0.8
−0.5
0.948 (29)

NSA+PLa
1.6±0.2
1.5±0.8
−6
8.4+1.5
−5.5 × 10
+0.03
0.14−0.02
1.42×10−8 (frozen)
−14
6.1+3.2
−3.5 × 10
−13
1.8+1.9
−1.5 × 10
2.1+0.8
−0.6
0.977 (30)

Note. — All models are modified by interstellar absorption with a column density NH . PL denotes a
power-law model, BB denotes a blackbody, and NSA refers to the neutron star H atmospheric model in
XSPEC version 12.4.0.
a
The NSA model assumes a magnetic field of 1013 Gauss, a neutron star radius of 10 km and mass of
1.4 M⊙ . The distance is also fixed at 8.4 kpc (thus the normalization of 1.4×10−8).
b
2
PL normalization at 1 keV in units of photons cm−2 s−1 keV−1 . BB normalization in units of L39 /D10
39
−1
where L39 is the luminosity in units of 10 ergs s and D10 is the distance in units of 10 kpc.
c
0.5–7.0 keV unabsorbed flux (ergs cm−2 s−1 ).
d
0.5-7.0 keV total luminosity (assuming isotropic emission).

Table 4.2 Power-law spectral fits to the PWN
Parameter/PWN Region
Γ
Norm.a
χ2ν (dof)
funabs (0.5–7 keV) ergs cm−2 s−1

Compact PWN
1.1+0.9
−0.7
−6
(2.2+2.8
−1.2 )×10
1.23 (17)
−14
(1.9+2.7
−1.0 )×10

Southern ‘Jet’
1.4+0.8
−0.9
−6
(3.5+5.6
−1.9 )×10
1.16 (17)
−14
(2.5+3.9
−1.4 )×10

Note. — The compact PWN refers to the 6′′ ×15′′ structure elongated in the north–south direction
(see Fig. 4.4). The southern ‘jet’ corresponds to the new faint and extended jet-like structure (∼6′′ ×20′′ )
shown in Fig. 4.5. NH is frozen to 1.8×1022 cm−2 . Errors are 2σ.
a
Normalization at 1 keV in units of photons cm−2 s−1 keV−1 .
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the PWN’s index is Γ = 0.6–2.9, typical of PWNe.
We subsequently extracted a spectrum from the southern ‘jet’ (region shown in Fig. 4.5)
and used the same background region as for the compact PWN. As mentioned earlier, we
accumulated a total of ∼100±23 source counts from this region in the 0.5–7.0 keV range,
again too small to constrain the parameters or perform a spatially resolved spectroscopy
along this feature. Fixing the column density to 1.8 × 1022 cm−2 , the power-law model
2
yields a photon index of Γ = 1.4+0.8
−0.9 , χν = 1.16 (ν = 17 dof), and a luminosity of Lx
33 2
(0.5–7.0 keV) ∼ (2.1+3.3
d8.4 ergs s−1 . These values are not unusual for PWN
−1.2 ) × 10

structures. A thermal bremsstrahlung model is rejected based on the unrealistically high
temperature (kT ≥ 10 keV). Experimenting with two-component models was not possible
given the insufficient number of counts. In Table 4.2, we summarize the best fit power-law
model results.

4.5

Discussion

4.5.1

The pulsar

For the first time, we have resolved the pulsar’s spectrum and determined its properties
independently of the PWN. We note here that the hard X-ray component in the XMMNewton spectrum has been attributed entirely to the emission from the PWN (Gonzalez
et al. 2005). We believe that this component is contaminated by the hard X-ray emission
from the pulsar as XMM-Newton’s PSF does not allow resolving both components. In fact,
an on-off pulse spectroscopic analysis of the XMM-Newton’s spectrum shows evidence of
pulsed power-law emission at the 2σ level (M. Gonzalez 2008, private communication).
The single blackbody model is rejected (see Section 4.4.1 and Fig. 4.6). As shown in
Table 4.1, the best fit model requires two components: a thermal component described by
a BB or NSA model, and a power-law component with a photon index Γ ∼ 1.5–2.0. The
21
cm−2 for the
column density is model dependent. GSH03 derived an NH = (9+5
−3 ) × 10
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pulsar. Using XMM-Newton, Gonzalez et al. (2005) derived a higher NH in the (1.3–2.7)
× 1022 cm−2 range (depending on the model used). Our best fit two-component models
shown in Table 4.1, which adequately account for the hard (above 3 keV) emission, yield a
column density of (1.4–1.8) × 1022 cm−2 in the NSA+PL model, and (1.2–3.3) × 1022 cm−2
in the PL+BB model. These ranges bracket the value derived using HEASARC’s NH tool9
and overlap with the values derived previously with Chandraand XMM-Newton.
Using the thermal model in the two-component fits tabulated in Table 4.1, we now
estimate the thermal properties of the pulsar. In the blackbody fit, the radius is inferred
from equating the isotropic luminosity (4πD 2 F , where D is the distance to the pulsar
and F is the unabsorbed flux, tabulated in Table 4.2) with the surface emission from
the neutron star (4πR2 σTef f 4 , where σ is the Stefan Boltzmann constant), yielding R
= 2.7 ± 0.7 km, suggesting polar cap emission with a temperature of Tef f = 0.21 ±
0.01 keV = (2.46 ± 0.12) × 106 K. The inferred radius is however larger than the con
P −1/2
= 0.25 km (for P = 408 ms). The
ventional polar cap radius: Rpc (km) ≃ 0.5 0.1s
pulsar’s thermal luminosity (assuming isotropic emission) is Lx (0.5–7.0 keV) = (1.87+0.8
−0.4 )

× 1033 d28.4 ergs s−1 .
6
In the atmospheric (NSA) model, the temperature is Tef f = (1.59+0.35
−0.23 ) × 10 K,
+0.27
∞
6
implying a temperature as seen by an observer of Tef
f = gr Tef f = (1.22−0.18 ) × 10 K;

where gr is the redshift parameter given by gr = [1 −2.952(M/R)]0.5 = 0.766 for a neutron
star of mass M = 1.4 solar masses and radius R = 10 km. The pulsar’s bolometric
luminosity as seen by an observer and assuming thermal emission from the entire neutron
4
33 2
−1
star’s surface is Lbol ∞ (0.5–7.0 keV) = gr2 × (4πR2 σTef
f ) = (2.67 ± 1.9) × 10 d8.4 ergs s .

These estimates differ from the values inferred by Gonzalez et al. (2005), mainly because
the distance was fixed here at 8.4 kpc, while it was fit for with XMM. Our values for both
the blackbody and NSA model are however consistent with those derived independently
9
this tool calculates the weighted average measurement of the total Galactic column density towards
the source’s coordinates based on the Dickey & Lockman (1990) H I map.
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by Zavlin (2007a).
The thermal emission from the pulsar was already discussed by Gonzalez et al. (2005)
and Zavlin (2007a) who point out that the large pulsed fraction detected in the soft band
is hard to interpret in either the blackbody or the NSA model (assuming uniform surface
emission). The large pulsed fraction indicates that the thermal emission is intrinsically
anisotropic and that the effective temperature derived in the NSA model should be used
as the mean surface temperature (Zavlin 2007b). We here point out a puzzle related
to the interpretation of the hard non-thermal pulsar emission, seen for the first time
with the Chandraobservations presented here. The non-thermal emission is presumably
magnetospheric emission as seen in other young active pulsars. Such an emission is
expected to be pulsed. As mentioned earlier, XMM-Newton could not resolve the pulsar’s
emission from the PWN, however an on-off pulse spectroscopic study of the XMM-Newton
spectrum shows a hint of pulsed power-law emission from the pulsar. A long observation
with Chandra in the timing mode and/or a deeper XMM-Newton observation will confirm
and constrain the pulsed component in the hard band.

4.5.2

The PWN

The PWN is well described by a power-law model with a hard photon index ∼1.1 for
the compact PWN, and ∼1.4 for the southern extended jet (for a column density fixed
2
at 1.8 × 1022 cm−2 ), and with a total X-ray luminosity of ≈4 × 1032 D8.4
ergs s−1 (0.5–7

keV). This represents .20% of the pulsar’s luminosity, and .0.02% of Ė, implying an
efficiency which is comparable to PSR B1800−21 and other Vela-like pulsars (Kargaltsev
et al. 2007).
PWNe have been observed to have axisymmetric morphologies, including a toroidal
structure and jets along the pulsar’s spin axis. The emission from the torus is commonly
attributed to synchrotron emission from the relativistic pulsar wind in the presence of
a toroidal magnetic field in the equatorial plane and downstream of the shock. Jet-like
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structures, on the other hand, are attributed to magnetically collimated winds along the
pulsar’s rotation axis. The collimation and acceleration of the jets is strongly dependent on
the pulsar’s wind magnetization σ, defined as the ratio of electromagnetic to particles flux.
At higher magnetization, equipartition is reached in the close vicinity of the termination
shock, and most of the plasma is diverted and collimated into a jet along the polar axis.
Therefore the morphology of the PWN sheds light on the geometry of the pulsar and the
intrinsic parameters of the pulsar wind (see e.g., Gaensler & Slane 2006 and Bucciantini
2008 for reviews).
The jet-like structures seen north and south of PSR J1119−6127 could be interpreted
as collimated outflows along the pulsar’s polar axis, in which case a torus could be expected
in the east-west direction. A torus-like structure is however barely resolved and the PWN
emission is mostly evident in the form of elongated jets (see Figs. 4.3–4.5), suggesting
a high-σ wind. In the following, we use the spectral properties of the PWN to infer its
intrinsic properties such as the termination shock, magnetic field, and σ.
The termination shock site (rs ) is estimated by equating the thrust of the pulsar,
Ė/4πrs2cΩ, with the pressure in the nebula, P ≈ Bn2 /4π, where Ω is the pulsar’s wind
solid angle which accounts for a non-isotropic wind, and Bn is the nebular magnetic
field which can be approximated from its equipartition value Beq . To estimate Beq , we
use the non-thermal properties of the compact PWN (see Table 4.3), and assume the
emission region to be a cylinder with radius rn ≤ 3′′ = 0.12 d8.4 pc and length of l
∼ 15′′ = 0.61 d8.4 pc, resulting in an emitting volume of V ∼ 8.4 × 1053 f d38.4 cm3 ,
where f is the volume filling factor. Using a luminosity of Lx (0.5–7.0 keV) ∼ 2 ×
1032 d28.4 ergs s−1 and assuming a ratio of 100 for the baryon to electron energy density,
we estimate a magnetic field of Beq ≥ 4.5 × 10−5 (f d8.4 )−2/7 Gauss. The corresponding
nebular pressure is 1.6 × 10−10 (f d8.4)−4/7 ergs cm−3 and the termination shock is at a
radius rs ∼ 0.06 (f d8.4)2/7 Ω−1/2 pc (or 1.5′′ at 8.4 kpc), comparable to B1800–21 and
other PWNe (Kargaltsev et al. 2007).
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We can further check the above estimate by using the thermal pressure from the
interior of the remnant (∼2ne kT ) as the pressure confining the PWN. Using the kT and
ne t values derived from our spectral fits to the SNR interior, we derive an SNR internal
thermal pressure of ∼2.9 × 10−9 ergs cm−3 . The resulting shock radius is rs ∼ 0.015 pc,
smaller than our estimate above, but consistent for (f d8.4)2/7 Ω−1/2 = 0.25. At a distance
of 8.4 kpc, a termination shock radius of 0.015–0.06 pc translates to a radius of rs =
0.′′ 4–1.′′5 d8.4 , which explains the lack of resolvable wisp-like structures as seen in other
(nearby) PWNe.
Using the basic Kennel & Coroniti (1984) model developed for the Crab nebula, we
can further infer a rough value for the magnetization parameter σ ∼ (rs /rn )2 ∼ 0.02–0.25.
This value is larger than that inferred for Crab-like PWNe (see e.g., Petre et al. 2007), but
supports the picture for strong collimation of jets. We caution however that this estimate
should not be taken at face value and should be only considered as evidence for a highly
magnetized wind, as it was inferred using the simple model of Kennel & Coroniti (1984)
which assumes an isotropic energy flux in the wind. More recent calculations however
show that if hoop stresses are at work in the mildly relativistic flow, jet collimation can
occur in the post shock region and estimates of σ using the Kennel and Coroniti model
can be overestimated (see e.g., Bucciantini 2008 and references therein for a review).
The corresponding synchrotron lifetime of a photon with an energy of E (keV) is
3/2

−3/7

roughly τsyn ≈ 36B−4 E 1/2 d8.4

yr, where B−4 is the nebular magnetic field in units of

10−4 G, yielding an average velocity for the high-energy electrons to reach the edge of the
−3/2

3/7

southern jet of ∼0.093c B−4 E −1/2 d8.4 . This velocity is not unusual and is smaller than
the typical shocked wind velocity of ∼0.3c.
We interpreted the elongated structures to the north and south of the pulsar as jets
that could be aligned with the rotation axis of the pulsar. The northern extension is
shorter in length and is approximately twice as faint as the southern jet. Assuming that
these elongated features represent an approaching (south) and receding (north) jet with
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similar intrinsic surface brightness and outflow velocities, we can use relativistic Doppler
boosting to account for the observed difference in brightness (Mirabel & Rodriguez 1999).
For the observed brightness ratio of ∼2 and an energy spectral index −α ∼ 0.1–0.4
(Table 4.2), assuming a continuous jet, we estimate a velocity v cos θ ∼ 0.14–0.16c, where
θ is the inclination angle of the flow axis with respect to our line of sight. Since cos θ ≤
1 for all inclination angles, this represents a lower limit for the intrinsic velocity of these
features, a result that is consistent with our estimate of the average velocity above.
Elongated jets have been observed in other PWNe, e.g. PSR B1509−58 powers a
4′ -long jet (6 pc at a distance of 5.2 kpc), and Vela powers a 100′′ -long jet (0.14 pc at a
distance of 300 pc). Furthermore, velocities of >0.2c have been also inferred from X-ray
studies of these jets: vj > 0.2c for B1509−58 (Gaensler et al. 2002) and vj ∼ (0.3–0.6)c
for Vela (Kargaltsev et al. 2003).

4.5.3

Comparison of PSR J1119−6127 to other rotation-powered
pulsars and magnetars

There are currently 7 pulsars including PSR J1119−6127 with magnetar-strength fields
(B&Bc = 4.4×1013 G, see Table 4.3), but which have not been identified as magnetars,
except for PSR J1846−0258 which most recently revealed itself as a magnetar (Kumar
& Safi-Harb 2008; Gavriil et al. 2008). One would ask then whether all other pulsars
belonging to this class should be related to magnetars (e.g. by being quiescent magnetars),
or whether they represent a distinct population of rotation-powered pulsars. To address
this open issue, we compare the known properties of PSR J1119−6127 to magnetars and
to the ‘classical’ rotation-powered pulsars:
• Unlike magnetars (even in quiescence) and like the classical rotation-powered pulsars,
PSR J1119−6127 and its PWN are powered by rotation (Lx is much smaller than
its Ė) and the pulsar powers a hard PWN. As well its infrared properties resemble
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Table 4.3 The high-magnetic field pulsars sorted in order of decreasing spin-down power

Pulsar (PSR)
J1846−0258
J1119−6127
J1734−3333
J1718−3718
J1814−1744
J1819−1458c
J1847−0130
B1800−21
J1357−6429

Ė (ergs s−1 )
8.0×1036
2.3×1036
5.6×1034
1.5×1033
4.7×1032
2.9×1032
1.7×1032
2.2×1036
3.1×1036

B (1013 G)
4.9
4.1
5.2
7.4
5.5
5.0
9.4
0.4
0.8

PWN?
Y (X)
Y (X)
–
–
–
–
–
Y(X)
Y(X)

Lx (psr+pwn)
Ė

0.018–0.0325ad26
5×10−4 d28.4
–
0.013–4.0d24.5
<1340bd210
∼12d23.6
<18–47dd28
10−4 d24
6.5×10−5 d22.5

Reference
Kumar & Safi-Harb (2008)
this work
Morris et al. (2002)
Kaspi & McLaughlin (2005)
Pivovaroff et al. (2000)
Reynolds et al. (2006)
McLaughlin et al. (2003)
Kargaltsev et al. (2007)
Zavlin et al. (2007b)

Note. — We used the ATNF pulsar catalog in compiling the pulsar properties and only selected
pulsars with B & 4×1013 G (the QED value). The last two pulsars, shown only for comparison with
PSR J1119−6127, are rotation-powered pulsars with a ‘typical’ magnetic field, but with Ė and X-ray
properties almost identical to PSR J1119−6127. The 4th column refers to the presence (Y) or absence of
a PWN in X-rays (X). Except for PSR J1846−0258, none of these pulsars has a radio PWN associated
with it. The 5th column refers to the ratio of the non-thermal X-ray luminosity of the combined pulsar
and associated PWN (when detected in X-rays) to the pulsar’s spin down power, scaled to the distance
given in units of dx , where x is the adopted distance to the pulsar in units of kpc.
a
The lower (upper) range corresponds to the 2000 (2006) Chandra data; the pulsar has brightened by a
factor of ∼6 in 2006.
b
Only an upper limit on the X-ray luminosity was estimated using the spectral properties of 1E 2259+586
(an AXP) as a template.
c
Pulsar classified as a rotating radio transient; the X-ray luminosity of the pulsar is uncertain by an
order of magnitude.
d
Only an upper limit was estimated using AXPs 4U0142+61 or 1E 2259+586 as templates.

more the rotation-powered pulsars than the magnetars (Mignani et al. 2007) – the
latter are known to be more efficient IR emitters.
• Like magnetars and some rotation-powered pulsars (see more below), J1119−6127 is
described by a two-component (blackbody+power-law) model. PSR J1119−6127’s
thermal temperature (kT ∼ 0.21 keV in the BB+PL model and 0.14 keV in the
NSA+PL model) is intermediate between that of magnetars (kTBB ∼ 0.41–0.67
keV; Woods & Thompson 2006) and that of the Vela-like, rotation-powered, pulsars
with a thermal component dominating at energies E ≤ 2 keV (see Fig. 5 of Za-
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vlin 2007b). The relatively high temperature of PSR J1119−6127 (in comparison
with the rotation-powered pulsars) can be accounted for by a neutron star cooling
model with proton superfluidity in its core and a neutron star mass of ∼1.5 M⊙ (see
Fig. 5 of Zavlin 2007b). Its photon index (1.0–2.9 in the BB+PL model and 0.7–
2.3 in the NSA+PL model, see Table 4.1) appears relatively hard in comparison to
that of most AXPs in quiescence (see Table 14.1 of Woods & Thompson 2006) and
consistent with that expected from the rotation-powered pulsars; but also similar
to that of three spectrally-hard magnetars in their quiescent state (SGR 1806−20,
SGR 1900+14, and AXP 1E 1841−045 having PL indices of 2.0, 1.0–2.5, and 2.0,
respectively; Woods & Thompson 2006).
• PSR J1119−6127’s X-ray properties are most similar to two young ‘Vela-like’ pulsars
with a similar Ė: PSR B1800−21 and PSR J1357−6429’s, rotation-powered pulsars
with a more ‘typical’ magnetic field (see Table 4.3 and references therein). Most
notably, both pulsars power compact and hard PWNe and display an Lx /Ė value
comparable to PSR J1119−6127’s. Furthermore, like PSR J1119−6127, the spectrum of PSR J1357−6429 has a thermal component that dominates the total flux at
energies below 2 keV (∼72% for PSR J1357−642 versus ∼87% for PSR J1119−6127)
and is strongly pulsed despite its lower B-field. Such a high pulsed fraction (≥50% at
E ≤ 2 keV, Zavlin 2007b) could be explained by intrinsic anisotropy of the thermal
emission formed in a magnetized neutron star atmosphere coupled with a strong
non-uniformity of the surface temperature and magnetic field distributions (V. E.
Zavlin 2008, private communication; Zavlin 2007b). Such an interpretation can also
be applied to PSR J1119−6127 whose thermal spectrum is also well fitted with a
neutron star atmospheric model (see Table 4.1 and Section 4.5.1; V. E. Zavlin 2008,
private communication, Zavlin 2007a).
• Among the high-B pulsars, PSR J1119−6127 has spin properties (i.e., P , B) most
similar to those of PSR J1846−0258 (the Kes 75 pulsar). Both pulsars are also now
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believed to be at about the same distance of ∼6 kpc. However PSR J1846−0258
is a non-thermal X-ray pulsar characterized by a hard power-law index10 (Γ ≤ 2)
and is much more efficient at powering a bright PWN (Lx /Ė(P W N) ∼ 2%, see
Kumar & Safi-Harb 2008), so their X-ray properties are very different. Furthermore,
PSR J1846−0258 has recently revealed itself as a magnetar as magnetar-like X-ray
bursts were detected with RXT E and its spectrum softened as its flux brightened
by a factor of ∼6 (Gavriil et al. 2008; Kumar & Safi-Harb 2008). PSR J1119−6127
appears to have a stable spectrum between 2002 (ObsID 2833) and 2004 (ObsID 4676)
with a count rate of ∼5.5 × 10−3 counts s−1 . ObsID 6153 yields a smaller count rate
for the pulsar (∼70% the average count rate) suggesting variability; however if real,
we believe that it is not significant within error and given that 1) ObsID 6153 was
relatively short and taken the day following ObsID 4676 and 2) magnetar outbursts
normally cause a much brighter enhancement in the X-ray flux. It is possible however
that PSR J1119−6127 will one day reveal itself as a magnetar after an occasional
burst driven by its high B-field, just like PSR J1846−0258 recently did. Monitoring
PSR J1119−6127 and the other high-B pulsars in the radio and X-ray bands are
needed to address this possibility.
Given the close resemblance of PSR J1119−6127 to the other rotation-powered pulsars
with ‘typical’ B-fields and a similar Ė, we conclude that the global X-ray properties of
PSR J1119−6127 are not (at least not entirely) determined by the high B value11 ; and that
Ė in particular, and likely the environment which should confine the PWN and therefore
would affect its morphology and brightness, play a significant role in determining its
properties.
10

we note here that the column density towards PSR J1846−0258 is at least twice as high as that
towards PSR J1119−6127, thus possibly hindering the significant detection of any soft blackbody component (Kumar & Safi-Harb 2008).
11
One should also keep in mind that the actual magnetic field strength can be a factor of few off from
the spin-down value, and so pulsars with comparable B may have substantially different actual fields (see
Camilo 2008 and references therein.)
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Whether PSR J1119−6127 is a quiescent magnetar that is currently mainly powered by
its Ė, but that will one day reveal a magnetar-like identity, remains to be seen. Finally, our
study further suggests that PSR J1119−6127 is characterized by a highly magnetized wind,
possibly explaining the evidence for a small torus and prominent jets. The deep search for
X-ray emission and PWNe around the other high-B pulsars is warranted to address the
question whether these pulsars are similarly characterized by highly magnetized winds.
Given the small Ė of most known high-B pulsars (Table 4.3), very long exposures will be
needed to be sensitive to PWNe of luminosity ≈10−4 to 10−3Ė.
S. Safi-Harb acknowledges support by the Natural Sciences and Engineering Research
Council of Canada (NSERC) and the Canada Research Chairs program. This research
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Chapter 5
Bursts from the recently discovered
magnetar SGR 0501+4516
The content of this chapter, reproduced by permission of the AAS, is published in the
refereed paper: Kumar, H. S., Ibrahim, A. I., & Safi-Harb, S., Swift-BAT observations
of the recently discovered magnetar SGR 0501+4516, Astrophysical Journal, 716, 97–105,
2010.
In the previous two chapters (3 and 4), we studied the properties of two high-magnetic
field pulsars, showing that PSR J1846–0258 has revealed itself as a magnetar. Since bursts
are a common characteristic of magnetars, we next focus on the study of magnetars with
the motivation to understand their high-energy bursting properties. This chapter focusses
on the burst properties of SGR 0501+4516, a magnetar recently discovered by the Swift
satellite. We performed a detailed spectral and statistical study of the bursts observed
from this magnetar and found their properties to be similar to those typically seen in
other SGRs as well as consistent with the predictions of magnetar model.
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Introduction

The Swift mission (Gehrels et al. 2004), launched in November 2004 to explore the
gamma-ray bursts (GRBs), has provided an excellent opportunity to detect and study
the γ-ray activities from known Soft Gamma Repeaters (SGRs) as well as to discover
new SGRs. SGRs, belonging to the class of ‘magnetars’ (Duncan & Thompson 1992),
are highly magnetized (B ∼ 1014−15 G) and slowly rotating (P ∼ 2−12 s) neutron stars
characterized by short, bright bursts of hard X-rays and soft γ-rays (see Mereghetti 2008
for a recent review). During its active state, an SGR can go through periods of intense
bursting activity lasting from a few days to months, however, it can also remain dormant
for many years. The bursts, often varying in duration, are classified into three main
categories: short, intermediate and giant flares. The short bursts are the typical kind
observed during an outburst, marked by timescales ∼ 0.1–0.5 s and luminosities ∼1038 –
1041 ergs s−1 , whereas the intermediate bursts have timescales ∼ 1–60 s and luminosities
∼1041 –1043 ergs s−1 (Mereghetti 2008). Giant flares, the rare and unique events, are
distinguished by their extreme energies (1044 –1047 ergs s−1 ), long duration (∼hundreds
of seconds), and the presence of a coherent pulsating decaying tail, consistent with the
spin period of the neutron star. Persistent X-ray emission, interpreted as originating due
to the magnetospheric currents driven by twists in the evolving ultra-high magnetic field
(Thompson & Duncan 1995), has also been observed from SGRs in the 0.1–10 keV band
with a typical X-ray luminosity of ∼1035 ergs s−1 , and the spectrum is generally described
by an absorbed power-law (PL) plus a blackbody (BB) component (Mereghetti 2008).
According to the magnetar model (Thompson & Duncan 1995), the dominant form
of energy powering an SGR is its decaying ultra-strong magnetic field. The surface of
the neutron star is heated and fractured by instabilities generating Alfvén waves that
accelerate electrons, and in turn give away their energy in short bursts. The model
also suggests that the high-energy dissipated remains trapped in the magnetosphere as
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the “trapped fireball”, and it shrinks in size with time. Alternatively, the bursts can
arise from heating of the corona by magnetic reconnection in the stellar magnetosphere
resulting in intermediate-type flares (Lyubarsky 2002). The giant flares are caused by
the sudden rearrangement of the star’s magnetic field producing global crustal fractures
(Thompson & Duncan 1995).
SGR 0501+4516 is a recently discovered SGR by the Swift γ-ray observatory (Holland
et al. 2008; Barthelmy et al. 2008). Rossi X-ray Timing Explorer (RXTE) observations
discovered a 5.7 s X-ray pulsating counterpart (Gogus et al. 2008), with a dipole magnetic
field B = 3×1014 G estimated from its period and spin-down rate (Woods et al. 2008),
thus confirming the magnetar nature of the source. Soon after, the GLAST Burst Monitor
(GBM) onboard Fermi satellite triggered and located the bursts from SGR 0501+4516
(van der Horst & Connaughton 2008; McBreen et al. 2008). Multi-wavelength observations reported the detection of its infrared (Tanvir et al. 2008; Rea et al. 2008) and
optical (Fatkhullin et al. 2008; Rol et al. 2008) counterparts. However, no radio emission
was detected from this source during the outburst (Kulkarni & Frail 2008; Gelfand et al.
2008). Suzaku observations of the SGR performed from 2008 August 26–27 detected 32
bursts with the X-ray imaging spectrometer (XIS) and the hard X-ray detector (HXD).
The persistent X-ray emission obtained with the XIS in the 0.4–10 keV range was best
fitted by the combination of a blackbody (kT = 0.69±0.01 keV) plus a PL (Γ = 2.8±0.1)
component, modified by an interstellar absorption NH = (0.89±0.08)×1022 cm−2 (Enoto
et al. 2009). The 1–200 keV combined XIS+HXD burst spectrum was described by a
two-component blackbody model having soft and hard temperatures of kT = 3.3+0.5
−0.4 keV
and 15.1+2.5
−1.9 keV, respectively, and was interpreted as the population of ordinary (O)
and extraordinary (E) mode photons propagating across the magnetosphere (Enoto et al.
2009). Konus-Wind γ-ray burst spectrometer observed the SGR bursts from 2008 August
23–26 and the 20–200 keV spectra were best fitted by either a PL with an exponential
cut-off (CPL) model or an optically-thin thermal bremsstrahlung model (OTTB), both of
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which gave a peak energy (Ep ) or temperature (kT ) in the range of 20–45 keV (Aptekar
et al. 2009). Subsequently, five XMM-Newton and two INTEGRAL observations of the
source were reported, with a hard X-ray variable source detected by INTEGRAL only
during the first pointing (Rea et al. 2009). The phase-coherent timing analysis performed
with XMM-Newton, Suzaku-XIS and Swift-XRT data further refined the period P =
5.7620695(1) s, period derivative Ṗ = 6.7(1)×10−12 s s−1 , and magnetic field B ∼ 7×1013
– 2×1014 G, with the evidence of a second period derivative P̈ = −1.6(4)×10−19 s s−2
(Rea et al. 2009). Moreover, the spectrum of the outburst indicates a trend of spectral
softening, with the blackbody component decaying slower than the PL component and
the spectral evolution changing from phase to phase (Rea et al. 2009).
In this chapter, we report the Swift-BAT observations of the recently discovered SGR
0501+4516. The chapter is organized as follows: Sections 5.2 and 5.3 describe the observations and the burst spectroscopic analysis, respectively. In Section 5.4, we present the
results of the time-averaged spectral and statistical analyses of the SGR bursts, which are
then discussed in Section 5.5. The conclusions are summarized in Section 5.6.

5.2

Observations and data reduction

The initial outburst from SGR 0501+4516 was discovered with the Burst Alert Telescope
(BAT) on 2008 August 22 (BAT calculated R.A = 05h 01m 04s, Dec = +45d 16′ 20′′ , with
an uncertainty of 3′ radius; Holland et al. 2008; Barthelmy et al. 2008). Swift-BAT is
a highly sensitive and large field of view (1.4 sr half-coded) hard X-ray telescope using a
coded aperture mask operating in the 15–350 keV energy range (Barthelmy et al. 2005).
The BAT detector plane is made of 32,768 pieces of CdZnTe (CZT: 4 × 4 × 2 mm) and
the coded-aperture mask consists of ∼52,000 lead tiles (5 × 5 × 1 mm) having a 1-m
separation between mask and detector plane (Barthelmy et al. 2005). We used data
from all the BAT triggers (see Table 5.1) and observation sequences (from 00321174001
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Figure 5.1 Examples of the background-subtracted 4 ms lightcurves of SGR 0501+4516
bursts in the 4 energy channels (Black: 15–25 keV, Red: 25–50 keV, Blue: 50–100 keV,
Green: 100–150 keV).
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to 00321174061 ) available for this source. Intense bursting activity was observed between
2008 August 22–23 with the last BAT trigger on 2008 September 3. The standard BAT
software distributed within FTOOLS under the HEASoft package1 (version 6.4.1) and the
latest calibration files available were used to analyze the data. The burst pipeline script,
batgrbproduct2 , was run to process the BAT trigger events. In this study, we screened out
the faint bursts (characterized by a count-rate . 0.1 counts s−1 ) from the ∼ 50 total bursts
observed, leaving 18 bursts for the temporal and spectral analysis. In the cases where
more than one burst was observed in a trigger, the bursts were denoted by the letters
‘A’, ‘B’, etc., preceded by the trigger number (for example, the two bursts considered for
spectral analysis from the trigger 000321174000 were named as 321174A and 321174B).
In Table 5.1, we present the summary of the bursts identified for spectral and temporal
analysis along with their total BAT exposure and count-rates (counts s−1 ) in the 15–150
keV energy range.
Background-subtracted light curves were made for all the bursts using the task batbinevt in the 15–25, 25–50, 50–100 and 100–150 keV energy ranges binned at 4 ms time
resolution after applying the maskweighting technique using the batmaskwtevt task. Maskweighting3 is defined as the background-subtracted counts per fully illuminated detector
for an equivalent on-axis source and involves assigning each event a weight according to
the illumination fraction of the detector it was detected in. A sample of the burst light
curves is displayed in Figure 5.1. To study the burst durations, we determined T90 from
the light curves by running the task battblocks, where T90 , the standard parameter describing the burst duration of GRBs, is defined as the time to accumulate 5% to 95% of the
observed photons. However, battblocks failed to determine the burst’s duration for a few
weak bursts. Hence, T100 interval was used in our analysis, which was determined by not1

http://heasarc.gsfc.nasa.gov/lheasoft/

2

http://heasarc.nasa.gov/docs/swift/analysis/threads/batgrbproductthread.html

3

http://heasarc.nasa.gov/docs/swift/analysis/threads/batmaskwtthread.html

5.2 Observations and data reduction

95

Table 5.1 Summary of SGR 0501+4516 bursts observed with Swift-BAT.
Bursts
321174A
321174B
321177
321174001
321252
321481A
321481B
321551
321574
321583A
321583B
321583C
321583D
321583E
321583F
321583G
323192
323650

Date of Observation
2008 August 22
2008 August 22
2008 August 22
2008 August 22
2008 August 22
2008 August 23
2008 August 23
2008 August 23
2008 August 23
2008 August 23
2008 August 23
2008 August 23
2008 August 23
2008 August 23
2008 August 23
2008 August 23
2008 September 01
2008 September 03

T100 (s)
0.132
0.036
0.150
0.200
0.078
0.420
0.263
0.487
0.044
0.043
0.068
0.092
0.119
0.332
0.140
0.059
0.044
0.151

counts s−1 det−1
1.22±0.06
0.58±0.07
1.33±0.06
0.48±0.03
0.43±0.04
7.35±0.21
1.75±0.05
15.2±0.40
0.44±0.06
0.61±0.06
0.22±0.04
0.43±0.04
0.62±0.04
2.38±0.06
1.11±0.04
0.33±0.04
0.33±0.05
0.48±0.06

Note. — T100 is the total burst duration obtained by noting the start and the end time of the burst,
manually.

ing the start and the end time of the burst emission, manually, and the T100 values range
from ∼0.03 s to ∼0.5 s with an average value of 0.16 ± 0.02 s. In Figure 5.2, we show the
T100 duration histogram of SGR 0501+4516’s bursts, overplotted with the T90 duration
histogram ranging from 0.07 s to 0.25 s, for comparison. The solid and the dotted curves
are the lognormal Gaussian best-fits, peaking at 0.06 ± 0.02 s and 0.09 ± 0.02 s with a
Gaussian width σ of 0.8 ± 0.1 s and 0.5 ± 0.1 s for T100 and T90 , respectively.
Response matrices for BAT spectra were generated for each of the 18 bursts using the
batdrmgen task and the spectral fitting was restricted between 15–150 keV band, since the
BAT mask becomes transparent around 150 keV. Finally, a systematic error was applied
to the BAT spectra using the batphasyserr task in order to account for residuals in the
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Figure 5.2 Distribution of the T100 and T90 durations of the SGR 0501+4516 bursts. The
solid curve is obtained by fitting a lognormal Gaussian model, which peaks at 0.06±0.02 s.
Also shown by a dotted curve is the lognormal fit to the T90 durations, peaking at
0.08±0.09 s.
response matrix. The spectral analysis was performed using XSPEC v12.4.1. Errors
quoted are at the 90% confidence level.

5.3

Burst spectroscopy

The time-averaged spectral analysis was performed using the T100 interval. The bursts
spectra were subsequently fitted with 4 single component models: PL, CPL (characterized by an exponential cut-off energy EC and a PL photon index ΓCP L), thermal
bremsstrahlung (Bremss), blackbody radiation with normalization proportional to the
surface area (Bbodyrad in XSPEC; abbreviated as BB throughout this paper), and 4
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double models by adding a Bbodyrad component to all the above mentioned single models: BB+PL, BB+CPL, BB+Bremss and BB+BB. We first averaged the measured total
χ2 for all the bursts to determine their average reduced χ2 (hχ2ν i, where ν is the number
of degrees of freedom) and their F-test probability. The results, considered to give a
qualitative analysis of the spectral model fit goodness, are summarized in Table 5.2 in
the order of increasing hχ2ν i. Among the single-component models, the CPL model gave
the best fit (hχ2ν i = 1.004) and a single PL model gave the worst-fit (hχ2ν i = 2.766). The
Bremss model, although considered best to describe the hard X-ray spectra of SGRs, also
gave a large hχ2ν i and failed to reproduce the spectral energy distribution for most of the
bursts in the high-energy band, as reported by various authors in their study of other
SGRs (for example, Feroci et al. 2004; Israel et al. 2008).
Table 5.2 Summary of the average χ2 and F -test values.
Model

hχ2 i

ν

χ2ν

CPL
Bremss
BB
PL
BB+BB
BB+CPL
BB+PL
BB+Bremss

1012.45
1448.19
1519.46
2837.56
1003.13
989.34
1300.77
1331.23

1008
1026
1026
1026
990
972
990
990

1.004
1.411
1.481
2.766
1.013
1.018
1.314
1.345

F -test
value

F -test
probability

14.155
0.6307
32.490
2.4161

1.54×10−66
0.96
1.57×10−141
8.21×10−6

Note. — Obtained for the 18 time-averaged burst spectra of SGR 0501+4516 using Swift-BAT.

We next investigated the significance of the double models: BB+PL, BB+CPL, BB+Bremss
and BB+BB. As shown in Table 5.2, the BB+BB and BB+CPL models provide comparable hχ2ν i values, but the BB+CPL model was ruled out because of the large F-test
probability. For the BB+Bremss and BB+PL models, even though the F-test probability
suggests significant improvement of the fit by the addition of a BB component, the hχ2ν i

normalized counts s−1 keV−1
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Figure 5.3 Sample spectra of an SGR 0501+4516 burst of duration T100 = 0.33 s. (a)
CPL model fit with hχ2ν i = 1.250 (56). (b) BB+BB model fit with hχ2ν i = 1.009 (55).
The longer duration bursts are better described by a BB+BB model as evident from their
spectra as well as hχ2ν i values.
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values obtained are relatively high. Therefore, out of the 8 trial models, the CPL and
BB+BB models yielded statistically acceptable χ2ν values. Figures 5.3 (a) and (b) show
a sample of the best-fit spectra obtained with the CPL and BB+BB models for a burst
(321583E) of duration ∼ 0.33 s.

5.4

Results

In the following subsections, we present the results from our spectroscopic analysis and
also investigate the correlation between the spectral and temporal properties of the observed bursts from SGR 0501+4516.
Table 5.3 Summary of the spectral fit results to the SGR 0501+4516 bursts
Bursts

ΓCP L

321174A
321174B
321174001
321177
321252
321481A
321481B
321551
321574
321583A
321583B
321583C
321583D
321583E
321583F
321583G
323192
323650

-1.9+1.2
−1.4
-0.5+2.0
−2.6
+0.7
1.4−0.9
1.0+0.6
−0.6
-1.9+1.5
−2.1
0.9+0.3
−0.3
0.1+0.5
−0.6
0.5+0.2
−0.2
0.8+0.9
−1.8
0.1+1.0
−2.4
0.2+1.6
−2.4
0.6+1.1
−1.4
-0.5+0.8
−1.0
-0.7+0.3
−0.4
-2.5+2.5
−5.5
0.4+1.8
−3.3
-2.9+0.3
−0.2
0.2+0.5
−0.6

EC
(keV)
9.1+3.8
−1.4
+56.5
14.7−8.7
+20.4
56.3−13.5
+15.6
25.9−8.0
+5.3
10.9−2.1
20.6+3.1
−2.6
21.1+5.5
−4.2
18.4+1.6
−1.4
+97.9
50.9−35.7
+21.3
21.5−12.3
34.4+6.9
−7.0
+15.6
42.9−10.8
+17.3
23.9−8.4
18.6+2.7
−2.3
11.1+0.4
−0.4
22.2+9.7
−6.2
6.2+1.1
−1.0
20.6+6.2
−4.5

kTBBh
(keV)
···
10.7+0.4
−1.9
16.8+8.0
−4.0
11.4+1.6
−1.2
11.3+1.1
−1.2
11.2+1.0
−0.7
13.6+7.7
−2.3
13.1+1.3
−1.0
25.8+3.3
−12.6
11.3+0.7
−2.3
19.1+2.2
−2.9
15.5+5.1
−2.9
+4.8
15.8−2.0
13.4+0.5
−0.5
···
···
···
12.2+2.5
−1.4

RBBh
(km)
···
1.2+0.9
−0.6
0.4+0.5
−0.2
1.5+0.5
−0.3
1.0+0.2
−0.2
3.1+0.8
−0.6
1.2+1.0
−0.5
2.7+1.0
−0.6
0.2+0.1
−0.1
1.2+0.9
−0.3
0.2+1.0
−0.1
0.5+0.2
−0.2
+0.3
0.7−0.3
1.8+0.1
−0.1
···
···
···
1.5+0.8
−0.5

kTBBs
(keV)
···
3.5+2.2
−3.5
5.4+1.7
−1.5
4.0+0.9
−0.8
2.4+0.3
−2.4
5.1+0.7
−0.6
6.6+2.3
−2.6
6.7+0.5
−0.6
8.0+4.5
−3.9
3.7+0.5
−1.1
6.7+0.9
−1.7
3.7+3.9
−1.6
+2.6
5.1−2.9
3.3+1.2
−0.8
···
···
···
4.6+2.3
−2.0

RBBs
(km)
···
5.9+3.9
−2.9
3.5+4.0
−1.0
11.0+0.8
−0.8
12.9+2.3
−2.3
16.4+0.4
−0.4
4.1+7.6
−0.9
14.2+2.3
−1.4
1.7+5.9
−0.6
5.7+2.5
−2.5
1.2+0.4
−0.4
5.4+2.6
−2.6
+0.7
2.3−0.7
14.8+1.8
−1.8
···
···
···
7.1+0.6
−0.6

Fluence
(ergs cm−2 )
−8
6.7+0.1
−0.1 ×10
+0.0
−9
7.0−0.1 ×10
−8
2.4+0.1
−0.2 ×10
−8
7.7+0.0
×10
−0.4
+0.0
−8
1.3−0.1 ×10
−6
1.1+0.0
−0.1 ×10
−7
1.9+0.0
×10
−1.4
+0.0
−6
2.7−02 ×10
−8
1.0+0.1
−0.1 ×10
−8
1.0+0.0
×10
−0.1
−9
7.0+0.0
×10
−0.1
+0.0
1.8−0.1 ×10−8
−8
3.8+0.0
−0.2 ×10
−7
3.7+0.0
×10
−0.1
−8
7.2+0.1
−0.7 ×10
−8
3.6+0.0
×10
−0.4
−9
4.4+0.1
−0.4 ×10
+0.0
9.7−1.0 ×10−8

Flux
(ergs cm−2 s−1 )
−7
5.1+0.3
−0.6 ×10
+0.2
−7
1.9−1.9 ×10
−7
2.0+0.1
−1.6 ×10
−7
5.1+0.2
×10
−2.8
+0.1
−7
1.6−0.6 ×10
−6
2.7+0.0
−0.3 ×10
−7
7.4+0.1
×10
−5.4
+0.1
5.6−0.5 ×10−6
−7
2.3+1.0
−2.3 ×10
−7
2.4+0.2
×10
−2.4
−7
1.0+0.0
×10
−1.0
+0.1
1.9−1.3 ×10−7
−7
3.2+0.3
−2.1 ×10
−6
1.1+0.0
×10
−0.2
−7
5.1+0.5
−5.1 ×10
−8
1.2+0.3
×10
−1.2
−8
9.9+2.0
−8.2 ×10
+0.1
6.4−6.4 ×10−7

Luminosity
(ergs s−1 )
39
6.1+0.4
−0.8 ×10
+0.2
39
2.3−2.3 ×10
39
2.4+0.1
−1.9 ×10
39
6.1+0.2
×10
−3.3
+0.2
39
1.9−0.7 ×10
40
3.2+0.0
−0.4 ×10
39
8.8+0.1
×10
−6.5
+0.1
6.7−0.6 ×1040
39
2.7+1.2
−2.7 ×10
39
2.9+0.2
×10
−2.9
39
1.2+0.0
×10
−1.2
+0.1
2.3−1.5 ×1039
39
3.8+0.3
−2.5 ×10
40
1.3+0.1
×10
−0.2
39
6.1+0.6
−6.1 ×10
38
1.5+0.4
×10
−1.5
39
1.2+0.2
−1.0 ×10
+0.1
7.7−7.7 ×1039

Note. — The radius, fluence, flux and luminosity values quoted are in the 15–150 keV energy range,
assuming a distance to the source in units of 10 kpc (D10 ). Errors quoted are at the 90 % confidence
level. See Section 5.4 for details.
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Time-averaged spectral parameters

The best-fit time-averaged spectral parameters of the bursts are summarized in Table 5.3.
We have determined the cooler and hotter BB radii (RBBs and RBBh ) from the two2
2
component BB model normalization K ∼ Rkm
/D10
, where Rkm is the radius of the emit-

ting region in km and D10 is the distance to the source in units of 10 kpc. Although the
exact distance to SGR 0501+4516 is not yet known, a distance of 1.5 kpc based on the
proximity of its direction to the supernova remnant HB9 has been suggested by Gaensler
& Chatterjee (2008). More recent studies used distance estimates of 1.5 kpc (Aptekar
et al. 2009), 5 kpc (Rea et al. 2009) and 10 kpc (Enoto et al. 2009). In this work,
we assume a distance to the source in units of 10 kpc (D10 ) to be consistent with the
XSPEC BB model normalization and scale all the derived parameters in units of D10 . We
determined a mean radius of ∼7.2 ± 1.5 D10 km and ∼0.9 ± 0.2 D10 km for the soft
and hard BB components, respectively, which are consistent with the cooler (∼8.9+2.9
−2.1
D10 km) and hotter (∼0.46+0.16
−0.14 D10 km) BB radii obtained for SGR 0501+4516 using
Suzaku observations (Enoto et al. 2009). The histograms of the best-fit spectral parameters (ΓCP L, EC , kTBBs , kTBBh ) and the BB radii of the soft and hard components (RBBs
and RBBh ) are shown in Figure 5.4. In Table 5.4, we summarize the mean value obtained
from a Gaussian fit to the histogram plots of all spectral parameters and the inferred BB
radii (see Figure 5.4). The results obtained for SGR 0501+4516 are in good agreement
with those obtained for the typical short-duration bursts observed in other SGRs such as
SGR 1900+14 and SGR 1806−20 (Olive et al. 2004; Feroci et al. 2004; Nakagawa et al.
2007; Israel et al. 2008).
The burst fluence, tabulated in Table 5.3, was estimated by multiplying the timeaveraged flux (in units of ergs cm−2 s−1 obtained from the spectral fits) by its respective
burst duration T100 . For SGR 0501+4516, the fluence ranges from ∼4.4 × 10−9 ergs
cm−2 to ∼2.7 × 10−6 ergs cm−2 . Observational results suggest that SGR bursts fluence
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Table 5.4 Summary of the Gaussian fit to the spectral parameters.
Parameters

Γ

Average of spectral parameters
Gaussian Mean of parameters
Width of Gaussian distribution (σ)

-0.3+1.0
−1.5
0.54±0.11
0.38±0.11

EC
(keV)
24.5+16.2
−7.3
19.1±1.8
6.7±1.8

kTh
(keV)
14.4+2.9
−2.6
12.0±0.2
1.5±0.2

kTs
(keV)
5.0+1.8
−1.9
5.0±0.7
1.8±0.8

Rh
(km)
1.2+2.5
−1.2
1.0±0.2
0.6±0.2

Rs
(km)
7.6+0.6
−0.3
7.2±1.9
6.4±2.1

ranges from ∼10−10 – ∼10−4 ergs cm−2 and follows a power-law distribution (Mereghetti
2008). The corresponding burst energies are in the range of ∼4.2 × 1036 ergs to ∼2.8 ×
1039 ergs. Assuming isotropic emission, we calculate the burst peak luminosity as L =
2
4πD10
F , where F is the time-averaged flux of the bursts (see Table 5.3), and find that
38
2
40
2
D10
ergs s−1 . We have
it ranges from ∼1.5+0.4
D10
ergs s−1 to ∼6.7+0.1
−1.5 × 10
−0.6 × 10

also determined the luminosities corresponding to the soft and hard components of the
BB+BB model; these are reported and discussed in Section 5.5.

5.4.2

Statistical analysis of SGR 0501+4516

Statistical studies have unveiled some basic properties such as the burst energy injection
and radiation mechanisms of the SGRs (Gogus et al. 1999, 2000, 2001). In this subsection,
we consider the statistical properties of the SGR 0501+4516 bursts. First, we investigated
the fluence distribution of the SGR bursts with duration and estimated the significance
of this correlation using the Spearman test (Spearman 1904). The fluences show a strong
positive correlation with T100 , with a PL index of 2.0±0.2 as shown in Figure 5.5. The
Spearman rank order test applied to SGR 0501+4516 burst fluences and durations yielded
a correlation coefficient ρ = 0.9 and the probability (P ) that this correlation is due to a
random fluctuation is 3.0×10−7 corresponding to 95% confidence level. Such a correlation
has been observed by Gogus et al. (2001) for SGR 1806-20 and SGR 1900+14, which was
interpreted to be similar to the PL relation between the total energy and duration of the
earthquakes established by Gutenberg & Richter (1956).
Next, we examined the burst spectral variations with temporal properties to draw
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Figure 5.4 Histogram plots for the best-fit spectral parameters. The spectral indices
(ΓCP L), and cut-off energy EC (CPL) are obtained from the CPL model. The soft BB
temperature kTBBs , hard BB temperature kTBBh , and the inferred soft and hard BB radii
(RBBs , RBBh ) are obtained from the BB+BB model. The dashed curve is the best-fit
Gaussian model.
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Figure 5.5 Correlation plot for the SGR 0501+4516 burst fluence Vs T100 fitted with a PL
of index 2.04 ± 0.21 (ρ = 0.9, P = 3.0×10−7 ).
comparison to other SGRs. For that, we computed the hardness ratio, defined as HR
= (H-S)/(H + S), where H and S are the background subtracted hard and soft photon
counts in the 25–150 keV and 15–25 keV energy bands, respectively. Figures 5.6 (a) and
(b) show HR plotted against the burst duration and fluence, respectively. We clearly see
an anti-correlation in both cases and a power-law fitted to the data gave indices of −0.20
± 0.03 and −0.10 ± 0.02, respectively. This anti-correlation was further quantified by
carrying out the Spearman test and we obtain a correlation coefficient of ρ = −0.7 (P =
6.5×10−4 ) for HR vs. burst durations and ρ = −0.8 (P = 1.8 × 10−4 ) for HR vs. burst
fluences. We discuss the observed correlations in Section 5.5; a detailed analysis on the
spectral evolution in SGR 0501+4516 will be presented elsewhere.
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Figure 5.6 (a) Hardness ratio Vs T100 fitted with a PL of index −0.20 ± 0.03 (ρ = −0.7,
P = 6.5×10−4 ). (b) Hardness ratio Vs fluence fitted with a PL of index −0.10 ± 0.02 (ρ
= −0.8, P = 1.8×10−4 ).

5.5

Discussion

We have carried out a comprehensive study of the spectral and temporal properties of the
recently discovered SGR 0501+4516. The observed burst durations in SGR 0501+4516
typically range from ∼0.03–0.5 s and follow a lognormal distribution as seen in the case
of other SGRs (for example, Gogus et al. 2001; Woods et al. 1999). T90 durations of
∼0.093 s and ∼0.162 s were measured for SGRs 1806-20 and 1900+14 (Gogus et al. 2001),
respectively, and ∼0.099 s for the anomalous X-ray pulsar (AXP) 1E 2259+486 (Gavriil
et al. 2004). The T100 duration of the bursts observed from SGR 0501+4516 showed a
lognormal distribution peaking at ∼0.06±0.02 s with an average value of ∼0.16±0.02 s
for the 18 bursts. The short bursts observed from SGR 0501+4516 using Swift-BAT
were fitted with 8 spectral models, out of which the single-component CPL and the
two-component BB models provided the best fit. Feroci et al. (1994) also suggested
CPL and BB+BB as best-fit models for 10 short bursts from SGR 1900+14 observed
using BeppoSAX in the 1.5–100 keV energy range. We have also explored the possible
correlations between the spectral and the temporal burst properties in SGR 0501+4516
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and the implications of these observed features are discussed below in the context of the
magnetar model (Thompson & Duncan 1995).
As shown in Section 5.4.2, the SGR 0501+4516 burst fluence follows a power-law
distribution (α = 2.0 ± 0.2; see Figure 5.5) with the burst duration. Similar correlations
have been found for earthquakes with PL indices ranging from 1.4 to 1.8 (Gutenberg &
Richter 1956; Chen et al. 1991) and for solar flares with a PL index ranging from 1.53
to 1.73 (Crosby et al. 1993). Earthquake-like behaviour for SGRs were first pointed out
by Cheng et al. (1996) using SGR 1806-20 with a PL index of 1.66. The PL relation
between the seismic moment (∝ energy) and duration was shown by Lay & Wallace (1995),
which yielded an index of 3.03. Gogus et al. (2001) has also successfully investigated this
correlation and obtained a PL index of 1.05 ± 0.16 and 0.91 ± 0.07 for SGR 1806-20 and
SGR 1900+14, respectively. This behavior shown by earthquakes was also interpreted
on the basis of self-organized criticality (Bak et al. 1988), providing a framework for
understanding complexity and scale invariance in systems showing irregular fluctuations.
Self-organized criticality can be considered as a characteristic state of criticality formed
by self-organization in a long transient period at the border of stability and chaos with
the events following a power-law distribution. However, this theory cannot predict the
strength or time of the next event (Bak et al. 1988). Moreover, we notice that this
is the first time the PL index obtained from an SGR matches quite well with those
measured in both earthquakes and solar flares, suggesting that SGR bursts are analogous
to earthquakes and have both crustal and magnetospheric origins.
We have also investigated the hardness-fluence and hardness-duration correlations for
the 18 bursts observed from SGR 0501+4516. As suggested by other authors, hardnessduration and hardness-fluence anti-correlations are observed, as shown in Figures 5.6
(a) and (b), respectively. Moreover, as pointed out by Gogus et al. (2001), we see
that the SGR bursts soften with increasing burst durations, the details of which will
be presented in a follow-up paper. The hardness-fluence anti-correlation (see Figure 5.6
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(b)) has been explained by Gogus et al. (2001) as due to the emitting plasma in local
thermodynamic equilibrium with the radiative area decreasing at lower fluences, and
secondly, due to the spectral intensity of the radiation field being below that of a BB,
causing the emitting plasma temperature to remain in a narrow range and higher at lower
luminosities. However, it is also suggested that these two possibilities depend on the rate
of energy injection into the atmosphere (Gogus et al. 2001).
The cut-off energy EC obtained from the CPL model peaks around ∼19.1 ± 1.8 keV
(Figure 5.4 (b) and Table 5.4), consistent with that obtained using Konus-Wind observations (EC in the range of 20–45 keV; Aptekar et al. 2009). The ΓCP L for SGR 0501+4516
is also in good agreement with those obtained for SGR 1900+14 and SGR 1806−20 (see
Table 3 of Feroci et al. 2004 and Tables 9 & 10 of Nakagawa et al. 2007). The magnetar
model (Thompson & Duncan 1996) suggests that the non-thermal emission observed
in the SGRs originate from the hydromagnetic winds of particles in the magnetosphere
and the cut-off energy EC can be associated with the plasma energy distribution in the
magnetosphere. This contributes to the hard X-ray emission through particle acceleration leading to Comptonization and particle bombardment of the surface (Thompson
& Duncan 1996; Mereghetti 2008) and/or from pairs created higher (∼100 km) in the
magnetosphere (Thompson & Beloborodov 2005).
The spectra of SGR 0501+4516 were also well-fitted with a two-component BB model,
with the low- and high-BB temperature clustered around 4.6±0.5 keV and 12.8±0.7 keV,
respectively (Figure 5.4 and Table 5.4). These values are consistent with those reported by
+2.5
Enoto et al. (2009) using Suzaku observations (kTBBs = 3.3+0.5
−0.4 keV and kTBBh = 15.1−1.9

keV). The soft and hard BB component gave a Gaussian mean radii RBBs = 7.2 ± 1.5 D10
km and RBBh = 0.9 ± 0.2 D10 km, respectively. Several lines of interpretation were
made to account for the BB+BB emission. Many recent studies have shown that the
broadband (1–100 keV) spectroscopic studies of short SGR bursts are well approximated
by the sum of two blackbodies. Olive et al. (2004) reported that the time-integrated
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Figure 5.7 Square of the radii of the BB+BB model components as a function of their
temperatures. The red circles and blue squares denote the low and high kT values, re2
,
spectively. The low kT values show an anti-correlation of ρ = −0.5, P = 0.06 with RBB
s
2
and the high kT shows a strong anti-correlation of ρ = −0.7, P = 0.01 with RBBh .
2–150 keV energy spectrum of an intermediate flare from SGR 1900+14 observed with
HETE-2 was best described by the sum of two BBs with temperatures ∼4.3 keV and
∼9.8 keV. These results were in line with those obtained for the short bursts from SGRs
1900+14 (kT ∼ 3.23 keV and ∼ 9.65 keV) and 1806−20 (kT ∼ 4 keV and ∼ 11 keV)
by Feroci et al. (2004) and Nakagawa et al. (2007). Similar results were also reported
for the burst spectra of SGR 1900+14 and SGR 1627−41 with temperatures kTBBs ∼
3−5 keV and kTBBh ∼ 9−10 keV (Israel et al. 2008; Esposito et al. 2008). Olive et al.
(2004) interpreted the high-BB component to be arising from a trapped fireball, with the
high-BB temperature being consistent with the theoretically predicted temperature of a
trapped fireball (∼11 keV) and the low-temperature BB with the constant radius (almost
30 times larger than the average radius of the fireball) as originating from the surface of
the neutron star. Furthermore, they suggest that the emission regions observed may be
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due to the radiation transfer effects in a super-strong magnetic field. In addition, these
two BB temperatures can be considered as arising from the propagation of ordinary (O)
and extraordinary (E) photons across the magnetosphere, with the photosphere of the Emode photons located closer to the neutron star surface and the scattering photosphere of
the O-mode photons higher up in the magnetosphere as suggested by Israel et al. (2008).
Our results are also consistent with these interpretations based on the magnetar model.
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Figure 5.8 Bolometric luminosity of hard BB component (LBBh ) Vs luminosity of the soft
BB component (LBBs ). The solid line is the power-law fit which gives with relation LBBs
= (LBBh )α where α = 0.6 ± 0.1.
In Figure 5.7, we have plotted the soft and hard component BB temperatures as a
function of the square of their corresponding radii to investigate any possible correlations.
The size of the emitting regions derived from the soft BB temperature, though does not
appear to have a constant value, approximates the expected radius of the neutron star
and a power-law fit to the data yields an index of −2.7 ± 1.2. Similarly, we fitted a
power-law to the hard BB temperature and their respective radii, and we obtain a PL
index of −5.8 ± 1.0. The Spearman correlation test gives the following anti-correlation
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results: ρ = −0.5 (P = 0.06) for the soft BB temperature and ρ = −0.7 (P = 0.01) for the
hard BB temperature. This clearly demonstrates the existence of a strong anti-correlation
2
between kTh and RBB
. Olive et al. (2004) found a nearly constant radius for the low-BB
h

temperature, independent of the temperature whereas the high-BB temperature showed
a clear anti-correlation between the radius and the temperature (see Figure 7 of Olive
et al. 2004). Such a correlation (R2 ∝ kT −3 ) has been observed for SGR 1900+14 by
Israel et al. (2008) during an intermediate outburst for the luminous phases of the flares
(Ltot ≥ 1041 ergs s−1 ). Israel et al. (2008) identified the presence of a natural separation
region around 25–30 km which corresponds to a critical surface where B = BQED , as
predicted in the magnetar model (Duncan & Thompson 1995). However, from our data
on SGR 0501+4516, we notice that the minimum radius of the soft BB overlaps with the
maximum radius of the hard BB component, thereby suggesting that a fraction of the
E-mode photons can be locally converted to the O-mode by Compton scattering and by
photon splitting if the effective temperature is high enough (Duncan & Thompson 1995).
We have determined the soft and hard BB luminosities (LBBs and LBBh ), and plotted
them against each other to explore their correlation. Figure 5.8 shows the bolometric
luminosities of the two BBs for the bursts fitted with the BB+BB model. While Feroci
et al. (1994) found a constant ratio for the bolometric luminosities of the bursts, we
do not. However the quantities are well correlated with a correlation factor ρ = 0.7 (P
= 6.1 × 10−3 ). We also fit the data with a power-law and obtain an index of 0.6±0.1,
which is consistent with those obtained by Israel et al. (2008) for SGR 1900+14. The
luminosities obtained for SGR 0501+4516 fall below ∼1041 ergs s−1 , and hence, with
the current statistics, we cannot make an inference on the saturation effect of the low
BB luminosity as seen for SGR 1900+14 (Israel et al. 2008). The maximum bolometric
luminosity obtained for the SGR 0501+4516 bursts is for the soft BB component with
2
ergs s−1 corresponding to the radius RBBs = 14.2 D10 km and
LBBs = 4.1 × 1040 D10

temperature kTBBs = 6.7 keV. We compare this with the magnetic Eddington luminosity
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LEdd,B (Paczynski 1992; Thompson & Duncan 1995) given by

LEdd,B ∼ 2 × 1040 (

B
BQED

)4/3 (

r 2/3
) ergs s−1
RN S

(5.1)

This gives a B-field value of ∼7.4×1013 G, which is in agreement with the magnetic field
strength of the dipolar component in the range ∼7 × 1013 < Bd < 2 × 1014 G obtained
for SGR 0501+4516 (Rea et al. 2009).

5.6

Summary and Conclusions

We have presented a quantitative analysis of the newly discovered SGR 0501+4516 observed by Swift-BAT. The spectra of the bursts from SGR 0501+4516 in the 15-150 keV
energy range are best-fitted by both the CPL and BB+BB models. In the BB+BB model,
the hotter temperature represents the smaller trapped fireball regions and the colder temperature corresponds to the regions consistent more or less with the radius of the neutron
star. These temperatures are also associated with the propagation of E-mode and O-mode
photons across the photosphere as predicted in the magnetar model. The non-thermal
emission observed from the short bursts seems to originate from the magnetosphere. All
the above findings are consistent with the typical short bursts observed from other SGRs
and with the magnetar model prediction of SGRs. However, we believe that more burst
observations will help in further constraining the SGR emission mechanisms.
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Chapter 6
First SGR-like burst from the AXP
1E 1841–045 in SNR Kes 73
The content of this chapter, reproduced by permission of the AAS, is published in the
refereed paper: Kumar, H. S., & Safi-Harb, S., Swift study of the first SGR-like burst from
AXP 1E 1841–045 in SNR Kes 73, Astrophysical Journal Letters, 725, 191–195, 2010.
As mentioned in chapter 1, SGRs and AXPs, although belonging to the same magnetar
family, show some differences in their burst properties. Having focussed on the bursts
associated with SGRs in the previous chapter, we next studied AXP bursts. In this
chapter, we present the results on AXP 1E 1841–045 which went into outburst in May
2010. We find that the burst properties were similar to short SGR-like bursts and the
AXP brightened by a factor of ∼2 post-burst.

6.1

Introduction

Recent years have seen many discoveries supporting the idea that anomalous X-ray pulsars
(AXPs) and soft γ-ray repeaters (SGRs) are manifestations of magnetars, the ultramagnetized (B ∼ 1014 –1015 G) isolated neutron stars (NSs) powered by the energy stored
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in their B-field (see Mereghetti 2008 for a recent review). AXPs were identified as sources
of persistent X-ray pulsations with periods P ∼ 2–12 s, spin-down periods Ṗ ∼10−10 –
10−12 s s−1 , and characteristic spin-down timescales of ∼103 –105 years; whereas SGRs
were discovered as sources emitting soft, irregular bursts in the soft γ-rays. It was not
until a few years ago when the AXPs, known for their X-ray flux variability and glitches,
started showing bursting behavior. According to the magnetar model (Thompson &
Duncan 1995), AXP outbursts are caused by NS fracturing owing to internal magnetic
stresses accompanied by external surface and magnetospheric disturbances. The first
SGR-like burst was observed from AXP 1E 1048.1–5937 (Gavriil et al. 2002), followed by
1E 2259+586, XTE J1810–197, 4U 0142+61, CXOU J164710.2–455216 and 1E 1547.0–
5408 (Kaspi et al. 2003; Woods et al. 2005; Gavriil et al. 2010; Israel et al. 2007, 2010).
The seventh AXP observed to burst is 1E 1841–045, caught by the Burst Alert Telescope
(BAT) onboard the Swift γ-ray observatory (Beardmore et al. 2010).
AXP 1E 1841–045, associated with the young (∼2000 yr) and small (∼4.5′ in diameter)
supernova remnant (SNR) Kes 73, has a rotation period P = 11.8 s, period derivative
Ṗ = 4.1 × 10−11 s s−1 and a dipole B-field ∼7.1 × 1014 G (Vasisht & Gotthelf 1997).
A Chandra continuous clocking (CC) mode observation of the source resolved the AXP
from the surrounding SNR and the X-ray spectrum was described by a blackbody (BB,
temperature kT = 0.44 ± 0.02 keV) plus a power-law (PL, photon index Γ = 2.0±0.3)
model (Morii et al. 2003). The source, long known to be steady, displayed 3 glitches
between 1999 and 2008 (Dib et al. 2008) and showed no evidence of glitch-correlated flux
changes (Zhu and Kaspi 2010).
We report here the Swift observations of the first SGR-like burst detected from AXP
1E 1841–045 with BAT in the 15–100 keV band and the burst-induced changes in the
0.5–10 keV persistent emission with Swift’s X-ray Telescope (XRT), together with the
two archival XMM-Newton observations to investigate the pre-burst persistent emission
in the same energy band. These results are discussed in comparison with other magnetar
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bursts and in the context of the magnetar model.

6.2
6.2.1

Observation and Data Reduction
BAT observations

Swift-BAT (Gehrels et al. 2004; Barthelmy et al. 2005) triggered and located the first
burst from 1E 1841–045 (trigger 00421262000 ) on 2010 May 06 at 14:37:44 UT (BAT
calculated R.A = 18h 41m 19s, Dec = −04d 55′ 15′′ [J2000], with an uncertainty of 3′
radius; Beardmore et al. 2010). The data were analyzed using the standard BAT software
distributed within FTOOLS under the HEASoft v6.4.1 package and the latest calibration
files available. The burst pipeline script, batgrbproduct, was run to process the BAT
trigger event. In Figure 6.1, we show the 15–150 keV background-subtracted 4 ms binned
light curve of the 32 ms burst created using the task batbinevt. The burst spectrum and
the response matrix were generated using the tasks batbinevt and batdrmgen, respectively.
Finally, a systematic error was applied using the task batphasyserr to account for residuals
in the response matrix.
The data were also searched for persistent emission from 1E 1841–045 during the nonbursting intervals. An image was created excluding the burst time intervals and the task
batcelldetect was run to search for any sources in the BAT sky image. We investigated
the time interval t = 100.51 s to t = 959.22 s with a net exposure of 859 s. We do not
find any significant persistent emission and the 3σ upper limit on its 15–100 keV flux is
1.2×10−10 ergs cm−2 s−1 .

6.2.2

X-Ray Telescope (XRT) observations

Swift-XRT is designed to perform automated observations of newly discovered bursts
in the 0.2–10 keV energy band (Burrows et al.

2005).

The first XRT observation
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Figure 6.1 The 15–150 keV background-subtracted 4 ms binned light curve of 1E 1841–
045’s burst detected by Swift-BAT.
(00421262000 ) of 1E 1841–045 began at 15:09:28 UT (0.5 hr after the BAT trigger) and
the second observation (00421262002 ) started at 16:30:24 UT (1.9 hr after the BAT
trigger) on 2010 May 6 for a total exposure of 447 s and 4473 s, respectively. The
XRT data were accumulated in the Windowed Timing (WT) and Photon Counting (PC)
mode, however, we considered only the PC mode data which provides full spatial and
spectral resolution with a time resolution of 2.5 s. The data were processed using the
FTOOLS task xrtpipeline v0.12.4. The AXP spectra were extracted from a circular region of radius 20 pixels (1 pixel = 2.36′′ ) encompassing 90% of the encircled energy
and the background events were extracted from an annular region of radius between
30 and 50 pixels, centered on the AXP. We used the latest spectral redistribution matrix
(RMF; swxpc0to12s6 20070901v011.rmf ) available in CALDB. The ancillary response files
(ARFs) were generated using the xrtmkarf task which accounts for the different extraction
regions, vignetting, and point-spread function corrections.
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XMM-Newton observations

In order to study the pre-burst quiescent emission, we used the archival XMM-Newton
observations of 1E 1841–045 made on 2002 October 5 and 7 (ObsIDs: 0013340101 &
0013340201 ) with the European Photon Imaging Cameras (EPIC) MOS (Turner et al.
2001) operating in full window mode and PN (Struder et al. 2001) operating in larger
window mode. We analyzed the data using the XMM-Newton Science Analysis System
(SAS) v10.0.0 and the most recent calibration files. We created light curves with 100 s
bins and the bins with count-rates greater than 0.35 and 0.4 counts s−1 were rejected for
MOS1/2 and PN, respectively, thus filtering out spurious and heavy proton flaring events.
The total effective exposure times for MOS1+2 and PN cameras were 20.3 ks and 6.7 ks,
respectively.
The AXP spectra were extracted from a 20′′ circular region from MOS1/2 and PN
encompassing 77% of the encircled energy and the background spectra were extracted from
an annular region of radius between 20′′ and 30′′ , centered on the AXP. These extraction
radii were chosen to maximize the emission from the pulsar using all three detectors while
also avoiding contamination from the surrounding bright SNR Kes 73. We found that
a larger extraction radius for the pulsar clearly showed emission lines characteristic of a
young SNR (see Zhu & Kaspi 2010 for their analysis of the PN data in the 4–10 keV),
thereby introducing uncertainties in accurately determining the spectral properties of the
pulsar. Pile up is negligible in both observations. Next, we created RMFs and ARFs for
the corresponding detector regions using the commands rmfgen and arfgen.
Spectral fitting for all data was performed using XSPEC v12.6.0 and the errors quoted
are at the 90% confidence level. The spectra were grouped to have a minimum of 20 and 25
counts per bin for the XRT and XMM-Newton data, respectively, in the 0.5–10 keV band.
Swift-BAT spectral fitting was restricted to the 15–100 keV band since the spectrum
above 100 keV was contaminated by noise.
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Figure 6.2 Top: The 15–100 keV spectrum of the 32 ms burst detected with Swift-BAT
fitted with a PL model (χ2ν = 1.531, ν = 36), showing residuals at energies around 27
keV, 40 keV, and 60 keV. Bottom: Best-fit PL model plus 3 Gaussian lines to account for
the emission features in the burst spectrum (χ2ν = 0.963 (27)).
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Analysis and Results
Burst spectroscopy

We fitted the time-averaged burst spectrum with simple models: a PL model with Γ = 2.6
± 0.4 (reduced chi-squared χ2ν = 1.531 (36) where ν is the number of degrees of freedom)
and a BB model with kT = 8.7 ± 1.3 keV (χ2ν = 1.292 (36)). Neither model gave a
good fit, however there were hints of spectral features (Figure 6.2). Hence, we added
Gaussian emission lines to the PL model and found that the addition of three broad lines
+2.8
+3.1
2
at energies 26.7+1.6
−1.4 keV, 39.6−2.2 keV and 59.8−3.5 keV improves the fit (χν = 0.963 (27))

with an F -test probability of 7 × 10−3 , and Γ = 3.2+1.8
−1.0 . The best-fit parameters are
summarized in Table 6.1. We also obtained an acceptable fit (χ2ν = 0.928 (27)) by adding
+2.2
Gaussian lines to the BB model with a kT = 1.7+0.4
−0.2 keV (BB radius = 15.0−1.9 km) and

similar line energies (Table 6.1). The addition of a second BB-component to the above
mentioned models was ruled out statistically owing to higher χ2ν values. At a distance of
−8
8.5 kpc (Tian & Leahy 2008), we estimate a burst fluence of 1.1+0.4
ergs cm−2 ,
−0.6 × 10
39
36
a peak luminosity of 2.9+1.1
ergs s−1 and a total energy of 7.2+0.4
ergs in
−1.6 × 10
−0.6 × 10

the 15–100 keV band. These values are consistent with those obtained for the other AXP
bursts observed with Swift (Israel et al. 2007, 2010).
In order to further address the statistical significance of the spectral features, we performed a Monte Carlo simulation in XSPEC. We generated 1000 fake spectra as described
in the BAT analysis manual1 using the task fakeit none with the same response matrix
as our observation and then applied corrections to the simulated spectra using the task
batphasimerr. All the simulated spectra were fit with a PL model and a PL plus Gaussian
emission lines model searching over the energy ranges 24–28 keV, 37–41 keV, and 57–61
keV in steps of 0.2 keV. For each faked spectrum, we computed the χ2 difference (∆χ2 )
1

http://heasarc.nasa.gov/docs/swift/analysis/threads/batsimspectrumthread.html
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between the two models and none of them gave a difference |∆χ2 | ≥ 29.11, the observed
value in our fitted data. We conclude that the probability of obtaining the three spectral
features by random chance is < 10−3 . Their nature is further discussed in Section 6.4.

normalized counts s−1 keV−1

1

0.1

0.01

χ

2

0

−2

1

2
Energy (keV)

5

Figure 6.3 Best-fit BB+PL and PL fits to the XMM-Newton and Swift-XRT data, respectively. The topmost, middle and bottom spectra represent the XMM-Newton PN,
MOS 1+2, and the two Swift-XRT data, respectively.

6.3.2

Persistent post-burst and pre-burst emission

Spectral modeling was performed by fitting together the two Swift-XRT observations
taken immediately after the BAT trigger, since the 00421262000 data had less counts
(132±13) than the 00421262002 data (1480±44). We first fitted the data with an absorbed
BB model which did not provide an acceptable fit (χ2ν = 1.419 (87)) yielding a low NH
= (0.8 ± 0.2) × 1022 cm−2 and kT = 0.85 ± 0.05 keV, with the high-energy end of the
spectra poorly characterized. Next, we fitted an absorbed PL model which yielded a
good fit (χ2ν = 1.025 (87)) with NH = (2.3 ± 0.3) × 1022 cm−2 and Γ = 2.6 ± 0.2. We
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also considered the inclusion of a second BB-component (generally required to describe
the magnetar persistent spectra) to the PL model which gave an NH = (2.2 ± 0.1) ×
+0.23
2
1022 cm−2 , Γ = 2.6+0.2
−0.1 , and kT = 0.55−0.20 keV with χν = 1.034 (85). This fit is also

acceptable, but an F -test probability of 0.62413 suggests that the second BB-component
is not statistically needed.
Table 6.1 Summary of the best-fit spectral parameters
Parameter

NH (1022 cm−2 )
Γ
kTBB (keV)
Line energy, E1
Width, σ1
Line energy, E2
Width, σ2
Line energy, E3
Width, σ3
χ2ν
Funabs
Lx

Burst (15–100 keV)
BB
...
...
1.7+0.4
−0.2
26.5+1.6
−1.6
3.1+2.1
−1.5
39.8+2.6
−7.4
1.3+2.7
−1.2
59.9+2.6
−3.7
5.2+2.5
−1.9
0.928 (27)
−7
3.4+1.5
−1.2 ×10
+1.3
39
2.9−1.0 ×10

PL
...
3.2+1.8
−1.0
...
26.7+1.6
−1.4
2.7+1.9
−1.3
39.6+2.8
−2.2
0.6+3.2
−0.4
59.8+3.1
−3.5
4.9+2.3
−1.7
0.963 (27)
−7
3.4+1.3
−1.9 ×10
+1.1
39
2.9−1.6 ×10

Persistent
Pre-burst (XMM )
BB+PL
2.2+0.1
−0.1
1.9+0.2
−0.2
0.45+0.03
−0.03
...
...
...
...
...
...
0.931 (1267)
−11
4.3+0.9
−1.2 ×10
+0.8
35
3.7−1.0 ×10

Emission (0.5–10 keV)
Post-burst (XRT )
PL
BB+PL
+0.1
2.3+0.3
2.2
−0.3
−0.1
+0.2
2.6+0.2
2.6
−0.2
−0.1
...
0.55+0.23
−0.20
...
...
...
...
...
...
...
...
...
...
...
...
1.025 (87)
1.034 (85)
+1.2
−11
−11
9.1−1.4 ×10
8.1+3.7
−2.7 ×10
+1.0
+3.2
35
35
7.8−1.2 ×10
7.0−2.3 ×10

Note. — Line energies and width σ are given in units of keV, unabsorbed flux Funabs is in units of
ergs cm−2 s−1 , and luminosity is in units of ergs s−1 at a distance of 8.5 kpc.

We also analyzed the archival XMM-Newton observations to investigate the pre-burst
spectrum. A PL+BB model yields a good fit (χ2ν = 0.931 (1267)) with the following
parameters: NH = (2.2 ± 0.1) × 1022 cm−2 , Γ = 1.9 ± 0.2, and kT = 0.45 ± 0.03 keV
(inferred radius RBB = 5.0+0.5
−0.7 km). The best-fit spectral parameters and spectra are
shown in Table 6.1 and Figure 6.3, respectively. The pre-burst spectra were further
explored using a BB+BB model which provided acceptable fits (χ2ν = 0.942 (1267)), but
with a lower column density NH = (1.9 ± 0.1) × 1022 cm−2 , soft kT = 0.47+0.06
−0.05 keV,
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and hard kT = 1.46+0.31
−0.58 keV. Here, we adopt PL+BB as the best-fit model since the NH
derived in this case is closer to that obtained for its associated SNR Kes 73 (Kumar et
al. 2010, in preparation). The spectral parameters obtained for the pre-burst quiescent
emission are in good agreement with those obtained in previous studies (Morii et al. 2003;
Nakagawa et al. 2009).
The 0.5–10 keV unabsorbed pre-burst and post-burst fluxes are FXM M = 4.3+0.9
−1.2 ×
35
−11
10−11 ergs cm−2 s−1 (LXM M = 3.7+0.8
ergs s−1 ) and FXRT = 9.1+1.2
−1.0 × 10
−1.4 × 10
35
ergs cm−2 s−1 (LXRT = 7.8+1.0
ergs s−1 ), respectively. This represents a 2.1 times
−1.2 × 10

increase in the unabsorbed flux following the burst, consistent with the pulsed flux increase
(2.02 ± 0.06) reported using a Rossi X-ray Timing Explorer (RXTE ) ToO observation in
the 2–11 keV band (Dib et al. 2010).

6.4

Discussion

Thanks to Swift, the first burst from 1E 1841–045 and outbursts from two other AXPs
(CXOU J164710.2–455216, 1E 1541.0–5408) have been detected, enabling a detailed study
of their burst activity with BAT in the hard X-ray band and of the underlying prompt
persistent emission immediately after outburst with XRT in the soft X-ray band. Such
studies are vital to understanding the physics of the outburst and for testing the predictions of the magnetar model.
As an extension to the magnetar model, Thompson et al. (2002) suggest that the twisted internal B-field stresses the crust in turn twisting the external dipole field. When a
static twist is implanted, currents flow into the magnetosphere. As the twist angle grows,
electrons provide an increasing optical depth to resonant cyclotron scattering building up
a flatter photon power-law component. Meanwhile, returning currents provide an extra
heating of the star surface increasing the X-ray flux. Hence, a correlation between X-ray
flux and spectral hardness is expected. Bursts arise from the sudden small-scale surface
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reconfiguration owing to a magnetospheric twist and the activity increases with increasing twist angle. Beloborodov (2009) suggests that the twisted magnetosphere gradually
untwists by producing radiation where the thermal component is expected to survive the
time-scale required to dissipate the twist energy, while the non-thermal component is
short-lived since the resonant scattering is no longer possible when the current-carrying
bundle becomes too small.
The burst observed from 1E 1841–045 is short (32 ms), symmetric, and well-fit by a PL
model in the 15–100 keV range. These characteristics fit the description of Type A AXP
bursts, similar to those seen in SGRs, which are short, symmetric, and uncorrelated with
pulse phase as opposed to type B bursts, seen exclusively in AXPs, with long extended
tails (lasting tens to hundreds seconds), thermal spectra, and occurring at pulse maximum
(Woods et al. 2005). Furthermore, Type A and B bursts are believed to be produced by
different mechanisms with the former interpreted as due to a reconnection in the upper
magnetosphere (Lyutikov 2002) while the latter predominantly due to a rearrangement
of the B-field lines anchored to the surface after a crustal fracture (Thompson & Duncan
1995). It is also notable that 1E 1841–045, showing hard X-ray emission up to 150 keV (Γ
= 1.32 ± 0.11; Kuiper et al. 2004) and interpreted as originating from the magnetosphere,
exhibited a soft burst spectrum (Γ = 3.2+1.8
−1.0 ; 15–100 keV) possibly due to a renewed
magnetospheric activity in the external B-field.
We studied the 0.5–10 keV pre- and post-burst persistent emission of 1E 1841–045
using XMM-Newton and Swift-XRT data, respectively. The XMM-Newton spectra were
described by a BB-component (kT = 0.45 ± 0.03 keV, RBB = 5.0+0.5
−0.7 km) possibly originating from a hot spot on the NS surface, plus a PL-component (Γ = 1.9 ± 0.2) likely
associated with the magnetosphere. Our XRT spectral analysis reveals that the source
spectrum softened during the burst with the persistent spectra well fitted by a single PL
model (Γ = 2.6 ± 0.2) accounting for the total flux, which increased by 2.1 times compared to its pre-burst value. By including a BB-component to the PL model (though not
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required statistically; Table 6.1), we find that the PL flux increased by 35% with an increase in Γ, while the BB flux decreased by 22% with a slight increase in temperature (kT
+2.0
= 0.55+0.23
−0.20 keV, RBB = 1.6−1.6 km) with respect to its pre-burst values. If the blackbody

emission originates from a hot spot, we find that it has become slightly hotter and smaller
post-burst, possibly associated with the burst activity following a small-scale rearrangement of the B-field. But, overall the spectrum softened and the total flux increased.
Next, we compare our results with those seen in the two other Swift observed AXPs:
CXOU J164710.2–455216 and 1E 1541.0–5408. The CXOU J164710.2–455216 burst appears similar to that seen in 1E 1841–045 in terms of the light curve (symmetric), duration
(∼20 ms), and energy (∼1037 ergs). The XRT observations taken ∼13 hrs past the burst
showed a dominant PL-component for ∼10 days with the BB-component dominating
(80%–90%) the total flux in the observations taken a month later (Israel et al. 2007).
XMM-Newton observations taken 4.3 days prior to and 1.5 days post this outburst suggest spectral hardening accompanied by 100 times luminosity increase, interpreted as due
to a plastic deformation of the NS’s crust which induced a slight twist in the external
B-field causing the X-ray burst (Muno et al. 2007). However, a reconnection activity in
the 1E 1841–045 magnetosphere might have caused the X-ray burst. On the other hand,
the bursts from 1E 1541.0–5408 were characterized by long extended tails in some of its
2008 bursts and the XRT spectra (spanning 100 s since the BAT trigger until 3 weeks
post-burst) were described by either a PL or a BB model, with the initial hard (Γ ∼ 2 or
kT ∼ 1.4 keV) outburst spectrum steepening (Γ ∼ 4 or kT ∼ 0.8 keV) within one day
from the BAT trigger (Israel et al. 2010). When fitted with a BB+PL model, the spectrum taken 100 s after the BAT trigger was totally dominated by a PL-component, while
in the observations taken 0.05 and 0.2 days after the trigger, the BB-component becomes
dominant and one day later, the PL-component becomes undetectable (Israel et al. 2010).
Similarly, the 1E 1841–045 post-burst emission, taken 0.5 hr and 1.9 hr since the BAT
trigger, is also dominated by the PL-component even though the timescales are different.
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Unfortunately, XRT stopped observing 1E 1841–045 within 3 hrs of the BAT trigger and
hence, we cannot make a judgement about the evolution of its spectrum in comparison
with the other two AXPs. However we note that while both CXOU J164710.2–455216 and
1E 1541.0–5408 had shown a flux-hardness correlation associated with the burst, we see a
flux-hardness anti-correlation in 1E 1841–045 (or steepening of the spectrum immediately
post-burst), a result that is contradictory to the twisted magnetosphere predictions. However, in a globally twisted magnetosphere, the X-ray spectrum can soften following the
burst as the magnetosphere becomes more transparent to cyclotron scattering (Thompson
et al. 2002).
The Swift-BAT burst spectrum of 1E 1841–045 is further intriguing in that it showed
+2.8
+3.1
emission line features at energies 26.7+1.6
−1.4 keV, 39.6−2.2 keV and 59.8−3.5 keV, at the ∼2–

3 sigma level. Magnetars’ spectral features (often interpreted as proton cyclotron lines
from B-fields∼1014 –1015 G) have been reported, although not always with high statistical
significance, using RXTE from SGRs 1900+14, 1806–20, and AXPs XTE J1810–197,
1E 1048.1–5937, 4U 0142+61 (Strohmayer & Ibrahim 2000; Ibrahim et al. 2002; Woods et
al. 2005; Gavriil et al. 2002, 2010). The features reported here are interestingly multiples
of the 13–14 keV line reported with RXT E in 3 other AXPs; and so, if interpreted
as the second, third, and fourth harmonics of a proton cyclotron line at ∼13–14 keV,
they would yield B = (3.5–3.7)×1015 G, which is close to the AXP’s dipole B-field (7.1
× 1014 G). However, the detection of harmonics would argue against a proton cyclotron
origin since higher harmonics should be suppressed for proton resonances (S. Zane, private
communication). On the other hand, electron cyclotron lines from magnetar-strength Bfields would fall in the MeV energy range.
We have further investigated whether any of these lines could be instrumental background and consulted with the BAT team (C. Markwardt, private communication). The
BAT CdZnTe detectors have escape lines and instrumental K-edges at 27 keV (Cd), 32 keV
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Am lines at 59.5 keV2 . While the mask-weighting technique and systematic

error correction should take care of these lines, they can be still present though will be only
a percentage of the source flux; and for a short burst of 32 ms, background line features
will be negligible. We however note that the background subtraction that comes from
mask-weighting depends on the assumption of Gaussian statistics, which likely breaks
down at low count levels. Unfortunately, the low statistics limit is a realm which the
BAT team has not explored for understanding statistics of the mask-weighting technique
(C. Markwardt, private communication). We conclude that the origin of these spectral
features is unclear and a confirmation of their presence is needed with other instruments.

6.5

Conclusion

We have presented a detailed analysis of the Swift observations of the first burst detected
from the AXP 1E 1841–045. The 15–100 keV time-averaged burst spectrum and the
0.5–10 keV persistent spectra obtained with Swift were described by a single PL model,
both showing a softer spectrum (Γ = 2.6–3.2) than its pre-burst spectrum obtained with
XMM-Newton (Γ = 1.9). We conclude that the source has softened post-burst as seen
from the XRT observations taken within ≤3 hrs since the BAT trigger, with a 2.1 times
flux increase compared to its pre-burst value in the 0.5–10 keV range. We discussed our
findings in the light of the magnetar model predictions and in comparison with other
magnetar bursts. We also reported on emission features observed in the Swift-BAT burst
spectrum. Observations with other instruments during active burst phases are warranted
to confirm the existence of such lines and to understand their nature.
This research made use of NASA’s ADS and HEASARC maintained at GSFC. SSH
acknowledges support by NSERC and the Canada Research Chairs program. We thank
Silvia Zane for comments on the manuscript, C. Markwardt for discussions on the BAT
2
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Chapter 7
Chandra and XMM-Newton studies
of SNR G292.2–0.5
The content of this chapter, reproduced by permission of the AAS, is published in the
refereed paper: Kumar, H. S., Safi-Harb, S., & Gonzalez, M. E., Chandra and XMMNewton studies of the SNR G292.2–0.5 associated with the pulsar J1119–6127, Astrophysical Journal, 754, 96–110, 2012.
The previous chapters (3–6) focussed on the study of high-energy properties of highmagnetic field pulsars and magnetars. As mentioned in Chapter 1 (Section 1.5), the
evolutionary links between these two classes can be further addressed by probing their
securely associated supernova remnants (SNRs). Since there is no consensus on the progenitors of these highly magnetized neutron stars so far, we next investigated the environs
of HBPs and magnetars. This chapter presents the results obtained from SNR G292.2–
0.5, associated with the HBP J1119–6127, using all available Chandra and XMM-Newton
observations. Our studies show the first evidence for shocked ejecta and point to a very
massive progenitor for G292.2–0.5.
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Introduction

The X-ray study of supernova remnants (SNRs) using satellites like Chandra and XMMNewton with unprecedented sensitivity and spatial/spectral resolution has revolutionized
our understanding of SNRs structure and dynamics. The X-ray emission from SNRs
provides a wealth of information on the remnant properties such as age, energetics, temperature, and morphology, in addition to probing the composition of the supernova ejecta
and the interaction of the SNR with the ambient interstellar medium (ISM).
G292.2–0.5 is a SNR associated with the high-magnetic field radio pulsar (PSR) J1119–
6127, which was discovered in the Parkes multibeam pulsar survey (Camilo et al. 2000).
PSR J1119–6127 has a relatively large rotation period P = 408 ms and period derivative
Ṗ = 4 × 10−12 s s−1 , a characteristic age τc = P /2Ṗ = 1.6 kyr, and a spin-down luminosity
of Ė = 2.3 × 1036 ergs s−1 . The pulsar’s measured braking index, n = 2.9 (Camilo et al.
2000), has been recently refined using more than 12 years of radio timing data yielding
an n value of 2.684 ± 0.002 (Weltevrede et al. 2011), implying an upper limit on its age
of 1.9 kyr. Its surface magnetic field strength1 is B ∼ 4.1 × 1013 G, making J1119–6127
a high-magnetic field radio pulsar with B at the limit between the “classical” rotationpowered pulsars and magnetars. Radio observations made with the Australia Telescope
Compact Array (ATCA) revealed a non-thermal shell of ∼15′ in diameter and which has
been identified as the SNR G292.2–0.5 (Crawford et al. 2001). Using the Advanced
Satellite for Cosmology and Astrophysics (ASCA) and the Röentgensatellit (ROSAT)
satellites, Pivovaroff et al. 2001 (hereafter P01) detected a hard point-like source ∼1′ .5
from the position of the radio pulsar. Also, an extended X-ray emission was observed
from a circular region of diameter ∼17′ coincident with the SNR shell detected at radio
wavelengths. The X-ray emission from the remnant was fitted using either thermal models
1

The pulsar’s dipole magnetic field estimated as B (Gauss) ≈ 3.2 × 1019 (P/Ṗ )1/2 where P is in
seconds.
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of temperature kT ∼ 4 keV or a non-thermal power-law (PL) model of photon index Γ ∼
2 (P01). However, due to the limited data, these models could not fully characterize the
spectral nature of the remnant (P01).
A Chandra observation of PSR J1119–6127, initially carried out in 2002, detected the
X-ray counterpart to the radio pulsar and resolved for the first time a 3′′ × 6′′ faint pulsar
wind nebula (PWN) associated with it (Gonzalez & Safi-Harb 2003). The high-resolution
Chandra data also made possible an imaging and spatially resolved spectroscopic study of
the western side of the SNR which decoupled the emission of the remnant from the pulsar
and other point sources in the field (Gonzalez & Safi-Harb 2005; hereafter GSH05). GSH05
interpreted the diffuse emission from the western side of the remnant as due to non-thermal
emission characterized by a PL model with a photon index Γ ∼ 1–2 originating from the
interior, plus thermal emission from the outer regions characterized by a non-equilibrium
ionization model with a temperature kT ∼ 0.9–2.4 keV, an ionization timescale ne t ∼
(3.3–12) × 1010 cm−3 s, and with sub-solar abundances indicating emission from shocked
ISM. The SNR/PSR system observed with XMM-Newton in 2003 detected unusually high
pulsed fraction (74% ± 14%) associated with the pulsar in the 0.5–2.0 keV energy range
(Gonzalez et al. 2005).
A new and deep Chandra observation of the eastern side of the remnant was undertaken
in 2004 to complement the study of the western side of the remnant by GSH05. The
combined analysis of the data confirmed the detection of the compact PWN associated
with the pulsar and revealed a long southern jet (∼6′′ × 21′′ ) emanating from the position
of the pulsar (Safi-Harb & Kumar 2008). This observation also allowed for resolving
the pulsar’s spectrum from its associated nebula, and as a result pinning down its X-ray
spectrum in comparison to other high-magnetic field radio pulsars (Safi-Harb & Kumar
2008). The kinematic distance to the SNR/pulsar system was estimated to be 8.4 ± 0.4
kpc using HI absorption measurements (Caswell et al. 2004). As well, the SNR boundary
was estimated to be an ellipse with the major and minor axes at 18′ and 17′ , respectively,
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thus approximating to a diameter of ∼17′ .5. In this paper, we adopt Caswell et al. (2004)
values for the distance D8.4 = D/8.4 kpc and radius R8.75 = R/8′ .75.
The present study is an extension of the Chandra study performed by GSH05 to the
other regions of SNR G292.2–0.5 taking advantage of Chandra’s excellent angular resolution (∼0.5′′ in the 0.5–10 keV energy range) and combining all the existing Chandra data
with the archived XMM-Newton observation of PSR J1119−6127 taken in 2003 (Gonzalez
et al. 2005). XMM-Newton’s large collecting area (∼4300 cm2 ) makes it advantageous
over Chandra for studying the low-surface brightness emission from the SNR diffuse emission. The main objectives of this study are to: 1) investigate the morphological differences
between the SNR eastern and western sides, 2) determine the spectral and intrinsic properties of the SNR, and 3) estimate the mass of the progenitor star that formed SNR
G292.2−0.5. The latter goal is particularly motivated by the study of the connection
between the high-magnetic field pulsars and magnetars. While on-going studies targeting
this question focus on the compact objects themselves (see e.g. Ng & Kaspi 2011 and
references therein), we here approach this question by examining the SNRs associated
with these objects.
The chapter is organized as follows: Sections 7.2 and 7.3 describe the observations
and imaging analysis of the remnant, respectively. In Section 7.4, we present our spatially
resolved spectroscopic study of the SNR using Chandra and XMM-Newton. In Section
7.5, we discuss the X-ray properties of the remnant including the evidence for ejecta,
the interaction with a cloud, and presenting an estimate for the SNR intrinsic properties
including its progenitor mass. Finally our conclusions are summarized in Section 7.6.
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Observations & Data Analysis
Chandra

SNR G292.2–0.5 was observed with Chandra on 2004 October 31–November 1 (ObsID:
4676) and 2004 November 2–3 (ObsID: 6153) for exposure times of 61.31 ks and 19.14
ks, respectively. The coordinates were positioned at the aimpoint of the back-illuminated
S3 chip of the Advanced CCD Imaging Spectrometer (ACIS) onboard the Chandra X-ray
Observatory. These two observations of the eastern side of the SNR were combined with
the previous Chandra observation covering the western side and taken on 2002 March
31–April 1 (ObsID: 2833) for an exposure time of 57.55 ks. The results presented in this
paper are based on the combined analysis of all the above mentioned observations. The
CCD temperature was −120◦ C with a CCD frame readout time of 3.2 s in ‘TIMED’ and
‘Very Faint’ mode. The data were then reduced using the standard Chandra Interactive
Analysis of Observations (CIAO) version 4.32 routines. The level 1 raw event data were
reprocessed to a new level 2 event file to remove pixel randomization and to correct
for CCD charge transfer inefficiencies. The bad grades were filtered out and good time
intervals were reserved. The resulting effective exposure times for the three observations
after data processing are summarized in Table 7.1.
Table 7.1 Summary of the effective exposure times for SNR G292.2–0.5
Satellite
ObsID
Detectors Exposure
time (ks)
Chandra
2833
ACIS-S3 56.80
Chandra
4676
ACIS-S3 60.54
Chandra
6153
ACIS-S3 18.90
XMM-Newton 0150790101 MOS1
48.33
MOS2
49.77
PN
43.03

2

http://cxc.harvard.edu/ciao.
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XMM-Newton

The SNR G292.2–0.5 was observed with XMM-Newton on 2003 June 26. The European
Photon Imaging Camera (EPIC) PN (Struder et al. 2001) and MOS (Turner et al. 2001)
cameras were operated using the medium filter. The PN camera was operated in the large
window mode, allowing for a field-of-view of about 13′ .5 × 27′ . In this mode, the southern
side of the remnant was not covered by the PN chip. The MOS cameras were operated in
the full frame mode and each covered the entire remnant. The data were analyzed with
the XMM-Newton Science Analysis System (SAS) software version 8.0.03 and the latest
calibration files. Data from the contaminating background flares were excluded from our
analysis. The resulting effective exposure times for the MOS and PN detectors are shown
in Table 7.1.

7.3

Imaging

In order to investigate the morphological differences between the eastern and western
sides of the SNR, we performed an imaging analysis of the remnant in X-rays.
In Figure 7.1 (a; top), we show the combined Chandra ACIS-S3 tri-color image of the
eastern and western sides of the SNR. The position of the pulsar is centered at αJ2000 =
11h 19m 14s .26 and δJ2000 = −61◦ 27′ 49′′ .5 with 0.3′′ error (Safi-Harb & Kumar 2008). The
data were divided into individual images in the soft (0.3–1.5 keV; red ), medium (1.5–3.0
keV; green), and hard (3.0–10.0 keV; blue) energy bands. The energy cuts were chosen
so as to match the cuts for the XMM-Newton image (see next). The resulting images
were exposure-corrected and adaptively smoothed using a Gaussian with σ = 1′′ –5′′ for
significance of detection 2 to 5. The individual exposure-corrected images were finally
combined to produce the image shown in Figure 7.1 (a).
3

See http://xmm.esac.esa.int/sas/8.0.0
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Figure 7.1 (b; bottom) shows the combined MOS1+2 image of the remnant in the 0.3–
1.5 keV (red ), 1.5–3.0 keV (green), and 3.0–10.0 keV (blue) bands. Following Gonzalez
et al. (2005), individual MOS1/2 images were binned into pixels of 2′′ .5×2′′ .5, which
were then added and adaptively smoothed using a Gaussian with σ = 5′′ –15′′ to obtain
a signal-to-noise ratio higher than 3σ. The point sources (other than PSR J1119−6127)
were removed from the image. Background images (using the closed filter wheel data) and
exposure maps at each energy band were created similarly and used to correct the final
images. In order to compare the X-ray features with the remnant’s radio morphology, we
overlay on the MOS1+2 image the radio contours obtained from Caswell et al. (2004).
The resulting image is shown in Figure 7.1 (b).
As mentioned earlier, the SNR G292.2-0.5 is mostly (although not fully, see Figure 7.1
(b)) covered by the large field of view of XMM-Newton, unlike the Chandra observations
which focused only on either the eastern or the western side of the remnant. The compact
PWN and a long southern jet are visible in the medium to hard X-ray band of the Chandra
high-resolution image (see Figure 7.2 of Safi-Harb & Kumar 2008 for a zoomed-on image
of the PWN); XMM-Newton’s 15′′ half-power diameter do not allow resolving the PWN.
For the SNR, the X-ray images reveal diffuse emission throughout most of the remnant,
and the SNR does not appear limb-brightened in X-rays as in other shell-type SNRs.
The western side is clearly characterized by a relatively bright and soft (red in color)
diffuse emission, while the eastern side exhibits harder (blue in color) and fainter X-ray
emission with a hint of shell-like emission visible towards the edge of the eastern field in
the Chandra image. We note here that the Chandra image shows relatively more hard
emission in the eastern side of the remnant in comparison to the XMM-Newton image.
This could be attributed to a combination of background+point source subtraction in the
XMM-Newton image and the fact that the 3.0–10 keV energy band of the XMM-Newton
observation suffered from a high degree of stray-light contamination on the instrument’s
mirrors from a nearby high-energy source. Therefore, as pointed out by Gonzalez et al.

7.3 Imaging

137

(2005), the detailed spatial distribution in this energy band should be examined with
caution. A bright filamentary structure is also clearly visible in both the Chandra and
XMM-Newton images inside the western side of the SNR, west of the pulsar (we refer to
this region as ‘PSR–West’ in the next section, see also Figure 7.2). The northern and
southern regions of the remnant appear faint and featureless in X-rays. Bright diffuse
emission is also seen towards the interior of the SNR along with several spatially resolved
point sources as observed from the high-resolution Chandra image (GSH05).
The SNR G292.2–0.5 has been classified as a shell-type SNR by Crawford et al. (2001),
with the radio image obtained by Caswell et al. (2004) clearly showing a bright shelllike structure surrounding the entire remnant and with an apparent thickness of ∼5′ in
size (see Figure 7.1 (b)). Although, such a clearly defined shell is not evident in the
X-ray images, the contours showing the radio shell overlap with the bright X-ray shell
on the western side. Furthermore, the radio images suggested a north-south elongated
morphology for the remnant with the minor and major axes at 17′ and 18′, respectively
(Crawford et al. 2001; Caswell et al. 2004). Similarly, the XMM-Newton image displays
an elongated morphology, but with the major and minor axes at ∼20′ and 18′ , respectively.
The elongated bright feature extending in the northwest-southwest direction (seen more
clearly in the XMM-Newton image towards the western edge of the field of view) could be
interpreted as the partial limb-brightened SNR shell. However, as evident in Figures 7.1
and 7.2, the current X-ray data shows more centrally bright and diffuse emission from
within the remnant, suggesting that SNR G292.2–0.5 is rather a composite-type remnant.
This classification is further supported by the X-ray detection of a PWN associated with
PSR J1119−6127, which powers at least part of the X-ray emission seen in the SNR
interior.
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Figure 7.1 (a) Top: Chandra ACIS-S3 tri-color exposure-corrected image of G292.2–0.5
combining observations of the eastern and western fields of the SNR. (b) Bottom: XMMNewton EPIC-MOS tri-color image overlaid with the radio contours from Caswell et al.
(2004). The pulsar J1119−6127 is indicated by the white point-like source near the center.
For both images, red, green, and blue correspond to the 0.3–1.5, 1.5–3.0, and 3.0–10.0
keV energy range, respectively.
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Spatially resolved spectroscopy

The spectral analysis was performed using the X-ray spectral fitting package, XSPEC
version 12.4.04 , combining the Chandra and XMM-Newton data. For the XMM-Newton
data, the spectra were extracted in the 0.5–10 keV band, but for the Chandra observations we ignored the energy range above 7 keV due to poor signal-to-noise ratio. The
contributions from point sources within the remnant were removed prior to the extraction
of spectra. The background regions were selected from nearby source-free regions selected
from the same CCD chip as the source (as shown in Figure 7.2). This has the advantage
of removing any contamination from Galactic Ridge emission, and was possible since the
emission from the SNR did not fill up the field of views of the Chandra and XMM-Newton
observations. The spectra were grouped by a minimum of 20 counts per bin5 , and for each
selected region they were fitted simultaneously in XSPEC. The errors quoted are at the
90% confidence level.
Table 7.2 Regions of diffuse emission extracted from the SNR G292.2–0.5 using Chandra
and XMM-Newton
a
Region (Number) Right Ascension Declination
Size
Net Countsb
h m s (J2000)
d m s (J2000)
SNR–East (1)
11 19 35.087
−61 31 34.04 3′ .6×1′ .5 10660±377
SNR–West (4)
11 18 26.666
−61 28 01.41 1′ .4×2′ .9 10720±275
PSR–West (3)
11 18 59.184
−61 28 04.96 1′ .3×2′ .2 10970±269
PSR–East (2)
11 19 23.652
−61 29 09.00 1′ .0×3′ .6 2828±260
Note. — a The number in parenthesis besides the region name represents the region number as shown
in Figure 7.2.
b
Total Chandra plus XMM-Newton background-subtracted counts. For the Chandra data we excluded
counts above 7 keV due to poor signal-to-noise ratio.

For the spectral investigation, we defined four main elliptical regions from both the
4

http://xspec.gsfc.nasa.gov.

5
We note that we have experimented with different binning and our results are consistent with the
fits presented here.
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Chandra and the XMM-Newton observations. The regions along with their designated
region numbers) are shown in Figure 7.2 and their properties are summarized in Table 7.2.
The extracted regions are designated as follows: (a) SNR–East (Region 1): the outer
diffuse emission seen towards the eastern side of the remnant and partially overlapping
with the radio shell, (b) PSR–East (Region 2): the inner region east of the pulsar, (c)
PSR–West (Region 3): the bright inner region seen west of the pulsar (this region was
previously studied and designated as the “eastern lobe” by GSH05), and (d) SNR–West
(Region 4): the outer diffuse emission seen towards the western side of the remnant and
overlapping with the radio shell (as seen from Figure 7.1 (a)) and also studied by GSH05
where it was referred to as the “western lobe”. A few other SNR regions visible in the
XMM-Newton data, but not covered by the Chandra observations, were also examined.
These regions, shown in Figure 7.2 (right), are named as follows: (i) SNR–Northwest
(Region 5): the region to the far north-western side of the SNR, (ii) SNR–North (Region
6): the region in the northern interior of the remnant, and (iii) SNR–South (Region 7):
the region to the south of the remnant.
The emission from the remnant was investigated using collisional ionization equilibrium (CIE) models such as MEKAL (Mewe et al. 1985; Liedahl et al. 1995), RaymondSmith (Raymond & Smith 1977), and non-equilibrium ionization models (NEI) such as
PSHOCK and VPSHOCK (Borkowski et al. 2001a) which are appropriate for describing
the plasma in young SNRs. Furthermore, a power-law (PL) model was also used to explore the high-energy continuum arising from any non-thermal emission from the SNR
(as found by GSH05 in the western part of the remnant).
Initially, the spectra from the extracted regions were fitted with the MEKAL model,
which calculates the emission from an optically thin thermal plasma in CIE. The MEKAL
fit resulted in a large reduced chi-squared χ2ν > 1.8 (ν being the number of degrees of
freedom), which led us to rule out the CIE models – a result that is also consistent with
GSH05. Subsequently, we fitted the spectra using NEI models which resulted in better
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Figure 7.2 (a) Left: Chandra intensity image of the SNR G292.2–0.5 (in logarithmic
scale) smoothed using a Gaussian with σ = 5′′ . Overlaid in green are the SNR diffuse
emission regions selected for our spatially resolved spectroscopic study: SNR–East (region
1), PSR–East (region 2), PSR–West (region 3) and SNR–West (region 4). (b) Right:
XMM-Newton MOS1 intensity image of SNR G292.2-0.5 (in logarithmic scale) smoothed
using a Gaussian with σ = 7′′ showing the same regions selected for our spectroscopic
study. Three additional regions not covered with Chandra were also selected: SNR–
Northwest (region 5), SNR–North (region 6), and SNR–South (region 7). The position of
the pulsar J1119−6127 is shown by a white arrow. Nearby background source-free regions
selected from the same field of view, and closest to the source region, are shown as dotted
circles/ellipses.
fits than the CIE models.
NEI models such as PSHOCK and VPSHOCK (PSHOCK with varying abundances)
are used to model plane-parallel shocks in a plasma, characterized by a constant electron
temperature (T ) and an ionization timescale parameter τ = ne t, where ne is the postshock electron density and t is the time since the passage of the shock. While fitting the
SNR regions using NEI models with variable abundances, the abundances of all elements
were initially fixed at their solar values given by Anders & Grevesse (1989), but varied
as necessary to constrain the individual abundances. However, the abundances of H, He,
C, and N were kept frozen to their solar values throughout, as their emission lines are
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below the lower limits of the detected energy range. Ni was tied to Fe throughout the
spectral fitting and all the models included the Morrison & McCammon (1983) interstellar
absorption. Below, we describe the best fit spectral results for all the extracted diffuse
emission regions.

7.4.1

SNR–East (Region 1)

We first fitted the SNR–East spectra with a one-component VPSHOCK model. The fit
22
yielded an interstellar absorption NH = 0.9+0.1
cm−2 , kT = 6.1+2.2
−0.1 × 10
−1.3 keV, ne t =
10
cm−3 s, and χ2ν = 1.604 (ν = 951). Here, we note that the temperature
1.1+0.4
−0.3 × 10

obtained from the fit is unusually high, even for a young remnant, indicating the presence
of an additional component. A single PL component did not yield a better fit, as expected
due to the presence of lines in the spectra.
The fit was then further investigated by adding a second thermal component (owing
to the expectation of a high- and low-temperature plasma associated with the supernova
blast wave and the reverse shock) or a second non-thermal PL component (assuming the
possibility of an underlying synchrotron component arising from acceleration of particles
at a shock). Though a two-component thermal model did not improve the fit or led to an
unrealistically high-temperature in the case of a bremsstrahlung model, the addition of a
non-thermal PL component to the VPSHOCK model improved the statistics (χ2ν = 1.560,
ν = 949) with an F -test probability of 7.2 × 10−7 . The best fit spectral parameters are
summarized in Table 7.3. The value of NH obtained here is comparable to that obtained
22
for PSR J1119–6127 (∼1.8+1.5
cm−2 using a blackbody + PL model; Safi-Harb &
−0.6 × 10

Kumar 2008). Figure 7.3 (left) displays the best fit VPSHOCK+PL spectra of the SNR–
East region. We note that in this fit (and the fits for the other SNR regions described
below), O was frozen to its solar value as allowing it to vary did not improve the fit
significantly and led to a value consistent with solar or sub-solar values. The best-fit
VPSHOCK+PL model required slightly enhanced abundances of Ne, Mg, and Si in SNR–
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East, hinting for the first time at the detection of shock-heated ejecta (further discussed
in Section 5.1).
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Figure 7.3 Chandra and XMM-Newton best-fit VPSHOCK+PL model for SNR–East (left)
and SNR–West (right). The bottom panel displays the residuals in units of σ. PN: green,
MOS1/2: black and red, Chandra: blue and cyan. We note that the spectra have been
rebinned for display purposes.

7.4.2

SNR–West (Region 4)

The western side of the remnant, previously studied by GSH05 using Chandra data taken
in 2002, was best described by a PSHOCK model. Combining these data with the XMMNewton data, we find that the emission is described by a one-component VPSHOCK model
22
(Figure 7.3, right) yielding the following values: NH = 1.0+0.1
cm−2 , kT = 1.3+0.3
−0.6 × 10
−0.2
10
keV, ne t = 3.6+0.7
cm−3 s, with χ2ν = 1.433 (ν = 812). The elemental abundances
−0.6 × 10

were consistent with being solar or sub-solar (Table 7.3). Although the possibility of a
second component was explored, the fits did not improve significantly. An F -test ruled out
the necessity of a second thermal or non-thermal component. These results are consistent
with, but better constrained than, those reported by GSH05 (NH = 0.5 (0.4–0.6) × 1022
cm−2 , kT = 1.6 (0.9–2.4) keV, and ne t = 5.7 (3.3–12) × 1010 cm−3 s).

7.4 Spatially resolved spectroscopy

144

0.01
normalized counts s−1 keV−1

normalized counts s−1 keV−1

0.01

10−3

10−4

10−3

10−5
10−4
2

4

χ

∆S χ2

2
0

0
−2

−2

1

2
Energy (keV)

5

1

2
Energy (keV)

5

Figure 7.4 Chandra and XMM-Newton best fit VPSHOCK+PL model for PSR–West
(left) and PSR–East (right). The bottom panel displays the residuals in units of σ. The
colours are as in Figure 7.3, except for PSR–East which lacks PN data, green and blue
refer to the Chandra spectra. We note that the spectra have been rebinned for display
purposes.

7.4.3

PSR–West (Region 3)

The PSR–West spectra clearly revealed the presence of line emission, so were first examined using a VPSHOCK model. The spectral fit resulted in the following parameters:
+0.4
22
9
−3
NH = 1.1+0.1
cm−2 , kT = 2.2+0.2
s, and χ2ν =
−0.1 × 10
−0.2 keV, ne t = 4.4−0.4 × 10 cm

1.161 (ν = 941). O and Si were frozen to their solar values (as allowing them to vary did
not improve the fit significantly). For the other elemental abundances we obtained the
+0.4
+0.7
+1.1
following values: Ne = 1.6+0.3
−0.2 , Mg = 2.5−0.3 , S = 0.1−0.2 , and Fe = 1.8−0.8 , indicating

enhanced abundances and suggesting the detection of shock-heated ejecta. We also explored the possibility of a second thermal or non-thermal component. The addition of a
PL component improved the fit with χ2ν = 1.144 (ν = 939), yielding an F -test probability
of 3.45 × 10−4 . The best fit spectral parameters for this region are summarized in Table
7.3 and the spectra are shown in Figure 7.4 (left). We note that the abundances for Mg
and Si appear enhanced, and that the photon index is hard (Γ = 1.5+0.5
−0.2 ).
This region was also previously studied (referred to as the “eastern lobe” by GSH05).
A PSHOCK model fit to the Chandra data alone gave an unusually high kT = 9.1 (3.7–
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80) keV, while a PL model fit gave a hard photon index Γ = 1.5 (1.2–1.9). Our combined
Chandra and XMM-Newton fit, while it confirms the hard nature of the X-ray emission,
allowed us to constrain the spectral properties and indicated the presence of thermal Xray emission with slightly enhanced metal abundances, combined with non-thermal X-ray
emission (as described above). The origin of this emission is further discussed in Section
7.5.4.

7.4.4

PSR–East (Region 2)

To complement the study of PSR–West (Section 7.4.3), we extracted an elliptical region
from the eastern side of the pulsar (PSR–East) which appears fainter than the western
side. We note that for this region we did not use PN since the X-ray emission fell on the
22
chip edges. A VPSHOCK model fit resulted in the following values: NH = 0.9+0.1
−0.1 × 10
+0.8
9
−3
s, and χ2ν = 1.358 (ν = 510). The
cm−2 , kT = 5.5+1.9
−1.1 keV, ne t = 5.1−0.8 × 10 cm
+0.9
+0.7
elemental abundances obtained are as follows: Ne = 0.8+0.3
−0.3 , Mg = 2.1−0.6 , Si = 1.2−0.5 ,

and Fe = 1.3+1.4
−0.9 . A single PL model fit yielded an NH value much lower than elsewhere
in the remnant and showed residuals in both the soft and hard bands, ruling out this
model and suggesting the need for an additional component.
The spectra were further explored using, like for PSR–West, a two-component VPSHOCK+PL model. The additional PL component was characterized by a hard photon
index Γ = 0.9+0.6
−0.2 , and the fit was slightly improved over the one-component VPSHOCK
model, yielding χ2ν = 1.345 (ν = 508, F -test probability of 0.027). While the addition
of the PL component did not improve the fit significantly, the fitted VPSHOCK model
temperature has dropped to a more reasonable value of kT = 1.9+2.9
−0.8 keV which leads us
to favor the two-component model. The best-fit parameters are summarized in Table 7.3.
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Table 7.3 Best fit spectral parameters of SNR G292.2–0.5 using
XMM-Newton.
Parameter
SNR–East
SNR–West
PSR–West
VP+PL
VP
VP+PL
+0.2
+0.1
22
−2
NH (10 cm ) 1.8−0.4
1.0−0.6
1.2+0.1
−0.2
+0.3
+0.4
kT (keV)
2.3+2.9
1.3
2.1
−0.5
−0.2
−0.4
+1.2
Ne
1.7−0.6
1 (frozen)
1.9+0.5
−0.4
+0.1
+0.6
Mg
2.0+0.9
0.4
2.6
−0.4
−0.1
−0.6
+0.1
Si
1.8+0.6
0.2
1
(frozen)
−0.5
−0.1
S
0.3+1.0
0.4+0.4
0.1+0.7
−0.3
−0.4
−0.1
+0.7
+0.1
Fe
0.1+0.5
0.3
0.9
−0.1
−0.1
−0.6
+0.7
+0.8
10
10
9
ne t (cm−3 s)
1.1+0.3
×
10
3.6
×
10
5.7
−0.2
−0.6
−0.7 × 10
+2.4
+1.6
+1.0
−12
−12
funabs (VP)
3.6−0.9 × 10
7.0−1.8 × 10
5.3−0.6 × 10−12
34
34
34
LX (VP)
3.0+2.0
5.9+1.4
4.5+0.8
−0.8 ×10
−1.5 ×10
−0.5 ×10
+0.5
+0.5
Γ
1.2−0.1
...
1.5−0.2
−13
−13
funabs (PL)
3.3+0.6
×
10
...
0.9+0.2
−0.7
−0.3 × 10
33
33
LX (PL)
2.8+0.5
...
0.8+0.2
−0.6 ×10
−0.3 ×10
χ2ν (dof )
1.56 (949)
1.43 (812)
1.14 (939)
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Chandra and
PSR–East
VP+PL
1.7+0.3
−0.4
1.9+2.9
−0.8
1.3+1.3
−1.0
1.3+0.9
−0.6
1.4+0.7
−0.6
1 (frozen)
1.2+0.7
−0.6
9
7.5+2.5
−3.4 × 10
+0.4
3.2−1.0 × 10−12
34
2.7+0.3
−0.8 ×10
+0.6
0.9−0.2
−13
3.0+0.7
−1.1 × 10
33
2.5+0.6
−0.9 ×10
1.34 (508)

Note. — Errors are 2 σ uncertainties. All elemental abundances are in solar units given by Anders &
Grevesse (1989). The 0.5–10 keV unabsorbed fluxes (funabs ) and luminosities (LX ) quoted are in units
of ergs cm−2 s−1 and ergs s−1 , respectively. VP is VPSHOCK, PL is power-law.

7.4.5

Other regions of the remnant

An attempt has been made to study a few other SNR regions visible only in the XMMNewton data (see Figure 7.2): SNR–Northwest (region 5), SNR–North (region 6) and
SNR–South (region 7). However, as further described below, the relatively small number
of counts extracted from SNR–North and SNR–South did not allow us to constrain the
parameters as for the other regions.
The northwest region of the remnant is extracted from an elliptical region of size
1′ .8×3′ .5 (αJ2000 = 11h 18m 24s .825 and δJ2000 = −61◦ 22′ 50′′ .01), yielding 7128 ± 156
background-subtracted counts in the 0.5–10 keV range. The spectra of the SNR–Northwest
region were first fitted by a one-component VPSHOCK model which yielded the following
+0.8
22
9
−3
parameters: NH = 1.0+0.2
cm−2 , kT = 2.5+1.4
−0.2 × 10
−0.4 keV, ne t = 5.9−0.7 × 10 cm
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s, and χ2ν = 1.291 (ν = 653). The metal abundances obtained are consistent with solar
+0.4
+0.3
values: Ne = 0.9+0.3
−0.2 , Mg = 1.3−0.3 , and Si = 0.5−0.3 . Adding a PL component reduced

the fitted VPSHOCK temperature and improved the fit, yielding χ2ν = 1.223 (651) (F -test
22
cm−2 , kT
probability = 7.6 × 10−9 ) and the following parameters: NH = 1.3+0.1
−0.2 × 10
+0.2
10
= 0.9+0.3
cm−3 s, and Γ = 0.9+0.2
−0.2 keV, ne t = 0.6−0.2 × 10
−0.3 . The metal abundances were

consistent with solar values and the non-thermal component contributed only ∼3% of the
total unabsorbed flux.
SNR–North (region 6) was extracted from an elliptical region of size 3′ .6 × 1′ .2 centered
at αJ2000 = 11h 19m 10s .553 and δJ2000 = -61◦ 23′ 41′′ .57, yielding 3216 ± 146 backgroundsubtracted counts in the 0.5–10 keV range. The emission from this region was best fitted
22
with a PSHOCK model yielding an NH = 0.8+0.2
cm−2 , kT = 8.9+4.9
−0.2 × 10
−2.6 keV, ne t =
9
−3
2
2.0+1.1
s, global abundance = 0.9+4.9
−0.7 × 10 cm
−0.9 , and χν = 1.241 (ν = 178). We note

that the temperature derived from this fit is very high and hence, we further explored the
fit using a second PL component. However, the parameters could not be well constrained.
A single PL model gave a very low NH and was also ruled out based on the residuals. The
poor statistics did not allow us to explore the fits further.
SNR–South (region 7) was extracted from an elliptical region of size 3′ .9 × 0′ .9,
centered at αJ2000 = 11h 18m 49s .505 and δJ2000 = −61◦ 34′ 43′′ .90, yielding only 1303 ±
86 background-subtracted counts in the 0.5–10 keV range. We note here that this region
was not covered by PN and so we only used the MOS1/2 data. As in the other regions,
we examined the fit using a PSHOCK and a PSHOCK+PL model. The PSHOCK fit
22
provided the following values: NH = 0.6+0.2
cm−2 , kT = 3.0+1.6
−0.2 × 10
−0.9 keV, ne t = 9.9
2
(> 5.5) × 108 cm−3 s, global abundance = 1.0+0.2
−0.1 , and χν = 1.036 (ν = 155). The

two-component PSHOCK+PL model provided an acceptable fit with the following val+19.8
22
10
ues: NH = 1.4+0.8
cm−2 , kT = 1.9+1.8
cm−3 s, global
−0.1 × 10
−1.1 keV, ne t = 9.2−5.5 × 10
+0.5
2
abundance = 0.1+1.0
−0.5 , Γ = 1.4−0.3 , and χν = 1.060 (ν = 153). Given the relatively low

number of counts collected from this region, the errors were here computed by freezing the
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other parameters. Statistically, a second component for this region was not required, but
comparing the fit parameters with those obtained for the other regions of the remnant
(for example, the ionization timescale and the column density for SNR–South using a
one-component model are much smaller than those obtained for all the other regions, and
the temperature obtained was higher with a single component model), we favor the twocomponent model fit for SNR–south. However, the one-component model fit could also
imply expansion of the SNR into a more tenuous medium in the south leading to hotter
plasma, lower ionization timescale, and fainter X-ray emission. Additional observations
are needed to confirm the spectral nature of the emission from these regions.

7.5

Discussion

We have performed a spatially resolved spectroscopic study of the diffuse emission regions
within SNR G292.2–0.5 using Chandra and XMM-Newton. The emission from most regions (shown in Figure 7.2) can be described by a two-component thermal+non-thermal
(VPSHOCK+PL) model, except for SNR–West which required only a one-component
thermal (VPSHOCK) model. In all regions, the fitted temperature is high (kT ≥ 1 keV)
and the ionization timescale is low (ne t < 1011 cm−3 s), indicating that the plasma is hot
and has not yet reached ionization equilibrium. As well the PL photon index is hard (Γ
∼ 1–2), much flatter than that observed in non-thermal SNRs and consistent with the
photon index observed in the compact PWN associated with PSR J1119–6127. Below, we
discuss these results based on our best-fit spectral parameters summarized in Table 7.3.
We stress here that while the discussion of the SNR properties is based on these tabulated
parameters, we have experimented with a number of available XSPEC models appropriate for modeling plasma in young SNRs (such as vnei) and they provide similar global
parameters. The model fits presented here best reproduce the main features observed in
our X-ray spectra. More complex and multi-component models are needed to provide a
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more robust description of this complex SNR. Such a study will have to await improved
models as well as better quality data.

7.5.1

Evidence of ejecta

The X-ray emission from young SNRs is characterized by the propagation of the forward
shock/blast wave into the ISM and the reverse shock running back into the ejecta. Both
shocks can be currently resolved and studied with missions like Chandra and XMMNewton. We next discuss the spectral properties and morphology of the remnant in the
light of the possible identification of ejecta for the first time.
In Figure 7.1 (b), we show the contours of the radio shell overlaid on the X-ray image
obtained with XMM-Newton. The outer radio shell presumably identifies the supernova
blast wave that is expanding into and shocking the surrounding medium. Comparing with
Figure 7.2, the X-ray emission from regions SNR–West and SNR-Northwest falls within
the boundaries of the radio shell. Both of these regions are fitted by a VPSHOCK model
with comparable temperatures (kT ∼ 1 keV), ionization timescales (ne t ∼ 1010 cm−3 s),
and solar (or sub-solar) abundances. This suggests that the X-ray emission in those
regions arises mainly from shocked interstellar or circumstellar medium. In comparison,
the regions SNR–East and PSR–West6 , reveal enhanced metal abundances for Ne, Mg and
Si, hinting at the first evidence of reverse-shocked ejecta associated with SNR G292.2–
0.5. Moreover, the inferred ionization timescales from regions SNR–East, PSR–East, and
9
−3
10
PSR–West range from 5.7+0.8
s for PSR–West to 1.1+0.3
cm−3 s for
−0.7 × 10 cm
−0.2 × 10
10
SNR–East, lower than that in the SNR–West region (3.6+0.7
cm−3 s). This further
−0.6 × 10

indicates that the plasma in the outermost region, SNR–West, was shocked earlier than
the remnant’s more interior regions. As well, the inferred temperature of the more interior
regions is ∼2 keV, hotter than in SNR–West. These results further support the conclusion
6

The PSR–East spectrum, while it reveals very slight enhancement of metal abundances over the solar
values, suffered from poor statistics therefore prohibiting us from constraining the abundances.
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that the X-ray emission from SNR–West likely originates from the blast wave, while the
more interior regions correspond to (at least partly) reverse shock-heated ejecta expanding
in a lower density medium.

7.5.2

X-ray properties of the SNR G292.2–0.5

In the following, we derive the X-ray properties of SNR G292.2–0.5 shown in Table 7.4
using the VPSHOCK model parameters summarized in Table 7.3. In our calculations, we
take the radius of the SNR as ∼8′ .75 (Caswell et al. 2004), which translates to a physical
size of Rs = 21.4D8.4 pc = 6.6 × 1019 D8.4 cm.
The volume of the X-ray emitting region (V ) is estimated by assuming that the plasma
fills an ellipsoid with the length and width equivalent to those of the extracted SNR regions
(Table 7.2) and the depth taken as the radius of the remnant. The emission measure EM
R
= ne nH dV ∼ f ne nH V is defined as a measure of the amount of plasma available to
produce the observed flux, where ne is the post-shock electron density for a fully ionized

plasma, nH is the mean Hydrogen density, and f is the volume filling factor of the hot gas.
For cosmic abundance plasma and the strong shock Rankine-Hugoniot jump conditions,
the ambient density n0 can be estimated from the electron density ne as: ne = 4.8n0 ;
n0 here includes only Hydrogen (see e.g. Safi-Harb et al. 2000). The emission measure
values are estimated from the normalization K obtained from the X-ray spectral fits as
R
K = (10−14 /4πD 2) ne nH dV . Using the above equations, we subsequently calculated
the post-shock electron density (ne ) and the ambient density (n0 ) of the X-ray emitting

plasma, as summarized in Table 7.4. The low inferred ambient density of n0 ∼ (1–2)
−1/2

× 10−2 f −1/2 D8.4

cm−3 suggests that the SNR is mostly expanding into a low-density

medium. This is further discussed in Section 7.5.5.
We now discuss the age of the SNR. A lower estimate can be inferred assuming the
SNR is still in its free expansion phase. For an initial expansion velocity of v0 ∼ 5000
km s−1 (which is reasonable for a core-collapse explosion; see Reynolds 2008), the SNR’s
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size implies an age of &4.2 D8.4 kyr, a factor of ∼2.2 higher than the pulsar’s age upper
limit of 1.9 kyr (see Section 7.1). We note that this derived age is appropriate under
the assumption of an explosion into a wind bubble blown by the progenitor with the
SNR shock only fairly recently reaching the edge of the bubble and being slowed to its
current velocity. Requiring the SNR’s age to be ≤1.9 kyr (current pulsar’s age upper
limit) necessitates an expansion velocity of ≥11200 D8.4 km s−1 , which is unusually high
(at the assumed distance of 8.4 kpc) for the expansion of a blast wave of a core-collapse
explosion.
Before we further address the apparent discrepancy between the SNR and the pulsar
ages, we now assume a Sedov phase of evolution for the SNR. While the SNR may not
have yet fully entered this phase, this assumption gives an upper limit on the SNR age.
An SNR enters the Sedov phase when the swept-up mass becomes comparable to the
ejected mass, and settles fully in that phase once the swept-up mass exceeds the mass
of the ejecta by a factor of ≥10. Under the assumption of a uniform ambient medium,
5/2

1/2
D8.4 M⊙ ,
the swept-up mass is estimated as7 Msw = 1.4mp n0 × ( 34 πRs3 f ) = 33+7
−10 f

consistent with a massive progenitor and an evolutionary stage between ejecta-dominated
and Sedov.
The age of the remnant is given by tSN R = ηRs /Vs where η = 0.4 for a blast wave
expansion in the Sedov phase (Sedov 1959). The shock velocity can be estimated as Vs
= (16kB Ts /3µmH )1/2 assuming full equilibration between the electrons and ions (Sedov
1959), where µ = 0.604 is the mean mass per free particle for a fully ionized plasma, kB
= 1.38 × 10−16 ergs K−1 is Boltzmann’s constant, and the post-shock temperature Ts is
related to the temperature inferred from the X-ray fit (TX ) as TX ∼ 1.27Ts in the Sedov
phase (since the temperature increases inward behind the shock radius; Rappaport et
al. 1974). Using the spectral fit values obtained for SNR–West and assuming that its
7

While this mass is comparable to the progenitor star’s mass estimated in Section 7.5.5, the ejected
mass is believed to be considerably smaller as the star should have lost a significant fraction of its mass
before exploding (see details in Section 7.5.5).
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Figure 7.5 The true age of PSR J1119−6127 as a function of its initial spin period, for
different values of the braking index (n): top to bottom curves correspond to n = 1.5,
2.0, 2.7 (dotted line, recently measured braking index), 3.0, 3.5 and 4.0. Corresponding
upper limits on the pulsar age are: 6.6, 3.3, 1.9, 1.6, 1.3 and 1.1 kyr, respectively. The
current pulsar’s period is 408 ms. See Section 7.5.2 for details.
emission characterizes the blast-wave component (see Section 7.5.1), we estimate a shock
3
−1
velocity of Vs = (1.1+0.2
for the forward shock, and therefore, an age of
−0.1 ) × 10 km s

tSN R (Sedov) = 7.1+0.5
−0.2 D8.4 kyr for SNR G292.2–0.5. We note here that the shock ages
inferred from ionization timescales (ne t) indicate a range of shock ages (time since the
1/2

+3
1/2
passage of shock) of t = (1.8+0.3
D8.4 kyr. These values (Table 7.4) are consistent
−0.3 –10−3 )f

with the remnant’s age, noting that f can have different values across the remnant. For
approximately similar values of f for the four SNR regions shown in Table 7.4, the lower
shock age for the more interior regions supports a reverse-shock origin since the reverse
shock develops later in the SNR evolutionary stage.
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Table 7.4 Derived X-ray parameters of SNR G292.2–0.5
Parameters
−2
Emission measure, EM (1056 f D8.4
cm−3 )
−1/2
Electron density, ne (10−1 f −1/2 D8.4 cm−3 )
−1/2
Ambient density, n0 (10−2 f −1/2 D8.4 cm−3 )
1/2
Shock age, t (f 1/2 D8.4 kyr)

SNR–East
2.7+1.0
−0.6
0.6+0.2
−0.1
1.0+0.4
−0.2
5.6+2.4
−1.4

PSR–East
2.4+0.3
−0.4
0.7±0.1
1.0±0.2
3.4+1.6
−1.2

PSR–West
3.5+0.4
−0.3
1.0±0.1
2.0±0.2
1.8+0.3
−0.3

SNR–West
6.7+1.5
−1.7
1.1+0.2
−0.3
2.0+0.4
−0.6
10±3

Assuming Sedov dynamics, the explosion energy of the remnant can be estimated as E0
5/2

+0.1
51 −1/2
= (1/2.02)Rs5 mn n0 t−2
f
D8.4 ergs, where mn = 1.4mp is the mean
SN R = 0.6−0.2 × 10

mass of the nuclei. We note here that the explosion energy will be an underestimate and
the remnant’s age will be an overestimate if full electron-ion equilibration in the shock
has not yet been achieved in G292.2–0.5, since the electron temperature (and hence,
Vs ) is a lower limit to the shock temperature. We note however that a V NP SHOCK
model8 fit to the X-ray data yielded equal electron and ion temperatures. The total X-ray
2
luminosity of the four SNR extracted regions is LX (0.5–10 keV) = 4πD8.4
funabs = 1.7 ×
2
1035 D8.4
ergs s−1 . This should be considered as a lower limit to the SNR X-ray emission.

In summary, the SNR age is estimated to be between 4.2 D8.4 kyr (free expansion
phase, assuming an expansion velocity of 5000 km s−1 ) and 7.1 D8.4 kyr (Sedov phase), a
factor of a few higher than the pulsar’s age upper limit. Discrepancies between between
pulsar and SNR ages have been observed in other SNRs (see e.g. Arzoumanian et al.
2011). The pulsar’s age, τ , is highly dependent on its initial spin period (P0 ) and braking

P0 (n−1)
P
]; where P is the current
[1index (n), and can be expressed as follows: τ = (n−1)
P
Ṗ
spin period. The pulsar’s characteristic age is τc =

P
2Ṗ

, which corresponds to n = 3 and P0

<< P . As mentioned earlier, the braking index for PSR J1119−6129 has been measured
to be n = 2.684 ± 0.002 using more than 12 yr of timing data (Weltevrede et al. 2011),
implying an age of 1.9 kyr under the assumption of P0 << P (= 408 ms). In Figure 7.5,
we plot the pulsar’s true age as a function of the (unknown) initial period, P0 for various
8
The VNPSHOCK model in XSPEC is a plane-parallel shock plasma model with separate ion and
electron temperatures.
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values of n (1.5, 2.0, 2.7, 3.0, 3.5, and 4.0). Corresponding upper limits on the pulsar’s
true age are: 6.6, 3.3, 1.9 (current upper limit), 1.6 (characteristic age), 1.3 and 1.1 kyr,
respectively. Therefore to reconcile the pulsar’s age with the SNR’s age estimate, the
braking index has to be < 2.0 for most of the pulsar’s lifetime and must have increased to
∼2.7 only recently; as well its initial spin period should be much smaller than its current
period (P0 < <P ). We note here that the recent radio timing analysis of the pulsar has
shown some unusual Rotating Radio Transient (RRAT)-like behavior (Weltevrede et al.
2011). Such erratic RRAT-like events and the unusual timing characteristics observed
for PSR J1119−6127 may also partially account for the uncertainties in the pulsar’s age
measurement.

7.5.3

Association with a molecular cloud?

As discussed earlier under Section 7.3, the eastern and western sides of SNR G292.2–0.5
appear different in morphology. It has been suggested that asymmetry and differences
within an SNR can be observed if the ISM is not isotropic (Cox et al. 1999) or if the SNR
is interacting with a molecular cloud (Chevalier 1999). P01 had already suggested the
presence of a dark cloud DC 292.3–0.4, catalogued by Hartley et al. (1986) from a visual
inspection of the ESO/SERC Southern J Survey plates, towards the eastern side of the
SNR with a diameter of ∼16′ and an estimated contribution to NH of ∼(6–7) × 1021 cm−2 .
This is further supported by our imaging analysis (Figure 7.1), which shows a lack of soft
X-ray emission from the eastern side of the SNR, suggesting the presence of additional
absorbing material or a cloud absorbing the soft X-rays in that region. Furthermore,
our spatially resolved spectroscopic study clearly indicates a higher column density in
22
the eastern side (see Table 7.3), with NH = 1.8+0.2
cm−2 for SNR–East versus
−0.4 × 10
22
1.0+0.1
cm−2 for SNR–West. We estimate that this absorbing material should be
−0.6 × 10

contributing an NH of ∼8 × 1021 cm−2 , the difference in NH between SNR–East and
SNR–West, which is consistent with that inferred for the dark cloud (P01).

7.5 Discussion

155

Figure 7.6 (a) Top: DSS intensity image of the environment containing SNR G292.2–0.5
(with the pulsar position marked by the purple cross) smoothed using a Gaussian of σ = 5′′ .
DC 292.3–0.4 is shown by the green circle; another dark region appearing to coincide with
SNR–East (Region 1) & PSR–East (Region 2) is shown by the green ellipse. (b) Bottom:
Contours showing the dark DSS clouds (in red) overlaid on the XMM-Newton (in black)
and the Chandra (in blue) X-ray images. The position of the TeV emission detected with
H.E.S.S. and having a centroid between PSR–West and SNR–West (Djannati et al. 2009)
is also shown by the purple cross.
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We further investigate the above scenario by inspecting the region surrounding SNR
G292.2–0.5. Figure 7.6 (a) shows the optical intensity image obtained from ESO Digitized
Sky Survey (DSS9 ) and smoothed using a Gaussian of σ = 5′′ . Overlaid on the image
(green circle) is the catalogued dark cloud DC 292.3–0.4 (Harley et al. 1986)10 , centered
at αJ2000 = 11h 20m 25s .0 and δJ2000 = −61◦ 22′ 00′′ and with a radius of 8′ . The catalogued
size clearly exceeds the extent of the cloud seen in the DSS image (see also Figure 7.6 (b)).
In the same image, we also identify another dark region (shown by a green ellipse towards
the centre of the image) centered at approximately αJ2000 = 11h 19m 19s .1 and δJ2000 =
−61◦ 31′ 03′′ .0 with a size of ≈6′ .5×2′ .2, and which appears to overlap with SNR–East
and most of PSR–East (regions 1 and 2, respectively, shown as white ellipses). The small
purple cross in Figure 7.6 (a) marks the position of PSR J1119-6127. In Figure 7.6 (b), we
overlay, in red, the corresponding dark cloud contours from the DSS image on the XMMNewton MOS (black contours) and Chandra (blue contours) X-ray images. We speculate
that the dark elliptical region in the south-eastern field of G292.2−0.5 likely represents
another uncatalogued dark cloud; alternatively it could be a previously unidentified substructure of DC 292.3–0.4 since the cloud size reported by Hartley et al. (1986) does not
accurately reflect the shape of the cloud seen in the DSS image. This is corroborated by
the detection of two CO features with line of velocities of −12.6 km s−1 and −1.6 km s−1
towards the centre of DC 292.3–0.4 (Otrupcek et al. 2000). While its not clear whether
both features are associated with the same cloud to the north-east (catalogued by Hartley
et al. 1986), it is possible that one of them could be associated with the cloud we have
identified coinciding with the south-eastern side of the remnant. To the best of our knowledge, there is no CO observation targeted to study this dark cloud. As well, we are
not aware of any recent CO study of the environment of G292.2−0.5. Nevertheless, the
9
10

http://archive.eso.org/dss/dss

No further information (e.g. on the morphology) besides the location and approximate extent was
given on this cloud.
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presence of these dark clouds towards the eastern part of the remnant and the detected
CO features support the presence of additional foreground absorbing material that would
explain the lack of soft X-ray emission from that region. Furthermore, the dark cloud
largely obscuring PSR–East (Figure 7.6) could further explain the lack of bright emission
from PSR–East in comparison with the emission from PSR–West (Figure 7.2).
Next, we discuss the observed morphology and the non-thermal emission from the
eastern side of the remnant in the light of a possible interaction with a nearby cloud.
The presence of an adjacent cloud can affect the evolution and appearance of a SNR
as suggested e.g. by Wardle & Yusef-Zadeh (2002). The expanding SNR is slowed at
the location of the cloud, causing it to appear distorted. The reflected shock from the
cloud moves into the interior of the remnant and interacts with the SNR-driven shock
waves. This results in heating the cloud material and filling the interior of the SNR with
gas, which can substantially modify the X-ray emission and lead to a composite-type
morphology (Rho & Petre 1999). The hot thermal X-ray emission detected from the SNR
interior supports this scenario. Such an interaction however is expected to lead to OH
maser emission (Wardle & Yusef-Zadeh 2002), but to the best of our knowledge no maser
emission has been detected from G292.2–0.5.
Furthermore, acceleration of particles to very high energies at the shock-cloud interface
can cause synchrotron radiation observed at X-ray wavelengths, as e.g. in the case of SNR
RCW 86 (Borkowski et al. 2001b). The spectrum of SNR–East is indeed best fitted by
a thermal+non-thermal model; the non-thermal component could then be interpreted
as arising from the interaction of the SN shock wave with a nearby molecular cloud.
Morphologically, this is supported by the correspondence between the hard X-ray emission
from SNR-East and the radio shell (see Figure 7.1). We note however that the XMMNewton and Chandra observations do not fully cover the radio shell. As well, the nonthermal X-ray flux is only ∼10% of the thermal flux, and no TeV emission has been
detected from that region (Djannati et al. 2009, see next section) as observed in other
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interacting SNRs. Furthermore, the hard power-law photon index (Γ = 1.2+0.5
−0.1 ) inferred
for SNR–East is unusually hard and puzzling. More sensitive X-ray observations with
coverage of the radio shell, as well as CO observations towards the eastern side of the
remnant, are needed to confirm or rule out any interaction with a molecular cloud.

7.5.4

Origin of non-thermal X-ray emission

As pointed out above and summarized in Table 7.3, our study confirms the GSH05 result for the presence of hard non-thermal X-ray emission from the SNR. The additional
Chandra and XMM-Newton observations allowed us to fit for two-component models
(thermal+non-thermal), resolve the non-thermal emission, and better constrain the spectral properties of both components.
While the emission from the SNR is mostly dominated by thermal emission best described by a non-equilibrium ionization model with kT ≥ 1 keV and an ionization timescale of ∼1010 cm−3 s, the emission from most regions (except for SNR–West) required an
additional non-thermal component described by a power law model with a hard photon
index, Γ ∼ 1–2. The total non-thermal X-ray luminosity in the studied regions is 6.1 ×
2
1033 D8.4
ergs s−1 , which is ∼4% of the total SNR emission. In the previous section, we

discussed the origin of the non-thermal emission from SNR–East as possibly due to the
interaction between the SNR and a cloud in the east (see Figure 7.6).
As to the PSR–West and PSR–East regions11 , the non-thermal emission can be attributed to two scenarios: (1) the leakage of high-energy particles from the pulsar or its
PWN into the SNR, and/or (2) particles accelerated at the supernova shock leading to a
synchrotron component in the high-energy end of the X-ray spectrum, as observed in a
growing number of non-thermal SNR shells such as G347.3–0.5 (Slane et al. 1999). Both
scenarios were discussed in GSH05. Here, we further explore these scenarios in the light
11

For PSR–East, the additional PL model was not statistically needed but resulted in a more reasonable
temperature for the thermal component (see Section 7.4.4).
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of the new data.
In the first scenario, the non-thermal emission is attributed to relativistic particles
originating from the PSR or its associated PWN. We favor this scenario due to: a) the location of the selected regions with respect to the pulsar and its associated PWN well inside
the SNR shell, and 2) the resemblance between their photon indices. PSR J1119−6127
has a photon index of Γ = 1.9+1.1
−0.9 (using a power-law + blackbody model fit) and its
associated compact PWN has a Γ = 1.1+0.9
−0.7 (Safi-Harb & Kumar 2008). An elongated
jet-like feature south of the pulsar was also characterized by a similarly hard power-law
index (Γ ∼ 1.4). These values are consistent with the photon index obtained for PSR–
+0.5
East (Γ = 0.9+0.6
−0.2 ) and PSR–West (Γ = 1.5−0.2 ), suggesting a similar particle population.

The non-thermal X-ray luminosity from PSR–East and PSR–West amounts to ∼3.3 ×
2
1033 D8.4
ergs s−1 , which represents only ∼0.1% of the pulsar’s spin-down energy, Ė.

For the second scenario, the thermal X-ray emission from PSR–East and PSR–West
hints at enhanced metal abundances, suggesting the presence of ejecta heated by the
reverse shock. For the non-thermal component, the photon index, Γ ∼ 0.7–2.0 (Table 7.3),
is however harder than that seen in all non-thermal SNRs (where Γ ∼ 2–3). As well, the
acceleration to high energies in the non-thermal SNR shells is believed to take place at the
forward, not the reverse, shock. This, together with the presence of non-thermal emission
in the SNR interior, argue against shock acceleration at the supernova shock wave as an
origin. Whether acceleration at the reverse shock can explain at least part of the X-ray
emission remains an open question to be explored with further observations and modeling.
In summary, we favour the model for non-thermal emission arising, at least partly,
from relativistic particles injected by the pulsar or its PWN. This is further corroborated
by the detection of TeV emission offset from the pulsar with H.E.S.S. (Djannati et al.
2009), with its peak located between PSR–West and SNR–West as shown by the purple
cross in Figure 7.6 (b). Although the origin of TeV emission is not yet clearly identified,
Djannati et al. (2009) suggest that the emission could be attributed to an offset PWN,
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where the nebula has been displaced after being crushed by an asymmetric reverse shock
caused by the presence of the dark cloud in the north-east. An origin for the gamma-ray
emission in cosmic ray acceleration at a supernova shock requires a higher ambient density
(∼1 cm−3 , Djannati et al. 2009) which is ruled out by our spectral study. We can not
however rule out a higher density medium in the regions that we could not study either
due to lack of coverage by the X-ray instruments or due to low-count spectra, especially in
the south-west where the TeV emission peaks. The faint and hot gas seen however from
the southern region (covered only by XMM-Newton, see section 7.4.5) suggests expansion
in a more tenuous medium.

7.5.5

Progenitor mass of SNR G292.2–0.5

One of the primary objectives of this paper is to estimate the progenitor mass of SNR
G292.2–0.5. This goal is motivated by studying the connection between high-magnetic
field pulsars and magnetars through studying their environments/associated SNRs. In
the following, we discuss the implication on the progenitor mass for SNR G292.2−0.5
from our X-ray spectroscopy, and discuss previously suggested models for the progenitor
mass of this SNR and other highly magnetized neutron stars.
X-ray spectroscopy has proven to be a powerful tool to infer the mass of progenitor
stars for young SNRs dominated by shock-heated ejecta. By comparing the abundances of
heavy elements inferred from fitting X-ray spectra to the nucleosynthesis yields inferred
from core-collapse models such as those of Woosley & Weaver 1995 (hereafter WW95)
and Thielemann et al. 1996 (hereafter TNH96), the mass of the progenitor star can
be determined. WW95 provides nucleosynthesis yields for core-collapse supernovae of
varying masses ranging from 13–40 M⊙ whereas TNH96 provides the yields specifically
for the 13, 15, 20 and 25 M⊙ progenitor stars. However, the yields obtained from these
two models for a particular progenitor star differ due to the different assumptions used in
the processes such as convection, explosion energy and mechanism, mass-loss, and initial
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Figure 7.7 Best-fit abundances of Ne, Mg and Fe, relative to Si relative to solar (plotted
in red). Also, over plotted are the predicted relative abundances [X/Si]/[X/Si]⊙ from the
core-collapse nucleosynthesis models of WW95. We combine the nucleosynthesis yields of
progenitors of masses 30B and 35C as their elemental abundance ratios with respect to
Si differ very slightly.
metallicity (Hoffman et al. 1999). The TNH96 models produce more Ne and Mg, and less
Fe in the more massive (≥20–25 M⊙ ) stars than the WW95 models, while they agree fairly
well with each other for the lower mass stars (≤20 M⊙ ). Also, WW95 specify models A,
B, and C for stars of progenitor masses ≥30 M⊙ . The difference between these models
is that the final kinetic energies at infinity (KE∞ ) of the ejecta for models B and C are
enhanced by a factor of ∼1.5 and ∼2, respectively, with respect to model A (KE∞ ∼
1.2× 1051 ergs). Keeping in mind the above differences, the inference on the progenitor
masses may likely be different depending on the models used. In our studies, we focus on
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the WW95 nucleosynthesis models which provide a wider range of progenitor masses and
finer mass steps.
The nucleosynthesis models mentioned above show that the mass or relative abundance
ratio [X/Si]/[X/Si]⊙ of ejected mass of any element X with respect to Silicon (Si) varies
significantly as a function of the progenitor mass. Under the assumption of the detection
of ejecta in G292.2–0.5 (see Section 7.5.1 and Table 7.3), we subsequently estimate the
abundance ratios for the reverse-shocked regions. In Figure 7.7, we plot the average
values of these ratios and their root mean square (RMS) scatter (shown in red). Also,
over-plotted are the predicted WW95 relative abundances (estimated from the derived
production factors after radioactive decay) for different progenitors of masses 15, 18, 20,
25, 30, and 35 M⊙ . We find that the average abundance ratios fit the expectation of
a 30 M⊙ progenitor star within error. We also compare our values with the TNH96
nucleosynthesis model yields for 13, 15, 20 and 25 M⊙ progenitors and find that our
best-fit values are consistent with the 25 solar-mass model.
We conclude that both the WW95 and TNH96 models predict a high-mass (∼25–30
M⊙ ) progenitor star for SNR G292.2-0.5 and that our best fit abundance values rule out
lower mass progenitors. We caution the reader however that this conclusion is based on
three data points and on the fact that the abundances are only slightly enhanced. More
sensitive observations are needed to confirm the presence of ejecta and better constrain the
metal abundances, including O and Fe which are important diagnostics for the progenitor
mass estimate, but were at the limit of our detection.
Chevalier (2005) suggests that PSR J1119–6127/SNR G292.2–0.5 may belong to either
the SN IIP or Ib/c categories. Theoretical models suggest that SNe IIP come from stars
of mass ∼10–25 M⊙ (Heger et al. 2003) with relatively low-mass rates and are expected
to explode as red supergiants (RSGs) with most of their H envelope present, giving rise
to the extended plateau emission. During the supernova explosion resulting in a SN IIP,
the massive H envelope is able to decelerate the core material and the reverse shock wave
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carries H back toward the center. Also, due to their low mass loss, the RSG winds extend
only to a small distance of ≤1 pc from the progenitor and is surrounded by a low-density
wind bubble created during the main-sequence phase (Chevalier 2005). On the other hand,
SNe Ib/c result from Wolf-Rayet (W-R) stars of mass ≥30–35 M⊙ (Heger et al. 2003),
formed after a RSG phase or a brief luminous blue variable phase during which they have
shed most of their outer H envelopes. W-R stars are characterized by high mass-loss rates
(Ṁ ∼ 10−5 M⊙ yr−1 ) and high-velocity stellar winds (vw ∼ 1000 km s−1 ). The fast moving
W-R winds can sweep up the circumstellar and slow-velocity wind materials, clearing out
a low-density wind bubble around the star which can extend to >10 pc over a duration of
2 × 105 yr (Chevalier 2005). The inferred low ambient density (Table 7.4), low SNR Xray luminosity, and the high progenitor mass inferred above from our X-ray spectroscopic
study, all point to a W-R progenitor star, thus ruling out the SN IIP progenitor.
We now briefly discuss the progenitor mass studies done on magnetars and other
high-magnetic field pulsars. It had been previously suggested by a few authors that
magnetars descend from massive progenitors. For example, the progenitor masses of the
soft gamma repeaters (SGRs) 1806–20 and CXOU J164710.2-455216 associated with the
clusters Cl 1806–20 and Westerlund 1 (Wd 1) were determined as 48+20
−8 M⊙ and 40 ±
5 M⊙ , respectively (Figer et al. 2005; Bibby et al. 2008; Muno et al. 2006). The
progenitor mass of the anomalous X-ray pulsar (AXP) 1E 1048.1–5937 was estimated as
30–40 M⊙ from the study of the expanding HI shell around it, which was interpreted as
a stellar wind bubble blown by the progenitor (Gaensler et al. 2005). However, a recent
study by Davis et al. (2009) suggests a lower progenitor mass of 17 ± 2 M⊙ for the
magnetar SGR 1900+14 inferred from the infrared studies of its association with stellar
clusters, challenging the massive progenitor predictions. A recent study of the SNR Kes 73
associated with the AXP 1E 1841–045 using Chandra and XMM-Newton also suggests
a progenitor mass ∼ 25–30 M⊙ (Kumar et al. 2010). Out of the seven high-magnetic
field pulsars discovered so far, only two of them (PSRs J1119–6127 and J1846–0258) are
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so far associated with SNRs. PSR J1846–0258 associated with the SNR Kes 75 recently
displayed a magnetar-like behaviour (Gavriil et al. 2008; Kumar & Safi-Harb 2008). The
Chandra and Spitzer study of SNR Kes 75 implied, like for J1119–6127, a W-R progenitor
star for the remnant (Morton et al. 2007; Su et al. 2009).
In summary, while most current studies seem to be pointing to highly magnetized
neutron stars having massive progenitors (≥ 25 M⊙ ), further studies in X-rays and other
wavelengths are needed to address this interesting question.

7.6

Conclusions

We have presented the first detailed imaging and spatially resolved X-ray spectroscopic
study of the Galactic SNR G292.2–0.5, associated with the high-magnetic field pulsar,
PSR J1119−6127, combining all the available Chandra and XMM-Newton observations.
The regions selected for spectroscopy are shown in Figure 7.2. We summarize here our
findings:
• The high-resolution images show diffuse emission across the SNR, with brighter and
softer emission in the west. While the SNR has been classified as a shell-type remnant in the radio, the X-ray morphology suggests a composite-type SNR, with both
thermal and non-thermal X-ray emission from the interior regions. An elongated
and bright limb is particularly visible in the west in both the Chandra and XMMNewton images, which partially coincides with the SNR shell seen in the radio (see
Figure 7.1).
• The diffuse X-ray emission from the SNR is dominated by thermal emission from
hot plasma, best described by an absorbed plane-parallel shock, non-equilibrium
ionization model (VPSHOCK in XSPEC) with a temperature kT ≥ 1 keV (ranging
from ∼1.3 keV in SNR–West to ∼2.3 keV in SNR–East) and with an ionization
timescale of ∼1010 cm−3 s (ranging from ∼6 × 109 cm−3 s in the interior to ∼3 ×
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1010 cm−3 s in SNR–West) indicating that the plasma has not yet reached ionization
equilibrium – a result that is consistent with a young SNR expanding in a very
low-density medium. The thermal fits indicate the presence of slightly enhanced
abundances from Ne, Mg, Si, hinting for the first time at the presence of ejecta
heated by the reverse shock. The metal abundances inferred for SNR–West are
consistent with solar or sub-solar values. This, together with the higher ionization
timescale and the morphology of this region, suggest that its emission arises from
the supernova blast wave or shocked circumstellar matter.
• The eastern side of the remnant is fainter than the western side and is characterized
by harder X-ray emission (kT = 2.3+2.9
−0.5 keV) and a higher column density (NH =
22
1.8+0.2
cm−2 , ∼8 × 1021 higher than in SNR–West). An investigation of the
−0.4 × 10

eastern field with optical DSS data suggests the presence of two dark clouds: one to
the north-east coinciding with DC 292.3−0.4, a dark cloud catalogued by Hartley et
al. (1986) and discussed by P01, and another, previously uncatalogued, dark cloud
to the south-east overlapping the emission from SNR-East and PSR-East. These
spectral and imaging properties are consistent with the presence of an intervening
cloud to the east that would explain the lack of soft X-ray emission from the eastern
side of the remnant.
• An additional non-thermal component, described by a power-law model with a hard
photon index (Γ ∼ 0.7–2.0) and representing ∼4% of the total flux, is needed for
the regions in the east (SNR–East and PSR–East) and in the western region close
to the pulsar (PSR–West). The emission from SNR–East could be attributed to the
interaction with the nearby cloud, although the photon index appears unusually hard
and so far there is no evidence of TeV or OH maser emission from this region. The
emission from PSR–East and PSR–West can be attributed to leakage of relativistic
particles from the pulsar or its associated PWN. The detection of TeV emission
with H.E.S.S. from the south-western region (between PSR-West and SNR-West)
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supports this conclusion, although a further investigation of this region is needed.
• Using an SNR diameter of ∼17′ .5 and a distance of 8.4 kpc, we derive an SNR age
ranging between 4.2 D8.4 kyr (free expansion phase, assuming an expansion velocity
of 5000 km s−1 ) and 7.1 D8.4 kyr (Sedov phase). For the Sedov phase estimate, we
assume that the SNR-West region represents emission from the blast wave shocking
the interstellar or circumstellar medium. This SNR age range is a factor of a few
higher than the pulsar’s estimated age upper limit of 1.9 kyr. We discuss the discrepancy between the SNR and pulsar age estimates and conclude that this may be
attributed to a variable braking index for the pulsar, which has also shown recently
some unusual timing characteristics at radio wavelengths. Requiring the SNR’s age
to be ≤1.9 kyr implies an unusually high expansion velocity &11200 D8.4 km s−1
throughout its life, which is at odds with the observations (especially given the
asymmetry of the remnant and since the SNR appears to be transitioning from the
ejecta-dominated, free expansion phase, to the Sedov phase). The Sedov phase gives
a lower limit on the shock velocity of ∼1.1 × 103 km s−1 and an explosion energy of
5/2

≥6 × 1050 f −1/2 D8.4 ergs, under the assumption of an explosion in a uniform ISM.
The total X-ray luminosity from the studied SNR regions is LX (0.5–10 keV) ≥ 1.7
2
× 1035 D8.4
ergs s−1 .

• Using the enhanced metal abundances inferred from our fits and comparing to corecollapse nucleosynthesis model yields, we infer a progenitor mass of ∼30 M⊙ , a
result that supports a SN type Ib/c origin and other studies suggesting very massive
progenitors for the highly magnetized neutron stars.
• We have studied other (fainter) regions in the SNR in the north and south covered
only by the XMM-Newton observation. Our fits indicate also the presence of hot
plasma that has not reached ionization equilibrium, possibly combined with nonthermal emission, however the statistics did not allow us to constrain the models.
Deeper and more sensitive observations that cover the entire SNR and the radio
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shell are needed to better constrain the X-ray emission throughout the remnant and
confirm the metal abundances in the SNR.
• Targeted CO, and other wavelength, studies of the environment of G292.2−0.5 are
needed to confirm or rule out any interaction with a nearby molecular cloud, and to
explain the TeV emission detected with H.E.S.S. in the south-west.
This research made use of NASA’s Astrophysics Data System and of NASA’s HEASARC maintained at the Goddard Space Flight Center. S. Safi-Harb acknowledges support
by a Discovery Grant from the Natural Sciences and Engineering Research Council, the
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Chapter 8
Chandra and XMM-Newton studies
of SNR Kes 73
The contents of this chapter have been submitted to the Astrophysical Journal (ms:
#ApJ90717) for publication as: Kumar, H. S., Safi-Harb, S., Slane, P. O., & Gotthelf, E.
V., Chandra and XMM-Newton imaging and spectroscopic study of the supernova remnant
Kes 73, 2013, and is currently under revision.
In the previous chapter, we have studied a supernova remnant (SNR) associated with
a high-magnetic field pulsar (HBP). We next focus on a SNR associated with a magnetar
to explore any differences in their environments, which can provide further information
on their birth scenarios, and connection between HBPs and magnetars. This chapter
presents the high-resolution X-ray study of SNR Kes 73, associated with the AXP 1E
1841–045 from which a magnetar-like burst was detected for the first time in May 2010
(see Chapter 4). Our results suggest that Kes 73 is a young and ejecta-dominated remnant,
and like G292.2–0.5, has a very massive progenitor.
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Introduction

The Galactic supernova remnant (SNR) Kes 73 (G27.4+0.0) has been classified as a shelltype SNR and hosts the anomalous X-ray pulsar (AXP) 1E 1841−045 (Helfand et al.
1994; Vasisht & Gotthelf 1997). Radio studies of the remnant show an incomplete, small
diameter (∼5′ ), shell characterized by a steep spectral index (α ∼ 0.68), a flux density of
6 Jy at 1 GHz, and with no detection of the central compact source with a flux limit F6cm
< 0.45 mJy and F20cm < 0.60 mJy (Green 2009; Kriss et al. 1985; Helfand et al. 1994).
The infrared studies, carried out as part of the Galactic SNR surveys, clearly detected the
remnant in the 24 µm band (Wachter et al. 2007; Carey et al. 2009; Pinheiro Goncalves
et al. 2011). The infrared emission originating from the SNR with an estimated dust
mass of 0.11 M⊙ has been explained by Goncalves et al. (2011) as likely due to grains
heated by collisions in the hot plasma, while Carey et al. (2009) suggested that the 24 µm
emission may be mostly due to nebular emission lines such as [O IV] (25.89 µm) and [Fe
II] (25.99 µm) with a small contribution to the continuum emission from dust produced
in the remnant.
The SNR Kes 73/AXP system was previously observed and studied using many Xray observatories including Einstein, ROSAT, ASCA, Chandra, and XMM-Newton. The
ASCA spectrum was described by a thermal bremsstrahlung model with kT ∼ 0.6 keV
plus Gaussian emission lines with evidence for enhanced Mg, and possibly O and Ne,
abundances, with the SNR age estimated to be ≤2000 years (Gotthelf & Vasisht 1997). A
Chandra observation of the SNR was briefly studied by Morii et al. (2010) in connection
with the Suzaku studies of AXP 1E 1841−045, where the entire SNR spectrum was
modeled by a VSEDOV model. The XMM-Newton study of the remnant was performed
by Vink & Kuiper (2006) using the MOS data. They fitted the spectrum using either a
two-component non-equilibrium ionization (NEI) model under the SPEX fitting package
(Kaastra & Mewe 2000) or a one-component VSEDOV model, both of which yielded solar
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metal abundances. Their study, primarily targeted to determine the supernova explosion
energy, argued against the millisecond proto-neutron star model for magnetar formation.
Recently, Lopez et al. (2011) also reported X-ray results on Kes 73 as part of a survey
study aimed at typing SNRs using their X-ray morphology as well as to set observational
constraints on the hydrodynamical models. Their study, which made use of one of the
available Chandra observations of Kes 73, yielded a mean temperature of kT = 0.84 ±
0.49 keV using a one-component VPSHOCK model and detected enhanced abundances
from Mg, Si, and S for some of the small scale regions extracted from within the remnant.
The above mentioned X-ray studies lack a detailed imaging and spectroscopic analysis
of the remnant using all available data. Hence, in the following work, we extend the
earlier studies to include multi-wavelength data and in particular, the previously unpublished Chandra and XMM-Newton observations. We provide a detailed X-ray imagingspectroscopic analysis to investigate the SNR’s multi-wavelength morphology (radio, infrared, and X-rays), map the spectral parameters across the remnant, revisit the supernova
explosion properties, and address the mass of its progenitor star.
The latter goal is motivated by addressing the nature of the progenitors and the
environment of highly magnetized neutron stars (with a surface dipole magnetic field
B & 4×1013 G) through studying their hosting SNRs (see Safi-Harb & Kumar 2012).
Kes 73 is one of only a few SNRs associated with high-B pulsars. The X-ray emission
from its associated AXP, the slowest (P = 11.8 s) known magnetar with a characteristic
age of ∼4.7 kyr, was first decoupled from the diffuse emission from the SNR using ASCA
(Helfand et al. 1994; Gotthelf & Vasisht 1997). This source has been manifesting itself as
a quiescent magnetar since the time of its discovery until only recently, when it exhibited
the first magnetar-like burst caught by the Swift X-ray observatory (Beardmore et al.
2010; Kumar & Safi-Harb 2010) followed by a few more bursts (Lin et al. 2011), further
establishing its magnetar nature with B ∼ 7×1014 G. Although the AXP’s emission will
not be further discussed in this paper, the study of SNR Kes 73, because of its relative
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youth and brightness, provides a unique opportunity to shed light on the progenitor of
highly magnetized neutron stars.
The chapter is organized as follows: Section 8.2 describes the Chandra and XMMNewton observations and data reduction. In Sections 8.3 and 8.4, we present the details
of the X-ray imaging analysis and spectral fitting of the remnant, respectively. Section
8.5 discusses the results and finally, we summarize our study in Section 8.6.

8.2
8.2.1

Observations & Data Reduction
Chandra

The SNR Kes 73 was observed with the Advanced CCD Imaging Spectrometer (ACIS)
onboard the Chandra X-ray Observatory on 2000 July 23 (ObsID: 729) and 2006 July 30
(ObsID: 6732) for a total exposure time of 29.6 ks and 25.2 ks, respectively (Table 8.1).
The SNR coordinates were positioned at the aimpoint of the back-illuminated ACIS-S3
chip. Data were taken in full-frame timed-exposure mode and the CCD temperature
was −120◦ C with a CCD frame readout time of 3.2 s. The data were reduced using
the standard Chandra Interactive Analysis of Observations (CIAO) version 4.31 routines.
We reprocessed the event files (from level 1 to level 2) to remove pixel randomization
and to correct for CCD charge transfer efficiencies. The bad grades were filtered out
and good time intervals were reserved. The resulting total effective exposure for the two
observations after data processing is 54.1 ks (see Table 8.1).

8.2.2

XMM-Newton

XMM-Newton observed Kes 73 on 2002 October 5 and 7 (ObsIDs: 0013340101 and
0013340201) with the European Photon Imaging Camera (EPIC), which has one pn (Stru1

http://cxc.harvard.edu/ciao
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der et al. 2001) and two MOS cameras (Turner et al. 2001) covering the energy range
between 0.2 and 12 keV with a energy resolution of ∼ 0.15 keV at 1 keV. Their on-axis
angular resolution is around 6′′ FWHM and 15′′ half-power diameter with a field of view
of 30′ . The EPIC-pn and MOS cameras were operated in Full Frame mode with a time
resolution of 73 ms and 2.6 s, respectively. We analyzed the data from both the MOS
and pn instruments using the XMM Science Analysis System (SAS)2 version 10.0.0 and
the most recent calibration files. The event files were created from observational data
files (ODFs) using the SAS tasks epchain and emchain. The events were then filtered to
retain only patterns 0 to 4 for the pn data (0.2–15 keV energy band) and patterns 0 to 12
for the MOS data (0.2–12 keV energy range). The data were screened to remove spurious
events and time intervals with heavy proton flaring by inspecting the light curves for each
instrument separately at energies above 10 keV. The light curves were created with 100 s
bins and the bins with count-rates greater than 0.35 and 0.4 counts s−1 were rejected for
MOS1/2 and pn, respectively. The resulting total effective exposure for the MOS1/2 and
pn cameras for the two observations is 27 ksec (see Table 8.1).
Table 8.1 X-ray observation log of SNR Kes
Satellite
ObsID
Date of
observation
Chandra
729
23 Jul 2000
XMM-Newton 0013340101 5 Oct 2002

XMM-Newton

Chandra

2

73
Detector Total
Exposure (ks)
ACIS-S3 29.6
MOS1
5.78
MOS2
5.77
pn
3.86
0013340201 7 Oct 2002 MOS1
6.37
MOS2
6.37
pn
4.43
6732
30 Jul 2006 ACIS-S3 25.2

http://xmm.esa.int/sas/

Effective
Exposure (ks)
29.3
3.75
3.93
2.34
6.30
6.31
4.36
24.8
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Figure 8.1 Top: X-ray images of the SNR Kes 73 in different energy bands: 0.5–1.7 keV
(soft; left) in red, 1.7–2.7 keV (medium; center) in green and 2.7–7.0 keV (hard; right) in
blue. Bottom: Chandra ACIS-S3 tri-color image created by combining the soft, medium,
and hard energy band images. The central bright source is the AXP 1E 1841−045. All
the images (in logarithmic scale), created by merging the two Chandra observations, are
exposure-corrected and smoothed using a σ = 2′′ Gaussian. North is up and East is to
the left.
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Figure 8.2 Chandra ACIS-S3 broadband (0.5–7.0 keV) exposure-corrected intensity image
of SNR Kes 73, smoothed using a Gaussian with σ = 5′′ . The color bars are in logarithmic scale and units of counts s−1 pixel−1 . The SNR diffuse emission regions selected
for a spatially resolved spectroscopic study are overlaid in green for regions 1–9. The
global SNR encloses the region inside the inner annulus (150′′) with the contribution from
the pulsar (central bright source in the images) and other point sources removed. The
background (in cyan) was extracted from nearby source-free regions within the Chandra
chip, as shown by the dashed ellipse in the northeast (for regions 1–9) and the annulus (for
the global SNR spectrum). The same source and background regions were extracted from
the XMM-Newton data). The image contrast has been reduced to display the regions and
numbers. North is up and East is to the left.
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X-ray imaging analysis

In this section, we describe the imaging analysis of Kes 73, observed with both the
Chandra and XMM-Newton satellites. Its associated magnetar 1E 1841−045 has a position centered at αJ2000 = 18h 41m 19s .343 and δJ2000 = −04◦ 56′ 11′′ .16 (J2000) with a
1σ error of 0′′ .3 (Wachter et al. 2004). Due to Chandra’s superior angular resolution
compared to that of XMM-Newton, we concentrate our arcsecond-scale narrow-band and
broadband imaging analysis on the ACIS data. The XMM-Newton data are additionally
used for a combined spectral analysis on arcminute-scale.
We first divided the two Chandra observations into individual images in the soft (0.5–
1.7 keV; red), medium (1.7–2.7 keV; green), and hard (2.7–7.0 keV; blue) energy bands.
The choice of the energy bands was mainly based on our spectral analysis (Section 8.4),
such that they cover the line emission regions for Mg (1.27–1.42 keV), Si (1.72–1.95 keV),
and S (2.31–2.61 keV). The 7 keV upper bound for the hard-band image is due to the
poor signal to noise ratio above this energy. The resulting images were subsequently
exposure-corrected and the two Chandra observations were merged. Each of the three
energy images was smoothed using a Gaussian function with σ = 2′′ , and then the three
images were combined to produce the tri-color (RGB) image shown in Figure 8.1 (bottom).
Images generated from XMM-Newton data (not shown) are consistent in morphology to
those of the Chandra images, but at a lower spatial resolution.
In X-rays, the remnant has a nearly circular morphology with an apparent diameter of
≤5′ . The Chandra images reveal several small scale clumpy and bright knotty structures
filling the SNR interior that are more noticeable in the soft energy band where line
emission dominates. An incomplete and outer shell-like feature runs from east to south.
The interior region to the east of the AXP shows bright diffuse emission and forms an
interesting W -shaped structure, which extends towards the southern side of the SNR to
merge with the bright western limb. This W -shaped arc is clearly seen in all the three
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energy band images, thus appearing white in the RGB images. The X-ray images further
show a faint filamentary structure inside the remnant’s bright western limb, to the west of
the AXP. The northern portion of the SNR is relatively faint in X-rays, with no distinct
shell-like feature. In Section 8.5.1, we further discuss the morphology and environment of
Kes 73 in comparison with the radio and infrared images.

8.4

Spectral analysis

In the following, we perform a spatially resolved spectroscopic analysis of the SNR combining all the Chandra and the XMM-Newton data. For spectra extraction, we used
the XMMSAS task evselect for the pn and MOS1/2 cameras, and the CIAO specific
command specextract for the ACIS-S3 data. Ancillary response files (ARFs) and redistribution matrix files (RMFs) were calculated for the corresponding detector regions. The
contributions from point sources within the detector chips were removed prior to the extraction of the spectra. The spectra were extracted in the 0.5–10.0 keV energy range
for the XMM-Newton data, whereas, we ignored the energy range above 7.0 keV for the
Chandra observations due to the poor signal-to-noise ratio.
From both the Chandra and XMM-Newton observations, we defined 9 regions to characterize the diffuse emission from within the remnant. The coordinates and the sizes of
the extracted regions are summarized in Table 8.2 and shown in Figure 8.2. The source
regions, marked by the green ellipses, were selected in such a way that the entire diffuse
emission from within the remnant could be explored thoroughly. The western side of the
SNR is covered by regions 1 and 2, southern side by regions 3 and 4, eastern side by
region 5, and the northern part by regions 8 and 9. Regions 6 and 7 lie more toward the
interior of the remnant. For the elliptical regions 1–9, the background was selected from a
nearby source-free region to the northeast of the SNR3 on the Chandra and XMM-Newton
3

We note here that the spectral fits were explored with different backgrounds (northwest and southwest
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Table 8.2 Regions of diffuse emission extracted from the SNR Kes 73 using Chandra and
XMM-Newton
Regions Right Ascension Declination
Size
h m s (J2000)
d m s (J2000)
Region 1 18:41:12.979
−04:56:15.32 22′′ ×70′′
Region 2 18:41:15.744
−04:56:00.56 22′′ ×60′′
Region 3 18:41:18.114
−04:57:20.26 70′′ ×23′′
Region 4 18:41:21.275
−04:57:52.74 84′′ ×23′′
Region 5 18:41:26.082
−04:56:13.35 21′′ ×85′′
Region 6 18:41:23.514
−04:55:49.73 15′′ ×36′′
Region 7 18:41:21.868
−04:56:26.14 26′′ ×15′′
Region 8 18:41:19.695
−04:55:33.99 40′′ ×18′′
Region 9 18:41:20.880
−04:54:50.70 80′′ ×25′′
SNR
18:41:19.343
−04:56:11.16 150′′

Note. — The global SNR region is extracted from a circular region of radius 150′′ minus the emission
from pulsar and other point sources, with the background extending from 150′′ –180′′.

chips and is shown by the cyan-colored dashed ellipse in Figure 8.2.
In order to study the global SNR properties, we also extracted the whole SNR region
of radius 150′′ with the emission from the pulsar and other point sources removed. This
is shown in Figure 8.2, where the global SNR encloses the area inside the dashed cyancolored annulus and the background extends from 150′′ –180′′. For the XMM-Newton data,
to maximize the SNR signal while minimizing any contamination by the AXP’s spectrum,
we excluded a circle centered at the AXP with a radius of 25′′ . We have investigated
any possible contamination of the SNR’s spectrum by the AXP’s spectrum (especially
in the hard X-ray band where its emission dominates) and found that it is negligible.
In particular, we checked the pulsar’s spectrum out to a larger radius of ∼35′′ (which
encompasses more than 90% of the encircled energy for a point source) and found that
the additional AXP flux (within 25′′ –35′′ ) is negligible in comparison to the SNR’s flux,
with a relative AXP to SNR hard (4–10 keV) X-ray flux of only ∼2%, which is within
regions near the SNR) and binning; the spectral parameters were consistent with those shown in Table 8.3.
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the error on the estimated SNR flux. Furthermore, the small-scale inner SNR regions
extracted closest to the pulsar are at a radius >35”, implying no contamination of these
regions’ spectra by the AXP.
All the extracted spectra were analyzed using the X-ray spectral fitting package,
XSPEC4 version 12.6.0, and grouped by a minimum of 25 and 50 counts per bin for
regions 1–9 and the global SNR, respectively. The errors quoted are at the 90% confidence level. The spectra extracted from different regions within the SNR clearly showed
the presence of line features. Hence, we started analyzing the emission from the remnant using thermal models of varying abundances. These include collisional ionization
equilibrium (CIE) models such as VMEKAL (Mewe et al. 1985; Liedahl et al. 1995)
and VRAYMOND (Raymond & Smith 1977) used for modeling SNRs with optically thin
thermal plasma that has reached collisional ionization equilibrium, and NEI models such
as VPSHOCK, VNEI, and VSEDOV (Borkowski et al. 2001) appropriate for modeling
young SNRs in which the plasma is still being ionized. We find that the spectral analysis
using CIE models did not yield acceptable fits (reduced chi-squared χ2ν ≥ 2; ν - number
of degrees of freedom) while the NEI models with varying metal abundances resulted in
much better fits.
VPSHOCK is a plane-parallel non-equilibrium ionization plasma model with variable
abundances, characterized by a constant electron temperature and a range of ionization
timescales from 0 to τ = ne t, where ne is the post-shock electron density and t is the time
since the passage of the shock. The VNEI model also assumes variable abundances, but
is characterized by a constant temperature and a single ionization parameter. VSEDOV
is another NEI model with variable abundances based on the Sedov self-similar dynamics
(Sedov 1959). This model is characterized by mean and electron temperatures immediately
behind the shock and by the ionization timescale.
4

http://xspec.gsfc.nasa.gov.
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Global fitting and spatially resolved spectroscopy

The Chandra and XMM-Newton spectra of the SNR regions were first investigated with
single component VPSHOCK models, but none of them gave a satisfactory fit (χ2ν ≥
2) and did not account for residuals above ∼4 keV unlike previous studies with poorer
statistics (Gotthelf & Vasisht 1997; Vink & Kuiper 2006). Since the X-ray spectrum
of a young SNR is expected to show distinct components associated with the swept-up
ISM and ejecta, the spectra were subsequently examined using two-component thermal
models. The addition of a second thermal component (e.g., a VPSHOCK+VPSHOCK
model) significantly improved the fits for all the regions. Throughout the paper, we use
the subscripts ‘s’ and ‘h’ to denote the soft and hard components, respectively.
Table 8.3 Best fit spectral parameters of the SNR Kes 73 using Chandra and XMM-Newton
Parameter

Reg 1

Reg 2

Reg 3

Reg 4

Reg 5

Reg 6

Reg 7

Reg 8

Reg 9

SNR

NH (1022 cm−2 )
Hard component
kTh (keV)
Feh
ne th (1011 cm−3 s)
funabs (10−11 )
Soft component
kTs (keV)
O
Mg
Si
S
Fes
ne ts (1012 cm−3 s)
funabs (10−10 )
fabs (10−11 )
χ2ν /dof

3.3+0.1
−0.3

3.2+0.1
−0.7

2.8+0.7
−0.5

2.7+0.6
−0.3

2.9+0.1
−0.5

2.6+0.3
−0.7

2.8+0.4
−0.5

2.9+0.4
−0.2

2.7+0.3
−0.8

2.6+0.4
−0.3

1.1+0.2
−0.1
1.5+0.7
−0.9
2.8+1.1
−0.9
9.8+0.3
−2.0

1.4+0.8
−0.1
2.3+1.4
−1.5
1.4+0.7
−0.5
6.6+2.4
−4.3

1.7+0.8
−0.2
1.6+4.1
−0.7
0.7+0.3
−0.4
4.3+1.7
−3.0

1.7+0.8
−0.2
2.4+2.9
−1.0
0.5+0.1
−0.3
3.2+0.7
−1.8

1.1+0.6
−0.1
0.9+1.0
−0.5
2.7+1.4
−0.9
3.7+2.2
−1.2

1.3+0.1
−0.3
2.0+4.1
−1.1
3.2+2.0
−1.2
1.7+4.5
−0.6

1.6+0.3
−0.2
1.2+1.4
−0.8
1.0+0.5
−0.3
2.4+1.3
−0.7

1.7+0.4
−0.3
1.2+1.7
−1.0
0.8+0.9
−0.3
3.6+2.1
−0.8

1.3+0.5
−0.1
1.1+2.2
−0.8
1.5+0.5
−0.6
2.8+2.8
−1.1

1.6+0.8
−0.7
1.4+0.3
−0.4
0.8+0.2
−0.1
18.1+1.6
−4.5

0.3+0.1
−0.1
1.6+4.1
−0.9
1.7+2.5
−0.7
5.9+2.5
−0.7
13.2+5.7
−7.2
1.5+0.7
−0.9
>1.2
2.3+1.4
−0.7
0.4+0.1
−0.1
1.29/708

0.4+0.2
−0.1
1.9+3.9
−1.3
0.9+1.6
−0.6
2.3+0.8
−0.5
4.3+1.7
−1.1
0.6+0.7
−0.4
0.5+0.6
−0.2
3.4+0.7
−0.9
0.3+0.1
−0.1
1.11/652

0.5+0.1
−0.3
1.1+0.8
−0.6
0.9+1.2
−0.3
1.4+5.6
−0.3
2.5+2.3
−0.8
0.4+1.0
−0.4
> 4.4
0.9+0.6
−0.8
0.4+0.2
−0.1
1.29/753

0.5+0.2
−0.1
1.2+0.7
−0.6
0.8+0.5
−0.8
1.6+4.1
−0.5
2.8+3.1
−1.3
0.3+0.4
−0.3
>1.8
4.4+0.8
−0.9
0.2+0.2
−0.3
1.14/605

0.3+0.2
−0.1
1.4+1.0
−1.4
1.2+1.0
−1.2
5.3+3.5
−1.4
10.2+4.2
−7.2
1.0+2.5
−1.0
> 0.6
1.1+0.4
−0.3
0.2+0.2
−0.2
1.15/516

0.5+0.2
−0.2
1.6+0.6
−0.7
1.2+1.1
−1.2
2.8+3.1
−1.6
4.1+4.5
−2.2
0.6+1.4
−0.3
>1.0
3.7+2.3
−0.3
0.2+0.2
−0.1
1.26/372

0.4+0.1
−0.1
1.0+3.9
−1.0
0.5+0.2
−0.1
1.1+0.5
−0.5
2.6+2.0
−0.8
0.2+0.5
−0.2
0.4+0.6
−0.1
2.2+1.1
−0.6
0.2+0.2
−0.3
1.29/375

0.4+0.1
−0.1
1.0+3.3
−0.5
0.6+1.4
−0.4
1.4+0.9
−0.6
3.5+3.8
−1.8
0.7+1.3
−0.7
>0.8
1.0+3.0
−1.2
0.2+0.1
−0.2
1.32/410

0.5+0.1
−0.2
1.0+1.8
−0.7
1.0+0.6
−0.8
1.9+3.2
−0.2
3.0+7.4
−1.0
0.6+0.8
−0.2
>0.7
0.5+0.8
−0.2
0.2+0.1
−0.3
1.06/504

0.5+0.1
−0.2
1.8+1.2
−0.4
1.0+1.4
−0.7
1.7+2.0
−0.5
2.9+1.3
−1.6
0.3+0.2
−0.2
>6.1
20.6+7.9
−3.7
12.8+3.2
−2.1
1.51/1743

Note. — Regions 1–9 and the global SNR spectra are fitted using the VPSHOCK+VPSHOCK and
VSEDOV+VPSHOCK models, respectively. All elemental abundances are in solar units given by Anders
& Grevesse (1989). The subscripts ‘s’ and ‘h’ denote soft and hard components, respectively. Errors are
2 σ uncertainties. The 0.5–10.0 keV unabsorbed (funabs ) and total absorbed (fabs ) fluxes quoted are in
units of ergs cm−2 s−1 .

The abundances of all the elements were initially fixed at their solar values given by
Anders & Grevesse (1989). All the models included the Morrison & McCammon (1983)

8.4 Spectral analysis

183

Figure 8.3 Examples of VPSHOCK+VPSHOCK model fit to selected regions. The spectra
shown refer to the combined (and rebinned) XMM-Newton pn (red), MOS1+2 (black),
and Chandra (green) data for display purposes, and are shown in units of normalized
counts s−1 keV−1 . Representative regions chosen are the bright western limb (region 1),
the bright SNR interior (regions 3, 6, and 7), the shell-like feature on the southern side
(region 4), and the faint northern side (region 9). Residuals from the model are plotted
in the bottom panel.
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interstellar absorption5 and Ni was tied to Fe throughout. A Gaussian line near 3.1 keV
was added to the two-component models since the VPSHOCK model used in XSPEC does
not account for the Ar emission line visible in the spectra. The spectra were first fit by
treating the column density, temperature, and normalization as free parameters and then
letting the abundances vary freely as needed. We obtained nearly solar values for all the
hard component elements except for a marginally enhanced Fe, while the soft component
showed enhanced abundances for Mg, Si, and S, suggesting that the soft component is
associated with shock-heated ejecta. Allowing Feh to vary improved the χ2ν value with an
F -test probability .10−4 . The emission lines from O lie in the soft X-ray band (<0.6 keV)
and are hard to detect due to the large column density of the SNR (NH ∼2.6×1022 cm−2 ).
However, when allowed to vary, the O abundance improved the spectral fits with an
F -test probability of ∼10−3 for some regions and for the global SNR’s spectrum. We
also note slightly enhanced Ca abundances for some regions, but allowing Ca to vary
did not improve the fits significantly and posed some difficulty in constraining the errors.
Therefore, the Ca abundance was frozen to its solar value for the small scale regions during
spectral fitting. In summary, the spectral fitting for all regions was performed by leaving
the hard component Fe abundance (Feh ) and the soft component O, Mg, Si, S, and Fes
abundances as free parameters6 . Table 8.3 summarizes the best fit spectral parameters
obtained with a VPSHOCK+VPSHOCK model7 for all regions, and Figure 8.3 shows the
spectra of some of the SNR regions of interest: the bright western limb (region 1), bright
interior regions 3, 6, and 7, the shell-like feature on the southern side (region 4), and the
relatively faint northern edge (region 9).
5

The fits were also explored with the Tuebingen-Boulder ISM absorption model (tbabs in XSP EC)
and the spectral parameters were consistent with those given in Table 8.3.
6

Even with O frozen to solar, the abundance ratios with respect to Si and the spectral parameters
obtained were consistent with the tabulated values within error.
7

We also performed the spectral fitting using a VNEI+VNEI model, which yielded values consistent
with those obtained with a VPSHOCK+VPSHOCK model.
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For the global SNR spectrum, we performed spectral fitting using the VSEDOV+VPSHOCK
model plus a Gaussian line near 3.1 keV (Table 8.3). Here, the VSEDOV model is associated with the hard component and yielded the same electron and ion temperatures, while
the VPSHOCK model is associated with the soft component. The SNR spectrum was
further explored using a VPSHOCK+VPSHOCK model and we obtained the following
+0.2
22
spectral parameters: NH = 2.7+0.3
cm−2 , kTh = 1.6+1.4
−0.5 ×10
−0.4 keV, kTs = 0.5−0.1 keV,
11
ne th = 0.8+0.1
cm−3 s, ne ts > 7.5×1012 cm−3 s and χ2ν = 1.53 (ν = 1744). The
−0.4 ×10
+3.6
+1.4
metal abundances obtained are as follows: Feh = 1.3+0.7
−0.3 , O = 2.1−2.1 , Mg = 1.0−0.4 , Si
+4.6
+0.8
= 2.3+3.3
−1.1 , S = 4.2−0.9 , and Fes = 0.6−0.2 . These values are in good agreement with those

obtained using the VSEDOV+VPSHOCK model given in Table 8.3. In Figure 8.4, we
show the XMM-Newton pn spectrum extracted from the whole SNR fitted with a VSEDOV+VPSHOCK model, displaying the different model contributions as dotted lines.
In order to check for any underlying synchrotron component originating from the
acceleration of particles at the supernova shock, we explored the spectra of all extracted
regions by adding a non-thermal model (e.g., power-law) to the one- and two-components
thermal models. The addition of a power-law component to the one-component thermal
models (VPSHOCK or VNEI) resulted in a large χ2ν ≥ 1.8 value for all regions, confirming
that the second component is better described by a thermal model. When added to
the best fit two-component thermal models (VPSHOCK+VPSHOCK or VNEI+VNEI),
the additional power-law component slightly improved the fits for some of the regions.
For the global SNR spectrum, the additonal power-law component added to the best-fit
VSEDOV+VPSHOCK model yielded a χ2ν = 1.49 (ν = 1741) and an F-test probability of
≥10−4 ; with a photon index Γ = 3.4+1.8
−1.5 and an upper limit on the non-thermal luminosity
of ∼5×1032 erg s−1 (at an assumed distance of 8.5 kpc). Adding a power-law component
to the best fit VPSHOCK+VPSHOCK model for the global SNR spectrum also resulted
in similar spectral parameters. We note the caveat for fitting a synchrotron component
with a simple power-law model. More appropriate models include the srcut model in
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XSPEC; however due to uncertainties on the radio properties of our selected regions and
the marginal need for an additional non-thermal component, we did not explore this
further. A more detailed radio and X-ray spatially resolved study is beyond the scope of
this paper.
As seen from Table 8.4, there is no significant variation in the spectral parameters
across the remnant, except for the column density (NH ) which appears slightly elevated
on the western side for region 1. The estimated difference in NH between the eastern side
of the AXP and the western side8 is ∼7×1021 cm−2 . To the best of our knowledge, there
is no evidence of any observed molecular cloud towards the western side of the remnant
that might account for the higher absorption. However, Tian & Leahy (2008) suggest
the existence of a CO cloud (at 89 ± 2 km s−1 ) in the direction of Kes 73, but located
behind the remnant and therefore, the cloud is not interacting with the SNR. Moreover,
we explored the environment of Kes 73 in the radio and infrared wavelengths (discussed
in Section 8.5.1) and do not find any evidence of a cloud or nearby sources that appear
to interact with the SNR. This is consistent with the overall circular morphology of the
SNR.
We note that Lopez et al. (2011) analyzed spectra from a large number of small
scale regions (∼ 15′′ radius), and reported good fits for one-component models using data
from only the earliest Chandra observation of Kes 73 (ObsID 729), providing evidence
for enhanced elemental abundances across the SNR and an elevated value of NH for the
western side. We obtain similar results using all of the available Chandra observations
of Kes 73, and using somewhat larger spectral regions, but find that two-component
thermal models are required for all of our extracted regions. To check this apparent
discrepancy, we extracted spectra from a representative ∼ 15′′ radius region using only
data from ObsID 729. We found that a single-component VPSHOCK adequately describes
8
We note here that the NH value, although model dependent, was not affected by varying the O
abundance, as discussed above.
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the spectrum, and that the improvement in the fit from addition of another VPSHOCK
model is not statistically significant (F-test probability of ∼0.05). On the other hand, for
slightly larger region sizes (e.g., region 7 in Figure 8.2) using the same single data set, the
addition of a second VPSHOCK model is required to adequately fit the spectrum, with
an F-test chance probability of ∼6×10−6 . In summary, the differences in spectral results
between our work and that of Lopez et al. (2011) are primarily due to the larger region
sizes and the inclusion of all available data for Kes 73.

Figure 8.4 XMM-Newton pn spectrum extracted from the whole SNR, fitted with a twocomponent thermal model (VSEDOV+VPSHOCK). A Gaussian line around 3.1 keV is
also added to account for emission from Argon. The pn spectra from the two XMMNewton observations have been combined together for display purposes here. The dotted
lines represent the contributions of the soft and hard model components, along with the
contribution from the Argon line emission added to the model. The bottom panel displays
the residuals.
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Discussion
Multi-wavelength morphology and environment of SNR
Kes 73

We investigate the multi-wavelength morphology of Kes 73 using the radio, infrared, and
X-ray data. The radio image was extracted from the Multi-Array Galactic Plane Imaging Survey (MAGPIS9 ) at a wavelength of 20 cm for the region 5◦ < l < 48◦ .5, |b| <
0◦ .8 (Helfand et al. 2006) and the infrared image from the survey of the inner Galactic
plane using Spitzer ’s Multiband Imaging Photometer (MIPS) at a wavelength of 24 µm
(MIPSGAL10 ) for the region 4◦ < l < 50◦ , |b| < 1◦ .0 (Carey et al. 2009). In Figure 8.5
(top), we show the radio (left) and infrared (right) images of the SNR, with a field of view
of ∼10′ .5×10′ .5 centered around the pulsar. We estimate an apparent diameter of ∼6′
and ∼5′ for the remnant in radio and infrared, respectively. We have also constructed
a composite color image of the radio (red), infrared (green), and X-ray (blue) emission
of SNR Kes 73 as shown in Figure 8.5 (bottom). The X-ray image shown here corresponds to the broadband (0.5–7.0 keV) Chandra image, adaptively smoothed (using the
csmooth command in CIAO) using a Gaussian kernel of σ = 1′′ –2′′ and for a significance
of detection 2 to 5.
As mentioned earlier, Kes 73 has been classified as a shell-type remnant in the radio
(Kriss et al. 1985). Now, we compare the radio and X-ray morphologies of the remnant
and observe a few similarities. The remnant exhibits a spherical morphology with the
western limb (which has the highest NH and lowest kTh ) appearing the brightest in both
wavelengths, possibly due to some local density enhancements in that region. The radio
shell extending from the eastern limb to the southern edge of the SNR matches with the
9
10

http://third.ucllnl.org/gps/
http://mipsgal.ipac.caltech.edu
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corresponding quarter shell-like structure (i.e., regions 4 and 5 in Figure 8.2) observed
in the X-ray image, thus appearing purple in Figure 8.5 (bottom). The enhanced Si
and S abundances obtained from the spectral fits (Table 8.3) also suggest the presence
of reverse shocked ejecta in these regions. We also notice some faint radio clumps on
the northern side of the SNR spatially correlating with the X-ray image. Apart from
these few similarities, the remnant’s morphology also differs in these wavelengths with
the apparent lack of bright radio emission from the SNR interior and the pulsar (as
expected due to the nature of their emission). The radio shell appears more extended on
the northeastern side of the SNR and displays a thin filamentary structure along the edges
in pure red (Figure 8.5). This feature is probably the expanding outer blast wave, which
is not detected in X-rays. In summary, we see more diffuse X-ray emission originating
from the center of the SNR due to the reverse shocked ejecta and filling the radio shell,
as seen from the blue color at the SNR interior in Figure 8.5 (bottom).
The Spitzer MIPS image (Figure 8.5, top right) reveals a morphology more comparable
to that of the X-ray image with arc-like features and bright infrared emission filling the
SNR. The western limb of the SNR is very bright in the infrared as well, precisely outlining
the radio and X-ray emission, and so appears white in the multi-wavelength image of
Kes 73. The interior structures partially coincide with the X-ray image, but no significant
infrared emission is seen from the northeastern boundary of the SNR. The infrared image
shows that the remnant lies in a complex region of the Galactic plane, as previously
noted by other authors (e.g., Wachter et al. 2007), with several saturated foreground or
background sources, appearing in green. Goncalves et al. (2011) also suggested a strong
morphological association of the 24 µm infrared emission and X-ray emission in SNR
Kes 73, although it is not clear whether the strong 24 µm emission is the result of line
emission or hot dust.
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Figure 8.5 Top: MAGPIS 20 cm radio (left) and MIPSGAL 24µm infrared (right) images
of the SNR Kes 73. The radio and IR images have been smoothed with a Gaussian with
σ = 3′′ and have a field of view of 10′ .5×10′ .5 with the AXP at the center. The foreground
stars appear as saturated point sources (in green) in the infrared image. Bottom: Tri-color
image of SNR Kes 73 with the radio emission shown in red, infrared emission in green,
and X-ray emission in blue. See Section 8.5.1 for details.
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Blast wave and ejecta distribution

We discuss here the origin of the soft and hard components derived from our spectral fits.
Our spatially resolved spectroscopic study confirms the need for a two-component thermal
model to describe the X-ray emission originating from the small scale diffuse emission
regions. As discussed in Section 8.4.2, the soft component, with plasma temperatures
∼0.3–0.5 keV, shows enhanced metal abundances while the hard component, with plasma
temperatures ∼1.1–1.7 keV, is characterized by solar abundances (except for a slightly
higher Feh for some regions). Furthermore, the soft component has reached ionization
equilibrium (ne ts & 1012 cm−3 s) for most of the regions as opposed to the under-ionized
plasma (ne th ∼ (0.5–3.2)×1011 cm−3 s) characterizing the hard component. These results
indicate that the soft component arises primarily from the reverse shocked ejecta and
the hard component is dominated by emission from the forward shock. Interestingly, the
results we obtained for Kes 73 are also very similar to those obtained for the mixedmorphology remnant 3C 397 (Safi-Harb et al. 2005). In particular, 3C 397 also needed a
two-component model to fit the X-ray emission from all small scale regions, with the hard
component showing a lower ionization timescale while the soft component was closer to
ionization equilibrium. As well, the soft component was dominated by ejecta requiring
enhanced abundances while the hard component showed solar abundances except for Feh
and was interpreted as the presence of reverse shocked Fe bubbles (Safi-Harb et al. 2005).
However, the abundance of Feh in Kes 73 is only marginally enhanced unlike in 3C 397
whose spectrum is characterized by a very strong Fe-K line not detected in Kes 73.
As mentioned above, we detect enhanced metal abundances in the soft spectral component (see Table 8.3). S appears to be highly enhanced all across the remnant followed
by Si (for regions 1, 2, 5, 6, and 9), implying that the X-ray emission from Kes 73 is
ejecta-dominated. Mg and O seem slightly enhanced for regions 1 and 2, respectively. Fes
is seen enhanced only for region 1 while Feh is slightly enhanced for regions 1, 2, 3, 4,
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and 6. Most notably, the western and eastern X-ray limbs of the remnant (regions 1 and
5) exhibit very similar spectral properties (although NH appears slightly higher for the
brighter region 1) with elevated and comparable Si and S abundances. The emission from
these regions correlates well with their radio counterpart and appears to fall within the
outermost radio shell, the red emission seen along the outer edges in Figure 8.6 (bottom).
These regions likely represent the reverse shocked ejecta seen in X-rays. The outermost
fainter region seen in the radio image, which most likely corresponds to the forward shock,
is not clearly detected in X-rays. In summary, we observe enhanced Si and S abundances
for all regions across the remnant suggesting the presence of ejecta.

8.5.3

X-ray properties of SNR Kes 73

In the following, we estimate the physical properties of the diffuse emission regions across
the remnant and the supernova explosion parameters using the spectral fit parameters
obtained with the VPSHOCK/VSEDOV models summarized in Table 8.3. The derived
quantities are shown in Table 8.4. Here, we take the distance to the SNR as 8.5 kpc (Tian
& Leahy 2008), noting that an earlier, slightly smaller, distance estimate of 6–7.5 kpc was
obtained by Sanbonmatsu & Helfand (1992). We introduce a scaling factor D8.5 = D/8.5
kpc to account for the distance uncertainty and take a radius of ∼2′ .5 for the SNR, which
corresponds to a physical size Rs = 6.2D8.5 pc = 1.9×1019 D8.5 cm.
The volume of the X-ray emitting region (V ) is estimated by assuming that the plasma
fills an ellipsoid with the semi-major and semi-minor axes equivalent to those of the
extracted SNR regions (Table 8.2) and the depth along the line of sight equal to the long
axes of the extracted regions, thereby giving an upper limit to the volume estimate. We
introduce a filling factor 0 < f < 1 to represent the fraction of the volume (V ) that is
actually filled with plasma. Within f V , we introduce the volume filling factors for the
cold (fs ) and hot (fh ) plasma and assume that fs + fh = 1. The emission measure for
each component is defined as a measure of the amount of plasma available to produce the
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observed flux and is given by EM =

R

ne nH dV ∼ f ne nH V where ne is the post-shock

electron density for a fully ionized plasma and nH is the atomic hydrogen density (ne
= 1.2nH assuming cosmic abundances). By assuming pressure equilibrium between the
soft and hard thermal components (ns Ts ≈ nh Th ), the relative filling factors can then be
derived as fs = [1 + (EMh /EMs )(Th /Ts )2 ]−1 ; fh = 1 − fs (see Table 8.4). We stress
that this applies only if we know the actual volume filled with plasma (f V ) and that
this volume is filled with the soft and hard components discussed here. Since we do not
know what fraction of the volume assumed for any spectral region is actually filled with
plasma, we set f = 1, but this assumption is made only for the purpose of estimating the
individual filling factors.
For cosmic abundances and strong shock Rankine-Hugoniot jump conditions, the ambient density n0 can be estimated from the electron density ne as ne = 4.8n0 ; here n0
includes only hydrogen (Borkowski et al. 2001). Using the normalization value K =
R
(10−14 /4πD2 ) ne nH dV determined from the X-ray spectral fits in XSPEC, we estimate

the EMs of the two thermal components as well as the corresponding densities (ne , n0 )

of the X-ray emitting gas, as shown in Table 8.4. The electron densities inferred for the
soft component are higher than those associated with the hard component. The ambient density, obtained from the global fit to the SNR using the VSEDOV component11 ,
is n0 = 0.5+0.4
−0.2 fh

−1/2

−1/2

D8.5

cm−3 . The total unabsorbed flux of the SNR in the 0.5–10.0

−9
ergs cm−2 s−1 , which corresponds to an X-ray
keV energy range is FX = 3.9+0.8
−0.6 ×10
37
2
luminosity of LX = 3.3+0.7
D8.5
ergs s−1 .
−0.5 ×10

It has been previously suggested that the remnant could be either in its early evolutionary stage or in a transition to its Sedov phase (Gotthelf & Vasisht 1997; Vink &
Kuiper 2006). Under the assumption of a uniform ambient density medium, the swept-up
5/2

1/2
D8.5 M⊙ . For a filling factor
mass is calculated as Msw = ( 43 πRs3 f )×1.4mp no = 16+13
−6 f
11

We get n0 ∼ 0.6 cm−3 using the VPSHOCK+VPSHOCK model, consistent with the value obtained
using the VSEDOV+VPSHOCK model.
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Table 8.4 Derived X-ray parameters of SNR Kes 73
Parameters
Soft component
−2
EMs (1058 fs D8.5
cm−3 )

Reg 1

Reg 2

Reg 3

Reg 4

Reg 5

Reg 6

Reg 7

Reg 8

Reg 9

SNR

5.4+2.0
−2.5

8.4+1.6
−1.9

6.2+1.3
−1.7

5.4+3.4
−3.6

2.7+0.5
−0.5

4.4+1.5
−1.1

1.6+4.4
−0.1

6.0+2.8
−1.6

4.8+9.3
−0.7

2.4+4.0
−1.2

106+139
−26

−1/2 −1/2
nes (fs
D8.5 cm−3 )
1/2 1/2
tshs (fs D8.5 kyr)
fs

>4.5
0.31

0.43

>17.3
0.55

>11.8
0.52

>2.9
0.30

>3.0
0.47

0.56

>1.7
0.38

>5.0
0.46

>35.8
0.47

1.6+0.4
−0.5

0.7+0.2
−0.4

0.4+0.2
−0.3

0.2+0.1
−0.1

0.8+0.4
−0.3

0.3+0.7
−0.1

0.3+0.2
−0.1

0.4+0.2
−0.1

0.4+0.4
−0.2

+19.0
11.7−8.6

Hard component
−2
EMh (1058 fh D8.5
cm−3 )
−1/2 −1/2
D8.5 cm−3 )
neh (fh
−1/2 −1/2
no (fh
D8.5 cm−3 )
1/2 1/2
tshh (fh D8.5 kyr)
fh

4.5+0.6
−0.8
0.9+0.1
−0.2
1.9+0.8
−0.7
0.69

10.4+1.1
−1.4
1.4+1.8
−0.6

3.4+0.6
−1.1
0.7+0.1
−0.2
1.3+0.7
−0.6

0.57

8.1+2.6
−2.8

2.2+0.4
−0.8
0.4+0.1
−0.2
1.0+0.5
−0.7

0.45

4.8+0.5
−0.5

1.4+0.2
−0.4
0.3+0.1
−0.1
1.2+0.3
−0.8

0.48

6.3+1.1
−0.8

2.7+0.8
−0.4
0.6+0.2
−0.1
3.2+1.9
−1.2

0.70

+14.7
10.7−0.4

4.4+6.1
−0.8
0.9+1.3
−0.2
2.3+3.5
−1.0

0.53

28.6+6.7
−3.8
0.4+0.7
−0.1

6.3+1.7
−1.0
1.3+0.3
−0.2
0.5+0.3
−0.2

0.44

+14.9
15.2−1.1

4.3+1.2
−0.4
0.9+0.3
−0.1
0.6+0.7
−0.2

0.62

4.6+3.8
−1.2

1.9+1.0
−0.4
0.4+0.2
−0.1
2.5+1.5
−1.1

0.54

Note. — EM : Emission measure, ne : electron density, n0 : ambient density, tsh : shock age, and f :
filling factor. Errors are estimated using the 2σ errors shown in Table 8.3.
5/2

fh = 0.53 (Table 8.4), Msw = 7 – 21 D8.5 M⊙ . This small value implies that the remnant
can be in its late free expansion phase or in a transition to the Sedov phase. It is also
plausible that the SNR may still be in the dense wind in an r −2 profile, which would be
more realistic for Kes 73 if the explosion originated from a massive star (e.g., SN IIL/b) as
proposed in Section 8.5.4. We discuss below the evolutionary properties of Kes 73 under
both scenarios.
Assuming a free expansion (or Sedov) phase gives a lower (or higher) estimate on the
SNR age. For an initial expansion velocity of 5000 km s−1 appropriate for a core-collapse
SNR (Reynolds 2008), we infer a free expansion age of .750 D8.5 kyr for the remnant.
When the swept-up mass (Msw ) becomes comparable to or exceeds the ejected mass (Mej ),
an SNR enters the adiabatic phase. If Kes 73 is in its early Sedov phase, we can compute
an upper limit to the Sedov age as t = ηRs /Vs using the VSEDOV spectral parameters
(Table 8.3), where η depends on the evolutionary stage of the SNR and is equal to 0.4
assuming a uniform blast wave expansion (Sedov 1959). The blast wave velocity Vs is
estimated as Vs = (16kB Ts /3µmH )1/2 , where µ = 0.604 is the mean mass per free particle
for a fully ionized plasma, kB = 1.38×10−16 ergs K−1 is Boltzmann’s constant and Ts is the
post-shock temperature (Sedov 1959). Assuming full equilibration between the electrons

6.6+4.3
−0.8

2.2+1.8
−0.8

0.5+0.4
−0.2

1.2+1.0
−0.5
0.53
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and nuclei (a valid assumption here since our VSEDOV fit gives similar temperatures
for the mean temperature of the particles and the electron temperature right behind
the shock), we determine the shock velocity using the tabulated temperature from our
SEDOV fit (Table 8.3) of kTh = 1.6+0.8
−0.7 keV. The inferred velocity of the blast wave is Vs
= (1.2±0.3)×103 km s−1 , and the Sedov age is estimated as t = 2.1±0.5 kyr for Kes 73.
This age is consistent with the previous estimated age of ≤2.2 kyr (Gotthelf & Vasisht
1997; Vink & Kuiper 2006; Lopez et al. 2011).
We further point out that incomplete equilibration at the shock would lead to a higher
shock velocity than that estimated above, yielding an even younger age. Studies of electron
and ion temperatures in SNR shocks indicate that equilibration is far from complete at
such high velocities (Ghavamian et al. 2007), suggesting that Kes 73 is considerably
younger than the characteristic age of the associated AXP, τc ≈ 4.7 kyr, which provides
an upper limit for the system age. To the best of our knowledge, there is no measurement
of the braking index which would provide an accurate age estimate for 1E 1841−045.
Based on the Sedov blast wave model in which a supernova with an explosion energy E,
expands into an ISM of uniform density n0 , we can estimate the SNR explosion energy as E
=

1
R5 m n t−2
2.02 s n 0 SN R

−1/2

50
= 3.0+2.8
−1.8 ×10 fh

5/2

D8.5 ergs, where mn = 1.4mp is the mean mass of

the nuclei and mp is the mass of the proton. This value is slightly lower than the canonical
value of 1051 ergs, but is consistent with the explosion energy of (5 ± 3)×1050 ergs derived
by Vink & Kuiper (2006) assuming a distance of 7.0 kpc. We further note here that if
full electron-ion equilibration12 has not been achieved in the shock for the Sedov phase,
the shock velocity Vs determined from the electron temperature will be a lower limit to
the shock temperature Ts , which will lead to an underestimation of the SNR’s explosion
energy.
Now, we discuss the model treatment of an SNR expanding into the late red-supergiant
12
As mentioned earlier, the VSEDOV fit to the global SNR spectrum, however, yielded equal electron
and ion temperatures for the global SNR spectrum.
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(RSG) phase wind of its massive progenitor as described by Chevalier (2005) and motivated by the progenitor mass estimate inferred from our study (Section 8.5.4). Chevalier
(2005) assumes the circumstellar medium (CSM) of a SN IIL/b star as a freely expanding
wind with density ρCS = Ṁ /4πr 2 vw ≡ Dr −2 and defines D∗ = D/1×1014 g cm−1 , where
Ṁ is the mass loss and vw is the RSG wind velocity. Following Chevalier (2005) and
Castro et al. (2011), the circumstellar mass swept-up by the SNR shock to a radius R is
then given by Msw = 9.8D∗ (R/5 pc) M⊙ , with the SNR blast wave in a wind expanding to
a radius R = (3E/2πD)1/3 t2/3 during its adiabatic phase. The speed of the SNR forward
shock in a wind density profile at any given time is given by Vs = 2R/3t. For Kes 73,
we assume here that the hot component arises entirely from the shocked CSM. Chevalier
(1982) suggests that the shocked CSM is swept up into a shell approximately R/5 in
thickness for a strong shock propagating in a wind with density profile ∝ r −2 . Thus, we
obtain a spherical shell volume of ∼490fh pc3 for a radius 2′ .5 and thickness 0′ .5. Now,
+19.0
−2
using the EMh = 11.7−8.6
×1058 fh D8.5
cm−3 for the global SNR fit (Table 8.4), we obtain
1/2

5/2

Msw = 11+8
−3 fh D8.5 M⊙ . Substituting for Msw and R in the above equations, we derive
1/2

9/4

3
−1/2
the SNR age as t = 1.1+0.4
D8.5 kyr and shock velocity as Vs = 3.5+1.3
−0.2 fh E
−0.5 ×10
−1/2

fh

−5/4

E 1/2 D8.5

km s−1 .

Subsequently, the shock age tsh (the time since the passage of shock) of the two thermal
components was calculated using the ionization timescale (ne t) values derived from the
1/2

1/2

fits, as shown in Table 8.4. We obtained a shock age of tsh,s = (0.4 – >1.7) fs D8.5 kyr for
1/2

1/2

the soft component and tsh,h = (0.5–3.2) fh D8.5 kyr for the hard component. The latter
values are consistent with our estimate of the remnant’s age. For the soft component, the
high ionization timescale (≥1012 cm−3 s) implies that the dense (as seen from the higher
ne values; Table 8.4) reverse-shocked ejecta have attained ionization equilibrium earlier
than the expanding forward shock.
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Progenitor mass

Nucleosynthesis studies through X-ray spectroscopy of shock-heated ejecta associated with
young SNRs can reveal important information on the nature of their progenitor stars. It is
possible to directly measure the abundances of heavy elements obtained from X-ray spectral fitting and by comparing them to the models of explosive nucleosynthesis yields such
as those of Woosley & Weaver 1995 (hereafter WW95) and Nomoto et al. 2006 (hereafter
N06), we can estimate the mass of the progenitor star. Such studies are also valuable for
testing and improving the nucleosynthesis models commonly used to fit the X-ray spectra. The core-collapse nucleosynthesis models suggest that low-Z elements are primarily
produced through hydrostatic He-burning while high-Z elements are mainly produced by
explosive O-burning (resulting in O, Si, S, Ar, Ca) and/or incomplete explosive Si-burning
(with Si, S, Fe, Ar, Ca as products) in the interior of the progenitor star (WW95). The
abundance ratio is given by (X/Si)/(X/Si)⊙ , where X is the ejected mass of any element
with respect to Si (Willingale et al. 2002) and we used the photospheric solar values from
Anders & Grevesse (1989). The nucleosynthesis yields obtained from different models
differ due to the different assumptions used in the processes such as convection, explosion
energy and explosion mechanisms, mass loss, initial metallicity etc. (Hoffman et al. 1999)
and hence, the inferences on the progenitor masses are highly dependent on the models
used.
In our studies, we compare the abundances of O, Mg, S, and Fe relative to Si (relative
to solar) obtained from the global SNR spectrum with predictions for a range of progenitor
masses from the WW95 and N06 models, as shown in Figure 8.6. WW95 specify models
A, B, and C for progenitor stars with masses ≥30 M⊙ , where the final kinetic energies
at infinity of the ejecta for models B and C are enhanced by a factor of ∼1.5 and ∼2,
respectively, with respect to model A (KE∞ ∼ 1.2×1051 ergs). The yields from WW95
and N06 are different due to the different treatment of the convective boundary and
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20M

Average abundance ratios

4

25M
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(30A)M

30M (N06)
(30B)M (WW95)

3

2

1

0
O/Si

Mg/Si

S/Si

Fe/Si

Figure 8.6 Best fit abundances of O, Mg, S, and Fe relative to Si relative to solar. Also,
over plotted are the predicted relative abundances [X/Si]/[X/Si]⊙ from the core-collapse
nucleosynthesis models of WW95 and N06. The models 30A and 30B of WW95 differ in
their final kinetic energies at infinity of the ejecta, where model B is enhanced by a factor
of ∼1.5 with respect to model A. See Section 8.5.4 for details.
since mass loss is not included in WW95 models, whereas N06 includes mass loss as
a function of metallicity (K. Nomoto 2013, private communication). When comparing
with the WW95 and N06 yields, the abundance ratios are consistent with a 20–30 M⊙
progenitor star. As mentioned before, S and Si are overabundant in most of the regions
and while the nucleosynthesis models predict a S/Si ratio .1, the data here seem to show
a much higher S/Si ratio (although with a large errorbar). A plausible reason could be
that, the remnant being young, the reverse shock may not have reached the center yet
and hence, the current abundances may not reflect accurately the actual abundances of
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the heavy elements produced in the supernova explosion. Another factor contributing to
the uncertainty in the S abundance is that the S line lies in the energy band where the
two components have nearly the same flux. We have also compared our values with lower
progenitor masses (.18 M⊙ ), however, the ratios do not match with such lower mass
stars. Nevertheless, taking into account the errorbars and the uncertainty in the models,
and keeping in mind the caveats mentioned above, the existing data and models suggest
a progenitor mass &20 M⊙ for Kes 73.
Chevalier (2005) suggests a supernova type SN IIL/b for Kes 73, with the remnant
running into the RSG wind lost from the progenitor star. We discussed this scenario in
Section 8.5.3. SN IIL/b stars are believed to have progenitor masses in the range of 25–
35M⊙ (Heger et al. 2003) with X-ray luminosities typically in the range of ∼1037 ergs s−1 .
They end their lives as RSGs with extensive mass loss (Ṁ ≥3×10−5 M⊙ yr−1 for a
wind velocity vw = 15 km s−1 ) from the H envelope, leading to the formation of a dense
circumstellar region that extends out to 5–7 pc from the progenitor (Chevalier 2005).
Interestingly, the radius of Kes 73 (∼6.2 pc) also closely matches the expected size of the
SN IIL/b wind bubble, and together with our inferred X-ray luminosity (∼3×1037 ergs s−1 )
and progenitor mass of &20M⊙ , the prediction of a SN IIL/b progenitor star for Kes 73
seems reasonable.
Observational studies show that several magnetars are associated with star clusters
and by studying their association with these clusters, it is possible to estimate the initial
mass of their progenitors. A recent study by Clark et al. (2009), on the discovery of a third
massive RSG cluster (RSGC3) located at the base of the Scutum-Crux arm, suggests that
the SNR Kes 73 could be physically associated with the RSGC1–3 star formation complex
with the location of 1E 1841−045 approximately equidistant from the RSG clusters 2 and
3. Therefore, they speculate that the progenitor mass of 1E 1841−045 cannot be ≥20M⊙
by associating the AXP with the star formation that yielded RSGC1–3. Together with
another study performed by Davies et al. (2009) which reported a low mass progenitor
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star of 17 ± 2M⊙ for the soft gamma repeater (SGR) 1900+14, these authors suggest
that magnetars do not necessarily descend from massive progenitors. However, based on
our X-ray spectroscopic analysis as well as the nucleosynthesis yield models used here for
comparison, we estimate a massive progenitor ≥20M⊙ for Kes 73.
Next, we compare the estimated progenitor mass for Kes 73 to that determined for
a few other magnetars and high-magnetic field radio pulsars. The progenitor masses of
SGR 1806–20 associated with the cluster CI 1806–20, CXOU J164710.2–455216 associated
with the cluster Westerlund 1 (Wd 1), and the AXP 1E 1048.1–5937 were estimated as
48+20
−8 M⊙ (Bibby et al. 2008), 40 ± 5 M⊙ (Muno et al. 2006), and 30–40 M⊙ (Gaensler
et al. 2005), respectively. The progenitor masses obtained for the two high-B pulsars
(J1119–6127 and J1846–0258) also suggests massive progenitors. The X-ray spectroscopic
study of SNR G292.2–0.5 associated with the high-B radio and X-ray pulsar J1119–6127
suggests a progenitor mass ∼30 M⊙ (Kumar et al. 2012). The SNR Kes 75, associated
with the high-magnetic field X-ray pulsar J1846–0258 (which recently showed magnetarlike bursts and spectral softening; Gavriil et al. 2008; Kumar & Safi-Harb 2008), was
suggested to have a Wolf-Rayet progenitor (Morton et al. 2007). In summary, the above
mentioned studies imply a range of progenitor masses for the highly magnetized neutron
stars, with the majority implying very massive progenitors. However, any conclusion
on the factors deciding the origin and evolutionary properties of these sources requires
further studies in X-rays and other wavelengths. In particular, in the X-rays, future highresolution spectroscopic studies are needed to obtain accurate abundance measurements
and to perform plasma diagnostics of the individual lines to confirm the temperature of
the ejecta as well as that inferred for the interstellar/circumstellar environment in which
Kes 73 is expanding.
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Summary and Conclusions

In this paper, we have performed the first detailed imaging and spectral analysis of the
SNR Kes 73, using all archival Chandra and XMM-Newton data, to determine the intrinsic
properties of the supernova explosion and the physical properties of the remnant. The
main results are summarized as follows:
1. The high resolution X-ray images confirm a spherical morphology of ∼5′ size with
several clumpy and knotty structures, and bright diffuse emission originating from
the SNR interior. The multi-wavelength morphology of the remnant in the radio,
infrared, and X-rays shows the western limb to be much brighter than all other
regions. The infrared image spatially correlates well with the X-ray image while
the radio shell appears to extend slightly beyond the X-ray emission and displays a
thin filamentary feature along the edges, which likely represents the location of the
forward shock.
2. The spectra obtained from different diffuse emission regions are best fit with a VPSHOCK+VPSHOCK model. The western limb of the SNR showed a slightly higher
22
column density given by NH = 3.3+0.1
cm−2 . The soft component is dominated
−0.3 ×10

by enhanced metal abundances mainly for Si and S in all the regions, with plasma
temperatures of 0.3–0.5 keV and ionization timescales >1012 cm−3 s (except for regions 2 and 7). The hard component is dominated by solar abundances (except for
a slightly higher Feh for some regions), with plasma temperatures of 1.1–1.7 keV
and ionization timescales of (0.5–3.2)×1011 cm−3 s. This indicates that the soft component plasma for most regions has reached ionization equilibrium earlier than the
plasma associated with the hard component.
3. The global X-ray emission from Kes 73 is best described by a two-component VSE22
DOV+VPSHOCK model, with a column density NH = 2.6+0.4
cm−2 and the
−0.3 ×10
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soft and hard components characterized by plasma temperatures of 0.5+0.1
−0.2 keV (ne ts
+0.2
11
> 6.1×1012 cm−3 s) and 1.6+0.8
cm−3 s), respectively. The
−0.7 keV (ne th = 0.8−0.1 × 10

presence of enhanced abundances in the soft component suggests that this component is dominated by shock-heated ejecta, while the hard component characterized
by solar abundances (except for a slightly enhanced Fe abundance for a few regions)
is dominated by shocked interstellar/circumstellar material. We have also refined
the SNR age ranging between 750 D8.5 yr for the free expansion phase (assuming
an expansion velocity of 5000 km s−1 ) and 2100 D8.5 yr assuming a Sedov phase
of evolution. The Sedov phase yields a shock velocity of (1.2 ± 0.3)×103 km s−1 ,
−1/2

50
an explosion energy of E0 = 3.0+2.8
−1.8 ×10 fh
1/2

5/2

D8.5 ergs and a swept-up mass of

5/2

16+13
−6 fh D8.5 M⊙ , under the assumption of an explosion in a uniform ambient medium. Considering Kes 73 to be still expanding into the dense wind of its late phase
1/2

9/4

−1/2
RSG evolution, we infer an age of 1.1+0.4
D8.5 kyr and a shock velocity of
−0.2 fh E
−1/2

3
3.5+1.3
−0.5 ×10 fh

−5/4

E 1/2 D8.5

km s−1 , for an assumed explosion energy of 1051 ergs.

These derived values are consistent with the predictions of a massive progenitor for
Kes 73.
4. Although the abundances are not well-constrained, the abundance ratios, when compared to core-collapse nucleosynthesis models, suggest a progenitor mass &20 M⊙ for
Kes 73. A much deeper exposure with existing X-ray missions and high-resolution
spectroscopy, for example with the soft X-ray spectrometer on the upcoming mission
ASTRO-H (Takahashi et al. 2012), are needed for an accurate measurement of the
abundances and shock velocities, and to further motivate the development of the
existing nucleosynthesis models.
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Chapter 9
Conclusions
The thesis presents a study on the high-energy properties of the high magnetic field
pulsars (PSR J1846–0258 and PSR J1119–6127), the magnetars (SGR 0501+4516 and
AXP 1E 1841–045), and the SNRs associated with such highly magnetized neutron stars:
G292.2–0.5 associated with the HBP J1119–6127 and Kes 73 associated with the magnetar
AXP 1E 1841–045. The major conclusions of the previous chapters are summarized below,
along with some recent discoveries in the field which further strengthen the results of this
thesis.

9.1

High magnetic field pulsars (HBPs)

As introduced in Section 1.4 of this thesis, the past decade has revealed the growing
evidence of a handful of high-magnetic field pulsars (HBPs), with spin and magnetic
properties intermediate between the conventional rotation-powered (or Crab-like) pulsars
and magnetars. The spin-down energies Ė of PSR J1846–0258 and J1119–6127 studied
in this thesis are higher than their observed X-ray luminosities LX (i.e., LX /Ė < 1),
suggesting that they could be powered by the loss of their rotational energy despite having
ultra-high magnetic fields (& 4.4×1013 G). Given their high (above QED) magnetic field,
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it was not clear whether HBPs were transient objects between the classical pulsars and
magnetars, or stood as a separate class of population. We targeted the PSRs J1846–0258
and J1119–6127 as the ideal candidates for our study, because they are both characterized
by high spin-down energies and the only two HBPs known to be associated with SNRs.
PSR J1846–0258, at the center of SNR Kes 75, has a spin-down energy Ė ∼ 8.0×1036 ergs s−1
and magnetic field of B ∼ 5×1013 G (Gotthelf et al. 2000) and powers a bright pulsar
wind nebula (PWN; Ng et al. 2008). It was classified as a Crab-like pulsar despite having a relatively high LX /Ė ratio (but still <1) in comparison to other rotation-powered
pulsars, which suggested that it may be magnetically powered or a transition object. Using archival data obtained with Chandra in 2000 and 2006, we discovered that the pulsar’s
X-ray spectrum softened significantly with a thermal component emerging from a purely
power-law spectrum and the pulsar brightened by a factor of ∼6 from 2000 to 2006, all
pointing to this HBP revealing itself as a magnetar. The magnetar-like behavior was
confirmed by the detection of magnetar-like bursts from PSR J1846–0258 using RXTE
(Gavriil et al. 2008). These results further suggested that HBPs could be powered by both
rotational and magnetic energy, providing for the first time a connection between them
and magnetars (Camilo 2008). These findings led to a major breakthrough in our understanding of HBPs, inevitably blurring the line of distinction between the rotation-powered
pulsars and magnetars (Kumar & Safi-Harb 2008; Chapter 3).
PSR J1119–6127 residing within the SNR G292.2–0.5 also shows a high magnetic field
B ∼ 4.1×1013 G and spin-down luminosity Ė ∼ 2.3×1036 ergs s−1 (Camilo et al. 2000),
similar to PSR J1846–0258. The X-ray counterpart to this radio pulsar was first resolved
with Chandra, which also revealed for the first time evidence of a compact PWN (Gonzalez
& Safi-Harb 2003). Using new Chandra observations, we performed a detailed study of its
compact PWN, which led to the discovery of a long southern jet (&20′′ ) and the evidence
for a small torus. We have also resolved for the first time the emission from the pulsar and
characterized its X-ray spectrum. This pulsar, however, has not shown any magnetar-like
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behavior so far and its LX /Ė and pulsar wind nebula properties are more consistent with
rotation-powered pulsars. Whether PSR J1119–6127 is a purely rotation-powered pulsar
or will one day reveal itself as a magnetar (like J1846–0258), remains to be seen (Safi-Harb
& Kumar 2008; Chapter 4).

9.2

Magnetar bursts

AXPs and SGRs, generally dubbed as magnetars, are believed to be powered by the decay
of their strong magnetic fields. As opposed to the rotation-powered pulsars, their X-ray
luminosities are 1-2 orders of magnitude higher than their spin-down luminosities (i.e.,
LX /Ė >> 1). One of the main observational features of the magnetars is their bursting
property, accompanied by spectral changes (see Rea & Esposito 2011 for a review). The
study of magnetar bursts provides a unique opportunity to probe their high-energy properties as well as the exotic physics underlying the different emission regions of a magnetar.
With the detection of magnetar-like bursts from one of the HBPs, we next studied the
bursting and spectral properties of two magnetars, one from each sub-class.
SGR 0501+4516 was discovered by the Swift γ-ray observatory on 2008 August 22,
when it emitted more than 50 bursts (Barthelmy et al. 2008). We performed a detailed
spectral and statistical analysis of these bursts, and compared our results with those of the
other magnetars. The SGR 0501+4516 burst durations followed a log-normal distribution,
ranging between ∼0.03 s and ∼0.5 s. The burst durations were positively correlated
with the burst fluences, while the hardness ratios were anti-correlated with the burst
durations and fluences. The burst spectra were best described either by a one-component
non-thermal model (cut-off power-law with a mean photon index of ∼0.54) or a twocomponent thermal model (mean blackbody temperatures of ∼12.8 keV and ∼4.6 keV)
in the 15–150 keV energy range. The two blackbody temperatures supported the idea
of two distinct emitting regions, with the smaller radius corresponding to emission from
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a hot-spot or a trapped fireball region and the larger radius corresponding to emission
more or less consistent with the radius of the neutron star. Our results were also found to
be consistent with those typically emitted by other SGRs and with the magnetar model
predictions (Kumar et al. 2010; Chapter 5).
The AXP 1E 1841–045, associated with the SNR Kes 73, had been manifesting itself
as a quiescent magnetar since its discovery in 1985. On 2010 May 6, this AXP displayed
its first magnetar-like burst caught by the Swift γ-ray observatory. We studied this
event in detail to determine the AXP’s burst and persistent emission properties. The
burst observed from 1E 1841–045 was short (∼32 ms) and similar to those observed for
typical SGR bursts. The 15–100 keV burst emission was best described by a non-thermal
spectrum, with a luminosity of ∼2.9×1039 ergs s−1 and an energy of ∼7.2×1036 ergs, which
was interpreted as originating due to a reconnection activity in the neutron star’s upper
magnetosphere. We also studied the prompt post-burst persistent emission spectrum
of the AXP in the 0.5–10 keV energy range. By comparing with the AXP’s pre-burst
persistent emission obtained with XMM-Newton during October 2002, we discovered that
its X-ray spectrum softened and the pulsar brightened by a factor of 2.1 due to the burst
activity. We discussed the burst activity and the persistent emission properties of AXP
1E 1841–045 in comparison with other magnetars and in the context of the magnetar
model. (Kumar & Safi-Harb 2010; Chapter 6).

9.3

Supernova remnants

Next, we investigated the environs and progenitors of HBPs and magnetars, to shed
light on their formation scenarios and any connection between these classes, by studying
their securely associated SNRs in X-rays. X-ray spectroscopy provides a powerful tool in
inferring the mass of the progenitor, which is achieved by fitting the X-ray spectra of young,
ejecta-dominated SNRs and comparing the fitted metal abundances to nucleosynthesis
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model yields. In addition, one can also estimate other intrinsic properties of the SNR
(explosion energy, age, ambient density, shock velocity) from the spectral parameters
derived by fitting the X-ray spectrum of the blast wave, thus shedding light on their
environment and evolutionary stage. Currently, there is only a handful of associations:
two SNRs securely associated with HBPs: G292.2–0.5/J1119–6127 and Kes 75/J1846–
0258, and four SNRs associated with magnetars: Kes 73/1E 1841–045, CTB 109/1E
2259+586, G327.24–0.13/1E 1547.0–5408, and G337.0–0.1/SGR 1627–41 (see Safi-Harb
& Kumar 2012 for a recent review). In this thesis, we studied the detailed imaging and
spatially resolved spectroscopic studies of two SNRs, G292.2–0.5 and Kes 73, combining
all the available Chandra and XMM-Newton observations. We considered these two SNRs
since one of them is associated with an HBP while the other is associated with a magnetar
(with both compact objects studied in this work), so as to explore any differences in their
environments.
We first studied the Galactic SNR G292.2–0.5 associated with the HBP J1119–6127.
Improving on the earlier Chandra study of the SNR (Gonzalez & Safi-Harb 2005), we
added an additional Chandra observation of the eastern region of the SNR and the XMMNewton data, providing a deeper and full coverage of the SNR in X-rays. The highresolution X-ray images revealed a partially limb-brightened morphology in the west,
with diffuse emission concentrated towards the interior of the remnant unlike the complete
shell-like morphology observed at radio wavelengths. The emission from the eastern side
of the SNR is also considerably harder than the emission from the west. The Chandra
and XMM-Newton studies showed that the SNR plasma was best described by a twocomponent thermal + non-thermal model. The thermal component was fitted with a
non-equilibrium ionization (NEI) model with a high temperature (kT ∼ 2.3 keV) and
column density (∼1.8×1022 cm−2 ) in the east, and a low ionization timescale, suggesting
the expansion of a young remnant in a low-density medium. The spatial and spectral
differences across the SNR were found consistent with the presence of a dark cloud in
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the eastern part of the SNR absorbing the soft X-ray emission. The metal abundances
inferred for the western side of the SNR were consistent with solar or sub-solar values,
characterizing the emission from the supernova blast wave. The interior regions, however,
indicated the presence of slightly enhanced abundances from Ne, Mg, Si, and hinted
for the first time at the presence of reverse-shocked ejecta. The presence of hard nonthermal X-ray emission from regions close to the pulsar was partly attributed to leakage
of relativistic particles from the pulsar or its associated nebula. We estimate an SNR
age of 4–7 kyr, a low ambient density of ∼0.02f −1/2 cm−3 , and an explosion energy of
∼0.6×1051 f −1/2 ergs (f is the volume filling factor ranging between 0.1 and 1 for a young
SNR). We also inferred a high progenitor mass of ∼30M⊙ suggesting a type SN Ib/c
Wolf-Rayet progenitor star (Kumar et al. 2012; Chapter 7).
SNR Kes 73 is associated with the AXP 1E 1841−045, the slowest (P = 11.8 s)
known magnetar with a characteristic age of ∼4.7 kyr. The high-resolution Chandra images revealed small-scale and bright clumpy structures across the remnant with enhanced
emission along the western rim. The X-ray emission appears to fill the radio shell of
the SNR and is spatially correlated with the infrared image. The global X-ray spectrum
is well described by a two-component, non-equilibrium ionization (NEI), thermal model
with an interstellar column density ∼ 2.6×1022 cm−2 . The soft component was characterized by a temperature kT ∼ 0.5 keV and a high ionization timescale; whereas the
hard component was characterized by a temperature kT ∼ 1.6 keV and a low ionization
timescale. The spatially resolved spectroscopy study of the small-scale regions revealed
no significant variation in the spectral parameters across the remnant. The detection of
enhanced metal abundances, particularly from Si and S, suggests that Kes 73 is ejectadominated. We found that the soft-component spectral parameters were consistent with
the reverse-shocked ejecta, with most regions showing plasma that has reached ionization equilibrium, while the hard-component spectral parameters were consistent with the
emission from the supernova blast wave shocking the ambient medium. We infer an SNR
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−1/2

age ranging between 750 yr and 2100 yr, with a low ambient density of ∼0.5fh
−1/2

and an explosion energy of ∼0.3×1051 fh

cm−3 ,

ergs (fh is the volume filling factor of the hot

component). Comparing the inferred metal abundances to nucleosynthesis model yields,
we also estimate a high progenitor mass of ≥20M⊙ for Kes 73, consistent with a type SN
IIL/b star (Kumar et al. 2013; Chapter 8).
Multiwavelength observational studies suggest that a few magnetars descend from very
massive progenitors of mass ∼30–50 M⊙ (as inferred for SGR 1806–20, CXOU J164710.2–
455216, AXP 1E 1048.1–5937 and a Wolf-Rayet progenitor for Kes 75), although a lower
progenitor mass of 17 M⊙ has been suggested for SGR 1900+14 (see Safi-Harb & Kumar
2012 for a review). Our studies of the two SNRs, G292.2–0.5 and Kes 73, presented in this
thesis also suggest massive progenitors (&25 M⊙ ) and remnants expanding in a relatively
low-density environment. However, we do not find any evidence of highly energetic SNRs
as predicted by the magnetar model, and as found by Vink & Kuiper 2006.
With the excellent spectral, timing, and imaging capabilities of X-ray and γ-ray observatories such as Chandra, XMM-Newton, and Swift, the last few years have shown us
many new and surprising results in the field of highly magnetized neutron stars during
the course of this thesis work. The details of all recent results are beyond the scope
of this thesis (see Kaspi 2010; Rea & Esposito 2011; Rea 2012 for reviews); however, a
few important discoveries that support the connection between the magnetars and highmagnetic field pulsars are briefly discussed here. This includes the discovery of radio
emission from magnetars (Camilo et al. 2006; Levin et al. 2010). Until a few years ago,
these sources were observed only in X-rays and the magnetar model predicts that the
high-magnetic field suppresses their radio emission due to the photon splitting process in
magnetic fields larger than quantum critical field strength BQED (see Chapter 1). But
this is not true anymore since radio emission has been observed from a few magnetars
during their outburst. Another important study features the discovery of low-magnetic
field (B ∼ 1012 ) magnetars like SGR 0418+4729 and Swift J1822.3-1606 (Rea et al. 2010,
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2012). One of the major defining properties of magnetars is their extreme high-field causing them to burst, but the discovery of magnetars with B-field comparable to that of
Crab-like pulsars implies that an ultra-high above QED magnetic field is not required to
cause magnetar-like activity. Together with the discovery of magnetar-like emission from
PSR J1846–0258 in our studies (see Chapter 3), these diverse observational properties of
neutron stars suggest that many normal radio pulsars can also behave like magnetars at
some point in time. Therefore, HBPs and magnetars are no longer considered two distinct
classes of neutron stars as we now see a continuum of properties between them, and what
makes a neutron star born with Crab-like properties or magnetar-like properties may be
influenced by their magnetic field geometry, evolution, and environment in which they are
born.
As a final note, many outstanding questions still remain to be answered, for example:
the number of magnetar candidates and their birth rates, the minimum field strength
required for bursting activity, the triggering mechanism for burst activities and how the
magnetic fields affect radiative processes in these bursts (see Rea & Esposito 2011 for
a review), the small number of associations between magnetars and SNRs/PWNe (see
Safi-Harb 2012 for a review). Timely monitoring of these sources in outburst and during
quiescence, and dedicated studies of HBPs and associated SNRs are required to address
such interesting questions.
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Appendix A
XSPEC spectral models
The spectral analysis of the sources studied in this thesis were performed using the X-ray
fitting package XSPEC, which allows users to fit data with models constructed from individual components. The model components used here are either additive or multiplicative,
where the multiplicative (M(E))/additive (A(E)) components simply multiply/add the
models by an energy-dependent factor. The models used in this thesis are briefly summarized here, all taken from the XSPEC manual1 .

wabs
When observing a distant object, the amount of interstellar absorption along the line
of sight, which is primarily due to photoionization of trace heavy elements, should be
accounted for. This absorption is described in terms of a column density of hydrogen NH .
A standard absorption model is the Wisconsin absorption model wabs.

M(E) = exp[−NH σ(E)],

(9.1)

where σ(E) is the photoelectric absorption cross-section and NH is the equivalent hydrogen
1

See http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/manual/manual.html for a detailed description.
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column (in units of 1022 atoms cm−2 )

bbody/bbodyrad
A blackbody spectrum given by

A(E) =

K × 8.0525E 2 dE
,
(kT )4 [exp(E/kT ) − 1]

(9.2)

2
where kT is the temperature in keV, K = L39 /D10
is the normalization. Here, L39 is the

source luminosity in units of 1039 ergs−1 and D10 is the distance to the source in units of
10 kpc.
bbodyrad is a blackbody spectrum with normalization proportional to the surface area
and is given by
K × 1.0344 × 10−3 E 2 dE
.
A(E) =
(kT )4 [exp(E/kT ) − 1]

(9.3)

2
2
Here, the normalization K = Rkm
/D10
, where Rkm is the source radius in km.

bremss
A thermal bremsstrahlung spectrum, with a temperature parameter kT (keV) and nor−15 R
malization K = 3.02×10
ne ni dV , where D is the distance to the source (cm) and ne ,
2
4πD
ni are the electron and ion densities (cm−3 ).

power/cutoffpl
powerlaw is a simple photon power-law given by

A(E) = KE −α ,

(9.4)
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where α is the power-law photon index (dimensionless) and normalization K in units of
Photons keV−1 cm−2 s−1 at 1 keV.
cutoffpl is a power-law with high energy exponential cutoff given by

A(E) = KE −α exp(−E/β),

(9.5)

where E is the exponential cutoff energy (in keV).

gauss
A simple gaussian line profile, given by
1
A(E) = K √ exp[−(E − El )2 /2σ 2 ],
σ 2π

(9.6)

where El is the line energy in keV, σ is the line width in keV, and K is the normalization
in units of total photons cm−2 s−1 in the line.

nsa
This model provides the spectra in the X-ray range (0.05 – 10 keV) emitted from a
hydrogen atmosphere of a neutron star. There are three options: (1) non-magnetized (B
< 108 – 109 G) with a uniform surface (effective) temperature in the range of log Tef f (K)
= 5.0–7.0, (2) a field B = 1012 G with a uniform surface (effective) temperature in the
range of log Tef f (K) = 5.5–6.8, and (3) a field B = 1013 G with a uniform surface (effective)
temperature in the range of log Tef f (K) = 5.5–6.8.
The parameters include the effective temperature log Tef f (unredshifted), neutron star
gravitational mass Mns (in units of solar mass), neutron star radius Rns (in km), neutron
star magnetic field strength (0, 1012 , or 1012 G), and K = 1/D 2 , where D is the distance
of the object in pc.
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nei/vnei
Non-equilibrium ionization collisional plasma model, assuming a constant temperature
and single ionization parameter. The parameters include the plasma temperature kT
(keV), metal abundances abund for C, N, O, Ne, Mg, Si, S, Ar, Ca, Fe, Ni (He fixed at
cosmic), and ionization timescale τ in units of cm−3 s. The normalization parameter is
R
−14
given by K = 4π[D10A (1+z)2 ne nH dV , where DA is the angular diameter distance to the

source (cm), z is the redshift, and ne , nH (cm−3 ) are the electron and hydrogen densities,

respectively.
The vnei variant allows the user to set the abundance vector.

pshock/vpshock
Constant temperature, plane-parallel shock plasma model. The parameters include the
plasma temperature kT (keV), metal abundances abund for C, N, O, Ne, Mg, Si, S, Ar,
Ca, Fe, Ni (He fixed at cosmic), and a lower and upper limit on the ionization timescale
R
−14
τ in units of cm−3 s. The normalization parameter is given by K = 4π[D10A (1+z)2 ne nH dV ,

where DA is the angular diameter distance to the source (cm), z is the redshift, and ne ,
nH (cm−3 ) are the electron and hydrogen densities, respectively.
The vpshock variant allows the user to set the abundance vector.

vsedov
Sedov model with separate ion and electron temperatures. The parameters include two
temperatures: a mean shock temperature (keV) and the electron temperature (keV) immediately behind the shock front. Metal abundances (He fixed at cosmic) for given for the
elements C, N, O, Ne, Mg, Si, S, Ar, Ca, Fe, Ni and allows the user to set the abundances.
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The ionization age of the remnant is given by the parameter τ (= electron density immediately behind the shock front multiplied by the age of the remnant) and the normalization
R
−14
is given by K = 4π[D10A (1+z)2 ne nH dV , where DA is the angular diameter distance to the

source (cm), z is the redshift, and ne , nH (cm−3 ) are the electron and hydrogen densities,
respectively.

