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Abstract
The dissertation focuses on the study of rotation-powered pulsars, the primary
observational manifestation of neutron stars. These objects are powerful sources of
electromagnetic radiation and relativistic particles whose emission is provided by
the loss of pulsar rotational energy. Understanding the evolution of pulsars, which
happens over billion year timescales, requires detection and study of pulsars at
different stages of evolution. I present detailed X-ray analyses of pulsars at four
distinct stages of evolution and compare their emission behavior with that of other
pulsars expected to be in similar evolutionary stages. I also show key characteristics
of the pulsars that make them unique in their group.
I start with a young and energetic pulsar, PSR J2022+3842 (characteristic age
τc ≈ 9 kyr, spin-down power Ė = 3 × 1037 erg s−1 ), with powerful non-thermal
emission. X-ray timing of the pulsar revealed double-peaked X-ray profile with a
period twice the previously established value. Our analysis allowed us to update
the pulsar’s spin-down power and X-ray efficiency using the correct timing results,
which brought the pulsar more in-line with other young X-ray pulsars. I also
provide the phase-dependent behavior of the pulsar’s non-thermal emission. Pulsars
with true ages, often substituted by characteristic age, below τc ∼ 100 kyr are
considered young and ones with τc & 1 Myr are considered old, with the ‘middleaged’ pulsars in the middle. My next pulsar is a τc = 1.8 Myr old J1836+5925
(Ė = 1 × 1034 erg s−1 ), which is perhaps the brightest X-ray source among the
oldest pulsars still observable in the γ-rays. Detailed timing and spectral analyses
show strong evidence of an absorption feature (perhaps an electron cyclotron line)
in the pulsar’s spectrum. Characterizing its thermal emission might have important
implications for the neutron star cooling models. Moving another two orders of
magnitude up in τc , we arrive at one of the oldest known non-recycled X-ray pulsars,
PSR J0108-3430, with τc = 166 Myr and Ė = 5.8 × 1030 erg s−1 . The pulsar’s
spectrum likely consists of a thermal component, emitted from a hot polar cap, and
a non-thermal component, emitted from its magnetosphere. The X-ray pulse profile
shows a single, asymmetric peak which could be explained by an axially-asymmetric
iii

temperature distribution at the pole or by the non-thermal emission from the outer
gap. The three pulsars represent important stages in the evolutionary path that a
hypothetical single young pulsar like J2022+3842 might take, as it passes through
stages close to γ-ray emission turn-off (like J1836+5925) and X-ray turn-off (similar
to J0108-3430).
Pulsars in binaries can follow an alternative path. By accreting matter from
their companions they can be ‘recycled’ to short millisecond periods and emit
X-rays and γ-rays for billions of years. I also present a special class of such recycled
pulsars which are believed to be in the process of fatally ablating their companions.
I present the X-ray analysis of PSR J1446-4701, an Ė = 3.6 × 1034 erg s−1 pulsar in
a 6.7 hr binary orbit, and PSR J1311-3430, an Ė = 4.9 × 1034 erg s−1 pulsar in an
extreme 1.6 hr binary orbit. PSR J1446-4701 turned out to be a non-eclipser with
possibly low (face-on) orbital inclination, with emission from both the pulsar and
the intra-binary shock observable throughout the binary orbit. PSR J1311-3430 is
a known eclipser, in which hints of spectral variability have been found, between
pulsar superior and inferior conjunction phases. I also present a comprehensive
comparison of the sample of such extremely low-mass binary pulsars. We reveal
the true nature of pulsars, slowly and steadily, usually one target at a time, but
eventually we expect useful patterns to emerge that improves our understanding of
the population of rotation powered pulsars.
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X-ray photon energy versus orbital phase (φ = 0.0 corresponds to
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Chapter 1 |
Introduction
Neutron stars are the collapsed cores of massive stars supported against gravitational
collapse through neutron degeneracy pressure. Their existence was originally
proposed by Walter Baade and Fritz Zwicky (Baade & Zwicky 1934) soon after the
discovery of neutrons, but the possibility of detecting emission from such an object
was not entertained until 1967 (Pacini 1967). The first neutron star was discovered
through detection of periodic radio pulses by Jocelyn Bell and Anthony Hewish
in 1967. The uniquely periodic nature of radio pulses from neutrons stars have
earned them the nickname pulsars or radio pulsars. A majority of the pulsars have
been detected at radio frequencies. There have been close to 2500 pulsars detected
so far, almost all of which have been detected in the radio, with the exception of
a handful of radio-quiet pulsars, which have been detected only at X-ray and/or
γ-ray energies.
During the core collapse of the progenitor star to form a neutron star, the
stellar angular momentum and magnetic flux are conserved and ‘concentrated’ as
the core is scaled down orders of magnitude in size. The newly formed neutron
stars can reach spin periods of a few milliseconds and the magnetic energy density
is concentrated, producing surface magnetic fields typically of the order of 1012
G. Meanwhile, the collapse causes the core temperatures to reach ∼ 1011 K, and
densities ρ ≈ 4 × 1014 g cm−3 exceeding the nuclear density (ρnuc = 2.3 × 1014 )
(Kaspi et al. 2006). These pulsars are primarily powered by the energy loss due to
rotational spin-down, hence they are called rotation-powered pulsars (RPP).

1.1 Neutron Star Classifications
RPPs make up the majority of the neutron stars detected, but recent observations,
particularly in X-rays and γ-rays, have shown a great diversity of neutron star
types. Neutron stars can be broadly classified, according to the primary source
of energy that accounts for their electromagnetic and particle emission, into the
following types.
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1. Rotation-powered pulsars: The rotational energy loss of the pulsar powers the
radiation via creation and acceleration of e+ e− pairs in a strong magnetic field.
2. Thermally-powered pulsars: The cooling neutron stars are powered by the
thermal emission from their surface observable in soft X-rays.
3. Magnetically-powered pulsars: The energy of very high magnetic fields is released
through crustal heating and cracking, leading to powerful bursts and ‘quiescent’
X-ray emission.
4. Accretion-powered pulsars: A binary companion transfers material onto the
spinning neutron star, and the gravitational potential energy is responsible for
bulk of the observed emission.
In this dissertation, I focus on rotation-powered pulsars in their non-recycled
evolutionary stages in isolation, and also on a special class of interacting, recycled
pulsars in binaries.

1.2 Pulsar Emission
The most important empirical properties of a pulsar are its period P and period
derivative Ṗ , from which a number of pulsar properties can be derived, assuming it
loses the rotational (spin) energy as a rotating magnetic dipole. A rotating dipole
emits electromagnetic radiation and the back reaction torque reduces the angular
momentum of the rotator. The strength of the torque depends on the inclination
between the rotation and the magnetic axis, with an orthogonal rotator experiencing
the maximum torque. The strength of the torque is in general proportional to Ωn ,
where Ω = 2 π/P is the angular velocity and n is the braking index. This simple
model can be applied to pulsars, which allows one to calculate a set of simple
parameters.
1. Spin-down power (Ė): Since the rotational energy of a pulsar is E = I Ω2 /2,
where I is the moment of inertia, the spin-down power can be calculated using
the expression Ė = −4 π 2 Ṗ /P 3 . For an assumed mass MNS = 1.4 and radius
RNS = 10 km, I ≈ 1045 g cm2 .
2. The characteristic age (τc ) is calculated for a magnetic braking index of n and
an initial spin period of P0 using the expression
"

P
P0
τc =
1−
P
(n − 1)Ṗ


n−1 #

(1.1)

It may be simplified to τc ≈ P/2Ṗ s, for pulsars that have appreciably slowed
down from a short initial period. It is important to note that the characteristic
age of a pulsar may differ from the true age.
2
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6
3. The dipole magnetic field strength B =
3 c3 IP Ṗ /8 π 2 RNS
, where c is the
speed of light. Note that the actual magnitude of the surface magnetic field can
differ from this value by a factor of a few.

The rotating dipole model is a gross simplification focused simply on a dipole
magnetic field losing its rotational energy in vacuum. Even though the true nature
of the pulsar’s emission mechanism is not fully understood, improved models have
been developed from theoretical considerations and observational evidence. Approximating the neutron star as a uniformly magnetized sphere produces Lorentzian
force-free charge configurations in its interiors (Goldreich & Julian 1969). The
surface charge distribution, however, induces a quadrupole field producing electric
forces 10 orders of magnitude greater than the gravitational forces, which allows
extraction of charged partcles from the surface to populate the magnetosphere.
These charged particles undergo charge separation and assume a global force-free
configuration in the magnetophere. The plasma-filled magnetosphere co-rotates
with the neutron star up to the light cylinder radius, beyond which the co-rotation
speeds exceed the speed of light, and loses charges through the open field lines that
extend beyond.
Models that explain the non-thermal emission observed from pulsars require
presence of gaps in the charge distribution, where particles can be accelerated to
ultra-relativistic energies. Creation of such gaps could occur along open field lines
when the particles lost by the wind are not replenished (Holloway 1975). Models
that utilize such gaps near the magnetic pole (polar gap: Harding & Muslimov
1998), near the last open field line extending from the polar gaps up to the light
cylinder (slot gap: Muslimov & Harding 2003), and above the null surface which
forms the boundary of the charge separation (outer gap: Romani 1996, Cheng et al.
2000), have been successful in explaining the multiwavelength emission of pulsars.
Figure 1.1, adopted from Lorimer & Kramer (2012), illustrates a pulsar and its
magnetosphere depicting the rotation and magnetic axes, light cylinder, open and
closed field lines, and the approximate location of the gaps.

1.2.1 Radio Emission
There are no generally accepted models to explain the highly coherent and polarized
radio emission observed in pulsars (Lorimer & Kramer 2012). Curvature radiation
from bulk acceleration and movement of charges along magnetic field lines, proposed
in early years (Komesaroff 1970; Ruderman & Sutherland 1975) can explain the
coherent emission, but lacks a reasonable physical process that could produce
such confinements and bulk motions of particles. Free electron maser mechanism
(Melrose 1989; Rowe 1995) have some favorable qualities, but it is still far from being
established as the true model for explaining the radio emission. Significant progress
has been made in the field of radio pulse profile modeling, which focuses on the
3

Figure 1.1: A pulsar magnetosphere toy model adopted from Lorimer & Kramer (2012).

origin and distribution of particles that produce the pulsed radio emission (Rankin
1983; Lyne & Graham-Smith 2006 and references therein). Radio emission from
pulsars are expected to originate from near the magnetic pole, in gaps where charge
acceleration leads to pair-cascades. The particles channeled along the narrow paths
along the open field lines are believed to produce the stable radio beams with fairly
narrow pulse profiles. Models that describe a cone of radio emission around the
magnetic axis (Radhakrishnan & Cooke 1969; Komesaroff 1970; Rankin 1993) are
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able to explain the observed pulse profiles fairly well. Radio pulse profile modeling is
expected to eventually help reveal the processes that produce the emission. Despite
our lack of understanding of the emission processes, radio observations have played
an important role in detection and accurate timing of pulsars. Radio emission
accounts for just a small fraction (10−7 − 10−5 ) of the pulsar spin-down power. A
much larger fraction of the pulsar spin-down power is, on the other hand, observed
at high energies (γ-rays and X-rays).

1.2.2 Non-thermal High-Energy Emission
High energy emission from pulsars tend to account for the highest fractions of
spin-down power lost via radiation. X-rays can account for anywhere between
10−5 − 10−2 of the pulsar Ė, whereas γ-rays can account for 10−2 − 10−1 of the
spin-down power loss. The primary mode of the energy loss, accounting for rest of
the spin-down power, is via powerful, highly-magnetized, relativistic pulsar winds.
High-energy non-thermal emission can be produced by a combination of one
or more of the following processes: curvature radiation, synchrotron emission, and
inverse Compton scattering. This emission originates from accelerating charged
particles and pair cascade in the charge-deficient gaps discussed above. The polar
cap model involves Compton up-scattering of thermal photons from the polar
cap by pair cascades (Zhang & Harding 2000). This model is, however, not well
supported by γ-ray observations of pulsars by Fermi. Majority of pulsars observed
in the γ-rays show broad, fan-like pulse profiles, always wider than the radio beams,
and their spectra are best fit with power-law with exponential cut-off (Guillemot
& Fermi LAT Collaboration 2009). Broad pulse profiles indicate a high altitude
emission, and these profiles are often well modeled using the outer gap models
(Pierbattista et al. 2015). If γ-rays were emitted from deeper regions near the
pulsar surface, as described in polar cap models, they would undergo magnetic
(γ-B) pair attenuation and produce a super-exponential cut-off in their spectra
(Abdo et al. 2010a), instead of the exponential cut-off. The γ-ray emission is hence
produced in high altitude gaps like the outer gap (Romani & Yadigaroglu 1995;
Cheng et al. 2000) and possibly slot gaps, where accelerated particles undergo
curvature radiation as they follow the magnetic field lines.
Charged particles in gaps having high velocity component perpendicular to the
direction of the magnetic fields generate X-rays via synchrotron emission (Cheng
& Zhang 1999). Since γ-rays are produced at higher altitudes, it is believed that
the bulk of the non-thermal X-rays must also be produced in the same regions
(outer gap and slot gap) from secondary cascade particles in these gaps. X-ray
non-thermal spectra are usually fit with a simple power-law with photon index
Γ ∼ 1 − 2. The pulsar spectrum tends to soften with increasing characteristic
age or decreasing Ė, and is reflected in the pulse profiles as relatively broadened
pulses. Half of the particles produced in the gaps are accelerated back towards the
5

surface, along with the extra particles created through pair cascades, where they
bombard the surface creating local hot spots (Zhang & Cheng 1997, Wang et al.
1998). Similar processes occurring near the magnetic poles create heated polar
caps that is often observed as thermal blackbody emission in middle – old age,
or recycled millisecond pulsars. Hence, the spin-down energy loss observed in the
X-rays constitute both non-thermal synchrotron emission from pair cascades, and
thermal emission from hot spots on the neutron star surface. Pulsars B0656+14,
B1055—52, and B0633+17 (Geminga) are three well studied systems with both
non-thermal synchrotron (Γ ∼ 1.7 − 2), and thermal polar cap emission components
(TBB ∼ 1.2 − 2 MK) observed in their spectra (De Luca et al. 2005). Some of the
best examples of combined thermal and non-thermal emission powered solely by
pulsar spin-down are observed in millisecond pulsars (e.g., J0030+0451: Abdo et al.
2009b; J0437–4715: Bogdanov 2013), which are too old (τc & 109 yr) to produce
bulk surface emission in the X-rays.
Study of non-thermal high-energy emission from pulsars are therefore important
to understand the processes by which the spin-down energy loss of pulsars are
converted to radiation and particle winds. It will lead to a better understanding
of the pair production and cascade mechanisms, and the magnetic field structure
of magnetospheres, eventually revealing the source of coherent radio emission.
Better characterizations of thermal emission from the polar caps or hot spots could
potentially improve our understanding of the dynamics of particles populating the
magnetosphere.

1.2.3 Thermal X-ray Emission
In addition to multiple X-ray emission processes powered by spin-down of the
pulsar, the neutron stars also produce copious X-rays while cooling from its very
high temperature at birth (core temperature Tc ∼ 1011 K). Neutrino emission via
direct and modified Urca processes (Lattimer et al. 1991; Chiu & Salpeter 1964) is
the dominant cooling mechanism till Tc ∼ 107 − 108 K are reached, in a span of
∼ 103 − 106 years. The surface temperatures during this period of cooling drop from
Ts ∼ 2 × 106 − 2 × 105 K (Pavlov et al. 1995 and references therein). The cooling
rates of neutron stars depend on the cooling models and the equations of state
of nuclear material (Pethick & Ravenhall 1992). Hence, observing pulsars in the
103 − 106 years range of their evolutionary life can provide us valuable information
on the neutron star interior compositions and their cooling processes.
Neutron stars have envelopes (tens of meters thick) with densities . 1010 g
−3
cm surrounding their cores which has the greatest temperature gradient. The
magnetic field structure in the envelope strongly affects the energy transfer and
cooling (Shibanov & Yakovlev 1996; Potekhin & Yakovlev 2001; Heyl & Hernquist
2001). The magnetic fields in the envelope produce quantized Landau energy levels
and govern the motion of the electrons. In the absence of an atmosphere, thermal
6

emission is idealized by a blackbody of temperature Ts from the surface of effective
radius Rs . However, since the emission originates near the strong gravitational po1/2
tential of the neutron star, the observed temperature Ts∞ = Ts [1 − 2GM/(Rs c2 )]
is the redshifted Ts , and the apparent radius includes the non-Euclidean metric
1/2
corrections applicable near the surface Rs∞ = Rs / [1 − 2GM/(Rs c2 )] . Here, M
is the mass of the neutron star, G and c are the gravitational constant and speed
of light, respectively.
Although the blackbody model provides reasonable fits in the case of some
low-resolution spectra, incorporating the effects of neutron star atmospheres provide
more realistic models. Neutron star atmospheres are typically 0.1 – 10 cm thick,
with densities upto 100 g cm−3 , and comprised of purely Iron or any of the lighter
elements (e.g. carbon, helium or hydrogen). Even small amounts of accretion from
supernova explosion fallback or the interstellar material can lead to rapid elemental
stratification, leaving pure hydrogen in the outer layers of the atmosphere (Alcock
& Illarionov 1980). Magnetic and non-magnetic neutron star atmosphere models
are available for spectral fitting, which includes effects of atmospheres in hydrostatic
and radiative equilibrium, and general relativistic corrections for a distant observer
(Pavlov et al. 1994; Zavlin et al. 1996). The spectral features produced in the
atmosphere are however broadened due to the effects of the high magnetic fields,
and blurred due to the instrument resolution, leading to approximate agreement
between the atmosphere and blackbody models. For light element atmospheres,
however, the best fit blackbody models overestimate the effective temperatures by
a factor of ∼ 3 (Romani 1987; Rajagopal & Romani 1996; Zavlin et al. 1996).
Thermal X-ray emission is the only direct link available to study neutron
star surface and interior structure. Accurate characterization of the thermal
emission from the surface can constraints on the mass and radius which will lead to
determination of the neutron star equation of state. Charting the thermal evolution
can provide information on the magnetic field structures inside neutron stars and
lead to better understanding of the state and interactions of nuclear matter.

1.3 Our Sample of Pulsars
The three non-recycled pulsars studied in this work have spin-down powers spanning
over 6 orders of magnitude, for characteristic ages 8.9 kyr for the youngest, 1.8 Myr
for the one in the middle, and 166 Myr for the oldest (Table 1.1). Viewed against
the distribution of RPPs in the P − Ṗ plot (Figure 1.2), a line connecting the
three pulsars would approximately follow the spin-down evolution of a hypothetical,
single pulsar. I performed detailed analysis of the three regular pulsars to present
the snapshots of X-ray spectral and timing evolution at some of the most crucial
stages of pulsar evolution.
The two recycled millisecond pulsars (MSPs) are, on the other hand, more
7

Table 1.1. Pulsar Parameters Summary
τ
(Myr)

Bsurf
(109 G)

Distancea
(kpc)

3000

0.0089

2100

10

173

1.1

1.8

520

0.65

J0108–1431

808

0.00058

166

250

0.24

J1446–4701

2.2

3.6

3600

0.15

1.5

J1311–3430

2.6

4.9

1940

0.23

1.4

Name

P
(ms)

J2022+3842

48.6

J1836+5925

Ė
(1034 erg s−1 )

a
The distances are dispersion measure distances. PSR J1836+5925
is radio quiet (flux density S1.4GHz < 30µJy), it has a distance estimate
between 250 - 800 pc.

uniform in this regard, with τc & 109 yr. These MSPs are part of a special class of
interacting binaries, of which only a dozen or so systems are known. My uniform
X-ray analysis of these systems is an attempt to determine the characteristic
properties and emission features that are common in these systems.
The chapters are self-contained pieces of work with separate introductions and
conclusions. The final chapter summarizes the work collected in this dissertation.
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Figure 1.2: P − Ṗ diagram of pulsars adopted from Lorimer & Kramer (2012). The lines
of constant spin-down power, constant characteristic age, and constant magnetic field are
drawn under the assumption of a simple dipole emitter. The approximate locations of
the non-recycled (blue circles) and recycled (orange circles) RPPs are shown with labels.
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Chapter 2 |
XMM Observations of the Young
and Energetic Pulsar J2022+3842
2.1 Abstract
We report on XMM-Newton EPIC observations of the young pulsar J2022+3842,
with a characteristic age of 8.9 kyr. We detected X-ray pulsations and found the
pulsation period P ≈ 48.6 ms, and its derivative Ṗ ≈ 8.6 × 10−14 , twice larger
than the previously reported values. The pulsar exhibits two very narrow (FWHM
∼ 1.2 ms) X-ray pulses each rotation, separated by ≈ 0.48 of the period, with a
pulsed fraction of ≈ 0.8. Using the correct values of P and Ṗ , we calculate the
pulsar’s spin-down power Ė = 3.0 × 1037 erg s−1 and magnetic field B = 2.1 × 1012
G. The pulsar spectrum is well modeled with a hard power-law (PL) model (photon
index Γ = 0.9 ± 0.1, hydrogen column density nH = (2.3 ± 0.3) × 1022 cm−2 ).
We detect a weak off-pulse emission which can be modeled with a softer PL
(Γ ≈ 1.7 ± 0.7), poorly constrained because of contamination in the EPIC-pn
timing mode data. The pulsar’s X-ray efficiency in the 0.5–8 keV energy band,
ηPSR = LPSR /Ė = 2 × 10−4 (D/10 kpc)2 , is similar to those of other pulsars. The
XMM-Newton observation did not detect extended emission around the pulsar. Our
re-analysis of Chandra X-ray observatory archival data shows a hard, Γ ≈ 0.9 ± 0.5,
spectrum and a low efficiency, ηPWN ∼ 2 × 10−5 (D/10 kpc)2 , for the compact pulsar
wind nebula, unresolved in the XMM-Newton images.

2.2 Introduction
Nonthermal emission of rotation-powered pulsars (RPPs), observable from the radio
to γ-rays, is powered by the loss of their rotational energy. X-ray observations
of RPPs allow one to understand the origin and mechanisms of the nonthermal
emission from the pulsar magnetosphere and thermal emission from the neutron
star (NS) surface. If the pulsar is young enough, X-ray observations can also
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detect the pulsar wind nebula (PWN), whose synchrotron emission is generated by
relativistic particles outflowing from the pulsar magnetosphere, and the supernova
remnant (SNR), formed by the same supernova explosion as the pulsar. They are
particularly useful for pulsars that have been observed at other wavelengths, in
which case the multi-wavelength data analysis helps to understand the properties
of the emitting particles, the locations of the emitting regions, and the mechanisms
involved in the multi-wavelength emission.
PSR J2022+3842 is a young, energetic pulsar, discovered by Arzoumanian et al.
(2011) (henceforth referred to as A+11) in a 54 ks Chandra X-ray observatory (CXO)
observation of the radio SNR G76.9+1.0 (Landecker et al. 1993). Although A+11
found no evidence for G76.9+1.0 in the CXO data, they did find a point source
CXOU J202221.68+384214.8, surrounded by a faint nebulosity, at the center of the
radio SNR, which they interpreted as a pulsar and its PWN. A+11 fit an absorbed
power-law (PL) model to the pulsar spectrum and found a hydrogen column density
nH,22 ≡ nH /(1022 cm−2 ) = 1.6 ± 0.3 and a photon index Γ = 1.0 ± 0.2. From an
absorbed PL fit of the PWN spectrum, they obtained an unusually low absorbed
flux ratio FPWN /FPSR ≈ 0.08 in the 2–10 keV band (assuming fixed nH,22 = 1.6 and
Γ = 1.4 parameter values).
From follow-up observations in the radio with the Green Bank Telescope (GBT)
and in X-rays with the Rossi X-ray Timing Explorer (RXTE), A+11 found a
pulsation period P = 24 ms with a spin-down rate Ṗ ≈ 4.3×10−14 s s−1 (MJD 54957–
55469), and a spin glitch of magnitude ∆P/P ' 1.9×10−6 (between MJD 54400 and
54957). They derived the pulsar’s dispersion measure DM = 429.1 ± 0.5 pc cm−3 ,
which formally corresponds to very large distances, D > 50 kpc in the NE2001
Galactic electron distribution model (Cordes & Lazio 2002). However, the authors
noted that a likely overdensity of free electrons in the Cygnus region, along the
line of sight, may account for the higher-than-expected DM, so the actual distance
remains uncertain.
The pulsar’s 2–20 keV X-ray pulse profile, obtained with the GBT/RXTE
ephemeris, shows a single narrow pulse (FWHM = 0.06 of full cycle) with a 91%
– 100% pulsed fraction (A+11). The authors fit a Γ = 1.1 ± 0.2 PL model to the
pulsed spectrum with fixed nH,22 = 1.6. They derived the pulsar’s spin-down power
Ė = 1.2 × 1038 erg s−1 , and estimated the pulsar’s 0.5 – 8 keV X-ray efficiency
2
ηX ≡ LX /Ė = 5.5 × 10−5 D10
, where D10 is the distance to the pulsar in units of
10 kpc. In summary, A+11 characterized this distant pulsar as the most rapidly
rotating non-recycled pulsar and the second most energetic Galactic pulsar known
(after the Crab pulsar), but far less efficient at generating a PWN and converting
the spin-down power to X-rays.
The pulsar has not been detected in the γ-rays, perhaps due to its location
amidst a particularly crowded region in the γ-ray sky. An unidentified Fermi
source 2FGL J2022.8+3843c is listed in the Second Fermi Catalog, and given a
tentative association with the SNR G079.6+01.0 (Nolan et al. 2012). Abdo et al.
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(2013) discuss a possible pulsar counterpart ∼ 0.◦ 06 from the pulsar position, which
they claim to show a PL spectrum with exponential cut-off, but still without any
pulsations.
To study the pulsar’s phase-resolved X-ray spectrum and further investigate
its unusually faint PWN, we carried out a 110 ks XMM-Newton observation of
J2022+3842. In this deep observation we searched for the X-ray counterpart of
the radio SNR, an extended PWN and the pulsar’s off-pulse emission. We also
performed X-ray timing of the pulsar and phase-resolved spectral analysis.

2.3 Observation and Data Analysis
The pulsar J2022+3842 was observed with the European Photon Imaging Camera
(EPIC) of the XMM-Newton observatory (obsid 0652770101) on 2011 April 14
(MJD 55665) for about 110 ks. EPIC-pn chip #4 and EPIC-MOS2 chip #1 were
operated in timing mode while the EPIC-MOS1 camera and the rest of the MOS2
chips were operated in imaging mode. The EPIC data processing was done with
the XMM-Newton Science Analysis System (SAS) 12.0.01 , applying standard tasks.
The observations were partly affected by soft-proton flares. These flaring events
are characterized by periods of significantly higher background and rapid variability.
Periods of strong flaring are better identified using light curves of single pixel
events (Pattern = 0) with energies > 10 keV, henceforth referred to as flaring
light curves2 . In Figure 2.1, we show the EPIC-pn (chip #4) and MOS1 flaring
light curves and the count rate cut-offs used to select Good Time Intervals (GTIs).
We simultaneously optimized the GTIs and source event extraction regions to
extract the highest signal-to-noise (S/N) spectra. Event extraction from MOS2
can accommodate more flaring intervals when a small extraction region is selected
for the source, while the EPIC-pn timing mode data automatically include a large
background region along the chip columns and hence require removal of most of
the flaring intervals to maintain a high S/N. The GTI-, energy- and region-filtered
data have net exposures of 61.72 ks in EPIC-pn, 105.10 ks in MOS1, and 97.8 ks in
MOS2.
Using the SAS source detection task emldetect on the MOS1 image (Figure 2.2),
we determined the target source coordinates, α = 20h 22m 21.s 585, δ = +38◦ 420 14.00 61,
with a statistical 1σ uncertainty of 0.00 18. This position differs from the CXO
position by 1.00 08, which is consistent with the XMM-Newton’s systematic position
uncertainty of ≈ 100 (Watson et al. 2009).
1

http://xmm.esac.esa.int/sas
http://xmm.esac.esa.int/sas/current/documentation/threads/EPIC_
filterbackground.shtml
2
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Figure 2.1: Flaring light curves in EPIC-pn (top) and MOS1 (bottom) for the entire
observation duration. Optimal GTI cut-off rates are shown by dashed blue lines.

2.3.1 Timing Analysis
In the EPIC–pn (PN hereafter) timing mode, the events collected over the entire
chip #4 are collapsed into the read-out row (coordinate axis RAWX) and are read
out at a high speed, providing a time resolution of 30 µs at the expense of positional
information along the coordinate axis RAWY. In Figure 2.3 (top-right panel), we
show the GTI-filtered 0.5–12 keV PN data by plotting the events’ RAWX positions
against their times of arrival (TOAs). Note that this representation is different
from the conventional RAWX versus RAWY plot. The plotted time coordinate
represents elapsed time since the start of observation, and the horizontal gaps in
the plot represent flaring intervals from which data has been discarded; the initial
25 ks of the filtered flaring interval is omitted from the plot (see Figure 2.1, top
panel).
Since positional information is available only along one coordinate for all events
in PN, we located the target and other sources in the field by analyzing the MOS1
imaging mode data. By identifying the PN timing-chip’s field-of-view (FOV) on
the MOS1 image (Figure 2.3, top-left panel), we found two potential contaminant
sources, C1 and C2 (Figure 2.2), with the projected RAWX separations from the
target of about 900 and 800 (≈ 2 PN pixels of 4.00 1 × 4.00 1 size). C1 and C2 spectra
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Figure 2.2: Binned and smoothed MOS1 image of the field around PSR J2022+3842
(center) in the 0.5–10 keV band.

are soft, with significant emission only below 2 keV, while the pulsar’s spectrum is
harder, with strong attenuation below 1 keV (section 2.3.2). Hence, we distinguish
the target and contaminant positions and contributions by plotting the PN RAWX
position histograms for events with energies 0.5–12 keV, 2–12 keV and 0.5–2 keV
(Figure 2.3, bottom panel). The pulsar is centered at RAWX = 40, as seen clearly
in the 2–12 keV histogram, while C1 and C2 contributions peak at RAWX = 42,
as seen in the 0.5–2 keV histogram.
For timing analysis, we extracted events from the RAWX segments 36–41, which
excludes a significant fraction of events from the adjacent contaminant sources
and provides the highest significance of pulsations. A total of 9755 events were
extracted over a time span of 82512 s, in the 0.5–12 keV range.
We applied the standard SAS task barycen to transform the X-ray event times
from spacecraft Terrestrial Time (TT) to Barycenter Dynamical Time (TDB). We
found the previously reported 41 Hz pulsations (A+11) using Z12 test (e.g., Buccheri
et al. 1983). However, subsequent phase folding over twice longer period reveals
two distinct pulses with markedly unequal fluxes. We conclude that the pulsar has
a twice smaller pulsation frequency, about 20.5 Hz, with two narrow peaks per
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period (main pulse and interpulse).
To measure the frequency more precisely and estimate the frequency derivative,
we switched to Zn2 tests (n > 1 is the number of harmonics included), which are
more sensitive in the case of narrow double peaks. We searched the ν-ν̇ space in
the box 20.584 Hz < ν < 20.586 Hz, −4.7 × 10−11 Hz s−1 < ν̇ < −2.7 × 10−11 Hz
2
s−1 , with step sizes of 1 × 10−10 Hz and 1 × 10−14 Hz s−1 , and found Z2,max
= 1515
−11
−1
for ν = 20.58511979(9) Hz, ν̇ = −4.4(8) × 10
Hz s (Figure 5.4, bottom panel)
at the reference epoch 55666.23783581 (MJD TDB). Here and below the numbers
in parentheses are 1σ uncertainties for the corresponding last significant digit(s) of
the measured quantity.
We show the results of Zn2 tests, for n = 1–17, in the top panel of Figure 5.4.
The H test (de Jager et al. 1989) fails to find a reasonable value for the number
of statistically significant harmonics, as the H-statistic is an increasing function
of n even beyond n = 30. Adopting Zn2 test with multiple harmonics (n ≥ 12), as
is expected for very narrow pulse profiles, we consistently find the test statistics
reaching maxima at νXMM = 20.58511983(1) Hz, ν̇XMM = −4.05(13) × 10−11 Hz
s−1 .
The corrected pulsar ephemeris at the RXTE observation reference epoch of
55227.00000027, νRXTE = 20.5865044829(71) Hz, ν̇RXTE = −3.6501(79) × 10−11 Hz
s−1 , is straight-forwardly inferred from the values reported by A+11. From this
ephemeris, the expected frequency at the reference epoch of the XMM-Newton
observation is 20.5851193(30) Hz, which coincides with the measured νXMM at
a 0.2σ level. Conversely, using the frequency values at the RXTE and XMMNewton epochs, we calculate the long-term frequency derivative ν̇XMM−RXTE =
(νXMM − νRXTE )/∆T = −3.64861(3) × 10−11 Hz s−1 (where ∆T = 439.238 days
is the difference between the epochs). Being more precise than ν̇RXTE due to the
much longer time span, this estimate is consistent with ν̇RXTE at the 0.2σ level,
which suggests that there were no glitches between the RXTE and XMM-Newton
observations. It, however, differs by about 3σ from ν̇XMM . Given the excellent
agreement between ν̇RXTE and ν̇XMM−RXTE , and the relatively short time span of
the XMM-Newton observation (82 ks versus 691 ks for the RXTE observation), we
consider ν̇RXTE (or ν̇XMM−RXTE if we believe there were no glitches between the two
observations) more reliable than ν̇XMM . The timing solution and derived pulsar
properties are listed in Table 2.1.
The 0.5–12 keV folded (ν = 20.58511983 Hz, ν̇ = −3.65 × 10−11 Hz s−1 , zero
phase epoch = 55666.23783581) and binned (250 equal bins) X-ray pulse profile is
shown in the top panel of Figure 2.5. In order to determine the pulse phase and pulse
separation accurately, we first smooth the data using an adaptive kernel density
estimation (KDE) technique (Feigelson & Babu 2012). We assign Gaussian kernels
to each event with a bandwidth adapted to the number density of events at its phase.
The smoothed and area-normalized pulse profile is shown in the bottom panel of
Figure 2.5. The main pulse and interpulse peak at phases φmain = 0.254 ± 0.001
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Table 2.1: Timing solution and derived parameters for PSR J2022+3842.

Parameter

Value

Period P (ms)

48.578779636(24)

Period derivative Ṗ

8.61(2) ×10−14

Epoch (MJD TDB)

55666.23783581

Main Pulse (FWHM)

0.020 ± 0.002

Interpulse (FWHM)

0.023 ± 0.002

Pulse separation

0.480 ± 0.003

Spin-down energy rate Ė (erg s−1 )

3.0 × 1037

Characteristic age τ (kyr)

8.9

Surface dipole magnetic field Bs (G)

2.1 × 1012

(FWHM = 0.020 ± 0.002) and φinter = 0.734 ± 0.002 (FWHM = 0.023 ± 0.002), i.e.,
the pulse separation is 0.480±0.003. We determine the base widths of the main pulse
and interpulse to be ≈ 0.074 and ≈ 0.070, respectively, using a count-rate cut-off
(dashed, green line Figure 2.5) just above the off-pulse average of ≈ 29.4 counts per
bin (dotted black line). We estimate the pulsed fraction p = 0.77 ± 0.02, defined as
the ratio of background-subtracted counts in the two pulses (Npulsed = 2703) to the
background-subtracted net source counts (Nnet = 3488, Nbgd = 6267). The intrinsic
pulsed fraction pint of the pulsar radiation is higher because of some contribution
from the unresolved PWN. Using the PWN flux measured from the CXO ACIS
data (see Section 2.2), we estimate pint = 0.84 ± 0.03. The 1σ uncertainties for the
pulse profile parameters quoted above are found through Monte-Carlo estimations
with non-parametric bootstrap re-sampling of our data (Feigelson & Babu 2012).
We performed a similar analysis of the MOS2 timing mode data. The MOS2
CCD has a lower sensitivity than PN and a considerably lower time resolution of
1.5 ms. We achieved highest S/N for 2820 total counts extracted in the 1.1–8 keV
range, over 109.7 ks of the observation, of which only 646 ± 35 were from the source.
2
The Z22 test returned a high statistic Z2,max
= 862 for ν = 20.58511995(8) Hz and
−11
−1
ν̇ = −3.65(60) × 10
Hz s , at the reference epoch 55666.23783581, consistent
with the PN timing ephemeris. We, however, found the phase-folded pulse profile
to be noisy due to low source counts, with the pulses broadened due to the poorer
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time resolution of MOS2. We also found an absolute timing error of ≈ +6.8 ms,
comparing the phase shift of the MOS2 pulse profile with respect to the PN profile.
Due to the lower S/N and the lack of recent calibration information3 , we exclude
the MOS2 data from further analysis.

2.3.2 Spectral Analysis
We use XSPEC v.12.7.14 for X-ray spectral analysis. We model absorption by
the interstellar medium (ISM) using the Tübingen-Boulder model (Wilms et al.
2000) through its XPEC implementation tbabs, setting the abundance table to
wilm (Wilms et al. 2000) and photoelectric cross-section table to bcmc (BalucinskaChurch & McCammon 1992), with new He cross-section based on Yan et al. (1998).
We perform chi-square fitting of the spectra (C-statistic for contaminant C2), and
quote the 90% confidence uncertainties for the model parameters evaluated for a
single interesting parameter.
Prior to pulsar spectral analysis, we modeled the spectra of the contaminating
sources C1 and C2 (see Figure 2.3), using the MOS1 and archival (ObsID #5586)
CXO ACIS-S data.
In the MOS1 image, contaminant C1 at coordinates α = 20h 22m 20.s 9, δ =
+38◦ 430 28.00 55 is offset by 7500 from the pulsar, but this separation projected onto
the one-dimesional (1D) PN image is just 900 . For spectral fitting, we extracted
events from a 1200 radius circle around the source in MOS1 (308 net source counts
in the 0.2–10 keV band) and from a 4.00 2 radius circle in ACIS-S (349 net counts
in 0.3–10 keV band). This source is coincident with HD 194094, a B0V star likely
associated with the open cluster M29 at D ≈ 1.15 kpc in Cygnus5 . We fit the
stellar spectrum with a two-component APEC model (calculated using ATOMDB
code v2.0.16 ) which describes the emission from shocked, collisionally-ionized winds
seen in such early-type stars. For the best fit (χ2ν = 0.8 for 38 d.o.f., Figure 2.6),
the two components have the temperatures kT1 = 0.74+0.06
−0.05 keV and kT2 = 2.6 ± 1.4
keV, for abundances fixed at solar values, and the absorption column density
21
abs
−14
nH = 1.56+0.72
cm−2 . The absorbed flux is F0.5−10keV
= 2.4+0.1
erg
−0.62 × 10
−0.2 × 10
−2 −1
cm s .
Contaminant C2 at coordinates α = 20h 22m 20.s 9, δ = +38◦ 430 57.00 46 is offset by
00
103 from the pulsar but has a projected separation of 800 in the 1D PN image.
It is an unidentified soft X-ray point source. For spectral fitting, we extracted
events from a 1000 radius circle around the source in MOS1 (133 net counts in
0.4–10 keV band), and from a 3.00 8 radius circle in ACIS-S (136 net counts in 0.3–10
keV). A C-statistic (Cash 1979) fit with a single-component APEC model, with
3

http://xmm2.esac.esa.int/docs/documents/CAL-TN-0082.pdf
http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec
5
http://simbad.u-strasbg.fr/simbad/
6
http://atomdb.org
4
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+1.7
21
abundances fixed at solar values, yields kT = 2.4+0.9
cm−2 ,
−0.6 keV, nH = 3.2−1.0 × 10
+0.1
abs
and F0.5−10keV
= 1.7−0.1 × 10−14 erg cm−2 s−1 (see Figure 2.7).
The low-energy part of the pulsar’s emission (E . 0.5 keV) is strongly absorbed
by the ISM because of the large distance and proximity to the Galactic plane
(b = 0.◦ 96). To fit the phase-integrated spectrum, we used the MOS1 and ACIS-S
data in the 0.5–10 keV band, while for the PN data we chose a narrower 2–10 keV
band to reduce the contamination from the soft X-ray sources C1 and C2, whose
contribution is significant below 2 keV (see Figures 2.6 and 2.7). The extraction
parameters and net counts for different instruments are given in Table 5.2.
We find that an absorbed PL model with Γ = 0.93+0.10
−0.09 fits the phase-integrated
spectra very well (Table 3.4, Figure 2.8). Inclusion of the contamination-free MOS1
and ACIS-S spectra with a lower energy cut-off allowed us to constrain the hydrogen
column density, nH,22 = 2.32+0.29
−0.26 . The two parameter confidence contours for this
PL fit are shown in Figure 2.9.
The photon index we measured is consistent with that obtained by A+11 from
the ACIS-S data, but the hydrogen column density is substantially different from
nH,22 = 1.6 ± 0.3 obtained by Arzoumanian et al. (2011). Our separate fit of the
ACIS-S pulsar spectrum gave all the fitting parameters close to those obtained in
the PN+MOS1+ACIS-S fit, including nH,22 = 2.2 ± 0.4. The discrepancy in the
nH values is due to the different absorption model (phabs with abundance table
angr; Anders & Grevesse 1989) used by A+11.
To examine the dependence of spectral parameters on pulsation phase, we
divided the pulse profile into main pulse, interpulse and off-pulse regions and
analyzed their spectra individually. The main pulse contributes ≈ 40% of the
total pulsar counts in just ∼ 10% phase interval. This allowed us to extract a
high-quality (S/N > 30) main-pulse spectrum in the 0.5–10 keV range, from a
narrow 12.00 3 segment around the target position in the 1D PN image, with low
contamination. A PL model with Γ ≈ 0.9 fits the main pulse spectrum well (Table
3.4, Figure 2.10).
Since the number of counts in the interpulse is lower than in the main pulse,
we could not simultaneously minimize the effect of contamination and reach a
sufficiently high S/N through spatial or energy filtering. The effect of contamination
is even stronger for the off-pulse emission, which barely exceeds the background
level. So, for interpulse and off-pulse spectral analysis, we extracted events in
the 0.5–10 keV range, from regions spatially encompassing the pulsar and the
contaminating sources. Then, we added the best-fit C1 and C2 spectral models
to the model for the pulsar emission and fit the combined pulsar+contaminants
spectra. We do not include any separate model for potential PWN contribution. In
addition, we fixed the nH value for the pulsar at nH,22 = 2.32, obtained from the
phase-integrated fit. The procedure outlined above provides the best constraints
on the photon index for the interpulse and off-pulse emission. The extraction
parameters are listed in Table 5.2, and the fitting parameter values are listed in
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Table 3.4. The best spectral fit and residuals for interpulse emission are shown
in Figure 2.11, and for off-pulse emission in Figure 2.12. The interpulse PL slope
is close to that of the main pulse while for the off-pulsar emission the spectrum
appears to be softer, but with a large uncertainty in its slope.
Our search for a PWN in the XMM-Newton data did not yield positive results.
We fit the ACIS-S PWN spectrum with a PL model at fixed nH,22 = 2.32 and
obtained Γ = 0.9 ± 0.5, which is marginally consistent with Γ = 1.4 assumed by
A+11. The PWN flux measured in the elliptical region with 8.00 3 and 5.00 1 semimajor
abs
−14
and semiminor axes, F0.5−10keV
= 5+2
erg cm−2 s−1 , is consistent with that
−1 × 10
estimated by A+11.
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Figure 2.3: Top-left: Combined MOS1 and MOS2 (imaging mode chips) image, cropped
to the PN timing-chip FOV, with the target pulsar and contaminant sources C1 and C2.
Top-right: GTI filtered, 0.5–12 keV PN timing data; time origin reset to the observation
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Table 2.2: Extraction parameters for phase-integrated, main pulse, interpulse and off-pulse spectra

Integrated
MOS1

PN

Main pulse
ACIS-S

Interpulse

Off-pulse

PN

PWN
ACIS-S

0–1

0–1

0–1

0.23 – 0.32

0.72 – 0.80

0 – 0.22
0.35 – 0.71
0.82 – 1

Energy range (keV)

0.5 – 10

2 – 12

0.5 – 10

0.5 – 12

0.5 – 12

0.5 – 12

0.5 – 10

Extraction regiona

1400

38 – 42

2.00 5

39 – 41

37 – 43

37 – 43

8.00 3 × 5.00 1

1606 ± 42

2777 ± 91

1183 ± 35

1320 ± 41

1130 ± 45

1383 ± 109

96 ± 11

Phase Range

Net Countsc

b

–
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PN extraction region specified in RAWX coordinate, in pixels (1 pixel = 4.00 1); MOS/ACIS radius of extraction
circles in arcseconds.
b
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Figure 2.8: Absorbed PL fit and its residuals (in units of sigma) for the phase-integrated
pulsar spectra from ACIS-S (black), MOS1 (green) and PN (red).
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Figure 2.9: Top: nH – Γ confidence contours at the 68%, 90%, and 99% levels for the
phase-integrated spectral fit. Bottom: N−5 – Γ confidence contours at the 68%, 90%,
and 99% levels for the phase-integrated spectral fit. N−5 is the PL normalization in units
of 10−5 photons cm−2 s−1 keV−1 at 1 keV.
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Figure 2.10: Absorbed PL fit and its residuals for the main pulse spectrum.
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Figure 2.11: Absorbed PL fit and its residuals for interpulse spectrum. The black solid
and red dashed lines show the pulsar’s and combined C1+C2 contributions, respectively.
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Table 2.3: Fitting parameters with 90% confidence uncertainties for PSR J2022+3842 and its PWN.

nH,22

Γ

PL. norm.a

χ2ν /d.o.f.

abs
b
F0.5−10keV

unabs
b
F0.5−10keV

Integrated (100%)c

2.32+0.29
−0.26

0.93+0.10
−0.09

4.53+0.84
−0.68

0.85/138

6.17+0.25
−0.25

7.62+0.27
−0.26

Main pulse (9%)

2.23+0.67
−0.56

0.90+0.19
−0.17

17.7+6.8
−4.7

0.99/29

25.7+1.6
−1.6

31.4+2.5
−2.2

Interpulse (8%)

2.32 (fixed)

0.90+0.13
−0.14

12.8+2.7
−2.4

1.10/31

18.5+1.5
−1.5

22.7+1.6
−1.6

Off-pulse (76%)

2.32 (fixed)

1.70+0.76
−0.71

2.29+2.55
−1.41

0.85/28

0.89+0.38
−0.34

1.44+0.42
−0.40

PWN

2.32 (fixed)

0.94+0.46
−0.48

0.36+0.26
−0.16

11.21d/6

0.48+0.18
−0.13

0.59+0.17
−0.13

Phase range
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PL normalization in units of 10−5 photons cm−2 s−1 keV−1 at 1 keV.
abs
unabs
F0.5−10keV
and F0.5−10keV
are absorbed and unabsorbed fluxes, respectively, in units of 10−13 erg cm−2 s−1 .
c
Percentages in parentheses denote the fraction of total period included.
d
Best-fit value of C-statistic.
a
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Figure 2.12: Absorbed PL fit and its residuals for the off-pulse spectrum. The solid
and dashed curves show the contributions from the pulsar and the C1+C2 contaminants,
respectively.

2.4 Summary and Discussion
We did not detect any prominent extended emission in the 105 ks MOS1 exposure
of the region around PSR J2022+3842. The presence of a large number of X-ray
point sources around the pulsar hinders quantitative spatial analysis for assigning
restrictive upper limits on the extended emission from either the SNR or the PWN.
Our timing analysis has shown that the true pulsar period, P ≈ 48.6 ms, and
period derivative, Ṗ ≈ 8.6 × 10−14 , are twice larger than those reported by A+11,
and the phase-folded light curve has two peaks per period, the main pulse and the
interpulse, separated by ≈ 0.48 of the period. Using these P and Ṗ values, we
re-evaluated the pulsar’s spin-down power, Ė = 3.0 × 1037 erg s−1 , and magnetic
field strength B = 2.1 × 1012 G.
The X-ray pulses are very narrow compared to most of the pulsars with known
X-ray pulse profiles. However, a young (τ = 5.4 kyr), rapidly rotating (P = 65.7 ms)
PSR J0205+6449 shows a similar X-ray pulse profile and spectral characteristics
(Kuiper et al. 2010). The very narrow X-ray pulse profiles and hard X-ray spectra
of these pulsars indicate that the X-ray emission originates from the pulsar magnetosphere. The double-peaked profile, with separations of ≈ 0.48 and no discernible
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bridge emission, indicate emission from diametrically opposite sites in the pulsar
magnetosphere. Gamma-ray light curves possessing similar characteristics favor a
high magnetic obliquity (large angle α between the rotation and magnetic axes)
for the pulsar (Watters et al. 2009). From radio and γ-ray light curve modeling of
PSR J0205+6449, Pierbattista et al. (2015) estimate α ≈ 80◦ for the pulsar. If the
similarities to PSR J0205+6449 do extend to the γ-ray regime, PSR J2022+3842
could be established as a nearly orthogonal rotator. This can be further tested
through the γ-ray light curve modeling (if γ-ray emission is detected in future), or
through radio polarization measurements.
Our estimate of the total hydrogen column density (neutral, ionized and molecular) towards PSR J2022+3842, nH,22 = 2.32+0.29
−0.26 , obtained using the tbabs model
with wilm elemental abundances, is significantly higher than the previous estimate,
nH,22 = 1.6 ± 0.3 (A+11), obtained using the phabs model with angr abundances.
We conclude that estimating hydrogen column densities through X-ray spectral
modeling of emission from heavily obscured targets is highly sensitive to the ISM
absorption model and abundance table used.
The phase-integrated pulsar spectrum fits a hard PL model with Γ = 0.9 ± 0.1.
The main pulse and the interpulse contribute ∼ 80% of the total emission. The
off-pulse spectrum is poorly constrained due to contamination and an inherently
weak signal. A possible source of the off-pulse emission could be the compact
PWN, which cannot be resolved by XMM-Newton because of its broad point spread
function. Comparing the PN off-pulse spectrum with the ACIS-S PWN spectrum
(see Table 3.4), we find different best-fit values of photon index and flux, but the
uncertainties are too large to claim the distinction between the two spectra to be
statistically significant. From re-analysis of the ACIS-S data, we also found the
PWN spectrum to be harder than previously assumed, with Γ = 0.94+0.46
−0.48 . This
result is consistent with the empirical correlation between the PWN photon index
and its 2–10 keV luminosity (and, more tightly, the PWN X-ray efficiency (see
Figure 1 and Figure 7 in Li et al. 2008).
We have assessed that the pulsar has a factor of four lower spin-down power and
a slightly higher X-ray flux than reported by A+11. As a result, our pulsar X-ray
PSR
−4 2
efficiency estimate is a factor of 4 higher, η0.5−8keV
= LPSR
0.5−8keV /Ė = 2.0 × 10 D10 .
As shown in Figure 2.13 (top panel), the X-ray efficiency of PSR J2022+3842 is
comparable to those of other young, energetic pulsars for the adopted distance
of 10 kpc (for illustrative purposes, we assign 25% uncertainty to J2022+3842’s
PWN
2
distance). In contrast, the associated PWN efficiency, η0.5−8keV
∼ 2 × 10−5 D10
, is
the lowest among young pulsars with comparable values of Ė (Figure 2.13, bottom
panel). A low magnetic obliquity might in principle explain a weak PWN, but is
disfavored by the observed X-ray light curve. The reason for so low PWN efficiency
remains to be understood.
We thank Michael Freyberg and Bettina Posselt for discussions and clarifications
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regarding EPIC-MOS2 timing analysis. We also thank Eric Feigelson for valuable
discussion and suggestion on statistical techniques, and the referee for useful
comments. This work was partly supported by NASA Astrophysics Data Analysis
Program award NNX13AF21G.
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Figure 2.13: Comparison of pulsar and PWN efficiencies for non-recycled pulsars with
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graphs are adapted from Kargaltsev & Pavlov (2008) (Tables 1 and 2, and Figure 5).
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Chapter 3 |
Likely Absortion Feature in the
Old Gamma-ray Pulsar J1836+5925
3.1 Abstract
PSR J1836+5925 is a bright γ-ray source with a long observational history across
various energy bands. At the characteristic age of 1.8 Myr, it is one of the oldest
non-recycled γ-ray pulsars known, making it a unique object for studying evolution
of high-energy emission from rotation powered pulsars. In our 80 ks XMM-Newton
observation, we detected significant single-peaked pulsations in the 0.5 – 1.2 keV
energy range, and a more complex pulse profile in the broader 0.15 – 7 keV
range. For the phase-integrated spectra, in addition to the already established
combined thermal plus non-thermal emission model, we find a broad absorption
feature, centered at Ec ≈ 0.85 keV. We gather further evidence in the phase-resolved
spectral analysis which shows a strong phase-dependence for the 0.85 keV absorption
feature, and timing analysis which shows high pulsed fraction pulsation in the
narrow 0.55 – 1.2 keV range.

3.2 Introduction
Rotation powered pulsars (RPPs) are believed to be born with very high spin
frequencies, spin-down powers and surface temperatures. Their powerful magnetospheres emit dominantly in the γ-rays and X-rays, while their surfaces emit
significant thermal X-rays, often buried under the magnetospheric emission. The
magnetospheres undergo changes as the pulsars spin down through various particle
creation/acceleration and radiation processes. Concurrently, the NS cool down,
which is apparent from decreasing temperature and luminosity of thermal emission.
The loss of rotational energy (in the absence of accretion driven spin-up) is, in
principle, observable until the pulsar’s ‘death’, signified by turn-off of the pulsar’s
magnetospheric emission due to slower rotation.
34

In the typical evolution scenario, pulsar emission is expected to turn off starting
from the highest energy bands, as a result of weakening magnetosphere. Observing pulsars close to the γ-ray and X-ray turn-off stages could potentially provide
useful information to help understand the physical changes that the pulsar magnetosphere/atmosphere may be undergoing. An example of such a pulsar is PSR
J1836+5925, one of the oldest γ-ray pulsars which is suitable for multi-wavelength
observations.
PSR J1836+5925 is the 8th brightest γ-ray source in the sky (3FGL catalog
Acero et al. 2015), with F0.1−100GeV = 5.9 × 10−10 erg cm−2 s−1 (Abdo et al. 2010b).
It has an observational history extending back to its detection, as an unidentified
point source, among the first few of CGRO EGRET sources (Nolan et al. 1994).
A neutron star (NS) identification for the source, which lacked optical and radio
counterparts, became apparent after the detection of soft X-ray emission with the
ROSAT HRI (Mirabal & Halpern 2001). Further short observations in the X-rays
using Chandra and XMM-Newton have allowed a crude characterization of the
pulsar’s X-ray spectrum, composed of both thermal and non-thermal emission
(Halpern et al. 2002, Abdo et al. 2010b). Finally pulsations with period P = 173ms
were detected from the pulsar in the γ-rays with the help of Fermi-LAT (Abdo
et al. 2010b). PSR J1836+5925 is now recognized as a non-recycled, isolated,
radio-quiet pulsar, with 173 ms rotational period, a characteristic age τc = 1.8 Myr
and spin-down power Ė = 1.1 × 1034 erg s−1 .
Among the Fermi detected pulsars (2PC catalog; Abdo et al. 2013), it is the
sixth brightest which, given its age, suggests a small distance or an unusually
high γ-ray beaming factor. Estimates of blackbody radius to distance ratio from
X-ray blackbody (BB) fit, γ-ray luminosity considerations and γ-ray light-curve
modeling suggest a distance in the 250 – 750 pc range (Abdo et al. 2010b). PSR
J1836+5925 has a favorable combination of age, distance and spin-down power
which makes it especially suitable for detailed X-ray and γ-ray studies. There
are four other old (τc & 1 Myr), non-recycled γ-ray pulsars, two of which have
X-ray detections. Pulsars J2139+4716 (τc = 2.5 Myr, Ė = 3 × 1033 erg s−1 ) and
J2043+2740 (τc = 1.2 Myr, Ė = 5.6 × 1034 erg s−1 ) are, however, significantly
weaker X-ray sources, hence their short observations with Chandra ACIS-S (16
net source counts in 25 ks; Marelli et al. 2014) and XMM-Newton EPIC (92 pn
counts in 16 ks; Becker et al. 2004), respectively, have not allowed reliable spectral
characterization. PSR J0106+4855 (τc = 3 Myr, Ė = 3 × 1034 erg s−1 ) is at 7 kpc
distance, which might be too faint to detect in reasonably short observations with
current X-ray telescopes. PSR J2055+2539 (τc = 1.2 Myr, Ė = 5 × 1033 erg s−1 ) is
scheduled for XMM-Newton observations and looks like a promising target.
The oldest γ-ray pulsars with reliable X-ray spectral fits have τc in the 300 – 600
kyr range (e.g., J1741–2054: Auchettl et al. 2015, Karpova et al. 2014, J1057–5226:
Posselt et al. 2015, J0357+3205: Marelli et al. 2013, J0633+1746: De Luca et al.
2005). Their spectra are typically modeled with a combination of non-thermal and
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single/multiple thermal emission models with kTBB . 100 eV. The cooling of the
NS bulk surface is determined by either the slow modified Urca process or the
direct Urca process depending on their core densities (Yakovlev & Pethick 2004),
where MNS & 1.3M leads to higher core densities and faster cooling for young NSs.
Eventually the cooling curves for the different NS masses converge and drop below
T ≈ 5 × 105 K (or kT ≈ 40 eV) for ages > 1 Myr. At ≈ 2 Myr, PSR J1836+5925
is at an interesting evolutionary state, undergoing late-stage cooling while still
observable in a broad energy range.
We observed PSR J1836+5925 with the XMM-Newton observatory to detect
X-ray pulsations and perform phase-resolved spectroscopy. The data were promptly
analyzed and the results of basic timing and phase-integrated spectral analyses
were reported by us (Arumugasamy et al. 2014)1 , and published by Lin et al. (2014).
The results show best-fit phase-integrated spectral models in agreement with the
previous results by Halpern et al. (2002) and Abdo et al. (2010b). Unambiguous
pulsations in the X-ray data were also detected along with a hint of pulse profile
variation between soft (0.2 – 0.7 keV) and hard (0.7 – 2.0 keV) energy ranges.
Through a more detailed analysis, we were able to extract a high signal-to-noise
(S/N) spectrum, and hence better constrain the fit parameters. Our energy-resolved
pulse profiles show more robust dependence of pulse shape on energy range. We
also show that the phase-integrated spectra are well fit by alternative models such
as combined power-law (PL) and neutron star atmosphere (NSA) model, as well
as a PL with an absorption line. Finally, from energy-resolved pulse profiles and
phase-resolved spectroscopy, we find additional support for absorption-like features
in the pulsar spectrum.

3.3 Observation and Data Analysis
Pulsar J1836+5925 was observed with XMM–Newton (obsid 0693090101 and
0693090201) on 2013 February 14 and 16, for a total of about 83 ks. EPICpn CCD #4 was operated in small window (SW) mode to take advantage of its 5.67
ms time-resolution without sacrificing its imaging capability, while the EPIC-MOS
CCDs were operated in full frame mode (2.6 s time resolution). The EPIC data
processing was done with the XMM–Newton Science Analysis System (SAS) 14.0.02 ,
applying standard tasks. The effect of soft-proton flares on the observations was
limited to brief intervals in the beginning of the observations and has negligible
effect on the S/N of the extracted events, so we chose to include the intervals of
background flaring (Figure 3.1).
Using the SAS task edetect_chain, we detected the source at coordinates
α = 18h 36m 13.s 75±0.s 02, δ = +59◦ 250 30.00 1±0.00 4 for obsid 0693090101, which is within
1
2

http://www.ioffe.ru/astro/NS2014/program.html#Arumugasamy
http://xmm.esac.esa.int/sas
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Table 3.1. Pulsar J1836+5925 Parameters Summary
Parameter

Value

Right Ascension (J2000) . . . . . . . . . . . .

18h 36m 13.s 723(17)

Declination (J2000) . . . . . . . . . . . . . . . .

+59◦ 250 30.00 05(10)

Galactic Longitude/Latitude (l/b) . .

88.◦ 8753 / 24.◦ 9993

Period (P ) . . . . . . . . . . . . . . . . . . . . . . . . .

173.263734383(3) ms

Period Derivative (Ṗ ) . . . . . . . . . . . . . .

1.5027(1) × 10−15 s s−1

Frequency (ν) . . . . . . . . . . . . . . . . . . . . . .

5.77154823288(9) Hz

Frequency Derivative (ν̇) . . . . . . . . . . .

−5.0057(4) × 10−14 s−2

Epoch of timing solution (MJD) . . .

55555

Dispersion Measure (DM) . . . . . . . . . .

unknown

Characteristic Age (τc ) . . . . . . . . . . . . .

1.8 Myr

Spin-down power (Ė) . . . . . . . . . . . . . .

1.1 × 1034 erg s−1

Surface Magnetic Field (Bsurf ) . . . . .

5.2 × 1011 G

Reference . . . . . . . . . . . . . . . . . . . . . . . . . .

Ray et al. (2011)

Note.
— Most recent parameter file available at
https://confluence.slac.stanford.edu/display/GLAMCOG
/LAT+Gamma-ray+Pulsar+Timing+Models.

the statistical uncertainty of the position detected with the Chandra HRC (Table
3.1). For obsid 0693090201, the source has coordinates α = 18h 36m 13.s 91 ± 0.s 03, δ =
+59◦ 250 29.00 6 ± 0.00 4, and its 3σ error ellipse overlaps with the 1σ γ-ray positional
uncertainty ellipse. The offsets are also well within the 400 average XMM-Newton
boresight error 3 .

3.4 Timing Analysis
We combined the PN event lists from the two observations, and extracted source
events by choosing an optimal extraction region of 1400 radius (Figure 3.2). A
total of 1900 events were extracted over the total time span of 210 ks (with an
3

http://xmm.esac.esa.int/external/xmm_user_support/ documentation/index.shtml
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Figure 3.1: Flaring light curves for EPIC-pn (black, top) and EPIC-MOS1/2 (red/green,
bottom) for the two observations with obsid 0693090101 (left) and 0693090201 (right),
with time referenced from beginning of observation 0693090101.

observation gap of 128 ks), in the 0.15–7 keV range. We applied the SAS task
barycen to transform the X-ray event times from spacecraft Terrestrial Time (TT)
to Barycenter Dynamical Time (TDB). We used the Z12 test, and found pulsations
2
at ν = 5.7715442(4) Hz (Z1,max
= 37) with quoted 1σ uncertainty, for a time
reference at approximately the middle of the observation (MJD 56338.67118889).
The detected frequency is consistent (within the 3σ uncertainty level) with the
ν = 5.771544839(2) obtained by timing the concurrent γ-ray pulsations as detailed
below. The frequency derivative could not be measured in this observation because
the 210 ks time span of the data is insensitive to frequency derivatives |ν̇| . 10−11
Hz s−1 , which is much larger than the previously measured value (Table 3.1).
To assess the significance of pulsations in different energy ranges, we use the R
(R Core Team 2014) implementation of the Anderson-Darling test (Stephens 1974)
in the goftest package (Faraway et al. 2014). The minimum energy (Emin ) is
varied in the 0.15 – 1 keV range, whereas the energy range (∆E = Emax − Emin ) is
varied between a minimum of 200 eV to a maximum corresponding to Emax = 7 keV,
both in constant 50 eV steps. In Figure 3.3, we show the distribution of p-values to
assess whether the null hypothesis representing uniform distribution of events in
phase, is rejected or not for events extracted between energies Emin and Emax .
The plot reveals the narrowest energy range for which the null hypothesis is
rejected at the 3σ level and the energy range for which the null hypothesis is rejected
at the highest significance. The null hypothesis is rejected at > 3σ confidence for
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N

N

Figure 3.2: Smoothed 0.15 – 7 keV EPIC-pn image of combined observations 0693090101
and 0693090201 (top). EPIC-MOS 1/2 (bottom left/right) central CCD image of the
same observations. Extraction circles of 1400 radius are shown in green around target
position, three distinct r = 2500 background regions shown in white, and pn-SW field of
view shown with yellow dotted line.

events with Emin . 0.55 keV and energy bandwidths ∆E & 0.5 keV, and reaches
> 4σ confidence for Emin . 0.3 keV and ∆E & 1 keV. Marginal increase in counts
with inclusion of higher energies (& 2 keV) leads to less significant variation in the
pulsations significance (p-values remain fairly constant).
The pulsed fraction (empirical) is defined as the ratio of area enclosed by the
pulse profile peaks above the quiescent level over the total area enclosed in the
profile. A similar quantity evaluated for the background-subtracted pulse profile
gives the intrinsic pulsed fraction. The highest pulsed fraction, fp = 58 ± 7 %, is
found in the 0.55 – 1.2 keV range, where the light curve has one peak per period,
for which the null hypothesis is rejected with p = 1.5 × 10−4 (Table 3.2, Figure 3.4).
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Figure 3.3: Distribution of p-values is used to assess whether the null hypothesis of
uniform distribution of events in phase is rejected or not, for events extracted between
energies Emin and Emax . The contours connect energy ranges that reject the null
hypothesis at the 4σ, 3.5σ, 3σ, 2.5σ, and 2σ confidence (from bluer to the redder
regions).

Similar analysis in the full 0.15 – 7 keV range shows a reduced empirical pulsed
fraction fp = 24 ± 4 %, but rejects the null hypothesis at a higher significance
(p = 3.3 × 10−5 ). The higher significance is partially due to the higher number of
counts (broader energy range), leading to lower uncertainty, that go into defining
the pulse profile. The pulse profile in the soft energy range 0.15 – 0.55 keV is
qualitatively similar to the full 0.15 – 7 keV pulse profile, however the null hypothesis
is not rejected (p = 0.015; Figure 3.4). The pulse profile in the 1.2 – 7 keV range has
a comparable background contribution, hence consistent with a uniform distribution
(p = 0.15) (Figure 3.4). The 1σ uncertainties for the pulse profile parameters are
estimated from Monte-Carlo simulations with non-parametric bootstrap resampling
of data (Feigelson & Babu 2012)
In order to reliably determine the phases of pulse peak (maxima) and dip
(minima), we smoothed the data using an adaptive kernel density estimation (KDE)
technique (Feigelson & Babu 2012). The individual events, which are essentially
Dirac-delta distributions in phase, are substituted with Gaussian kernels with
bandwidths adapted to the number density of events at various phase ranges. The
local density of events at different phases is estimated by obtaining the sum of the
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Table 3.2. X-ray and γ-ray pulse profile characteristics with 1σ quoted
uncertainties.
Maxima (φmax )

Minima (φmin )

Empirical fp (%)

Intrinsic fp (%)

0.15 – 7

0.52 ± 0.04

0.92 ± 0.06

24.3 ± 3.8

35.0 ± 5.5

0.15 – 0.55

0.54 ± 0.04

0.92 ± 0.10

21.6 ± 4.3

31.5 ± 6.3

0.55 – 1.2

0.40 ± 0.05

0.90 ± 0.09

58.0 ± 6.8

69.1 ± 8.1

1.2 – 7

0.35 ± 0.13

...

35.0 ± 6.5

59 ± 11

0.3 – 1.2

0.48 ± 0.07

0.90 ± 0.06

38.7 ± 5.8

45.9 ± 6.9

0.38 ± 0.04

...

Energy range (keV)

Maxima

0.2 – 20 GeV

Main pulse

Inter pulse

0.55 ± 0.02

0.084 ± 0.017

Note. — The 1σ uncertainties for the pulse profile parameters are found through Monte-Carlo
estimations with non-parametric bootstrap re-sampling of data (Feigelson & Babu 2012).

contributions from each of those Gaussians. This smoothed pulse profile is overlaid
on the binned pulse profile in Figure 3.4, along with uncertainty bounds representing
Poisson count uncertainties over a moving phase window of width ∆φ = 0.1. The
X-ray profiles obtained for various energy ranges show one statistically significant
peak per rotation, except at energies above ≈ 1 keV.
We also extracted concurrent Fermi γ-ray data available for PSR J1836+5925,
to obtain phase-connected X-ray and γ-ray pulse profiles. We used Fermi-LAT data
from a narrow ≈ 50 days (MJD 56312 – 56365) time range, and extracted events
from a 0.◦ 8 radius region around the known pulsar position. We used Fermi Science
Tools v9r33p0 for preliminary data reduction, applying recommended filtering
conditions and standard tasks. We obtained 1231 barycentered γ-ray counts for
timing analysis. Since the γ-ray pulse profile is known to be double-peaked (Abdo
et al. 2010b), we used the Z22 test, and found pulsations at ν = 5.7715448367(52)
2
Hz, ν̇ = −5.05(5) × 10−14 Hz s−1 (Z2,max
= 141), for the time reference identical to
the XMM-Newton ephemeris (MJD 56338.67118889). We determine the phase of
main pulse and inter pulse, along with the empirical pulsed fraction (Table 3.2).
The γ-ray main pulse is coincident in phase with the X-ray maximum, and there is
possibly a low-significance X-ray peak (inter pulse) coincident with the γ-ray inter
pulse.
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3.5 Spectral Analysis
3.5.1 Spectral Extraction
We extracted spectra from PN and MOS exposures by restricting the energy range
to 0.15 – 7 keV and finding the optimal source extraction region for the selected
background regions (Figure 3.2; Table 3.3). The source/background spectra from
the two observations are combined using the SAS task epicspeccombine. The
1859 counts extracted from pn and 390/449 counts extracted from MOS1/MOS2
are then binned with ≥ 5 counts per spectral bin. We fit models and find best-fit
parameters using maximum likelihood estimation (MLE) with C-statistics (Cash
1979).
Only EPIC-pn SW mode (5.67 ms time-resolution) data are suitable for phaseresolved spectral analysis. We extracted phase-resolved spectra using a slidingwindow technique, wherein a phase window of width ∆φ = 0.21 is moved over
the entire phase range incrementally with a step-size of 0.033. The selected phase
window ensures that the extracted spectra contain on average ∼ 400 counts, and the
adopted step size corresponds to the time resolution of the data. Larger phase bins
tend to average out spectral features that sharply vary with phase (e.g., spectral
lines), while smaller phase bins have fewer counts and hence lower S/N data to
allow well-constrained model fits. We bin these spectra with ≥ 1 counts per bin,
and fit models using MLE for Poisson distributed source and background. The
uncertainties quoted for the spectral fit parameters in this work are all at the 90%
confidence level for single parameter.
We used XSPEC 12.8.24 for X-ray spectral analysis. We modeled absorption
by the interstellar medium (ISM) using the Tübingen-Boulder model (Wilms et al.
2000) through its XSPEC implementation tbabs, setting the abundance table to
wilm (Wilms et al. 2000) and photoelectric cross-section table to bcmc (BalucinskaChurch & McCammon 1992), with updated He photo-ionization cross-section based
on Yan et al. (1998). Model fitting and parameter estimation is done with the
CSTAT statistic, a MLE fitting procedure implemented in XSPEC.

4

http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec
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Figure 3.4: X-ray pulse profile (binned, KDE smoothed with Poisson uncertainties;
green) from EPIC-pn events spanning 210 ks, with 81.5 ks of effective exposure, in the full
0.15 – 7 keV energy range (top-left) and with maximum pulsations significance (middleleft). Phase-connected γ-ray pulse profile (bottom-left; red) shown for comparison with
X-ray profiles. Also shown are pulse profile for maximum pulsed fraction (middle-right),
obtained in the 0.55 – 1.2 keV range, and the complementary pulse profiles in the 0.15 –
0.55 (top-right) and 1.2 – 7 keV range (bottom-right). Empirical/intrinsic pulsed fractions
(fp ) quoted for X-ray pulse profiles, along with the p-values from the Anderson Darling
testing for uniformity (p > 0.0027 is used to reject the null hypothesis). Background
contributions estimated from three distinct background regions are shown in cyan.
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Table 3.3. Spectral extraction parameters for PSR J1836+5925 (Obs. ID :
0693090101, 0693090201).
Detector
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pn

Phase range
0.0 – 1.0

Energies
(keV)

Exposure
(ks)

0.15 – 7

57.12

Extraction Aperture (00 )
Source
Background

Total counts
Source/Background

Net count-rate
(cts/ks)

S/N

14, 13

3 × 2500

1859/5589

23.11 ± 0.64

30

00

MOS 1

0.0 – 1.0

0.15 – 7

76.12

19, 19

3 × 25

390/311

4.34 ± 0.24

17

MOS 2

0.0 – 1.0

0.15 – 7

80.96

21, 18

3 × 2500

449/361

4.64 ± 0.24

17

0.23 – 0.54

0.15 – 7

17.94

15, 14

3 × 2500

711/1751

28.7 ± 1.3

19

00

pn
pn

0.54 – 0.85

0.15 – 7

17.69

15, 13

3 × 25

568/1659

22.3 ± 1.1

16

pn

0.85 – 0.23

0.15 – 7

21.44

13, 12

3 × 2500

584/2179

18.8 ± 0.9

16

3.5.2 Phase-Integrated Spectra
The phase-integrated spectra are not well fit with single-component power law
(PL), blackbody (BB) or neutron star atmosphere (NSA) models. The singlecomponent PL, which significantly overestimates the data between ≈ 0.6 − 1.1 keV,
and BB/NSA models, which underestimate the data above & 1 keV, are statistically
unacceptable. For instance, the single PL fit (best-fit Γ = 2.6) leaves a broad
absorption-like feature in the 0.6 − 1.1 keV range (Figure 3.5, top-left panel).
The absorption feature disappears if we use the two-component PL+BB model,
which provides a good fit (χ2ν = 1.0). The fit parameters, Γ = 1.84 ± 0.15, kTBB =
+0.6
−1
64+5
−6 eV, and RBB /d = 1.6−0.3 km kpc , are consistent with previous findings
but are better constrained here, possibly due to higher S/N spectral extraction.
The 68%, 95% and 99% confidence contours in the kT – BB normalization plane
in Figure 3.6 are modified to represent effective BB emission radii (RBB ), for an
assumed distance of 650 kpc along the Y1 axis, and distance to the pulsar, assuming
RBB = 1 km, along the Y2 axis. We chose RBB = 1 km for simpler scaling (note
the chosen RBB constrains the distance in the 250 < dpc < 1000 range). We also fit
the spectra substituting the thermal BB with a non-magnetic NSA model (Zavlin
et al. 1996), which gives a temperature of kTNSA = 21+6
−5 eV (redshifted temperature
+5
kTNSA,∞ = 17−4 eV), for bulk surface emission from the NS at a distance estimate
of 310+420
−170 pc. The NS mass and radius parameters of the model are fixed at 1.4M
and 10 km, respectively.
The spectra are also well modeled by a softer PL (best-fit Γ ≈ 3) along with
the XSPEC gabs multiplicative model (Gabs5 ), which assumes a Gaussian shape
for the absorption coefficient:
M (E) = exp [−τ (E)] ,
"

#

(E − Ec )2
τ (E) = τc exp −
,
2σ 2

(3.1)

where Ec is the central
√ line energy in keV, σ is the Gaussian width of the line in
keV, and τc = Ld /( 2π σ) is the optical depth at Ec , with Ld (strength) the line
depth.
The best-fit Gabs×PL model shows a broad (σ ∼ 0.7 keV) absorption feature
centered at ≈ 0.85 keV, with the optical depth estimate τc ∼ 1.4. The application
of a single absorption line model to what could possibly be a combination of
multiple phase-dependent absorption lines with different line energies and widths
could explain the large width. The model may not be a physically meaningful
representation of the underlying spectra, but simply a qualitative and statistical
acceptable representation of it. Further support for the PL model with absorption
5

This model describes a line produced by an absorbing layer with a Gaussian profile of the
absorption coefficient.
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feature(s) is, however, provided by phase-resolved spectral analyses as discussed
below.
The ISM absorbing Hydrogen column density (NH ) estimates for the PL+NSA
and Gabs×PL fits are in the 3 – 6 ×1019 cm−2 range, with a 90% confidence
upper-limit of ≈ 1.5 × 1020 cm−2 , while for PL+BB, the best-fit NH = 0, and only
an upper limit estimate of NH < 4.8 × 1019 cm−2 could be established.
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Figure 3.5: Phase-integrated spectral fits from EPIC pn (blue) and MOS 1/2 (red/green)
for PSR J1836+5925 with PL (top-left), PL+BB (bottom-left), PL+NSA (bottom-right),
and Gabs×PL (top-right). Individual component contributions for PL+BB and PL+NSA
fits are shown with continuous lines and labeled with the best-fit parameter values.
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Table 3.4. Best-fit spectral parameters with 90% confidence uncertainties for
phase-integrated spectra.
Gabs×PL
+9.9
NH (1019 cm−2 )3.7−3.6

Γ

2.94+1.25
−0.35

PL norm (N−6 )a20.9+122
−9.2

NH (1019 cm−2 )

< 4.8

NH (1019 cm−2 )

6.3+9.2
−6.3

Γ

1.84+0.15
−0.15

Γ

1.81+0.18
−0.21

PL norm (N−6 )

5.7+0.6
−0.6

PL norm (N−6 )

5.55+0.71
−0.84

63.6+4.7
−6.2

kTNSA (eV)

20.7+6.5
−4.2

239+278
−71

NSA norm (K−5 )d 1.06+4.5
−0.87

RBB /d (km/kpc)

1.55+0.61
−0.25

d (pc)

310+420
−170

Ec (keV)

0.85+0.18
−0.85

kTBB (eV)

σ (keV)

+0.91
0.70−0.32

BB norm

+6.91
Strengthe(keV) 2.45−1.63

b

abs
F0.15−7
keV

6.87+0.50
−0.58

abs
F0.15−7
keV

6.71+0.37
−0.36

abs
F0.15−7
keV

6.80+0.60
−0.60

unabs
F0.15−7
keV

8.11+4.24
−1.27

unabs
F0.15−7
keV

6.71+0.37
−0.36

unabs
F0.15−7
keV

8.4+3.4
−1.6

PL
F0.15−7
keV

20.2+136
−11.4

PL
F0.15−7
keV

3.58+0.28
−0.29

PL
F0.15−7
keV

3.47+0.35
−0.41

BB
F0.15−7
keV

3.13+0.84
−0.35

NSA
F0.15−7
keV

5.0+3.2
−1.5

175.7/177

Cstat/d.o.f.

171/178

Cstat/d.o.f.

170/178

1.07

χ2ν

1.03

χ2ν

1.02

Cstat/d.o.f.
χ2ν
a

PL+NSAc

PL+BB

.

PL normalization in units of 10−6 photons cm−2 s−1 keV−1 at 1 keV.

b
2
BB Norm = RBB
/d210 kpc , where RBB is the effective radius of BB emission region in km, and
d10 kpc is the distance in units of 10 kpc.
c

NSA non-magnetic atmosphere model with NS mass and radius fixed at 1.4 M
respectively.

and 10 km,

NSA normalization K = 1/d2pc , in units of 10−5
√
e
Strength = 2π σ τ

d

abs
unabs
Note. — F0.15−7
keV and F0.15−7 keV are absorbed and unabsorbed fluxes, respectively, in units
PL
−14
−2 −1
of 10
erg cm s . F , F BB and F NSA are the unabsorbed flux contributions due to PL,
BB and NSA components, respectively
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Figure 3.6: Confidence contours (68%, 90% and 99%) of parameters kT − RBB (scaled
to a distance of 650 pc) from the PL+BB fit are shown, along with an additional Y2
axis showing the distance values (dpc ) for a RBB = 1 km. Lines of constant bolometric
luminosity in units of 1031 erg s−1 , for d = 650 pc, are over-plotted (black, dashed).

3.5.3 Phase-Resolved Spectra
Analyzing the phase-resolved spectra obtained using the sliding window of the
∆φ = 0.21 width, we were able to identify phase ranges in which the spectra were
noticeably different. We were able to crudely characterize spectral variations with
phase. In particular, we found that the putative absorption feature is apparent
in a phase interval 0.54 < φ < 1.23 (≡ 0.23) while no feature is discernible at
0.23 < φ < 0.54. We divided the former interval into two: 0.54 < φ < 0.82 and
0.82 < φ < 1.23, approximately corresponding to the fall and rise parts of the
pulse profile in the 0.55 - 1.2 keV band (Fig. 3.3) and fit the spectra in these
phase intervals separately. The spectral fitting in the phase range 0.23 – 0.54
(corresponding to the 0.55 – 1.2 keV pulse peak) failed to produce statistically
acceptable results for any of the single- or double-component model discussed in
this paper. The extraction parameters and count rates for these three phase ranges
are shown in Table 3.3.
The spectrum at the fall phases shows significant residuals in the 0.6 – 1 keV
range when fit with a PL (best-fit Γ = 2.6). A PL fit to the spectrum, excluding
these energy bins, is shown in Figure 3.7 to illustrate the prominence of the feature.
Adding a thermal component (BB or NSA) makes the fit worse and does not account
for the residuals entirely. The PL (best-fit Γ = 2.7) with the absorption model
(Gabs) provides a significantly improved fit (χ2ν = 0.93), with a central line energy
+0.09
Ec = 0.82+0.05
−0.06 keV, σ = 0.2−0.06 keV, and optical depth τc = 2 ± 1. The bins within
this absorption feature are close to the background flux levels (Figure 3.7).
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Figure 3.7: Spectral fits in the phase ranges φ : 0.54 − 0.85 (top) and 0.85 − 0.23 (or
1.23) (bottom), with PL (left, background spectrum in green) and Gabs×PL (right)
models are shown

Compared to the fall phases’ spectrum, the spectrum from the rise phases’, with
the best-fit PL (Γ = 2.7) shows shallower residuals in a broader, ≈ 0.5 − 1.2 keV
range. Similar to the fall phases’ spectral fit, a PL fit (Γ = 2.8) is allowed only if a
+0.34
Gabs model, with Ec = 0.91+0.14
−0.29 keV and σ = 0.36−0.12 keV, is included. Due to
large uncertainties, there is considerable overlap between the best-fit absorption
parameters of the spectra extracted from rise and fall phases. The optical depth
derived from the best-fit absorption parameters is approximately unity.
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Table 3.5. Best-fit Gabs×PL parameters with 90% confidence uncertainties for
phase-resolved spectra.
Parameters

φ : 0.54 − 0.85

NH (1019 cm−2 ) 3.69 (Fixed)

φ : 0.85 − 0.23
3.69 (Fixed)

Γ

2.73+0.17
−0.15

2.81+0.50
−0.21

PL norm (N−5 )a

1.17+0.31
−0.23

1.04+0.85
−0.29

Ec (keV)

0.82+0.05
−0.06

0.91+0.14
−0.29

σ (keV)

0.19+0.09
−0.06

0.36+0.34
−0.12

Strengthb(keV)

0.96+0.36
−0.29

1.01+1.82
−0.50

abs
F0.15−7
keV

6.69+0.83
−0.74

5.65+0.75
−0.66

unabs
F0.15−7
keV

7.88+1.05
−0.90

6.71+1.01
−0.85

PL
F0.15−7
keV

9.6+2.6
−1.5

9.2+17.2
−2.4

64/75

63/71

0.93

1.18

Cstat/d.o.f.
χ2ν

PL normalization in units of 10−5 photons cm−2 s−1
keV−1 at 1 keV
√
b
Strength = 2π σ τ
a

abs
unabs
Note. — F0.15−7
keV and F0.15−7 keV are absorbed and
unabsorbed fluxes, respectively, in units of 10−14 erg
cm−2 s−1 .

3.6 Discussion
3.6.1 Pulsar distance
Pulsar J1836+5925 is radio-quiet and hence it lacks a dispersion measure based
distance estimate. The previous distance estimate of d ∼ 800 pc has relied on
comparison of the pulsar’s X-ray flux to other old or middle-aged pulsars (Halpern
et al. 2002), while the estimate d ≈ 250 − 750 pc has relied on assumptions of the
pulsar’s γ-ray flux and constraints on γ-ray emission beaming factor, obtained from
γ-ray pulse profile modeling (Abdo et al. 2010b). The pulsar does not show any
significant proper motion (µ < 0.00 14 yr−1 , or vt < 530 km s−1 at 800 pc; Halpern
et al. 2007) that might explain its high galactic latitude (b = 25◦ ). Such high
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latitudes can however be attained by slowly moving pulsars at smaller distances.
Although our phase-resolved spectral analyses do not require a significant thermal
emission component, it might be worthwhile to note that the distance estimates
obtained from thermal components in the phase-integrated fits are largely consistent
with the expectation above. Our thermal BB and NSA component fits to the phaseintegrated X-ray spectrum predict distances, 650+420
−120 pc for 1 km radius effective
emission radius (which is an acceptable size for an inhomogeneous temperature
distribution) and 310+420
−170 pc for 10 km effective emission radius, respectively. We
agree with previous prescriptions for the pulsar distance and adopt a 650 pc distance
for our luminosity calculations.

3.6.2 Thermal emission
The presence of thermal emission from PSR J1836+5925 seemed fairly well established from multiple X-ray observations in the past, all of which lacked phaseresolved spectral information. Our phase-integrated spectral analysis also supports
the BB emission interpretation through a kT = 64 ± 6 eV model component, with
an estimated bolometric luminosity LBol = 2.2 × 1030 erg s−1 (assuming d = 650
pc). The comparison of the thermal components fit to the surface emission of other
old and middle-aged γ-ray pulsars is shown in Table 3.6, provisionally accepting
the J1836+5925’s PL+BB fit. Although J1836+5925’s bolometric luminosity LBol
seems to be lowest compared to the younger pulsars as expected, it is important to
note that the distance dependent quantity RBB , used to calculate the LBol is highly
uncertain. Predictions from cooling curves (Yakovlev & Pethick 2004) show drastic
drops in NS surface temperatures for pulsar ages > 1 Myr for MNS ≥ 1.35M
(Figure 3.8). If the pulsar’s characteristic age represents its true age, a 1.6 Myr
pulsar like PSR J1836+5925 must have surface temperatures below 2.5 × 105 K
(< 22 eV).
The non-magnetic NSA model fit may not truly be applicable for PSR J1836+5925
(B = 5 × 1011 G), nor the B = 1012 G NSA model if the true B field value is close to
the dipole field estimate. The NSA model, however, provides a good statistical fit to
the phase-integrated spectrum, and follows the trend of yielding lower temperatures
(kTNSA,∞ = 17+5
−4 eV) and larger radii (RNSA = 10 km), in better agreement with
the NS cooling curves.
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PSR J1836 + 5925
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Figure 3.8: Neutron star cooling curves with a sample of pulsars with measured BB/NSA
redshifted temperatures, adopted from Halpern et al. (2004), originally from Yakovlev &
Pethick (2004). Position of PSR J1836+5925 on (off) the cooling curves is overplot in
red using TBB,∞ . TNSA,∞ ≈ 2 × 105 K is off the charts below Y-axis minimum.

Table 3.6. Blackbody fits to thermal bulk surface emission of γ-ray pulsars.
Pulsar name

Age
(Myr)

kTBB
(eV)

RBB
(km)

LBol
(1031 erg s−1 )

Ė
(1034 erg s−1 )

Reference

J1836+5925

1.8

64 ± 6

1 ± 0.4

0.22

1.1

(1)

J0357+3205

0.54

94 ± 12

0.5 ± 0.3

0.25

0.59

(2)

J1741–2054

0.39

60 ± 2

5.4 ± 0.8

4.9

0.95

(3)

J0633+1746

0.34

43 ± 1

8.6 ± 1.0

3.3

3.2

(4)

J1057–5226

0.54

68 ± 3

12 ± 1.5

39.8

3.0

(4)

Note. — References: (1) this work, (2) Marelli et al. (2013), (3) Marelli et al. (2014), and (4)
De Luca et al. (2005)
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3.6.3 Absorption feature
The maximum pulsed fraction of pulsations is achieved in the narrow, 0.55 – 1.2
keV range, which is an indirect evidence for an absorption feature. Additionally,
phase-dependent absorption features in the same energy range is seen in the broadly
phase-resolved spectra around pulse minimum. The absorption feature is centered
at Ec = 0.82 ± 0.06 keV for phases leading to the 0.55 – 1.2 keV pulse minimum.
For trailing phases, the feature is centered at a slightly higher central energy
Ec = 0.91 ± 0.29 keV. The disparity in the uncertainties, associated with the best-fit
parameters, between the two spectra reflect the apparent qualitative differences
in the shapes of the absorption features (Figure 3.7). We have yet to assign the
statistical significance of the absorption feature observed in these spectra using
the Bayesian model checking approach recommended by Protassov et al. (2002).
The absorption feature, if real, could either be due to atomic absorption in the NS
atmosphere or due to cyclotron absorption of electrons gyrating in the magnetic field.
The central energy of the feature is too high to be caused by transitions in hydrogen
atoms at any reasonable magnetic field, and extremely high magnetic fields, > 1013
G would be required for absorption by helium ions (Pavlov & Bezchastnov 2005).
All these sources of absorption require thermal continuum emission from the neutron
star surface rather than non-thermal emission from higher altitudes. The fits shown
above are results of preliminary spectral analysis, and we defer an extended analysis
and the final results to a later publication.
The energy of the fundamental harmonic of the electron cyclotron absorption is
Ee = 1.16 (B/1011 G) keV. The magnetic field values suggested from the central
absorption line energies correspond to B ≈ 1 × 1011 G, which is smaller than the
dipole surface magnetic field (B = 5.2 × 1011 G) estimated from the pulsar’s P
and Ṗ values. However, we would like to point out that the dipole magnetic field
estimate for pulsars assumes a simplified model, and the actual magnetic field can
differ by a factor of a few. Therefore, the feature we see could be produced in
a highly ionized NS atmosphere, similar to the absorption feature discovered by
Sanwal et al. (2002) in the spectrum of the NS 1E 1207.4–5209 (see also Bignami
et al. 2003). Models for atmospheres with electron cyclotron absorption features in
atmosphere spectra were also considered by Suleimanov et al. (2010, 2012). They
are unfortunately, not directly applicable.
The absorption could occur at a higher altitude rather than near the NS surface,
which might explain the low B estimate. The magnetic field at a distance r and
magnetic
colatitudes θB , for a for a NS of radius RNS , is given by B(r, θB ) =
q
Bsurf (1 + 3 cos2 θB )(RNS /r)3 . Such cyclotron lines have been suggested for RPP,
e.g., J1740+1000, a τc = 100 kyr pulsar with absorption lines observed in a BB
continuum fit to phase-resolved spectra (Kargaltsev et al. 2012). The cyclotron
line fundamental harmonic can be accompanied by higher harmonics at energies
n Ec , for integer values of n. The first harmonic for J1836+5925 may be expected
53

at Ec1 ≈ 1.6 − 1.8 keV, where the S/N of the spectra is not sufficient to be able
to resolve any absorption features. Alternatively, Lastly, the apparent absorption
feature could also be due to a highly nonuniform temperature distribution over the
NS surface (Viganò et al. 2014).
Thus, X-ray analysis of emission from J1836+5925 presents a unique opportunity to study the formation of absorption feature in the NS atmosphere and
magnetosphere. Although PL with absorption feature model, apparently provides
good fits to the phase-resolved spectra, and a statistically acceptable fit for the
phase-integrated spectra, we need further analysis including thermal emission components to confirm the presence of the feature and explore models that accurately
characterize the absorption feature. This will enable a more detailed evaluation of
the origin of the absorbers in the pulsar environment, and determination of precise
pulsar magnetic field strength in the pulsar magnetosphere.

3.6.4 Non-thermal emission
We see qualitative correspondence between the puslar’s X-ray and γ-ray non-thermal
emission in the pulse profiles. The phase connected 0.15 – 7 keV X-ray and γray pulse profiles have the main pulse peaks at nearly the same phase, and the
X-ray pulse profile shows a statistically less significant secondary (or tertiary) peak
surprisingly close to the γ-ray inter pulse (Figure 3.4). The pulsar phases exhibiting
significant X-ray absorption is coincident with the ‘bridge emission’ phases of the
γ-ray emission. A detailed knowledge of the inclinations of the pulsar’s magnetic
and rotational axes, might shed more light into the origin of the X-ray emission
and absorption regions.
We would like to reiterate that the fits shown above are results of preliminary
spectral analysis, and we defer an extended analysis and the final results to a later
publication.
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Chapter 4 |
XMM-Newton Observation of
the Very Old Pulsar J0108–1431
4.1 Abstract
We report on an X-ray observation of the 166 Myr old radio pulsar J0108-1431 with
XMM-N ewton. The X-ray spectrum can be described by a power-law model with a
relatively steep photon index Γ ≈ 3 or by a combination of thermal and non-thermal
components, e.g., a power-law component with fixed photon index Γ = 2 plus a
blackbody component with a temperature of kT = 0.11 keV. The two-component
model appears more reasonable considering different estimates for the hydrogen
column density NH . The non-thermal X-ray efficiency in the single power-law
PL
PL
model is η1−10
keV = L1−10 keV /Ė ∼ 0.003, higher than in most other X-ray detected
pulsars. In the case of the combined model, the non-thermal and thermal X-ray
PL
bb
efficiencies are even higher, η1−10
keV ∼ ηPC ∼ 0.006. We detected X-ray pulsations
at the radio period of P ≈ 0.808 s with significance of ≈ 7σ. The pulse shape in
the folded X-ray lightcurve (0.15–2 keV) is asymmetric, with statistically significant
contributions from up to 5 leading harmonics. Pulse profiles at two different energy
ranges differ slightly: the profile is asymmetric at low energies, 0.15–1 keV, while
at higher energies, 1-2 keV, it has a nearly sinusodial shape. The radio pulse peak
leads the 0.15–2 keV X-ray pulse peak by 4φ = 0.06 ± 0.03.

4.2 Introduction
Radiation of rotation powered pulsars (RPPs) is powered by their rotational energy
loss. Over 1700 of RPPs have been detected in the radio and over 100 in X-rays.
Their period and period derivative measurements are used to calculate the spindown power, Ė, the surface magnetic field B, and the characteristic spin-down age,
τ . The X-ray spectra of RPPs exhibit some common features that evolve with
spin-down age.
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For very young pulsars (τ . 10 kyr), the magnetospheric emission is observed
to be dominant, burying the component of bulk surface thermal emission in most
cases. Middle-aged pulsars, with spin-down ages 104 . τ . 106 yr, tend to have a
significant contribution from the surface thermal emission (kT ∼ 0.03 − 0.3 keV) in
the soft X-rays, eventually dominating the X-ray spectrum up to ∼ 1 − 2 keV. The
high-energy part of the X-ray spectrum contains a contribution from non-thermal,
magnetospheric emission and may contain a component of thermal, polar-cap
emission. The non-thermal component in the spectra of these young pulsars is
usually fit with a power-law (PL) with photon index 1 . Γ . 2 (see, e.g., Figure 4
in Li et al. 2008). The fraction of the spin-down power emitted in the X-rays (the
X-ray efficiency ηX = LX /Ė) has values in the range of 10−5 . ηX . 10−3 (see e.g.,
Figure 5 in Kargaltsev & Pavlov 2008). The X-ray pulse profiles of young pulsars
show relatively sharp pulses for the non-thermal emission and smooth, broader
pulses for the thermal emission. Asymmetric pulse shapes have been reported for
middle-aged pulsars. For instance, Geminga, PSR B0656+14 and PSR B1055-52
(τ ∼ a few 100 kyr) and PSR J0538+2817 (τ = 30 kyr) show such asymmetric pulse
profiles (e.g., De Luca et al. 2005; Zavlin & Pavlov 2004b; McGowan et al. 2003;
Zavlin et al. 2002).
Old (τ & 106 yr) RPPs have diminished spin-down powers (Ė . 1034 erg s−1 )
and X-ray luminosities. This restricts the distance up to which such old pulsars can
be detected and necessitates longer observations. There have been only a dozen of
these old RPPs detected in the X-rays (see, e.g., Posselt et al. 2012 and references
therein). Absorbed PL model fits for these pulsars yield Γ ∼ 2 − 4. Hence, their
spectra are softer than the non-thermal spectra of the younger pulsar population.
The inferred absorbing Hydrogen column density values, NH , are usually larger
than expected from the respective total Galactic Hydrogen column densities and/or
estimates from pulsar dispersion measures. The non-thermal X-ray efficiencies
in the 1–10 keV band show significant scatter, η1−10 keV ∼ 10−4 − 10−2 , but are
on average higher than the corresponding values calculated for younger pulsars
(Kargaltsev et al. 2006; Zharikov et al. 2006).
Old neutron stars are too cold to have significant thermal X-ray emission from
the bulk stellar surface (Yakovlev & Pethick 2004). However, a possible thermal Xray contribution may come from polar caps heated by infalling accelerated particles
(Harding & Muslimov 2001, 2002). An additional thermal component can explain
the X-ray spectra of some of these old pulsars. If fitted with a simple blackbody
(BB) model, these components have BB temperatures of 0.1–0.3 keV and projected
3
/(cP ) ∼ 105 m2
areas smaller than the conventional polar-cap area (Apc = 2π 2 RNS
for NS radius RNS ∼ 10 km and period, P ∼ 1 s). Thermal emission from the surface
layers of a neutron star atmosphere can differ substantially from BB emission (e.g.,
Pavlov et al. 1995). Assuming H or He atmosphere emission instead of the simple
BB results in larger polar-cap area sizes and temperatures about a factor 2 lower
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than the BB temperature (see, e.g., Zavlin & Pavlov 2004a for the atmosphere
model analysis of the old PSR B0950+08).
Pulsar J0108–1431 was discovered by Tauris et al. (1994). It has a period
P = 0.808 s and a period derivative Ṗ = 7.7 × 10−17 s s−1 , which corresponds
to τ = P/2Ṗ ≈ 166 Myr, Ė ≈ 5.8 × 1030 erg s−1 , and B = 2.5 × 1011 G, as
listed in the Australian Telescope National Facility (ATNF) Pulsar Catalogue1
(Manchester et al. 2005). PSR J0108−1431 has been well monitored for two decades
at radio wavelengths, and details on its radio properties have been presented by,
e.g, Espinoza et al. (2011) and Hobbs et al. (2010, 2004). Weltevrede & Johnston
(2008) discussed the high linear polarization of ∼ 70 % at 20 cm, which is very
unusual for a pulsar with such a low Ė (see their Figure 8). Because of suspected
similarities with high-Ė pulsars, PSR J0108−1431 is now regularly monitored as
part of the collaborative program with the Fermi group (Weltevrede et al. 2010).
An optical counterpart of PSR J0108–1431 was suggested by Mignani et al. (2008).
PSR J0108–1431 has the largest τ and lowest Ė among the X-ray detected
pulsars. Characterization of its spectrum is essential to understand the final stages
of the spectral evolution of old pulsars. It is one of the nearest neutron stars
to Earth, with an estimated VLBI parallax distance of d = 240+124
−61 pc (Deller
et al. 2009), which was recently revised to d = 210+90
pc
when
accounting
for the
−50
Lutz-Kelkar bias (Verbiest et al. 2012). Deller et al. (2009) also measured the
pulsar proper motion of 170.0 ± 2.8 mas yr−1 in the south-southeast direction.
PSR J0108–1431 has been detected with the Chandra X-ray Observatory (Pavlov
et al. 2009). The spectral analysis, performed using the 51 counts detected in the
0.8–5 keV energy range, showed emission consistent with either a single-component,
soft (Γ ∼ 2.2 − 3.4) PL expected from the pulsar’s magnetosphere or a 3 MK
thermal BB emission from an apparent emitting area of ∼ 50 m2 . Pavlov et al.
(2009) suggested the presence of both non-thermal (magnetospheric) and thermal
(polar-cap) components in the spectrum, potentially distinguishable from each other
by phase-resolved spectroscopy of the source.
The goal of our deeper XMM-Newton observation was to collect more photons for
studying the pulsar spectrum. In addition, the high time resolution of the EPIC-pn
detector could detect X-ray pulsations and potentially separate its non-thermal
and thermal components through phase-resolved spectroscopy. The observation
and data analysis are described in Section 2, the relation between the detected
X-ray and radio pulse shapes are described in Section 3, followed by a discussion of
the results in Section 4.
1

http://www.atnf.csiro.au/research/pulsar/psrcat
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4.3 Observation and Data Analysis
Pulsar J0108−1431 was observed on 2011 June 15 (MJD 55727) with XMM-Newton
(obsid 0670750101) using the European Photon Imaging Camera (EPIC) in FullFrame mode with the Thin filter. The EPIC-pn (Strüder et al. 2001) and EPICMOS1 and MOS2 cameras (Turner et al. 2001) observed the source for 126.7 ks and
127.8 ks respectively. The EPIC data processing was done with the XMM-Newton
Science Analysis System (SAS) 11.02 , applying standard tasks. Our observation
was contaminated by soft proton flaring events in the background. We considered
different selections of Good Time Intervals (GTIs) for optimal spectral and timing
analysis, which are shown in Figure 4.2 and described in more detail below.
We detected the X-ray counterpart of PSR J0108−1431 at a position α =
h
01 08m 08.s 25, δ = −14◦ 310 53.00 4 with EPIC-pn. This position is separated by 2.00 9 from
the earlier (MJD 54136) Chandra detection at α = 01h 08m 08.s 354, δ = −14◦ 310 50.00 38
(Pavlov et al. 2009) after accounting for the proper motion by Deller et al. (2009).
The X-ray position differs by 3.00 0 from the expected radio pulsar position using
the proper motion and VLBI position: α = 01h 08m 08.s 347, δ = −14◦ 310 50.00 187
2

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

Figure 4.1: X-ray images (0.2-2.5 keV) of the field in the direction of the PSR
J0108−1431. The pn image (∼ 40 ×20 ), and the MOS1 and MOS2 images (each ∼ 2.60 ×2.60 )
are shown on the top, bottom-left and bottom-right, respectively. North is up, East is to
the left. The source extraction regions (radii of 1200 for pn, 1300 for MOS) are marked
with blue circles, the background regions are marked with red circles.
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Figure 4.2: Background light curve of the EPIC-pn detector in the energy range 10 to
12 keV, binned to 100 s. The x-axis denotes the time counted from the obervation start,
the y axis denotes the count rate in counts s−1 . The red solid line shows the considered
exposure time range for the chosen GTIs for our timing analysis, requiring a count rate
< 4 counts s−1 . Similarly, the cyan line shows the chosen GTIs for our spectral analysis,
requiring a count rate < 5 counts s−1 . Vertical lines indicate corresponding regions of
flagged exposure times.

(MJD 54100) listed by Deller et al. (2009). The absolute astrometric 2σ error of
XMM-Newton is 400 3 . Thus, the EPIC-pn X-ray position is consistent with the
Chandra and VLBI radio position.

4.3.1 Spectral Analysis
For our spectral analysis of the X-ray counterpart of PSR J0108−1431, we aimed
1
for the highest possible signal-to-noise ratio, S/N = (Ns − aNb )/(Ns + a2 Nb ) 2 ,
where Ns and Nb are the total numbers of counts extracted from the source and
background regions of areas As and Ab , respectively, and a = As /Ab . Given the
strong background flaring in our observation (Figure 4.2), we tested different GTI
filters derived from 100 s binned light-curves of events with energies above 10 and
12 keV for pn and MOS detectors, respectively. For each GTI-filtered event file,
we applied the eregionanalyse task to optimize the aperture size for high S/N
spectral extraction. Standard pattern filtering (≤ 4 for pn and ≤ 12 for MOS) was
enforced. We achieved the highest S/N for a GTI count rate cut-off of 5.0 counts s−1
3
XMM calibration document:
http://xmm2.esac.esa.int/docs/documents/CAL-TN-0018.pdf
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Figure 4.3: Count rate spectra of the binned counts (minimal S/N≥ 5) in the source
region (black), background counts (blue circles), and background subtracted source counts
(red) for EPIC-pn.

and 0.5 counts s−1 for the pn and MOS light-curves, and for source aperture radii
of 1200 and 1300 for pn and MOS, respectively. The net GTIs for pn, MOS1 and
MOS2 are 104.8 ks, 112.5 ks, and 114.6 ks, respectively.
We used larger background regions for better statistics, with the radii of 4200 ,
75 and 9000 for pn, MOS1 and MOS2, respectively. The extraction parameters are
presented in Table 5.2. The source and background regions in the three processed
EPIC images are shown in Figure 4.1. The background signal is comparable to the
source signal at 1.2 to 2 keV and then exceeds the source signal for energies > 3 keV
(Figure 4.3). Considering the substantial count rate errors for the high energies,
we restrict our spectral fitting to events in the 0.2–2.5 keV range in order to better
constrain the spectral fit parameters.
Considering all three EPIC cameras together, we obtained around 990 total
X-ray counts from the source apertures, or around 705 source counts (see Table 5.2). Redistribution matrices and effective area files were generated using the
usual SAS tasks rmfgen and arfgen. For the spectral fit, the SAS task specgroup
was used to group the source counts of each spectra with a minimal S/N≥ 5 per bin.
00

Using XSPEC 12.6.04 , we tested different spectral models (PL – powerlaw , BB
– bbodyrad , BB+PL, BB+BB) applying χ2 statistic. For the photoelectric absorption in the interstellar medium (ISM), we used tbabs with the solar abundance
table from Anders & Grevesse (1989) and the photoelectric cross-section table from
Balucinska-Church & McCammon (1992) together with a new He cross-section
4

http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec
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Table 4.1: Spectral extraction parameters for pn, MOS 1/2 events.

Extraction parameters
Aperture radius
Energy range (keV)
Total aperture counts
Source / total counts (%)
BG-cor. count rate (ks−1 )

pn
1200
0.2 - 2.5
682
69.9
4.6 ± 0.3

MOS 1
1300
0.3 - 2.5
155
74.0
1.0 ± 0.1

MOS 2
1300
0.3 - 2.5
152
74.4
1.0 ± 0.1

based on Yan et al. (1998). We performed simultaneous fitting of the pn and MOS
spectral data.
The values of the fits with separate normalizations for each instrument agreed
within the 90% confidence levels with the fit using the same normalization for
all instruments. For simplicity, we give only the latter in the following . The
spectral fit parameters were allowed to vary freely for the single component models,
while for the combination of the PL with the BB there were not enough counts for
constraining all the parameters sufficiently. Therefore we had to freeze a parameter
(see below).
An absorbed PL model with photon index Γ = 3.1+0.5
−0.2 and Hydrogen column
+1.6
20
−2
density NH = (5.5−2.2 ) × 10 cm provides a good fit of the data with χ2ν = 1.1;
see Figure 4.4 for the X-ray spectral fit and Figure 4.5 for confidence contours
for the three model parameters. Table 4.2 lists our best spectral fitting parameters. The confidence levels for each parameter were obtained using XSPEC’s
error and steppar commands. The non-thermal luminosity is estimated to be
+1.2
2 unabs
29
LPL
erg s−1 . The luminosity uncertainties
0.2−2.5 keV = 4πd F0.2−2.5 keV = 1.2−0.7 × 10
include both model and distance uncertainties.
In contrast to the PL fit, a pure thermal model does not describe the data well.
The best fit of the absorbed BB model has large residuals (χ2ν = 2.3) that rule out
the possibility of the emission being entirely BB-like. In principle, one could try to
fit the spectrum with neutron star atmosphere (NSA) models (Zavlin et al. 1996;
Pavlov et al. 1995). However, the available atmosphere models in XSPEC were
calculated either for B = 0 or strong magnetic fields (B = 1012 G and higher). For
the magnetic field strength of PSR J0108–1431, B = 2.5 × 1011 G, the (redshifted)
cyclotron energy is ∼ 2 − 3 keV. This is too close to the observed photon energy
range and has a strong effect on the atmophere spectrum, which is not considered in
the weak or strong magnetic field models in XSPEC. Therefore, the NSA models are
not applicable for PSR J0108–1431, and we have to stick to the simplistic BB models.
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We also checked a two-component BB+BB model with photoelectric absorption.
Such a model could describe the thermal emission from a nonuniformly heated
neutron star surface. The best fit for this model also has residuals too large to be
acceptable (χ2ν = 2.0).
A combination of non-thermal magnetospheric emission and thermal emission
from polar caps can be modeled by a PL+BB model. Because of the noise in the
data, we had to freeze one fitting parameter. We froze the photon index to Γ = 2,
motivated by the typical photon indices of younger pulsars, Γ ∼ 1−2 (Li et al. 2008).
The fit is acceptable (χ2ν = 1.1), its BB temperature is kT = 0.11+0.03
−0.01 keV. We use
the bbodyrad model in XSPEC, whose normalization factor gives the projected
2
2
area A⊥ = 5700+4300
−2400 d210 m and the corresponding radius of an emitting equivalent
sphere, Rbb = (A⊥ /π)1/2 = 43+16
−9 d210 m, where d210 is the distance divided by
210 pc (the errors include only the propagated normalization error), see Table 4.2
for additional fit results. Since RNS  Rbb , the emission likely comes from part of
the surface like hot polar caps. Figure 4.6 shows the spectral fit and its residuals,
while the 68%, 90%, and 99% confidence contours in the kT –NH and kT –A⊥ planes
are plotted in Figure 4.7. As mentioned above, there are no available atmosphere
models for the magnetic field strength of PSR J0108–1431. Therefore, we do no fit
a two-component PL+NSA model to the data.
The luminosity for both components together is estimated to be LBB+PL
0.2−2.5 keV =
+6.5
28
−1
unabs
2
F0.2−2.5 keV 4πd = 6.8−3.7 × 10 erg s . The luminosity of the non-thermal compo+3.2
28
nent is LPL
erg s−1 . The derived values of the temperature
0.2−2.5 keV = 3.7−2.1 × 10
and area correspond to the bolometric thermal luminosity of an equivalent sphere
+5.8
28
4
Lbb
erg s−1 . The luminosity errors include the propabol = 4A⊥ σT = 3.7−2.7 × 10

Figure 4.4: Absorbed PL fit and its residuals in units of sigmas for the pn (black),
MOS1 (red) and MOS2 (green) data.
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Figure 4.5: 68%, 90% & 99% confidence contours in the Γ – NH plane (top) and in the
Γ – PL normalization plane. NH is units of 1021 cm−2 , the PL normalization N−6 is in
units of 10−6 photons cm−2 s−1 keV−1 measured at 1 keV. Plotted are also the contours
of constant unabsorbed flux, F unabs in units of 10−14 erg cm−2 s−1 for the 0.2 - 2.5 keV
band (bottom).

Figure 4.6: Top: Absorbed PL+BB fit and the residuals in units of sigma deviations,
pn (black), MOS1 (red) and MOS2 (green). Bottom: Underlying individual PL and BB
spectral model components.
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Table 4.2: Best-fit parameter values with 90% confidence limits.

Parameters
Best fit values
Absorbed PL fit
+1.6
NH (1020 cm−2 )
5.5−2.2
+0.5
Γ
3.1−0.2
+0.4
PL norm (10−6 photons cm−2 s−1 keV−1 at 1keV)
2.8−0.4
χ2ν /d.o.f.
1.1/27
+0.9
abs
−15
−2 −1
F0.2−2.5 keV (10 erg cm s )
9.4−1.0
+1.2
−14
unabs
erg cm−2 s−1 )
2.3−0.8
F0.2−2.5
keV (10
Absorbed PL+BB fit
+2.4
NH (1020 cm−2 )
2.3−2.30
Γ
2.0 Fixed
+0.4
−6
−2 −1
−1
PL norm (10 photons cm s keV at 1keV)
1.7−0.5
kT (keV)
0.11+0.03
−0.01
Rbb a(m)
43+16
−9
1.1/26
χ2ν /d.o.f.
+1.0
−15
abs
erg cm−2 s−1 )
9.7−1.0
F0.2−2.5
keV (10
−14
unabs
erg cm−2 s−1 )
1.3+0.5
F0.2−2.5
−0.3
keV (10
a

The radius of the blackbody emission was obtained from the normalization
using a distance of d = 210 pc (Verbiest et al. 2012). Its error is the propagated
normalization error only. If one also considers the distance error the correponding
values are Rbb = 43+24
−14 m.
gated distance error and the corresponding propagated fit errors in flux, temperature
and emission area. Lines of constant bolometric luminosities are overplotted in
the kT – A⊥ plane (Figure 4.7, bottom). The above listed errors of Lbol encompass nearly the whole 3σ contours in the kT – A⊥ plane because we additionally
considered the distance error in our conservative error estimate.

4.3.2 Timing Analysis
Hobbs et al. (2004) reported the radio ephermerides of PSR J0108−1431 to be
ν = 1.23829100810(3) Hz and ν̇ = 0.11813(18) × 10−15 Hz s−1 at MJD 50889.0. At
the start time of our X-ray observations, MJD 55727.2, the expected frequency
change, −0.049 µHz, is negligible for X-ray timing. The EPIC-pn detector with a
nominal frame time of 73.4 ms in the full frame mode is well suited for the timing
analysis of PSR J0108−1431, while the time resolution of the MOS detectors in full
frame mode, 2.6 s, does not allow such an analysis.
Following up on SAS warnings during the data processing, we checked the
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Figure 4.7: 68%, 90% & 99% confidence contours in the kT – NH plane (top) and kT –
A⊥ plane (bottom) for the absorbed PL+BB model. NH is in units of 1021 cm−2 . Lines
of constant bolometric luminosities in units of 1028 erg s−1 are overplotted in the kT –
A⊥ plane.

EPIC-pn CCD with the target on it for time jumps in the data. We set the SAS
environment parameter SAS_JUMP_TOLERANCE5 to a value of 33 to account
for the known temperature effect on the actual frame time of the EPIC-pn detector
(Freyberg et al. 2005, Freyberg et al. 20126 ). In addition, we excluded the end of
the observation (> 119.28 ks after start). At that time, a bright X-ray background
flare caused the instrument to switch to the counting mode7 which resulted in
finding of false time jumps by the SAS. Our final data for the timing analysis
were free of apparent time jumps. All times-of-arrival of the X-ray photons were
corrected to the solar barycentric system using the standard task barycen.
We used the Zn2 test, the sum of powers of first n harmonics, (e.g., Buccheri et al.
1983) to search for pulsations in these data. For our timing analysis, we checked
7 different GTI screenings, 11 different energy regions, and 5 different extraction
5
SAS_JUMP_TOLERANCE is given in units of 20.48 µs. Only deviations of the measured
actual frame time from the nominal frame time larger than the SAS_JUMP_TOLERANCE are
identified as time jumps by the SAS.
6
See also: http://www2.le.ac.uk/departments/physics/research/
src/Missions/xmm-newton/technical/leicester-2012-03/freyberg-cal-2012.pdf
7
XMM-Newton Users Handbook, section 3.3.2 – Science modes of the EPIC cameras
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regions in order to maximize the Z12 . The GTI screening with pn count rate < 4
counts s−1 for a 100 s binned background light curve (10–12 keV), the extraction
radius of 8 00 , and the energy range of 0.15–2 keV were found to be the optimal
choices among the tested variants. At the chosen GTI filter, there is only one small
(200 s) time gap in the last fifth of the exposure; see Figure 4.2. This filtering
provided 507 events during a time span of Tspan = 119.1 ks.
PSR J0108−1431 has been monitored for 16 years, and no glitches have been
detected (Espinoza et al. 2011). Investigating possible timing irregularities for 366
pulsars, Hobbs et al. (2010) found PSR J0108−1431 to be a very stable pulsar
with low timing noise like other pulsars with similarly low ν̇. Therefore, we
could search for X-ray pulsations at the radio pulsation frequency. However, to
check whether the above-mentioned time jump correction worked properly, we
searched a frequency range of 1.2382–1.2384 Hz with a sampling of 0.1 µHz, thus
−1
oversampling the expected Zn2 peak width, ∼ Tspan
= 8.4 µHz, by a factor of 80. A
2
peak Z1,max
= 48.0 is found at ν0 = 1.2382908 Hz ±0.7 µHz, corresponding to a
period of 0.8075647 s ±0.5 µs. The frequency uncertainty was derived similarly to
−1
2
Chang et al. (2012) as δν = 0.55Tspan
(Z1,max
)−1/2 . Within errors the X-ray pulse
frequency agrees with the radio pulse frequency very well. The probability to find
2
2
Z1,max
= 48.0 by chance is p = exp(−Z1,max
/2) = 4 × 10−11 , which corresponds to
the 6.6σ confidence level.
To explore the harmonic content of the X-ray pulsations and refine the significance estimate, we performed the Zn2 test accounting for up to n = 7 harmonics. The
peak Zn2 values (and the respective significances) are Z22 = 57.9 (6.8σ), Z32 = 61.5
(6.7σ), Z42 = 66.4 (6.7σ), Z52 = 75.3 (6.9σ), Z62 = 75.5 (6.6σ), Z72 = 80.0 (6.4σ)
at frequencies consistent within errors with the one found from the Z12 test. For
the application of the H-test (de Jager et al. 1989), H = max{Hm }, we found the
2
Hm = Zm
−4m+4 to be 48.0, 53.9, 53.5, 54.4, 59.3, 55.5, 56.0 for the first to seventh
harmonic, respectively, i.e. the pulsations have statistically significant contributions
from 5 leading harmonics of the fundamental frequency.8 Thus, the pulsations of
PSR J0108−1431 are unambiguously detected in X-rays with a siginificance of 6.9σ.
In order to visualize the pulse shape, we obtained a folded light curve in the form
of a histogram for the energy range 0.15–2 keV (507 counts), as well as for the splitted energy ranges 0.15–1 keV (416 counts) and 1–2 keV (92 counts). The frequency
ν0 = 1.2382908 Hz, was used for the folding. We applied the so-called Scott’s rule
for setting the upper bound for the histogram bin width by Terrell & Scott (1985).
These authors concluded that their rule to avoid oversmoothing gives nearly optimal
results for a variety of smooth probability densities. However, choosing the optimal
8

We checked Hm up to 20 harmonics as recommended by de Jager et al. (1989) with the same
result.
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Figure 4.8: Folded light curves as histograms and reference phase averaged (RPA) pulse
profiles (see text). For a better overview, two full phase cycles are shown.
Upper panel: The upper 11-bin histogram represents the full considered energy range,
0.15–2 keV, the corresponding RPA pulse profile is shown in blue, its average background
level is indicated with a blue dashed line. Similarly, for the energy range 0.15–1 keV, the
red RPA pulse profile corresponds to the lower histogram, and the average background
level for this energy range is indicated with a red dashed line. Lower panel: The 6-bin
histogram and the RPA pulse profile represent the folded light curve in the energy range
1–2 keV.

histogram bin size remains a matter of debate in statistical data analysis (for a
review, see e.g., Scott 1992). According to Scott’s rule the number of bins must be
& (2N )1/3 , where N is the number of events. We selected Nhist = 11 bins for the
energy ranges 0.15–2 keV and 0.15–1 keV, and Nhist = 6 for the energy range 1–2 keV.
The number of counts in the histogram bins depends on the reference phase,
which was chosen arbitrarily. The histogram can look quite different for another
choice of reference phase, especially if there are few bins. To obtain the folded
light curve independent of the reference phase choice, we averaged the histogram
over the reference phase9 , varying the latter within one histogram bin; see the
Appendix 4.7 for a short description of the used algorithm. In the following, we call
the obtained new histogram the reference phase averaged (RPA) pulse profile. The
9

A similar phase averaging was applied by Zavlin et al. (2002) (their Figure 5).
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histograms of the folded light curve together with the respective RPA pulse profiles
are shown in Figure 4.8. The pulse shape for the full energy band, 0.15–2 keV, and
the soft energy band appear to be asymmetric, with a slower rise and steeper decay.
The two RPA pulse profiles have their maxima at similar phases. The 1–2 keV
RPA pulse profile appears more sinusodial and slightly shifted to smaller phases
compared to the low-energy and broad bands. However, the pulse shape in the
energy range 1–2 keV has poorer statistics, and direct comparisons must be regarded
with caution. Using the RPA pulse profiles as probability distribution templates
and the respective number of events as sample sizes, we carried out Monte Carlo
simulations of the profiles to estimate the uncertainties of the phase positions of
the respective RPA pulse profile maxima. The maxima of the RPA pulse profiles
in Figure 4.8 are at φ = 0.96 ± 0.03, 0.97 ± 0.03, and 0.86 ± 0.06 for the energy
ranges 0.15–2 keV, 0.15–1 keV, and 1–2 keV, respectively (see Figure 4.8).
For the full energy band, 0.15–2 keV, for which we have the best statistics, we
also use another visualization method. We apply Fourier decomposition Fm (φ) up
to an harmonic m to describe the pulse shape.
m
X
N
ak cos(2πkφ) + bk sin(2πkφ)
1+2
Fm (φ) =
Nhist
k=1

(4.1)

N
N
1 X
1 X
cos(2πkνti ), bk =
sin(2πkνti )
N i=1
N i=1

(4.2)

#

"

where
ak =

are one half of the empirical Fourier coefficients, φ is the phase, N is the total number
of events in the folded lightcurve, ti are the event times, and ν = ν0 = 1.2382908 Hz
is the pulsation frequency. The scaling factor N/Nhist allows one to compare the
Fourier series plot with the Nhist -bin histogram. Here, we apply a scaling factor
N/Nhist = 507/11 ≈ 46 to plot the Fourier series for m =3, 4 and 5 in Figure 4.9.
While including five harmonics introduces ‘wiggles’ of the same order as the errors
in a light curve bin, Fourier series with coefficients including up to three or four
harmonics appear to model well the folded light curve, in particular its asymmetric
pulse shape.
From the histograms, we calculate the empirical pulsed fractions as the ratio
of the number of counts above the minimum to the total number of counts. For
the energy ranges 0.15–2 keV, 0.15–1 keV, and 1-2 keV the pulsed fractions are fp =
39 %±6 %, 33 %±7 %, and 80 %±15 %, and the background-corrected, instrinsic
pulsed fractions are fpint = 47 %±7 %, 38 %±8 %, and 100+0
−18 % respectively. We
1
calculated the errors of the pulsed fraction as δfp = (2/N ) 2 , following the estimate
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Figure 4.9: Folded light curve histogram for the full considered energy range 0.15–
2 keV together with the Fourier series including up to three harmonics (dark blue), four
harmonics (cyan) and five harmonics (yellow). For comparison, the RPA pulse profile
from Figure 4.8 is also plotted as red dashed curve.

for broad pulses by de Jager (1994)10 .

4.4 Complementary radio data
It is interesting to compare the radio pulse with the X-ray pulse, in particular the
phase difference between them. We use the monitoring radio data described by
Weltevrede et al. (2010) for our comparison of the radio and the X-ray profiles.
Observations at 1.4 GHz were obtained from December 2009 to July 2012 using
the 64-m radio telescope at Parkes, NSW, Australia. The data were calibrated and
times-of-arrival (TOAs) produced using psrchive routines (Hotan et al. 2004) and
the tempo2 package (Hobbs et al. 2006). An accurate value of the radio dispersion
measure (DM) is necessary to correct for the dispersion delay when comparing the
relative phases of the 1.4 GHz radio and high-energy pulse profiles. The measured
DM for PSR J0108−1431 is 2.38 ± 0.19 cm−3 pc (Hobbs et al. 2004). This translates
into an DM-induced uncertainty of ∼ 402 µs or 5 × 10−4 in the phase of the radio
pulse.
For the comparison with the radio pulse shape, we converted the TOAs of
the X-ray photons to the solar system barycenter using the standard SAS task
barycen with the same coordinates as in the radio tempo2 analysis and the same
DE405 solar-system ephemeris (Standish 1998). We used the barycentric TOAs
of five X -ray events in tempo2 to derive their phases relative to the radio profile.
Knowing the X-ray phases of these events as well, we determined the offset between
the radio and X-ray phase reference points to be 0.898 ± 0.003. Correcting for
10

As the power in the fundamental harmonic strongly exceeds the powers in higher harmonics
for PSR J0108−1431, this uncertainty estimate is applicable, albeit approximate.
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Figure 4.10: The folded X-ray light curve histogram (energy range 0.15–2 keV) is plotted
together with the corresponding RPA pulse profile (both in black). The red curve shows
the total intensity of the 1.4 GHz radio pulse in mJy; the blue curve shows the linearly
polarized part of the radio pulse. The reference phases of the X-ray and radio profiles
were aligned as described in the text.

this shift between the reference systems, Figure 4.10 shows the X-ray and radio
profiles together in the same phase range. We confirm the unusual high linear
polarization of the radio pulse reported by Weltevrede et al. (2010), obtaining
a value of 77% for the fractional linear polarization at the pulse peak. Using
the peak positions of the RPA pulse profiles from Section 4.3.2, the radio pulse
leads the X-ray pulse peak by 0.06 ± 0.03 and 0.08 ± 0.03 in the energy ranges
0.15–2 keV and 0.15–1 keV, respectively. In contrast, the X-ray pulse at 1–2 keV
leads the radio pulse by 0.03 ± 0.06. The quoted errors take into account the
uncertainties in the reference phase shift, the DM-induced phase uncertainty, the
absolute XMM-N ewton EPIC-pn timing accuracy of 48 µs (Martin-Carrillo et al.
2012), and the dominating error of the maximum position in the RPA pulse profile
(Section 4.3.2).

4.5 Discussion
4.5.1 The X-ray spectrum and luminosity
PSR J0108−1431 is the oldest among the non-recycled ordinary pulsars detected
in X-rays, with a spin-down age a factor of 4 larger than that of PSR B1451−68,
the previous record holder. It also has the lowest Ė among the same sample of
X-ray detected non-recycled pulsars. Our new XMM-Newton observation provided
a factor of 20 more source counts enabling better characterization of the pulsar’s
spectrum compared to the previous Chandra observation. However, the strong
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flaring and high background at energies above ∼ 2 keV have undermined energyresolved timing and phase-resolved spectral analysis of the pulsar emission.
Formally, a simple absorbed PL model and an absorbed PL+BB model describe
the data equally well. The photon index Γ = 3.1+0.5
−0.2 (see also Figure 4.5) of the PL
fit is larger (i.e., the spectrum is steeper) than Γ ∼ 1–2, typical for young pulsars (Li
et al. 2008). As mentioned above, for the BB+PL fit we had to freeze one parameter
because of the small number of counts and strong noise. We chose to fix the photon
index at Γ = 2, assuming similar magnetospheric emission characteristics for young
and old pulsars.
The PL fit falls in line with the trend observed in other old pulsars, for which
the PL fits suggest too large NH values in conjunction with larger photon indices
Γ. For the line of sight of PSR J0108–1431, the LAB Survey of Galactic neutral
hydrogen reports NHI = 2.1 × 1020 cm−2 in this direction (Kalberla et al. 2005), the
Dickey & Lockman (1990) neutral hydrogen survey reports NHI = 1.8 × 1020 cm−2 .
20
−2
The NH = 5.5+1.6
from our PL fit is above these total Galactic values.
−2.2 × 10 cm
We use the Lutz-Kelker corrected, parallactic distance d = 210+90
−50 pc by Verbiest
et al. (2012) to estimate the expected NH value applying the ‘analytical’ 3D extinction model described by Posselt et al. (2007). For the close (< 250 pc) solar
neighbourhood, this model is based on the 3D Na D absorption line mapping by
Lallement et al. (2003) and has a resolution of ∼ 25 pc; at larger distances an
analytical model is used for the extinction (see Posselt et al. 2007, 2008 for more
details). Considering the errors of the distance, we derived an expected NH is in
the range (0.3–0.8) × 1020 cm−2 . Assuming 10 H atoms per electron, we derive a
similarly low expected NHDM = 0.7 × 1020 cm−2 from the pulsar dispersion measure,
DM = 2.38 pc cm−3 (Hobbs et al. 2004). Thus, the absorption is overestimated
in the simple PL fit (see Figure 5) while the 90% confidence range of the NH
parameter in the BB+PL fit includes the expected NH value.
The temperature obtained in the BB+PL fit, T = 1.3 MK, is a reasonable
estimate for the expected heated polar cap region. The effective projected emitting
area is A⊥ = 5700 m2 . This is a factor of ∼ 14 smaller than the conventional polar
3
cap area Apc = 2π 2 RNS
/(cP ) ≈ 82000 m2 , using RNS = 10 km. PSR J0108−1431 is
very similar to other old pulsars in this respect (Posselt et al. 2012; Pavlov et al.
2009; Misanovic et al. 2008; Kargaltsev et al. 2006; Zhang et al. 2005). We should
note, however, that the values of the temperature and, particularly, the projected
area are rather uncertain because of their strong correlation (Figure 4.7).
As mentioned in the Introduction, one has to take into account that thermal
emission from the surface layers of a neutron star can differ substantially from
the BB emission (e.g., Pavlov et al. 1995). In particular, if the emission emerges
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from a light-element (H or He) atmosphere, fitting with neutron star atmosphere
models may yield the effective temperature a factor of 2 lower than Tbb , and the
projected emitting area a factor of 10–100 larger than A⊥ , while the bolometric
luminosity does not change substantially. The magnetic field can have a strong
impact on the observed emission of a neutron star atmosphere. The current neutron
star atmosphere models available in XSPEC are not applicable to PSR J0108–1431
because the electron cyclotron line, caused by its magnetic field, B = 2.5 × 1011 G,
is in the observable energy range, but it is not included in the XSPEC models.
Therefore, we do not discuss atmosphere models for PSR J0108–1431.
Overall, there are now several old pulsars whose spectra could be described by
the PL model, but the properties of these fits – in particular, the large Γ and the
much higher than expected NH – suggest a more complicated model. Adding a
thermal (e.g., BB) component to the spectral model allows lower NH values and,
correspondingly, smaller Γ, similar to those of younger pulsars.
For comparison with other pulsars, we calculated the non-thermal (PL) lumi+1.8
28
−1
nosity in the 1–10 keV energy range: LPL
for the PL
1−10 keV = 2.0−1.1 × 10 erg s
+3.0
PL
28
−1
fit, and L1−10 keV = 3.3−1.9 × 10 erg s for the PL component in the BB+PL fit11 .
The higher photon index of the PL fit, obtained from the fitting at a lower energy
range, is the reason why the LPL is smaller in the case of the PL fit than in the
case of the PL+BB fit. The errors were calculated from the 90% confidence errors
of the unabsorbed flux and the distance uncertainty of the Lutz-Kelker corrected
distance as listed by Verbiest et al. (2012). These luminosities translate into nonPL
PL
2
2
thermal X-ray efficiencies of η1−10
keV = L1−10 keV /Ė ∼ 0.003 d210 and ∼ 0.006 d210
for the PL fit and the PL+BB fit, respectively. Using the bolometric luminosity
+5.8
28
Lbb
erg s−1 (Section 4.3.1), one can also estimate the thermal polar
bol = 3.7−2.7 × 10
bb
2
cap heating efficiency from the PL+BB fit, ηPC
= Lbb
bol /Ė ∼ 0.006 d210 , which gives
the fraction of spindown power heating the polar caps. Harding & Muslimov (2001)
predicted that the expected polar cap heating efficiency for ordinary pulsars for ages
τ . 107 years grows with age and period (e.g., ηP C ∼ 0.01 for τ = 1.5 × 107 years,
P = 0.2 s; see their Figure 7). For pulsars with τ > 107 years they cautioned that
the pulsar cannot produce enough electron-positron pairs to fully screen the electric
field. Thus, the fraction of the returning positrons that heat the polar cap decreases,
and the heating efficiency will drop. Comparing the estimated polar cap heating
efficiency with the predictions by Harding & Muslimov (2001), PSR J0108−1431
has a lower efficiency than one would expect for a pulsar having the same period
(0.8 s) at an age of τ = 107 years. This could indicate that the returning positron
fraction is indeed smaller for PSR J0108−1431 than for younger pulsars.
In Figure 4.11, we updated the X-ray luminosities versus spin-down power
11

The 1–10 keV PL component luminosity and its errors were estimated for the fixed Γ = 2.
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Figure 4.11: X-ray luminosities and upper limits of eleven old pulsars versus their spindown energies Ė. In cases of sufficient numbers of counts, the diamonds and asterisks show
the 1–10 keV non-thermal luminosities and bolometric thermal luminosities, respectively;
otherwise the luminosities were obtained from PL fits. The arrows mark upper limits
derived from X-ray non-detections. This figure is an update of the Figure 4 presented
by Posselt et al. (2012) using distances corrected for the Lutz-Kelker bias by Verbiest
et al. (2012). In case of PSR B1451–68, error propagation leads to a lower error of the
bolometric thermal luminosity as large as the best-fit value. Therefore, we plot only an
upper limit for the bolometric thermal luminosity of PSR B1451–68.

plot by Posselt et al. (2012) (their Figure 412 ). The pulsar again shows properties
comparable to those of other old pulsars. In particular, its non-thermal X-ray
PL
−3
efficiency is higher than those of young pulsars, most of which have η1−10
keV < 10 .
Thus, the observation that older pulsars seem to radiate in X-rays more efficiently
than younger ones (Zharikov et al. 2006; Kargaltsev et al. 2006) is reinforced.

4.5.2 The X-ray pulsations of PSR J0108–1431
The timing analysis of PSR J0108−1431 establishes, for the first time, unambiguous
X-ray pulsations from this pulsar. More than 2 harmonics are required to explain
the asymmetric pulse profile. Such asymmetric pulse profiles can have several
12

Note that Posselt et al. (2012) used distances derived from the Lutz-Kelker corrected parallaxes
(Verbiest et al. 2010), which differ from the Lutz-Kelker corrected distances. See Verbiest et al.
(2012) for details about the differences.
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explanations, different for nonthermal and thermal emission.
Asymmetric pulse profiles can be easily produced by nonthermal emission in
the outer gap model (Romani & Yadigaroglu 1995), especially if special relativity
effects, such as aberration and retardation, are taken into account (e.g., Dyks &
Rudak 2003 and references therein). A comparison of the detected pulse shapes
with those predicted by the models of magnetospheric high-energy emission could
be useful in establishing the geometry of the emitting region, especially if additional
information about directions of the pulsar’s magnetic and spin axes is available
from, e.g., radio-polarimetry. For PSR J0108−1431, we do not know if the bulk of
the observed X-ray emission is produced in the pulsar’s magnetosphere (as it is
implied by the PL spectral model), or whether only a high-energy tail originates
from the magnetosphere (as we assumed in the PL+BB model). A narrow, sharp
pulse would unambiguously point to strongly beamed magnetospheric emission;
however, the pulse profile appears to be rather broad (Figure 4.8) even at higher
energies (1–2 keV). Thus, we can neither rule out nor confirm purely non-thermal
emission as the cause for the asymmetric pulse profile.
The asymmetric pulse profile can also be produced by thermal emission if the
distributions of temperature and/or magnetic field over the neutron star surface
are not axially symmetric. For instance, an asymmetric pulse with a shape similar
to the observed one could be produced by a polar cap whose trailing edge is hotter
(hence brighter) than the leading edge, as it was suggested by McGowan et al.
(2003) to explain a similar pulse shape for the young (τ = 30 kyr) PSR J0538+2817.
Another possibility to explain the asymmetric pulse of thermal radiation is provided
by the anisotropy in the local intensity of radiation emerging from a neutron star
atmosphere. In contrast to the BB radiation, atmospheric radiation in a strong magnetic field is highly anisotropic, with a ‘pencil component’ along the magnetic field,
and ‘fan component’ transverse to the magnetic field (Pavlov et al. 1994). If the
magnetic field is not perpendicular to the polar cap surface (which can occur if the
field is essentially nondipolar), then a great variety of pulse shapes can be produced,
depending on the magnetic field inclination and the angle between the spin axis and
line of sight. The strong anisotropy of the atmospheric emission could also explain
the relatively high pulsed fraction of the thermal emission from PSR J0108−1431.
The pulsed fraction fpint = 38 %±8 % in the energy range 0.15–1 keV appears to
be too high for locally isotropic BB emission, whose pulsations would be strongly
smeared by the bending of photon trajectories in the gravitational field of the
neutron star (Zavlin et al. 1995). Thus, the properties of the pulsations detected in
PSR J0108–1431 do not contradict to the presence of a thermal component in its
emission. To firmly prove the presence of this component and infer the properties
of the polar cap(s) from the comparison with the models, a refined energy-resolved
timing analysis is needed, which would require “cleaner” data.
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We found a possible phase shift ∆φ = 0.06 ± 0.03 between the 1.4 GHz and
0.15–2 keV pulse peaks. In principle, it might be due to different emission heights,
but the uncertainty of ∆φ is too large to warrant such an investigation. It is
interesting to note, however, that the 1–2 keV RPA pulse profile peak appears
to be closer to the radio peak than the 0.15–1 keV RPA pulse profile peak. The
1–2 keV pulse seems to be slightly shifted by ∆φ ∼ 0.1 from the 0.15–1 keV pulse
(considering the maxima of the RPA pulse profiles). In addition, as is apparent
from Figure 4.8, the pulse profile at 1–2 keV appears to be sinusodial while the soft
energy pulse profile (0.15–1 keV) is asymmetric. Phase shifts and different pulse
shapes would support the hypothesis of two components – an (anisotropic) thermal
component and a non-thermal component. However, the high background and the
associated large errors prohibit any firm conclusion. It remains to be confirmed,
whether or not the two-component model is a viable interpretation, in particular, if
a separate non-thermal X-ray component is formed in close vicinity to the radio
emission.

4.6 Summary
We detected for the first time X-ray pulsations of PSR J0108−1431 at the pulse
frequency expected from radio pulse timing. The pulse shape is rather asymmetric,
requiring up to 5 harmonics to describe it. The peaks of the radio and the X-ray
pulses are close to each other in phase. The X-ray spectrum and the high nonthermal X-ray efficiency of PSR J0108−1431 are comparable to other old pulsars.
In particular, while the spectrum can formally be well described by a PL fit, the
expected smaller photon index and lower NH are better accounted for in a PL+BB
model. We were not able to investigate phase-resolved spectra, because of the high
background in the strongly flare-impaired observation.
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4.7 Obtaining the reference phase averaged pulse profile
In the following, we briefly describe the sliding average bin algorithm used to
average over reference phases within one histogram bin, producing the reference
phase averaged (RPA) pulse profile. First, we create k = 0, 1, . . . , (Nsub − 1) folded
light curve histograms with Nhist bins by shifting the reference time in the time
series by ∆tk = kP/(Nhist × Nsub ), where P is the period of the pulsations, and
Nsub > 1 is an integer, which is equivalent to shifting the reference phase by
∆φk = ∆tk /P . As usual, the bin heights of the histograms are the number of
photon counts in the respective bins. Second, we divide the whole phase interval
into n = 1, 2, . . . Nsub × Nhist sub-intervals with bin heights hkn , i.e., there are Nsub
sub-intervals in each original bin having all the same bin heights. Finally, we
average the bin heights of the Nsub histograms in each of the sub-intervals:
hRPA
=
n

X−1
1 Nsub
hk
Nsub k=0 n

(4.3)

For our histograms and RPA pulse profiles in Figure 4.8, we used Nsub = 100, and,
as mentioned in Section 4.3.2, we used Nhist = 11 bins for the energy ranges 0.15
to 2 keV and 0.15–1 keV, and Nhist = 6 for the energy range 1-2 keV.
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Chapter 5 |
X-ray Emission from J1446–4701,
J1311–3430 and Other Black
Widow Pulsars
5.1 Abstract
We present the results of detailed X-ray analysis of two black-widow pulsars (BWPs),
J1446–4701 and J1311–3430. PSR J1446–4701 is a BWP with orbital parameters
near the median values of the sample of known BWPs. Its X-ray emission detected
by XMM-Newton is well characterized by a soft power-law (PL) spectrum (photon
index Γ ≈ 3), and it shows no significant orbital modulations. In view of a lack
of radio eclipses and an optical non-detection, the system most likely has a low
orbital inclination. PSR J1311–3430 is an extreme BWP with a very compact orbit
and the companion with the lowest minimum mass. Our Chandra data confirm the
hard, Γ ≈ 1.3, emission seen in previous observations. Through phase-restricted
spectral analysis, we found a hint (∼ 2.6σ) of spectral hardening around pulsar
inferior conjunction. We also provide a uniform analysis of the 12 BWPs observed
with Chandra and compare their X-ray properties. Pulsars with soft, Γ > 2.5,
emission seem to have lower than average X-ray and γ-ray luminosities. We do not,
however, see any other prominent correlation between the pulsar’s X-ray emission
characteristics and any of its other properties. The contribution of the intra-binary
shock to the total X-ray emission, if any, is not discernible in this sample of pulsars
with shallow observations.

5.2 Introduction
Black Widow Pulsar systems (BWPs) are compact binary systems in which a
non-accreting recycled millisecond pulsar (MSP) is in the process of ablating its
companion star. The original BWP B1957+20 was discovered in the radio by
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observing periodic eclipses of the pulsar’s emission at phases of pulsar superior
conjunction, and significant dispersion measure (DM) variations immediately preceding and succeeding the eclipse (Fruchter et al. 1988). Following this discovery,
Phinney et al. (1988) suggested a model for the system wherein the relativistic
pulsar wind is shocked in-between the pulsar and the companion star, and the high
energy radiation from the shock and the pulsar, as well as the pulsar wind, ablate
the outer layers of the companion. Observationally, the bloated and ablated outer
stellar layers could produce the observed eclipse and the DM variations. This model
also predicts X-ray emission from the intra-binary shock. Furthermore, irradiation
of the companion star is expected to create temperature gradients on the stellar
surface, which are observed as binary orbital modulations of the star’s brightness
in the optical and infrared wavelengths (Reynolds et al. 2007).
The model by Phinney et al. (1988) is fairly consistent with multi-wavelength
observations of eclipses/modulations in the radio, X-rays and optical of some wellstudied MSP binaries with short orbital periods (< 1 day) and very low-mass
companions (. 0.1M ). Hence, it has been provisionally accepted that MSPs with
similar short orbits and low-mass companions must be BWPs with active stellar
ablation occurring in the system. Most of the observational differences seen in
their emissions may simply be due to different viewing geometries and varying data
quality. A large fraction of the known BWP candidates are hence identified as
BWPs exclusively through determination of the pulsar’s orbital parameters and
companion mass estimates from pulsar timing.
The periodic radio pulse delays detected near pulsar superior conjunction in very
low mass MSP binaries are still the most conclusive evidence for active ablation
of the companion star. Other than B1957+20, systems that have been shown
to exhibit such radio behavior are J1731–1847 (Bates et al. 2011), J2051–0827
(Espinoza et al. 2013), J1311–3430 (Ray et al. 2013), J1544+4937 (Bhattacharyya
et al. 2013) and about half a dozen globular cluster pulsars (Freire 2005). There
have been claims for a few others (J1810+1744, J2256–1024 and J1124–3653 in
Hessels et al. 2011), but the rest of the BWPs may require observations in multiple
frequency bands to detect manifestations of stellar ablation.
The effects of these close encounters between MSPs and their companions are
observed at multiple wavelengths, all the way up to the γ-rays. Detections of orbital
modulation in the γ-rays have been elusive for BWP systems (Wu et al. 2012), until
very recently, when an ∼ 3σ detection of such modulation was reported for the
BWP J1311–3430 (Xing & Wang 2015). In the X-rays, Doppler boosting of intrabinary shock emission produces orbital flux modulation detected in high-inclination
systems (Huang et al. 2012). The pulsar spectra are expected to be similar to those
of isolated MSPs: a soft power-law (photon index Γ & 2) and/or thermal emission,
with a blackbody (BB) temperature kT ≈ 0.15 keV, presumably from the pulsar
polar caps. The relativistic intra-binary shock should, however, produce a harder,
Γ ≈ 1.5, power-law (PL).
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In this paper, we report on latest X-ray observations of BWPs J1446–4701
and J1311–3430. PSR J1446–4701 is a 2.2 ms recycled pulsar in a 6.7 hr orbit
with a ≥ 0.019 M companion (Table 5.1), discovered at 1.4 GHz in the radio and
identified in the γ-rays by Keith et al. (2012) . The pulsar, however, showed no
radio eclipses in the band where it was detected. Ng et al. (2014) further improved
the timing solution and determined the pulsar’s proper motion µ ≈ 4.5 mas yr−1 ,
using radio data over a significantly longer time baseline.
The pulsar has a spin-down power Ė = 3.6 × 1034 erg s−1 and an empirical
intra-binary distance estimate, â ≡ [1 + m1 /(m2 sin i)] × (a1 sin i) = 4.6 lt-s, where
i is the orbital inclination, m2 is the companion mass, a1 is the semi-major axis
of the pulsar orbit, and m1 is the pulsar mass, assumed to be 1.4 M . Since the
pulsar’s spin-down power and intra-binary distance were promising for detecting
intra-binary shock emission in the X-rays, we conducted a 62 ks concurrent X-ray
and optical observation with the XMM-Newton EPIC and OM instruments. We
measured the X-ray flux and characterized the X-ray spectrum around superior
and inferior conjunctions of the pulsar. We also searched for an optical counterpart
in the OM data.
Pulsar J1311–3430 is a member of a very short-period (94 min) binary. Initially
an unidentified Fermi source, 2FGL J1311.7–3429 was suspected to be a BWP
after observations of its optical counterpart showed significant flux modulations
with the binary period (Kataoka et al. 2012; Romani et al. 2012). Pletsch et al.
(2012) later detected 2.56 ms γ-ray pulsations from the pulsar. The pulsar was also
detected with the Jansky Very Large Array eventually, and intermittent pulsations
were found using the Green Bank Telescope (Ray et al. 2013).
This system was also observed with the Suzaku and Chandra X-ray observatories.
In the 33.4 ks Suzaku observation, the pulsar showed unexpected flaring activity
and some orbital modulation (Maeda et al. 2011, Kataoka et al. 2012). In the
Chandra observation, the source’s average position was in the chip gap, which
significantly reduced the effective exposure (Cheung et al. 2012). Prior to the
source identification, we had proposed a short 10 ks observation of 2FGL J1311.7–
3429 with Chandra to characterize its timing and spectral properties. Using this
short exposure, in combination with the previous Chandra data, we performed
basic characterization of the pulsar’s X-ray emission and compared the emission in
phase intervals around superior/inferior conjunctions.

5.3 Observation and Data Analysis
5.3.1 PSR J1446–4701
Pulsar J1446–4701 was observed with the XMM-Newton observatory (obsid 0693320101)
on 2012 August 01 (MJD 56140) for a total of 62 ks. EPIC-pn and MOS1/2 detectors were operated in Prime Full Window imaging mode. The target was also
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Table 5.1. Pulsar Parameters Summary
Parameter
RA (hh:mm:ss)

J1446–4701

J1311–3430

14:46:35.71391(2)

13 : 11 : 45.7242(2)

DEC (dd:mm:ss) -47:01:26.7675(4)
Gl/Gb (◦ )

-34:30:30.350(4)

322.500,11.425

307.68, 28.18

2.19469577985000(6)

2.5603710316720(3)

Ṗ (10−20 s s−1 )

0.9810(2)

2.0964(14)

Ė (1034 erg s−1 )

3.6

4.9

τ (Gyr)

3.6

1.94

Bsurf (MG)

150

234

DM (cm−3 pc)

55.83202(14)

37.84(26)

Distance (kpc)

1.5

1.4

0.27766607732(13)

0.0651157335(7)

a1 sin i (lt-s)

0.0640118(3)

0.010581(4)

Tasc (MJD)

55647.8044392(2)

56009.129454(7)

MC (M )

≥ 0.019

≥ 0.0082

Reference

Ng et al. (2014)

Pletsch et al. (2012)

P (ms)

PB (days)

Note. — The values of Ṗ dependent variables are corrected for
Shklovskii effect (Shklovskii 1970) - an apparent change in the
observed Ṗ due to proper motion of the pulsar.

observed concurrently with the Optical Monitor (OM; Mason et al. 2001). The
OM detector was operated in combined Image and Fast modes, where a central
10.00 5 × 10.00 5 window is operated in Fast mode while a larger 20 × 20 window around
it is operated in Image mode. The initial 5 exposures of 4.4 ks each were taken
with the V filter (510 – 580 nm), followed by 5 × 4.4 ks + 5 × 1.9 ks exposures with
the B filter (390 – 490 nm). The data processing was done with the XMM-Newton
Science Analysis System (SAS 13.5.0), applying standard tasks.
The EPIC observations were moderately clean, with slowly increasing soft-proton
flaring background after ≈ 40 ks of observation, and very high flaring background
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after 60 ks. Periods of strong flaring are identified using light curves of single pixel
events (Pattern = 0) with energies > 10 keV, henceforth referred to as flaring light
curves1 (Figure 5.1).
10
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EPIC-pn
1.23
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Figure 5.1: Flaring light curves for EPIC-pn (top), MOS1 (bottom, red) and MOS2
(bottom, green), with cut-off count rates used to obtain good time intervals (dotted).
The background colored segments separate times corresponding to half orbits centered
on pulsar inferior conjunction (yellow) and superior conjunction (blue).

We assigned the orbital phases to the source events using the updated orbital
timing solution for the binary (Table 5.1; Ng et al. 2014). The XMM-Newton
observation started at MJD TT 56140.83451389, 493 days (≈ 1775 binary orbits)
after the reported epoch of ascending node, and spans over 62 ks (2.5 pulsar orbits).
The orbital period derivative is expected to be O(10−11 ) s s−1 (e.g., B1957+20:
Arzoumanian et al. 1994 and J2051–0827: Doroshenko et al. 2001), and hence
negligible over these time scales.
Using the SAS source detection task emldetect on the pn image (Figure
5.2), we determined the target source coordinates, α = 14h 46m 35.s 84 ± 0.s 04, δ =
−47◦ 010 25.00 5 ± 0.00 6, with the quoted 1σ statistical uncertainties. This position differs
from the radio position by 1.00 8, which is well within the 400 average XMM-Newton
boresight error 2 .
1
2

http://xmm.esac.esa.int/sas/current/documentation/threads/ EPIC_filterbackground.shtml
http://xmm.esac.esa.int/external/xmm_user_support/ documentation/index.shtml
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Figure 5.2: Top: 0.3 – 5 keV EPIC-pn image with PSR J1446–4701 in the 3000 radius
white circle. Bottom: 0.15 – 5 keV MOS1 (left) and MOS2 (right) images of the same
field. North is directed up, East to the left.

5.3.2 PSR J1311–3430
We observed PSR J1311–3430 with the Chandra X-ray observatory on 2012 March
27 (MJD 56013) for 9.84 ks with the ACIS-I detector in Faint mode (ObsId 13285).
These data, along with the archival ACIS-I data (ObsId 11790, 19.96 ks) were
processed with CIAO 4.7 and CALDB 4.6.5, applying the standard reprocessing
script chandra_repro.
To reduce background, we restricted the extracted events to the 0.3–7 keV
energy range3 . Using the CIAO source detection tool wavdetect, we detected PSR
J1311–3430 at coordinates α = 13h 11m 45.s 715 ± 0.s 004, δ = −34◦ 300 30.00 08 ± 0.00 06,
which is offset from the known pulsar position (Table 5.1) by 0.00 5. This offset is,
however, within the 90% uncertainty of Chandra’s 0.00 6 absolute pointing accuracy.
The source does not show any signs of extended emission, and we extracted the
3

http://cxc.harvard.edu/ciao4.4/why/filter_energy.html
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Figure 5.3: Smoothed 0.3 – 7 keV ACIS-I image for ObsId 11790 (left) and ObsId 13285
(right), with PSR J1311–3430 in 10 box. Insets: zoomed 10 regions, with 2.00 2 radius source
extraction region shown in green.

events from a 2.00 2 region around the point source, for timing and spectral analysis.
In the archival data, we chose the same energy range and extraction parameters.
Although the target position was in the chip gap for the nominal telescope pointing
coordinates, ≈ 40% of pulsar events were detected due to telescope dither. The
spectral information is unaffected by the telescope dither, and the reduced exposure
is accounted for in the CIAO spectral extraction processes by calculating weighted
responses from CCD chips on either side of the chip gap.

5.4 Timing Analysis
5.4.1 PSR J1446–4701
We performed signal-to-noise ratio (S/N) maximization over the source extraction
regions and energy ranges, and extracted 313 EPIC-pn events in the 0.3 – 5 kev
range from a 1300 radius region. We obtained 175 counts in the 0.15 – 5 keV range
from 1300 radius regions by performing similar extractions in the MOS detectors
(Table 5.2). We used the known pulsar orbital ephemeris to assign orbital phases to
the X-ray events. Since the number of counts is low, and the data are contaminated
by non-uniform background as seen from the flaring light curve, we performed
unbinned analysis to look for orbital modulations.
We assume under the null hypothesis that the events from the source follow a
uniform distribution over orbital phase. The background contribution is empirically
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modeled using the background samples extracted from source-free regions around
the pulsar position. The source contribution is simulated by sampling from a
uniform distribution. The source plus background model distribution is then
compared with the distribution of events extracted from the source region, using
the Anderson-Darling test (AD; Stephens 1974).
We use the R (R Core Team 2015) implementation of the AD test in the
kSamples package (Scholz & Zhu 2015). At p-values of 0.86 (pn) and 0.9 (MOS),
the null hypotheses that the photon distributions follow an underlying uniform
distribution are not rejected. The normalized cumulative distribution functions
(CDFs) for the background, simulated uniform source plus background, and the
extracted source region events, for pn and MOS are plotted in Figure 5.4. The source
events do not show statistically significant deviations from a uniform distribution.

5.4.2 PSR J1311–3430
For ObsID 13285, we extracted 54 counts (background contribution is < 1 count)
from a 2.00 2 radius circle around the source position. The 9.8 ks exposure corresponds
to 1.67 orbits of the binary. Due to the low number of counts, binning or smoothing
to look for timing variations is not feasible. In Figure 5.5, we show phases versus
energy for 0.3–7 keV events. There is a hint of hard (> 2 keV) X-ray photons
depletion near superior conjunction of the pulsar (phase ranges: 1–1.5, 2–2.25),
or conversely, an excess of hard X-rays around inferior conjunction (phase ranges:
0.5–1, 1.5–2). The difference in count rates at different orbital phases cannot be
well constrained due to relatively large uncertainties.
We model the source events with a uniform distribution and perform the AD
test to test the null hypothesis. The null hypothesis is not rejected (p-value = 0.62).
Although, there are hints of local deviations between the source events and the
uniform distribution, they seem to be of low statistical significance (Figure 5.5).

5.5 Spectral Analysis
We analyze phase-integrated spectra covering the entire orbital phase range. We
also analyze the spectra restricted to two broad phase ranges, half orbit around
pulsar superior conjunction (φ = 0.0 − 0.5) and inferior conjunction (φ = 0.5 − 1.0),
henceforth referred to as SC phases (or SCP) and IC phases (or ICP), respectively.

5.5.1 PSR J1446–4701
Although the pulsar’s 0.3 – 5 keV X-ray emission exhibits no significant countrate modulations, one cannot exclude a priori the possibility that the spectrum
is phase-dependent. To check for spectral variations, we compared the spectral
fits for IC and SC phases. We maximize S/N of the spectra by choosing optimal
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extraction aperture sizes and exposure intervals. For phase-integrated spectra,
we maintain equal contributions from the IC and SC phases, by restricting the
extraction interval to an integral number of orbital periods (2 orbits). The spectral
extraction parameters are listed in Table 5.2.
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Figure 5.4: X-ray photon energy versus orbital phase (φ = 0.0 corresponds to ascending
node) over 2 complete orbits of the BWP J1446–4701 for EPIC-pn (N0.3−5 keV = 313
counts), shown in top plot, and combined MOS1/2 (N0.15−5 keV = 175 counts), shown
in bottom plot. Background shades cover half orbits centered at the pulsar inferior
conjunction (yellow) and superior conjunction (blue). Normalized CDF of source events’
distribution (green) compared with the background plus uniform source distribution
model (red), as a precursor to the AD test (bottom panels). The normalized CDF of
extracted background events are also plotted for reference (grey).
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Figure 5.5: PSR J1311–3430: X-ray photon energy versus orbital phase (φ = 0.0
corresponds to ascending node) over ≈ 1.67 pulsar orbits (N0.3−7 keV = 54 counts) in top
panel. Background shades cover half orbits centered at the pulsar inferior conjunction
(yellow) and superior conjunction (blue). Normalized CDF of source events’ distribution
compared with a uniform distribution as a precursor to the AD test (bottom panel).
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Table 5.2. Extraction parameters for orbital phase-integrated and phase-resolved
spectra for PSR J1446–4701.
Full (0–1)
MOS1

MOS2

EPIC-pn

IC (0.5–1)
MOS1

MOS2

EPIC-pn

SC (0–0.5)
MOS1

MOS2

0.3 – 5

0.15 – 5

0.15 – 5

0.3 – 5

0.15 – 5

0.15 – 5

0.3 – 5

0.15 – 5

0.15 – 5

42.64

47.38

47.41

24.77

32.44

32.48

21.34

26.21

26.21

Extraction radius

1300

1300

1300

1300

1300

1300

1500

1200

1400

Total Counts

313

85

90

203

69

50

177

48

59

1.40 ± 0.20

1.52 ± 0.20

5.46 ± 0.60

1.64 ± 0.26

1.10 ± 0.22

6.05 ± 0.65

1.32 ± 0.26

1.70 ± 0.30

EPIC-pn
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Energy range (keV)
Exposure (ks)

Count rate (cts/ks)5.55 ± 0.43

We used XSPEC 12.8.24 for X-ray spectral analysis. We modeled absorption
by the interstellar medium (ISM) using the Tübingen-Boulder model (Wilms et al.
2000) through its XSPEC implementation tbabs, setting the abundance table to
wilm (Wilms et al. 2000) and photoelectric cross-section table to bcmc (BalucinskaChurch & McCammon 1992), with updated He photo-ionization cross-section based
on Yan et al. (1998).
We binned the pn and MOS spectra with a minimum of 10 and 5 counts per bin,
respectively, and adopted C-statistics (Cash 1979) for parameter estimation. PL
models with photon index Γ ≈ 3 provide good fits to SC, IC and phase-integrated
spectra (Table 5.3, Figure 5.6). SC spectra are slightly harder, and show a higher
flux compared to IC spectra, but the differences are still within the 90% statistical
uncertainty limits.
We also fit combined BB and PL models to the SC, IC and phase-integrated
spectra. The multi-parameter model does not sufficiently constrain the fit parameters, so first we fix the hydrogen column density at NH = 1.5 × 1021 cm−2 , obtained
from the known dispersion measure of the pulsar (DM = 55.8 cm−3 pc), assuming
≈ 10% ionization (He et al. 2013). Then we fix the photon index at Γ = 1.5, a
value expected from non-thermal emission from intra-binary shocks, and model the
thermal emission. In each case, the best-fit BB temperatures are kT ≈ 0.15 keV,
and effective BB radii RBB ∼ 250 m (Table 5.3, Figure 5.6).
The BB temperatures and fluxes are fairly similar at the two opposing phase
ranges. The non-thermal emission parameters, however, show a higher degree of
variation (Figure 5.6). We observe lower normalization and flux value for ICP than
for SCP but, due to rather large statistical uncertainties, the two normalization
values are just within 2.1 σ of each other.

5.5.2 PSR J1311–3430
Despite the small number of counts (≈ 50) in each observation (ObsId 11790 and
13285), a crude X-ray spectral analysis for J1311–3430 is possible due to negligible
background contributions. For ObsId 11790, the effective exposure of 8.27 ks is a
fraction of the total 19.86 ks exposure, calculated from the reduced effective area
for the source position (Table 5.4).
Due to the small number of counts, we use the simple PL model to characterize
the spectral slope and look for spectral variations between the two observation
epochs (MJD 55276 and MJD 56013) and the two orbital phase ranges. The spectra
from the two epochs have similar spectral indices and PL normalization, hence we
tied-up their model parameters and fit their spectra simultaneously (Table 5.5).
This helps improve the fit and lower the parameter uncertainties.
A Γ = 1.3 ± 0.3 model provides a good fit to the phase-integrated spectra with
the free absorption hydrogen column density parameter. The NH < 1.4 × 1021 cm−2 ,
4

http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec
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Table 5.3. Best fit spectral parameters with 90% confidence uncertainties for PSR
J1446-4701.
Parameter

Full orbit

IC (0.5–1)

SC (0–0.5)

PL fit
NH (1022 cm−2 ) 0.17+0.10
−0.08
2.93+0.50
−0.42

Γ

PL norm (N−6 )a 6.1+1.8
−1.3
Cstat/d.o.f.

0.17+0.10
−0.08
3.27+0.68
−0.56

2.72+0.52
−0.44

5.7+1.9
−1.3

6.2+2.1
−1.5

55.8/56

50.48/73

1.13

0.64

χ2ν
abs
b
F0.15−5
keV

1.36+0.18
−0.16

1.25+0.22
−0.19

1.45+0.25
−0.22

unabs
b
F0.15−5
keV

5.9+6.9
−2.5

7.9+15.5
−4.2

5.0+5.6
−2.0

NH (1022 cm−2 )

0.15F

0.15F

0.15F

Γ

1.5F

1.5F

1.5F

PL norm (N−6 )a 1.79+0.54
−0.52

1.05+0.64
−0.58

2.42+0.82
−0.88

unabs,PL b
F0.15−5
keV

1.06+0.32
−0.31

0.62+0.38
−0.34

1.44+0.49
−0.52

kT (keV)

0.16+0.03
−0.02

0.15+0.02
−0.02

0.15+0.05
−0.04

2.4+2.7
−1.2

3.7+3.6
−1.7

2.7+10.1
−2.1

232+105
−70

275+120
−80

247+289
−126

unabs,BB b
F0.15−5
keV

1.59+0.33
−0.28

1.99+0.45
−0.38

1.39+0.63
−0.42

Cstat/d.o.f.

64.8/56

22.0/38

27.70/33

1.28

0.56

0.81

abs
b
F0.15−5
keV

1.45+0.19
−0.18

1.26+0.23
−0.21

1.60+0.29
−0.28

unabs
b
F0.15−5
keV

2.65+0.45
−0.39

2.61+0.57
−0.47

2.82+0.87
−0.64

PL+BB fit

BB Norm

c

RBB (m)c

χ2ν

Note. — IC/SC spectra are simultaneously fit with PL,
with their NH tied-up.
PL normalization in units of 10−6 photons cm−2 s−1
keV−1 at 1 keV.
a

b

abs
unabs
F0.15−5
keV and F0.15−5 keV are absorbed and unabsorbed
fluxes, respectively, in units of 10−14 erg cm−2 s−1 .
c

2
/d210 kpc , where d10 kpc is the distance in
BB Norm = RBB
units of 10 kpc, and RBB is the BB emission effective radius
in km. RBB values are calculated assuming d10 kpc = 0.15.
F

Parameter fixed.
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Figure 5.6: Spectral fits and contour plots for PSR J1446–4701
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Figure 5.6 (previous page): Spectral analysis of PSR J1446–4701. Panels (a) and (b)
show PL and PL+BB fits, respectively, for 0.15–5 keV MOS (MOS1 in red and MOS2
in green) and 0.3 – 5 keV pn (blue) phase-integrated spectra. Individual component
contributions of PL+BB fits are shown with continuous lines. The fit residuals are defined
as (D − M )/σD , where D is the data counts, M is the model counts in a particular bin,
and σD is the uncertainty in the data. Confidence contours (68%, 90% and 99%) of
parameters Γ − NH and Γ − N−6 are shown in panels (c) and (d), respectively, for PL
fit to the phase-integrated spectra of J1446–4701. Corresponding Γ − N−6 contours for
SC (blue) and IC (red) phases’ spectral fits are overplotted in panel (d), along with lines
of constant PL flux in units of 10−14 erg cm−2 s−1 (black). Panels (e) and (f) show the
confidence contours of parameters N−6 − kT and N−6 − RBB , respectively, for combined
PL + BB fits to SC (blue-green), IC (red-orange), and full (black) phases spectra.

as constrained by the fit, is consistent with NH = 1.2 × 1021 cm−2 estimated from
the pulsar’s dispersion measure (DM = 37.8 cm−3 pc), assuming ≈ 10% ionization.
However, the estimated total Galactic neutral hydrogen column density along the
pulsar line of sight is just ≈ 5 × 1020 cm−2 (Kalberla et al. 2005). We chose to fix
NH = 5 × 1020 cm−2 while fitting the phase-integrated and phase-resolved spectral
models to further improve constraints on the PL fit parameters.
The SCP and ICP count rates are listed in Table 5.4, and their PL fit parameters
in Table 5.5. We first compared the spectra obtained from IC phases and SC
phases non-parametrically (Figure 5.8b), using a two-sample KS-test (Mager 1973)
implemented in the statistical package R (R Core Team 2014). The hypothesis that
the SCP and ICP spectra are extracted from the same underlying distribution in
both epochs, is not rejected with high significance (p-value = 0.09). The spectral
fitting shows that ICP spectra (Γ ≈ 1) are harder than the SCP spectra (Γ ≈ 2) at
2.6σ confidence.

5.6 Optical limits for J1446–4701
We did not find any source at the target location, in neither the B- nor V-filter, for
stacked or unstacked exposures obtained with XMM-Newton OM. For a 5σ detection
in the stacked 22 ks V-filter exposure, the limiting magnitude estimate is mV = 20.1,
and the faintest 3σ detection in the exposure has an estimated mV = 22.1 ± 0.4. A
similar 5σ detection limit in the stacked 31.29 ks B-filter exposure is mB = 21.4,
and the faintest 3σ detection has a magnitude of mB = 23.5 ± 0.4. We adopt 3σ
magnitude lower limits mB > 23.5 and mV > 22.1 for the companion star to PSR
J1446–4701.
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Figure 5.7: Stacked, 5 × 4.4 ks V-band image (left) and 5 × 4.4 ks + 5 × 1.9 ks B-band
image (right). The 600 radius white circles show the location of BWP J1446–4701 in the
2.0 5 × 2.0 5 region with north oriented towards the top.

Table 5.4. Count rates for J1311–3430 orbital phase-integrated and
phase-resolved data.
Phase range
ObsId

Full (0–1)
13285
11790

IC (0.5–1)
13285
11790

SC (0–0.5)
13285
11790

Exposure (ks)

9.84

8.27∗

5.38

4.43∗

4.47

3.79∗

Total Counts

54

58

35

29

19

29

7.0 ± 0.9

6.5 ± 1.1

6.5 ± 1.2

4.2 ± 1.0

7.7 ± 1.4

Count rate (cts/ks)5.5 ± 0.8

∗

Effective exposure corrected for loss of counts in the chip gap for ObsId 11790 (total
exposure was 19.86 ks).
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Table 5.5. Spectral parameters with 90% confidence uncertainties for PSR
J1311–3430.
Phase range

NH
(10 cm−2 )

Γ

20

abs
b
unabs
b
PL norm (N−5 )a F0.3−7
F0.3−7
keV
keV

Statistics
Cstat/dof; χ2ν

5F

1.39+0.27
−0.26

1.18+0.30
−0.25

8.1+1.6
−1.3

8.6+1.5
−1.3

82/101; 0.75

IC phases

5F

1.04+0.36
−0.36

0.99+0.38
−0.30

9.8+2.7
−2.2

10.2+2.7
−2.2

59/59; 0.99

SC phases

5F

1.96+0.45
−0.43

1.50+0.51
−0.42

6.7+1.8
−1.5

7.7+2.0
−1.7

33/44; 0.61

Full orbit

Note. — Spectra from ObsID 11790 and 13285 are simultaneously fit with only their parameters
tied-up.

s

a

PL normalization in units of 10−5 photons cm−2 s−1 keV−1 at 1 keV.

b

abs
unabs
−14
F0.3−7
erg cm−2
keV and F0.3−7 keV are absorbed and unabsorbed fluxes, respectively, in units of 10
.

−1

F

Parameter fixed.
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Figure 5.8: Spectral fits and contour plots for PSR J1311–3430

95

+ SC
+ Full
+ IC
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Figure 5.8 (previous page): Spectral analysis of J1311–3430. Panel (b) shows the
normalized cumulative counts for the IC (red) and SC (green) phase-resolved spectra
(dark: MJD 55276, light: MJD 56013), while panels (a) and (c) show PL fits to IC and
SC spectra, respectively (red: MJD 55276, blue: MJD 56013). Panel (e) shows PL fits to
the phase-integrated spectra. Panel (d) shows 68%, 95% and 99% confidence contours
in the Γ − NH plane for PL fit to the phase-integrated spectra, whereas panels (f) show
N−5 − Γ confidence contours for IC (green), full (blue) and SC (red) spectral fits. Lines
of constant flux are overplotted on N−5 − Γ contours with values quoted in units of 10−13
erg cm−2 s−1 .

5.7 Other BWP in the X-rays
Over a dozen BWPs and BWP candidates have been targeted using Chandra and
XMM-Newton (Table 5.6). However, very few systems have been observed with
the necessary exposure depth for a detailed timing/spectral analysis. We adopt a
simple, uniform spectral extraction and fitting procedure to analyze the Chandra
data on 12 BWPs (and candidates), and compare their phase-integrated emission
characteristics. The data are reprocessed using the standard CIAO tasks. We
restrict the event extraction to the 0.3 – 7 keV energy range and limit the aperture
radius to 2.00 5.
Each spectrum was first fitted with a simple PL model. Spectra with soft
(Γ & 3) PL fits were also fit with a BB model. The spectrum of J1959+2048 (=
B1957+20) has enough counts to allow a combined PL+BB fit. Ten out of the
12 spectra have . 300 counts, so we use their unbinned spectra and fit models
using C-statistic, and the other 2 are binned (≥ 15 counts per bin) and fit using
χ2 statistic. The absorption column density NH is initially set as a free parameter
but subsequently fixed at the best fit value to avoid over-fitting of the low quantity
spectra.
Most of the pulsars’ X-ray data have been analyzed in previous works (see
references in Table 5.6), and the spectral fits are consistent with our results. For
pulsars J2241–5236 and J2214+3000, only BB spectral fits were available so, we
provide statistically acceptable PL fits. For pulsars J1731–1847 and J2047+1053,
no previous analyses have been presented, and for J1311–3430 we introduce data
from newer observations.

5.8 Discussion and Conclusions
5.8.1 Distributions of BWP properties
There are 16 known (plus candidate BWP J1653.6–0159) BWPs identified either
through detection of eclipses in the radio, or through low companion masses and
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short orbital periods. The small sample does not lend itself to robust population
analysis but nevertheless worth exploring. The distribution of various BWP system
parameters (Figure 5.9) shows that the sample of BWPs has the following median
characteristics:
orbital period PB = 0.22 days,
empirical binary separation â = 4 lt-s,
minimum companion mass m2 sin i = 0.021 M , and
pulsar spin-down power Ė = 1.8 × 1034 erg s−1 .
As an estimate for the intra-binary distance, a = [1 + (m1 /m2 )] a1 , we use â =
[1 + m1 /(m2 sin i)] × (a1 sin i). The neutron star mass is assumed to be 1.4 M ,
although there is some emerging evidence for higher mass pulsars (m1 ∼ 2 M ) in
such systems (van Kerkwijk et al. 2011; Romani et al. 2012). Even though â is
technically the minimum binary separation, for BWPs, it varies from the actual
intra-binary distance by < 10%, for i & 10◦ and m2 . 0.15M . Unless a significant
fraction of the sample BWPs have i < 10◦ , the distribution of a should be offset
only marginally towards higher values compared to the distribution of â.
The minimum companion masses are found assuming i = 90◦ . For eclipsing
systems, if we assume an inclination of > 60◦ , the true companion masses will be a
factor of . 1.2 higher, while, for non-eclipsers, an inclination of ∼ 30◦ will imply
a factor of 2 higher true companion masses. The distribution of true companion
masses could be significantly different than that of minimum companion masses,
with the maximum value possibly over 0.05 M .
For each system, one can roughly estimate the spin-down flux available at its
companion’s location, Fb = Ė/[4 π â2 ], which we call the intra-binary flux. The
intra-binary flux values in this sample of BWPs span two orders of magnitude,
and they could serve as a simple measure of the pulsar wind/radiative power that
produces the intra-binary shocks and causes companion surface irradiation/ablation.
values were not corrected for the Shklovskii effect (Shklovskii 1970) because of
unknown proper motion. The resulting bias in the measured Ṗ values leads to
overestimation of the pulsars’ Ė values.

5.8.2 BWP J1446–4701
Detected at 1.4 GHz without orbital eclipses, the pulsar lacks the necessary coverage
at lower radio frequencies to definitely classify it as a non-eclipsing binary. If it fails
to show eclipses or DM variations, it could either be due to weakness of its intrabinary shock or a low orbital inclination. The hints of X-ray orbital modulations
found in the XMM-Newton data lack the statistical significance to constrain the
inclination angle. For low orbital inclinations, the emission from the pulsar and
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Figure 5.9: Multi-dimensional charting of various BWP properties (references in Table
5.6): DM distance dDM ), binary period PB , empirical binary separation â, minimum
companion mass (m2,min = m2 sin i), spin-down power (Ė), and intra-binary flux (Fb ).
Box plots represent the distributions, with middle bars at the median values, boundaries
at the quartiles, and ‘whiskers’ that extend up to the last data point that falls within
1.5× the inter-quartile range (the height of the box). The 8 known eclipsing BWPs are
represented in green with partially filled markers, the 3 likely non-eclipsers are in red
fully-filled markers, and the rest of the BWPs with unknown status are in unfilled grey
markers. Pulsars with known proper motion and Shklovskii effect corrected Ė values are
J0610-2100, J1311-3430, J1446-4701, J1745+1017, J1959+2048 and J2051-0827.

the intra-binary shock should be simultaneously observable throughout the orbit,
and hence the total emission should be unmodulated.
+3.8
31
BWP J1446–4701 has an X-ray luminosity Lunabs
erg s−1
0.1−10keV = 2.4−1.2 × 10
(90% uncertainty limits), which is higher than the median LX value of the BWP
sample. The phase-integrated and phase-resolved spectra allow soft, Γ ≈ 3, PL
fits with a hint of spectral hardening near superior conjunction. Such soft PL
fits have been observed in other MSPs but those MSPs have at least an order of
magnitude lower X-ray luminosity than J1446–4701 (see Table 2 in Pavlov et al.
2007). The alternative PL+BB fit with Γ = 1.5 is motivated by the simple BWP
emission model which combines emission from pulsar polar cap and the intra-binary
shock. For a sufficiently large inclination, Doppler boosted X-ray flux excesses
are expected at SC phases. SC phases in J1446–4701 do show as increased PL
component compared to the IC phases but only at the 99.4% confidence level. A
higher S/N data would allow differentiation of the PL from BB components in the
spectra at different orbital phases, and help detect flux modulations due to the
intra-binary shock.
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The non-detection of the optical companion to J1446–4701 sets an absolute
B magnitude limit MB > 17.1. There are three other pulsars having similar
intra-binary fluxes, with detections in the optical, the eclipsers J1544+4937 with
MB = 17.7 (Tang et al. 2014) and J2256–1024 with MB = 19.2 (Breton et al.
2013), and the non-eclipser J0023+0923 with MB = 18.1 (Breton et al. 2013). If
PSR J1446–4701 is in-fact a non-eclipser, similar to J0023+0923, it may have
to be targeted down to a sensitivity limit of mB & 25 to detect its irradiated
side. Currently, the lack of radio eclipses, a low-confidence X-ray flux/spectral
modulation, a soft X-ray spectrum, and non-detection of the companion in the
optical point towards a low orbital inclination for BWP J1446–4701.

5.8.3 BWP J1311–3430
BWP J1311–3430 has been observed in the radio, optical, X-rays and γ-rays. The
system is extreme in its binary parameters, having the lowest binary separation and
minimum companion mass of all known BWPs (candidate BWP J1653.6-0159 could
beat the record if confirmed). These extreme properties have allowed detections of
γ-ray orbital modulations and X-ray flares, not yet detected in other BWP systems.
X-ray flares with a factor of ∼ 10 flux variation, at timescales of 10 ks, have been
detected in Suzaku observations in August 2009 and August 2011 (Maeda et al.
2011; Kataoka et al. 2012).
The pulsar’s hard, Γ ≈ 1.4, PL spectral fit is consistent with the results in
previous Suzaku (Maeda et al. 2011 Kataoka et al. 2012) and Chandra (Cheung
et al. 2012) data analyses. The emission is more likely the result of an intrabinary shock rather than the typically softer pulsar magnetosheric emission of
regular non-interacting MSPs. Our flux estimates, although consistent between
the two Chandra observations from March 2010 and March 2012, are significantly
lower than the estimates from the Suzaku observations. Our flux estimates from
+1.4
unabs
−14
Chandra data, F0.5−10
erg cm−2 s−1 (quoted 1σ uncertainties) is
keV = 6.3−0.9 × 10
unabs
≈ 7.7σ lower than corresponding estimates from Suzaku observations, F0.5−10
keV =
+0.31
−13
−2 −1
2.77−0.24 × 10
erg cm s (Kataoka et al. 2012).
Barring any cross-calibration discrepancy between the two instruments, the
variability is most-likely intrinsic to the system. The intrinsic X-ray variability
between the observations could either be due to inhomogeneities in the ablated
material and the Rayeligh-Taylor instabilities at the shock front, or due to activity
in the stellar corona. If the flaring activity is localized to the SC phases with higher
relative confidence, it may indicate that the flares originate at the shock. Better
quality data in both flaring and quiescent states are needed to establish the cause
of the X-ray variability.
Due to the system’s extreme orbital parameters and the strong orbital modulations in the radio and optical, it is reasonable to expect X-ray orbital modulations.
Despite gaps in the observation, there is some evidence of X-ray orbital flux modu99

lation in the Suzaku observations, but the phase of count-rate excess is different
in different observations (Kataoka et al. 2012). The latter Chandra observation
samples the X-ray photons more uniformly than the previous one, but the short
observation does not allow a high S/N timing analysis. Accordingly, only a hint of
X-ray depletion at SC phases is seen in our data.

5.8.4 The BWP sample in the X-rays
The BWPs detected in the X-rays span a wide range of system parameters as seen
in Figure 5.9. It is fairly reasonable to assume that the X-ray emission, which we
expect to have partial contribution from the intra-binary shock, must depend on
the orbital parameters and the intrinsic pulsar properties. Comparison of the BWP
X-ray and spin-down luminosities with those of other MSPs shows that the BWPs
occupy a narrow region around higher median Ė and LX (Figure 5.10). There
also seems to be an absence of correlation between the the BWP Ė and LX . If
companion ablation in recycled-MSP binaries is a phenomenon that occurs during
a short period in MSP evolution, one can expect a similarly narrow distribution
of Ė. Given the narrow distribution of Ė, the uncertainties in the X-ray flux and
distance estimates need to be much lower to establish correlation or lack thereof.
We should note, however, that majority of our sample of BWPs lack proper motion
measurements, hence the Shklovskii corrections to their Ė values, which can vary
anywhere between 2 – 200 % of the measured Ė, are unknown. This may change
the Ė and LX distributions significantly.
There seems to be clustering of pulsars with softer (Γ > 2.5) spectra at relatively
lower luminosities (L0.1−10 keV < 1031 erg s−1 ). The pattern, if real, could be
the result of lower intra-binary flux from systems exhibiting soft X-ray spectra.
Interestingly, these pulsars with low X-ray luminosities are also clustered together
at the lowest γ-ray luminosities in the BWP sample. PSR J1731–1847, with ≈ 6
counts in ≈ 10 ks of ACIS-I exposure, is poorly constrained (Γ = 1.9 ± 1.4) and
could turn out to have a softer spectrum in line with the clustering seen above.
J1446–4701 is the only outlier, which, despite its soft (Γ ≈ 2.9) PL fit, falls among
the higher luminosity group of BWPs.
The X-ray luminosities or spectral slopes of BWPs do not show any correlation
with the system’s binary separation or orbital period in our small sample. It is
unclear whether such a lack of correlations between the pulsar properties and their
X-ray emission is due to a small sample size and, as true for most systems, low data
quality. Higher quality data and inclusion of more systems can help understand or
improve these results. If such anomalous results persist, we will have to revise our
models of BWP interactions and their emission mechanisms.
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Figure 5.10: Spin-down power versus 0.1 – 10 keV luminosity for 12 BWPs analyzed
in this paper and 15 non-BWP MSPs from Pavlov et al. (2007). Labels of pulsars with
known proper motion and Shklovskii effect corrected Ė values suffixed with asterisk (*).
The uncertainties reflect only the flux uncertainties and ignore the distance uncertainties.
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Table 5.6. X-ray observational parameters for BWPs detected by Chandra.
Count Rate
(cts ks−1 )

Distance
(kpc)

log(Ė)
(erg s−1 )

Refs.b

135

6.76 ± 0.58

1.7

33.60

1, 2

2.43

112

7.01 ± 0.92

1.4

34.69

3, 4, 5

9.457

0.35

6

0.60 ± 0.25

2.5

34.89

5, 6

3.6

20.45

1.58

52

2.53 ± 0.35

2.0

34.60

1, 2

9.17

209.5

6.35

1521

7.25 ± 0.19

2.5

35.20

7, 8

J2051–0827 10106–10110

2.38

44.29

5.17

42

0.93 ± 0.15

1.0

33.74

9, 10

J2256–1024

5.04

19.8

1.09

135

6.81 ± 0.59

0.7

34.60

1, 2

J0023+0923 12464,14363

3.36

16.7

1.38

57

3.40 ± 0.45

0.7

34.20

1, 2

J2047+1053

14472

2.88

17.74

1.71

17

0.95 ± 0.23

2.0

...

5, 11

J2214+3000

11788

10.00

18.139

0.50

79

4.01 ± 0.45

1.5

34.26

12

J2241–5236

11789

3.50

19.246

1.53

81

4.06 ± 0.45

0.5

34.40

13

J1653.6–0159

11787

1.25

20.8

4.63

346

16.63 ± 0.90

...

...

3, 14

ObsId

PB
(hr)

Exposure
(ks)

13722

5.50

19.95

1.01

J1311–3430 11790,13285

1.56

18.11

J1731–1847

13290

7.47

J1810+1744

12465

Pulsar
J1124–3653
∗

J1959+2048∗ 01911,09088
∗

12467

Orbital
Counts
Coveragea
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Note. — The first 7 pulsars are known eclipsers, J0023+0923 is most-likely a non-eclipser, and the rest have unknown
status.
a
Number/fraction of BWP orbits covered in the observations.
∗
b

Pulsars with known proper motion and Shklovskii effect corrected Ė values.

References: (1) Hessels et al. 2011, (2) Gentile et al. 2014, (3) Cheung et al. 2012, (4) Ray et al. 2013, (5) this work,
(6) Bates et al. 2011, (7) Fruchter et al. 1988, (8) Huang et al. 2012, (9) Stappers et al. 1996, (10) Espinoza et al. 2013,
(11) Ray et al. 2012, (12) Ransom et al. 2011, (13) Keith et al. 2011, (14) Romani et al. 2014.

Table 5.7. Spectral fits to BWPs’ X-ray spectra.
Pulsar

Model

NH
(10 cm−2 )

Γ/kT a
(. . . /keV)

20

log(Fabs )a
(erg cm−2 s−1 )

log(Funabs )a
(erg cm−2 s−1 )

Cstat/dof (χ2ν )

Eclipsers
J1124–3653

PL

< 9.1

1.6+0.2
−0.2

−13.20+0.07
−0.07

83.6/98 (0.87)

J1311–3430

PL

< 14

1.3+0.3
−0.3

−13.07+0.07
−0.08

81.5/100 (0.74)

< 136

1.9+1.5
−1.3
2.2+0.4
−0.4
2.0+0.2
−0.1
+0.03
1.2+0.2
/0.29
−0.3
−0.03
4.1+0.7
−0.7
+0.3
2.9−0.3

−14.08+0.30
−0.34
+0.12
−13.74−0.12
−13.56+0.10
−0.10
+0.03
−13.32+0.03
−13.19
−0.03
−0.03
+0.03
−13.29+0.03
−13.26
−0.03
−0.03
+0.25
−14.37+0.11
−13.42
−0.12
−0.24
+0.06
+0.07
−13.35−0.06
−13.13−0.07

1.3/6 (0.32)

55.6/82 (0.92)

−13.61+0.09
−0.10

−13.35+0.13
−0.12

23.1/46 (0.57)

J1731–1847

PL

J2051–0827

PL

J2256–1024

PL

17+27
−17
16.5+4.4
−4.0
5.4+9.6
−5.4
43+45
−32
+13
10−10

J0023+0923 PL

8.7+2.4
−8.7

3.3+0.5
−0.5

BB

< 4.8

PL

−13.73+0.10
−0.10
−13.83+0.07
−13.05+0.42
−0.07
−0.29

34.4/46 (0.88)

17+10
−8

0.22+0.04
−0.03
2.9+0.5
−0.4

J2047+1053 PL

< 58

0.87+0.68
−0.68

−13.91+0.22
−0.24

16.9/15 (1.21)

BB

< 25

J2214+3000 PL
PL
BB

< 7.0

−14.39+0.11
−0.12
−13.36+0.09
−12.80+0.18
−0.09
−0.16
+0.08
−13.36−0.08
−13.14+0.12
−0.11
+0.09
−13.46−0.09

27.6/34 (0.64)

19+28
−19
11+23
−11

0.27+0.06
−0.05
3.8+0.5
−0.5
2.8+0.4
−0.4
0.24+0.04
−0.03

J1653.6–0159 PL

21+19
−15

1.7+0.2
−0.2

J1810+1744 PL
J1959+2048 PL
PL+BB

27.6/43 (0.70)
. . . /73 (1.12)
. . . /72 (1.03)
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28.4/34 (0.69)

Non-eclipsers

J1446–4701

. . . /56 (1.13)

Unknown Status

J2241–5236

47.8/ 54 (0.83)
48.3/59 (1.38)
58.5/54 (0.99)

Candidate BWP

a

−12.71+0.05
−0.05

−12.60+0.04
−0.04

Fabs and Funabs are the absorbed and unabsorbed flux in the 0.15 – 10 keV range, respectively.

. . . /20 (0.66)
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Chapter 6 |
Conclusions
I have presented detailed analyses of a small sample of rotation powered pulsars,
which contains pulsars from very different stages of evolution. The non-recycled
pulsars are almost equally spaced in logarithmic spin-down powers (Ė) and characteristic ages (τc ). Their global X-ray spectral and pulse profile characteristics, such
as the photon indices, luminosities, efficiencies, and pulse shapes, are similar to what
is expected of pulsars with similar τc and Ė. Yet these pulsars have some unique
features that differentiates them within their class, and provide complementary
information that broaden our understanding of those systems. The BWPs presented
in this work constitute the majority of the known sample of such ultra-compact
binary systems. Since they represent a fairly new class of MSPs, we are still in
the process of assessing the observational features that define these systems. I
summarize the highlights from the analysis of each class of pulsars detailed in the
dissertation, and then outline a few avenues that are worth exploring in the future,
building upon the lessons learned from this work.
From the X-ray analysis of the young and energetic pulsar J2022+3842 (τc ≈ 9
kyr, Ė = 3 × 1037 erg s−1 ), we reinforced the picture of a powerful and dominant
magnetosphere observed in other young pulsars. The power of the magnetosphere
is apparent in the hard PL (best fit Γ = 0.9 ± 0.1) fits to the emission, and a very
high flux contribution (∼ 80%) from the narrow pulses. The pulsar was believed to
be an inefficient X-ray emitter, but our discovery of the pulsar’s true P and Ṗ at
twice the previously assessed values, helped update the pulsar’s spin-down power
to a lower value, thereby bringing the X-ray efficiency in line with the efficiencies
of RPPs with similar energy loss rates. The pulsar is, in most respects, a typical
young rotation powered pulsar. The only apparent inconsistency observed from
its X-ray analysis is the discrepancy in the pulsar geometry when interpreting its
extremely narrow, double-peaked pulse profile and its unexpectedly weak pulsar
wind nebula. The shape of the pulse profile is consistent with an orthogonal rotator,
whereas a low efficiency PWN is most likely the result of a low magnetic obliquity
(angle between the magnetic axis and the rotational axis). Due to the lack of a
γ-ray detection and reliable radio pulse profiles, the geometry of the pulsar is not
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yet known. The pulsar could definitely benefit from a deeper Chandra observations
to better characterize its PWN emission.
The very old pulsar J0108–1431 (τc = 166 Myr and Ė = 5.8 × 1030 erg s−1 ) lies
rather close to the limits of X-ray detectability, with no definite detection of X-rays
from any older pulsar. This pulsar could perhaps be considered an archetypical
τc & 10 Myr pulsars with active X-ray emission. The bulk surface thermal emission
is likely too low to produce significant amount of X-rays, as is expected of old pulsars.
The pair cascades produced in the still active magnetosphere, however, follow the
magnetic field lines and bombard the polar caps, heating them to kT ∼ 0.15 keV. Its
spectrum does allow a hot thermal polar cap emission component. The X-ray pulse
profile has broad peaks (pulsed fraction fpint = 38%) nearly coincident with the phaseconnected radio peak, which supports the heated polar cap origin for the thermal
component. The detected non-thermal emission component could also contribute
significantly to the observed pulsations. An unexplained property of RPPs is an
apparent anti-correlation between the pulsar’s non-thermal X-ray efficiency and its
spin-down power (Zharikov et al. 2006; Kargaltsev et al. 2006). PSR J0108–1431
PL
PL
2
strongly conforms to the pattern showing an η1−10
keV = L1−10 keV /Ė ∼ 0.006 d210
for the PL+BB fit, making it an efficient X-ray emitter.
Pulsar J1836+5925 (τc = 1.8 Myr, Ė = 1.1 × 1034 erg s−1 ) is approximately in
the middle of the evolutionary path between the young and the very old pulsars.
Generally considered an oldish pulsar, its X-ray and γ-ray activity distinguishes it
from considerably older pulsars such as J0108–1431 discussed above. There are few
pulsars at a similar evolutionary stage for comparison. In some respects, the pulsar’s
emission is similar to that of the ‘middle-aged’ pulsars such as Geminga. Our
detailed timing and spectral analysis shows strong evidence of a phase-dependent
absorption feature at Ec ≈ 0.8 keV (likely an electron cyclotron line) in the pulsar’s
spectrum, and highest pulsed fraction pulsations in a narrow 0.55 – 1.2 keV pulse
profile. We expect robust characterization of the pulsar’s thermal and non-thermal
emission using future higher quality data will better establish the pulsar’s position
in the evolutionary path of RPPs.
The three pulsars represent important stages in the evolutionary path that
a young pulsar like J2022+3842 might take, as it passes through stages close to
γ-ray emission turn-off (like J1836+5925), and near X-ray turn-off (similar to
J0108–3430). Figure 6.1 can be viewed as a representation of this evolutionary
sequence through the changing pulse profiles and spectra.
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Figure 6.1: X-ray (EPIC-pn) pulse profiles and EPIC spectra for pulsars J2022+3842 (left), J1836+5925 (middle; γ-ray profile
in the background in red), and J0108-1431 (right). Best-fit PL model fit to J2022 spectra, combined power-law and blackbody
(PL+BB) fits to J1836 and J0108 spectra. This could very well represent ∼ 10 kyr – 1 Myr – 100 Myr pulse profile and spectral
snapshots during the evolution of a hypothetical solitary pulsar.

2

Young pulsars start out with powerful non-thermal emission, burying any
surface thermal emission. This is clear from the very narrow X-ray pulse profiles
of J2022+3842 and a hard (Γ . 1) spectral emission. After approximately 1
Myr of spin-down and cooling, the magnetospheric emission is less powerful and
considerably softer, and the thermal emission components from the bulk surface or
hot spots are detected. The pulse profiles are broader and can be interpreted as a
superposition of the underlying thermal and non-thermal emission profiles. The
γ-ray emission is halted in the magnetosphere, or significantly weakens, sometime
after this stage. The very old pulsars (& 100 Myr) essentially have lower X-ray
luminosities, but surprisingly high X-ray efficiencies. Their broad profiles and soft
spectra are the result of emission from a hot polar cap and a weak magnetosphere.
The detour along the evolutionary paths of recycled millisecond RPPs took us
to a critical transitionary phase between MSPs in binaries and isolated MSPs, i.e.,
the black widow phase of pulsars in ultra-compact binaries. Along with the X-ray
analysis of PSR J1446–4701 and PSR J1311–3430, we did a comparative study of
all the X-ray detected BWPs to draw inferences about their population. BWPs
form a fairly homogenous class of MSPs, due to their extremely short periods and
active ablation of their very low mass companions. Comparison of BWPs with
non-interacting MSPs shows a fairly narrow distribution of BWP X-ray luminosity
and spin-down power. We do not observe, however, any systematic positive offset
of BWP luminosities, as anticipated from the additional contribution due to the
powerful intra-binary shock.
There is an apparent clustering of BWPs with relatively soft X-ray emission
(Γ > 2.5) at lower luminosities (L0.1−10 keV < 1031 erg s−1 ) and low γ-ray luminosities
in the BWP sample. No other significant correlations are observed between the
pulsar’s orbital properties, such as binary period, intra-binary separation, companion
mass, and the X-ray emission properties, such as the non-thermal flux or spectral
shape. Correlations may be expected due to the extreme nature of these ultracompact binaries, with signs of intra-binary shocks such as significant non-uniform
heating of the companion star observed in the optical, and eclipses accompanied by
dramatic orbital dispersion measure variations routinely observed in the radio. Many
systems lack the multiwavelength coverage or the higher quality data needed to
reduce the systematic uncertainties in their inferred properties. The systems require
deeper multiwavelength observations campaign to better constrain their distances,
Shklovskii corrections to their spin-down powers, inclination dependent intra-binary
separations and companion masses. Deeper observations, new detections and
reducing the systematics in the future will improve our understanding of this unique
class of pulsars.
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6.1 Future Work
The evolution of the pulse profile as illustrated with just the three solitary RPPs
above, can naturally be extended to a larger sample. The information contained in
multiwavelength (radio, X-ray, and γ-ray) pulsar pulse profiles can then be decoded
through phase-connected analysis. For BWPs, analyzing the multiwavelength
(radio, optical, X-ray, and γ-ray) data will help reduce the systematic uncertainties
in its measured properties and produce models that better explain the binary
interactions.

6.1.1 High Energy Pulse Profiles of RPPs
The Fermi γ-ray telescope has detected pulsations from a large sample (161 and
counting1 ) of pulsars2 . The majority of the pulsars show broad fan-like emission
profiles and exponential cut-off of spectra close to GeV energies, which favor
high-altitude (outer-gap; Romani 1996, Cheng et al. 2000 or slot-gap; Muslimov &
Harding 2003) curvature radiation models over the PC models (Harding & Muslimov
1998). Phase connected radio and γ-ray pulse modeling have been used to infer
the pulsar geometry (magnetic obliquity α and line of sight angle ζ; Pierbattista
et al. 2015). However, a comprehensive analysis incorporating phase-connected
X-ray pulse profiles to the existing γ-ray and radio profiles has not been performed.
The non-thermal X-ray emission from pulsar magnetospheres is suspected to be
from synchrotron radiation, originating near the γ-ray producing regions, while
the thermal polar cap emission is expected to be from the magnetic poles. A few
well-studied pulsars with phase-connected pulse profiles in the radio, X-ray and
γ-ray have supported this picture by showing coincident X-ray and γ-ray peaks,
especially for young pulsars (e.g., Crab; Abdo et al. 2010, J0205+6449 in Figure
6.2; Abdo et al. 2009a), and coincident radio and PC thermal emission peaks,
especially for millisecond pulsars (e.g., J0030+0451 in Figure 6.2; Abdo et al. 2009b,
J0437–4715; Bogdanov 2013).

1

https://confluence.slac.stanford.edu/display/GLAMCOG/Public+List+of+LATDetected+Gamma-Ray+Pulsars
2
https://confluence.slac.stanford.edu/display/GLAMCOG/LAT+Gammaray+Pulsar+Timing+Models
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Figure 6.2: Multiwavelength pulse profiles for some of the well studied pulsars, the young PSR J0205+6449 (left; Abdo et al.
2009a) with hard non-thermal emission in the X-rays, the recycled millisecond PSR J0030+0451 (second from left; Abdo et al.
2009b), with dominant thermal emission, middle aged Gemina (third from left; Mori et al. 2014) and young Vela (fourth; Manzali
et al. 2007) with combined multiple thermal/non-thermal components exhibiting complex pulse morphologies.

A significant fraction of the pulsars timed in X-rays and γ-rays, however, have
more complicated pulse profiles with multiple emission components (e.g., Vela;
Manzali et al. 2007 and Geminga; Mori et al. 2014 in Figure 6.2, J1836+5925 in
Figure 6.1). These systems require both spectral and timing information to robustly
identify the various components in the X-ray pulse profile. Pulsars that do not
have readily available, phase-connected pulse profiles, due to large gaps between
the observation times, will require reanalysis of γ-ray data close to the X-ray
observation epoch or high-precision radio timing solutions to determine X-ray/γ-ray
profile phases from the different epochs. New/archival X-ray and γ-ray data, with
radio timing wherever necessary, will also be needed to create a larger sample of
phase-connected multiwavelength pulse profiles which will reveal patterns that will
help us better understand the different pulsar emission regions and geometries.

6.1.2 Multiwavelength Observations of BWPs
One of the important goals of studying BWP in the X-rays is learning about the
intra-binary shock. For most pulsars, the ultra-relativistic pulsar wind shocks at
very large distances from the pulsar (e.g., ∼ 0.01 pc for termination shock in the
Crab; Kennel & Coroniti 1984). In BWPs, however, due to their binary separations
of about a few lt-s (. 104 times the pulsar light cylinder radius), the wind is shocked
much closer to the pulsar (Arons & Tavani 1993). Hence, BWPs are unique systems
for studying these highly magnetized winds close to the pulsar. Signs of companion
ablation are best seen in the radio, but the drivers of ablation - the shock emission
are best observed in the X-rays. X-ray orbital variability due to anisotropy of
shock emission has, however, been established only in J1959+2048 (Huang et al.
2012). We saw hints of spectral variability in J1311–3430 (a 1.6 hr period, strongly
interacting BWP), but most other systems require deeper observations for detecting
variability.
Radio observations are ideal for probing the distribution and properties of
the ablated stellar material around the binary. Detailed multi-frequency radio
observations (B1957+20; Ryba & Taylor 1991 and J2051–0827; Stappers et al.
1996) show dispersion relations consistent with propagation in cold ionized media
with ‘clumpy’ distribution of material. Modeling more such systems in the radio
will reveal a clearer picture of the environment around the companion undergoing
ablation. Optical observations of BWPs have been extremely fruitful since all
optically detected counterparts show orbital brightness variability consistent with
the non-uniform irradiation expected of the companion stars. Eclipsing light curve
code (Orosz & Hauschildt 2000, Reynolds et al. 2007) is used to model light curves
and constrain orbital properties, such as inclination and Roche filling factor, and
determine surface temperatures and irradiation efficiency. In a few cases optical
spectroscopy has allowed determination of pulsar mass, estimated to be in excess
of 2 M (J1959+2048: van Kerkwijk et al. 2011; J1311–3430: Romani et al. 2012).
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Figure 6.3: A matrix representing various radio observation of the 16 black widow
pulsars (BWPs) in the 0.3 – 5 GHz range. The pulsars are either not detected (no fills)
or, detected with (color fills) or without (grey fills) orbital eclipses. The hatched bars
represent observations of intermittent eclipsing behavior.

The sample of 16 known BWPs (not including globular cluster pulsars) has
been unevenly targeted at different observational bands. Figure 6.3 illustrates the
non-uniform targeting of the 16 BWPs in the radio, where only 3 – 4 pulsars have
observations at multiple frequencies, and the rest are detection with or without
radio eclipses. Observations in a single, narrow frequency band is not enough
to rule out eclipsing behavior or measure the radio dispersion. Observations at
multiple frequencies, including . 500 MHz, are necessary to establish radio eclipses
and model DM variations. Our uniform analysis of X-ray detected BWPs, using
Chandra data, shows that except for a couple of well studied systems, the rest of
them need deeper observations to both constrain their spectral characteristics and
detect X-ray orbital variability. Optical observations have almost always shown
orbital brightness variability, and in some cases the exposures have been deep and
long enough to allow light curve modeling (e.g., Romani et al. 2012, Breton et al.
2013). The state of optical observations is relatively better compared to radio and
X-ray observations, yet, more than half of BWPs still require deeper long and deep
observations for optical light curve modeling.
BWPs are complex interacting systems whose emission depends on a number of
pulsar properties, orbital parameters and extrinsic variables. The uneven and low
sensitivity observations result in systematic uncertainties in important parameters
such as luminosity (based on distance), spin-down power (requires Shklovskii
correction based on proper motion), binary separation and companion mass (depends
on inclination). As discussed in Chapter 5, these systematic uncertainties hinder
any sample correlation studies of BWPs.
A campaign to gradually observe more BWP systems in the X-rays, pushing
towards fainter systems has been initiated. I have already set the wheels in motion
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by identifying targets for deeper X-ray (and simultaneous optical) XMM-Newton
observations. The radio-eclipsing black widow pulsars (BWPs) J1124–3653 and
J2256–1024 are fairly bright in the X-rays. They have similar orbital periods
(5.0 and 5.5 hr) but an order of magnitude different spin-down powers and X-ray
luminosities. J1124–3653 has the highest X-ray efficiency among X-ray detected
BWPs and shows a hard spectrum, whereas J2256–1024 has a very low X-ray
efficiency and shows a significantly softer spectrum. I have proposed EPIC X-ray
observations spanning several binary orbits to perform phase-resolved spectral and
timing analysis, and OM optical observations to study the brightness profiles of
the companion stars. Along with BWPs J1959+2048 and J1311–3430, we will have
four well-studied BWPs in the X-rays.
A targeted multiwavelength campaign is required to (i) better constrain the
basic pulsar and binary orbital properties through radio and optical observations,
(ii) empirically model the radio dispersion behavior and eclipsing geometry around
the BWP orbit, and (iii) use deeper X-ray observations to better distinguish and
characterize the shock emission. Once the campaign reached fruition, models
explaining the complete multiwavelength behavior of BWPs will be possible in the
future.
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