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ABSTRACT

Aims. We have observed two newly detected γ-ray pulsars, PSR J1459−6053 and PSR J1614−2230, in the X-ray domain with
XMM-Newton to try to enlarge the sample of pulsars for which multi-wavelength data exist. We use these data with the aim of understanding the pulsar emission mechanisms of these pulsars.
Methods. We analysed the X-ray spectra to determine whether the emission emanates from the neutron star surface (thermal emission) or from the magnetosphere (non-thermal emission) and compared this to the region in the magnetosphere in which the γ-ray
emission is generated. Furthermore, we compared the phase-folded X-ray lightcurves with those in the γ-ray and, where possible,
radio domains, to elicit additional information on the emission sites.
+1.24
Results. J1459−6053 shows X-ray spectra that are best fitted with a power law model with a photon index Γ = 2.10−0.85
. The γ-ray
data suggest that either the slot gap or the outer gap model may be best to describe the emission from this pulsar. Analysis of the
X-ray lightcurve folded on the γ-ray ephemeris shows modulation at the 3.7σ level in the 1.0−4.5 keV domain. Possible alignment
of the main γ-ray and X-ray peaks also supports the interpretation that the emission in the two energy domains emanates from similar
regions. The millisecond pulsar J1614−2230 exhibits an X-ray spectrum with a substantial thermal component, where the best-fitting
+0.04
+2.54
spectral model is either two blackbodies, with kT = 0.15−0.04
and 0.88−0.54
keV or a blackbody with similar temperature to the pre+0.04
+2.30
vious cooler component, kT = 0.13−0.02 keV and a power law component with a photon index Γ = 1.25−1.75
. The cooler blackbody
component is likely to originate from the hot surface at the polar cap. Analysis of the X-ray lightcurve folded on the radio ephemeris
shows modulation at the 4.0σ level in the 0.4−3.0 keV domain.
Key words. X-rays: stars – pulsars: individual: PSR J1459−6053 – radiation mechanisms: thermal – stars: neutron –
radiation mechanisms: non-thermal – pulsars: individual: PSR J1614−2230

1. Introduction
Of the almost 2000 rotationally powered pulsars identified to
date (Manchester et al. 2005) the large majority have been detected in the radio domain only. Less than 5% of these pulsars have been detected in the soft X-ray domain (Becker 2009).
X-ray pulsations have been detected for only 34 pulsars (Becker
2009; Zavlin 2007; Webb et al. 2004). Just seven pulsars were
identified in γ-rays using the high energy instrument EGRET onboard the Compton Gamma Ray Observatory (CGRO), although
it was believed that many of the unidentified objects were also
associated with pulsars (Helfand 1994). The Fermi Large Area
Telescope (LAT) has already identified more than ten times the

number of pulsars detected with EGRET (e.g. Abdo et al. 2010a;
Ray et al. 2011; Keith et al. 2011) and has even detected many
new γ-ray selected pulsars (e.g. Abdo et al. 2009a). The LAT has
also detected more than eight Galactic globular clusters in the
hard γ-ray domain (>100 MeV, e.g. Abdo et al. 2010b), where
the emission is likely to be due to the integrated contribution of
millisecond pulsars (MSP), with a total of 2600−4700 MSPs expected in the ensemble of Galactic globular clusters (Abdo et al.
2010b).
One of the many open questions in pulsar physics is the origin of their high-energy emission. Several models have been proposed, which describe the origin of the pulsar high-energy emission. Particle acceleration to extreme relativistic energies could
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Table 1. X-ray observations and analysis.
Pulsar
J1459−6053
J1614−2230

Observation date (MJD)

MOS filter

pn filter

2011-Feb.-28 (55620)
2007-Feb.-08 (54139)
2011-Feb.-12 (55604)

medium
medium
medium

medium
thin
medium

MOS exposure
[ks]
43.7 (24.6)
56.5 (41.2)
23.3 (20.9)

pn exposure
[ks]
43.6 (25.0)
54.8 (25.7)
22.2 (18.5)

Imaging extraction region ( )
45 (70)
30
60 (53)

Timing extraction region (pixels)
10
–
5

Notes. The values in the parentheses given after the exposure times indicate the time remaining after removing soft proton flares. The values in
parentheses after the imaging extraction region are the source counts in this region for the MOS2 camera in the 0.2–10.0 keV domain.

occur in regions of magnetospheric charge depletion (gaps),
where very high electric potentials exist. Three main models
based on diﬀerent acceleration region geometries and locations
have been proposed: the polar cap (PC), the slot gap (SG)
and the outer gap (OG) models (Harding et al. 1978; Arons &
Scharlemann 1979; Cheng et al. 1986; Zhang & Harding 2000).
Modelling the γ-ray lightcurves in the framework of these models can provide clues as to which model is the most appropriate
for a given pulsar (e.g. Venter et al. 2009). Whether one or a
combination of these models can account for the high-energy
pulsar emission is nonetheless, still an open question.
Additional information can be inferred from X-ray observations. Becker & Trümper (1997), Cheng & Zhang (1998)
and others showed that X-ray emission from rotationally powered pulsars can have thermal and non-thermal components.
Thermal radiation is expected to arise from the heating of the
polar caps by particles returning from the outer magnetosphere,
or from the cooling neutron star surface in the case of pulsars (i.e. not millisecond pulsars). Non-thermal emission may
be due to the synchrotron emission of charged particles at high
altitude. Alternatively, in the framework of the PC model, inverse Compton scattering (ICS) of electron/positron pairs with
the soft thermal photons from either the full neutron star surface
or the hot polar cap can result in non-thermal X-rays observable in the ∼0.1–10.0 keV domain (Zhang & Harding 2000).
Bogdanov et al. (2006) also proposed that the non-thermal emission in predominantly thermally emitting MSPs may also be due
to Comptonisation of the thermal polar cap emission by energetic electrons/positrons of low optical depth in the pulsar magnetosphere and wind. Inverse Compton scattering and Curvature
radiation (CR) pair formation fronts could also play an important
role in heating the PC and producing detectable thermal X-rays
(Harding & Muslimov 2002). Pulsars that show predominantly
thermal X-ray emission can be exploited to constrain the neutron star equation of state (e.g. Bogdanov et al. 2008). By studying the modulation of the observed flux that originates from the
evolving projection of the emission from the hot polar cap area
through a hydrogen atmosphere, one can infer the ratio of the
neutron star mass and the radius (see Bogdanov et al. 2007, and
references therein).
Enlarging the sample of high-energy pulsars and comparing their X-ray and γ-ray characteristics is therefore crucial to
distinguish between the competing high-energy models and to
learn about the neutron star’s composition. The large collecting
area and high timing accuracy of XMM-Newton (Jansen et al.
2001) favour reliable spectral and timing studies of pulsars. We
present XMM-Newton data of two pulsars that have recently been
detected using the Fermi LAT. The first is a γ-ray selected pulsar, J1459−6053 (Abdo et al. 2009a), which has a pulse period
of 0.1 s and for which no radio counterpart has yet been identified. A faint X-ray source has been detected with Swift, 9. 8
from the γ-ray timing position and tentatively associated with
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J1459−6053 (Ray et al. 2011). The second is a 3.15 ms pulsar, J1614−2230 (Abdo et al. 2010a). PSR J1614−2230 is particularly interesting because radio observations of this nearly
edge-on binary system have revealed a high neutron star mass
of 1.97 ± 0.04 M , through the study of the Shapiro delay
(Demorest et al. 2010). Chandra and XMM-Newton detections of
this pulsar exist, but with insuﬃcient timing resolution to identify X-ray pulsations (Marelli et al. 2011).

2. Data reduction and analysis
Both pulsars have been observed with XMM-Newton, using the
three European Photon Imaging Cameras (EPIC Turner et al.
2001; Strüder et al. 2001). For both pulsars the MOS1 and
MOS2 cameras were used in imaging mode. The pn camera was
used in small-window mode (temporal resolution of 5.7 ms) for
J1459−6053. The pn was employed in timing mode for the last
of three observations of J1614−2230, with a temporal resolution
of ∼30 μs, suﬃcient to resolve any X-ray pulsations of this millisecond pulsar. We considered the last two observations of this
pulsar, because they are ∼9 and ∼5 times longer than the first
observation and give the details of these observations in Table 1.
We processed the data using the XMM-Newton Science Analysis
System (SAS) v11.0.11.
The EPIC observation data files (ODFs) were reduced using
the emproc/epproc scripts (for MOS and pn respectively) and
the current calibration files (CCFs) dating from 6 July 2011.
From the histogram of single events above 10 keV, we identified periods of high background due to soft proton flares. We
then selected good time intervals (GTIs) by defining a count rate
threshold above the low steady background. We applied standard
filtering procedures (e.g. patterns 0−12 for MOS and patterns
0−4 for pn Watson et al. 2009), and kept events between 0.2 and
10 keV for the MOS cameras and between 0.3 and 12 keV for
the pn camera. Events contained in energy ranges aﬀected by
X-ray fluorescence lines were also filtered2 .
2.1. Spatial analysis

For the X-ray analysis, we first used the source detection task
edetect_chain to assess the maximum likelihood of the point
sources found in the MOS field of view. The maximum likelihood ML is defined as ML = − ln(pc ), with pc the probability
for random Poissonian fluctuations to have caused the observed source counts (Watson et al. 2009). We chose a detection threshold MLmin = 10(∼4σ), and considered MOS1 and
MOS2 datasets simultaneously.
1

http://xmm.esac.esa.int/sas
http://xmm2.esac.esa.int/docs/documents/
CAL-TN-0018.pdf
2
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Table 2. Characteristics of J1459−6053 and J1614−2230.
Parameter
Right ascension, α (h, m, s)
Declination, δ (deg, m, s) . .
Date of position (MJD) . . .
Frequency, f (s−1 ) . . . . . . . .
Derivative, f˙ (s−2 ) . . . . . . . .
Dispersion, DM (cm−3 pc)
log(Ė) . . . . . . . . . . . . . . . . . .
Bsurf (G) . . . . . . . . . . . . . . . .
Characteristic age, τ (yr) . .
Distance (kpc) . . . . . . . . . . .

J1459−6053
14:59:30.16(3)
–60:53:20.5(3)
54935
9.69
−2.38 × 10−12
−
35.96
1.64 × 1012
6.45 × 104
−

J1614−2230
16:14:36.5076
–22:30:30.7820
52817
317.38
−9.70 × 10−16
34.48
34.08
1.80 × 108
5.18 × 109
1.30(25)

Notes. Errors on the last significant figure(s) have been added in parentheses when suﬃcient significant figures are reported. The log(Ė) are
taken from Abdo et al. (2010a) and Demorest et al. (2010) respectively.

2.2. Spectral analysis

We derived MOS spectra considering the circular extraction regions given in Table 1 and centred on the X-ray source (see
Table 2). The regions were chosen to be large enough to include
most of the counts from the source, but small enough to exclude
close contaminating sources. We extracted pn spectra using the
regions corresponding to the observation mode used (imaging or
timing) given in Table 1. In each case, we derived corresponding background spectra using a neighbouring area free of X-ray
sources and generated instrumental response files. The spectral
fitting was performed within Xspec (version 12.5.0)3, using simple models such as a blackbody or a powerlaw (or a combination
of these models) describing the thermal and non-thermal emission expected from pulsars, as outlined in Sect. 1. When a blackbody model was employed, the emission radius was calculated
using the distance given in Table 2 for J1614–2230 and given in
Table 3. The radius determined is highly dependant on the accuracy of the distance used (see e.g. Bogdanov et al. 2007).

Fig. 1. MOS false-colour image of the field around J1459−6053. The
field of view is 12 × 12 . The cross shows the γ-ray timing position of
the pulsar (see Table 2). The square shows the size and orientation of
the pn small window. The data have been smoothed with a Gaussian.
In the online colour version red shows 0.2−0.8 keV photons, green
shows 0.8−3.0 keV photons and blue 3.0−10.0 keV photons.

for determining pulse times of arrival from unbinned photon data
(Ray et al. 2011). We computed the pulse significances using the
bin-independent H-test (De Jager & Büsching 2010).
Based on the barycentred reference profile, we derived
phase-aligned pulse profiles using TEMPO2. The derived pulse
profiles are based on a reference TOA, thus allowing a reliable
phase comparison between the diﬀerent energy domains.

3. Results
3.1. J1459–6053

2.3. Timing analysis

In the pn timing mode, the events collected from a predefined
area are collapsed into a one-dimensional row to be read out
at high speed. The pulsar X-ray data are then extracted using a
rectangular region centred on the pixel that contains the pulsar.
The width of the region, which is the “timing region” given in
Table 1, was optimised to obtain the best signal-to-noise ratio
(S/N). The background data were similarly extracted by choosing a neighbouring region free of X-ray sources. We used the
spectral analysis to indicate the energy interval that yields the
best S/N for each pulsar (e.g. Bogdanov & Grindlay 2009). We
then used the task barycen to convert times measured in the local satellite frame to Barycentric Dynamical Time (TDB). We
used the TEMPO2 package (Hobbs et al. 2006) and the pulsars’ ephemerides to convert the barycentred times of arrival
(TOAs) into phase values. For J1614−2230 the ephemeris was
provided by the Nançay Radio Telescope, see Table 2 and the
ephemeris for J1459−6053, see Table 2, was provided by the
Fermi LAT consortium4. The latter ephemeris was calculated directly from the γ-ray data using a maximum-likelihood method
3

http://heasarc.gsfc.nasa.gov/xanadu/xspec
http://fermi.gsfc.nasa.gov/ssc/data/access/lat/
ephems/
4

J1459−6053 was detected with a maximum likelihood of ∼60 or
∼10σ with the MOS cameras at a position RA = 14h 59m 30.s11 ±
0.s 67, Dec = −60◦ 53 21. 29 ± 1. 38 (1σ error values calculated
using the statistical error from emldetect and the systematic error from Watson et al. 2009), consistent with the position derived using the ephemeris of the γ-ray counterpart, see Fig. 1 and
Table 2, and coincident with the Swift detection of this source
(Marelli et al. 2011). The results of the X-ray spectral fitting can
be found in Table 3. The X-ray spectrum can be seen in Fig. 2.
Using the absorbed power law model, we computed an unabsorbed flux FX = (9.8±1.2)×10−14 erg cm−2 s−1 (0.2–10.0 keV).
Using a reasonable distance assumption of 1 kpc, because no distance has yet been derived for this pulsar, and a beam correction
factor, fx of 1 as in, e.g. Marelli et al. (2011), we determine a
+1.80
) × 10−6 .
conversion eﬃciency, ηX = Lx /Ė, of (8.65−4.70
Our spectral analysis (see Fig. 2) shows that the X-ray emission is strongest in the 1.0−4.5 keV domain, therefore we chose
this energy range for our temporal study. Our X-ray lightcurve
contains 378 counts, 198 of which are background counts.
Analysis of the lightcurve folded on the γ-ray ephemeris, as described in Sect. 2.3, shows modulation at the 3.7σ level in the
1.0−4.5 keV domain, where the S/N was the highest. This X-ray
phasogram can be seen in Fig. 3 along with the γ-ray phasogram taken directly from Ray et al. (2011). For comparison, the
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A&A 544, A108 (2012)
Table 3. Simple models fitted to the X-ray spectra of the two pulsars.
Pulsar

Model

nH
22

J1459−6053

BB radius

Photon

(×10 cm )
+0.89
0.64−0.51

(keV)
−

BB

+0.50
0.00−0.00

+0.17
0.71−0.18

PL

+0.23
0.37−0.12

−

−

BB

+0.13
0.07−0.07
+0.33
0.24−0.13
+0.22
0.20−0.11

+0.05
0.20−0.04
+0.04
0.13−0.02
+0.04
+2.54
0.15−0.04
and 0.88−0.54

+0.49
0.20−0.11
0.74+33.25
−0.33
+4.43
+0.05
0.53−0.21
and 0.01−3×10
−3

PL

J1614−2230

kT
−2

BB+PL
BB+BB

(km)
−
∗

χ2ν

d.o.f. F1 /F2

Flux

12

−

erg cm−2 s−1 )
+1.38
6.62−3.60

1.48

12

−

+0.76
4.75−1.33

+1.50
4.64−0.88
0.94

77

−

+0.32
2.68−0.55

1.04

77

−

+0.27
2.38−0.46

+2.30
1.25−1.75
0.83

75

0.41

+3.73
5.44−1.77

75

1.59

+0.85
3.73−2.31

Index
+1.24
2.10−0.85
1.16

+0.02
0.01−1×10
−3

−
−
−

0.82

−14

(×10

Notes. The errors quoted are at the 90% level. The quality of the fit (χ2ν ), the number of degrees of freedom (d.o.f.), the flux (F) ratio of the two
components (1 and 2, when used) and the unabsorbed 0.2−10 keV flux are also shown. PL = power law, BB = blackbody, ∗ radius calculated for a
reasonable distance estimate of 1 kpc.

200

10−5

Fermi LAT (> 100 MeV)

PSR J1459−6053

Counts

Flux (cm−2.s−1.keV−1)

150

10−6

50

10

−7

0
100

10−8
6.10−6
4.10−6

XMM−Newton (1 − 4.5 keV)

80
Counts

Residuals

100

2.10−6

60

0
−2.10−6

40

−4.10−6
−6.10−6
1

2
Energy (keV)

5

Fig. 2. MOS1, MOS2 and pn (black, blue and red crosses, respectively,
in the online colour version) X-ray spectrum of J1459−6053 fitted with
a power law model (black solid line).

0.3−12.0 keV lightcurve contains 700 counts, with 424 counts
associated with the background.
3.2. J1614–2230

J1614−2230 was detected with a maximum likelihood ∼100 or
∼14σ with the MOS cameras at RA = 16h 14m 36.s53 ± 0.s 08,
Dec = −22◦ 30 30. 67 ± 1. 26 (1σ error values calculated using
the statistical error from emldetect and the systematic error from
Watson et al. 2009), consistent with the position of the radio
counterpart, see Fig. 4 and Table 2. The results of the X-ray spectral fitting can be found in Table 3. The X-ray spectrum can be
seen in Fig. 5. Using the power law plus a blackbody fit, we computed an unabsorbed flux FX = (9.8 ± 0.6) × 10−14 erg cm−2 s−1
(0.2–10.0 keV). Using the distance given in Table 2 and a beam
correction factor, fx of 1 as above, we determine a conversion
−4
eﬃciency, ηX = Lx /Ė, of (9.15+9.73
−6.49 ) × 10 .
Using the spectral fitting, we determined that the S/N was
highest in the 0.4−3.0 keV domain, see Fig. 5. Our X-ray
lightcurve in this energy range contains 1543 counts, 1326 of
A108, page 4 of 6

0.0

0.5

1.0
Phase φ

1.5

2.0

Fig. 3. Top: Fermi LAT γ-ray phasogram from Ray et al. (2011), 32 bins
per period. Bottom: pn X-ray lightcurve of J1459−6053 (1.0−4.5 keV).
The phasogram is shown with 5 bins per period and the dotted line corresponds to the background level. The error bars indicate the statistical
1σ error. Two rotations are shown. Both plots show absolute phase.

which are background counts. For comparison, the 0.3−12.0 keV
lightcurve contains 2842 counts, with 2567 counts associated with the background. Analysis of the lightcurve in the
0.4−3.0 keV domain and folded on the radio ephemeris, as described in Sect. 2.3, shows modulation at the 4.0σ level. This
X-ray phasogram can be seen in Fig. 6 along with the γ-ray phasogram taken directly from Abdo et al. (2009b) and the Nançay
radio phasogram. The peak observed in the lightcurve, see Fig. 6,
is well modelled with a Gaussian centred at φ = 0.66 ± 0.02
and has a full width at half maximum (FWHM) = 0.15 ± 0.07.
The peak is aligned, within the errors, with the main γ-ray peak
shown in Abdo et al. (2009b), but is shifted by ∼0.4 in phase
from the main radio peak. However, within 0.05, the X-ray peak
is in phase with the secondary radio peak.

4. Discussion
The X-ray spectrum of J1459−6053 appears to be best fitted with
a simple power law model, typical of young energetic pulsars,
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Fermi LAT (> 100 MeV)

PSR J1614−2230

Counts

40
30
20
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0
XMM−Newton (0.4 − 3 keV)

Counts

120

100

80

Radio amplitude (au)

60
1.0

0.6
0.4
0.2
0.0
0.0

Fig. 4. MOS false-colour image of the field around J1614–2230,
with the position of the pn camera overplotted. The field of view is
12 × 12 . The cross shows the radio timing position of the pulsar
(see Table 2). The data have been smoothed with a Gaussian. In the
online colour version red shows 0.2−0.8 keV photons, green shows
0.8−3.0 keV photons and blue 3.0−10.0 keV photons.

Nançay (1400 MHz)

0.8

0.5

1.0
Phase φ

1.5

2.0

Fig. 6. Top panel: Fermi LAT γ-ray phasogram from Abdo et al.
(2009b), 20 bins per period. Middle: pn X-ray lightcurve of J1614−2230
(0.4−3.0 keV) overplotted with the model and parameters described in
Sect. 4 (black solid line). The phasogram is shown with 16 bins per
period and the dotted line corresponds to the background level. The error bars indicate the statistical 1σ error. Bottom: the Nançay 1400 MHz
radio lightcurve. All plots show absolute phase.

Flux (cm−2.s−1.keV−1)

10−4

10−5

10−6

10−7

Residuals

4.10−5
2.10−5
0
−5

−2.10

−4.10−5
0.5

1.0
Energy (keV)

2.0

Fig. 5. MOS1, MOS2 and pn (black, blue and red crosses, respectively,
in the online colour version) X-ray spectrum of J1614−2230 fitted with
a blackbody and a power law model (black solid line).

e.g. PSR B1706−44 (Gotthelf et al. 2002). Indeed, the statistically worse blackbody fit indicates an unreasonable small emission radius, see Table 3, for a young pulsar and for a reasonable distance estimate of 1 kpc, supporting the idea that this
model does not adequately describe the data. A power law model
with a photon index of ∼2 can be expected from young pulsars considering any of the three principal models that have been
elaborated to describe the high-energy emission of pulsars (see
Sect. 1). However, Abdo et al. (2009a) discuss that broad γ-ray

beams are required for at least a part of the γ-ray selected pulsar
population, because only the high-energy beam but not the relatively narrow radio beam is seen. Such wide, double-peaked light
curves are common in outer gap and slot gap models, indicating
that this population should have γ-ray emission generated in the
outer magnetosphere, near to the light cylinder, which may lend
weight to either the SG or the OG model as the most appropriate
to describe the emission from this pulsar.
The low value of ηX compared to other similar pulsars, e.g.
Marelli et al. (2011), may have been derived because of an underestimated distance or an overestimated beam correction factor. However, Marelli et al. (2011) estimated ηγ with a slightly
larger distance of 1.5 kpc and find ηγ > 1. This suggests that
the distance estimate must be reasonable and it is just NH that is
overestimated. The Fγ /FX = 1081, similar to other radio-quiet
pulsars, i.e. Marelli et al. (2011).
A tentative modulation of the folded lightcurve is shown, although because of the low S/N, it is impossible to determine the
form/number of any eventual X-ray peak(s). The low S/N in the
J1459−6053 lightcurve makes it diﬃcult to compare the X-ray
and γ-ray peaks, however, the possible X-ray peak can be seen to
be consistent in phase with the γ-ray peak, see Fig. 3 and therefore suggests emission generated in a similar region for the two
energy domains.
Fitting the X-ray spectrum of J1614−2230 reveals a good
fit for a single-component model. However, a simple power law
model reveals a photon index that is unlikely to be physical. It is
therefore likely that the MSP is thermally dominated. All thermally dominated MSP, e.g. PSR J0030+0451, PSR J0437−4715
and J2124–3358 (Bogdanov & Grindlay 2009; Bogdanov et al.
2007, 2008) show evidence for a multi-component model. We
therefore tried a two-component model, a soft blackbody and either a second harder blackbody or a power law (see Table 3).
A108, page 5 of 6
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Marelli et al. (2011) also obtained a similar fit with the same
two-component model, although they did not fit the power law
component, but used a fixed power law with a photon index of
2. The softer thermal component is expected to come from the
heated polar cap(s) of the neutron star (see Sect. 1). Comparing
a single-blackbody fit to the two-blackbody fit using the “ftest”,
we found a probability of 5 × 10−5 , indicating that the twocomponent fit is likely at the 4σ level. Owing to the limited S/N
of the data presented here, the nature of the harder component is
unclear. If it is thermal, it will be caused by non-uniform heating
across the polar cap, in a similar way to PSR J0030+0451 (e.g.
Becker & Aschenbach 2002; Bogdanov & Grindlay 2009). The
two blackbodies correspond to a small, hot region of ∼10 m in
radius (7−60 m, 90% confidence) and a temperature of ∼1.07 ×
107 K (0.39−3.9 × 107 K, 90% confidence) and a larger, cooler
region of ∼530 m radius (320−4960 m, 90% confidence), with
a temperature of ∼0.17 × 107 K (0.13−0.22 × 107 K, 90% confidence). If it is non-thermal, it may be magnetospheric in origin or arise from inverse Compton scattering of photons closer
to the polar cap. The ηX estimated for this MSP is commensurate with other estimates of ηX , e.g. Marelli et al. (2011).
The Fγ /FX = 279 and is similar to other radio-loud pulsars
i.e. Marelli et al. (2011).
This information can be coupled with the γ-ray and radio
data. Venter et al. (2009) modelled the γ-ray and radio data and
found that the γ-ray emission is likely to come from the outer
gap. The authors proposed a magnetic inclination (α) of ∼40◦
and a viewing angle relative to the rotation axis (ζ) of ∼80◦ .
These are approximate values and no formal errors are associated with these estimates. Nonetheless, we can take these estimates at face value and use them in a model like that presented
by Bogdanov et al. (2007). The model considers thermal X-ray
emission emanating from the polar caps of a neutron star through
a non-magnetised light element atmosphere (nsagrav in Xspec
Zavlin et al. 1996). This model includes all relativistic corrections necessary for such a compact star. We also include the
mass derived by Demorest et al. (2010). This leaves only the
radius of the neutron star and the configuration of the dipolar
magnetic field as free parameters. Owing to the low S/N of the
X-ray lightcurve presented in this paper, detailed modelling is
excluded, therefore we use the model in an illustrative manner
only. We aim to demonstrate that the observed lightcurve can indeed be described by including the estimates proposed by Venter
et al. (2009) and a neutron star with the high mass suggested
by Demorest et al. (2010). As can be seen in Fig. 6, the general form of the X-ray lightcurve can be described using these
parameters and an oﬀset dipole of the order 10◦ . For the parameters described above, the oﬀset dipole improves the fit from for
example a χ2 = 22.2 (15 degrees of freedom, d.o.f. (no oﬀset dipole)) to χ2 = 10.01 (13 d.o.f., with the oﬀset dipole),
when considering a neutron star of radius 11 km. The ftest indicates that the oﬀset dipole is preferred at the 3σ level. This
oﬀset is similar to that used by Bogdanov et al. (2007) to model
PSR J0437−4715. Including the oﬀset dipole is interesting because it is one of the hypotheses that Venter et al. (2009) used to
explain the γ-ray emission observed from MSPs, where the low
MSP magnetic field inhibits the creation of suﬃcient electronpositron pairs, which are ultimately responsible for the γ-ray
emission. However, if we remove the constraints imposed on α
and ζ from the modelling of the γ-ray lightcurve (Venter et al.
2009), it may be possible to obtain an equally good fit without
an oﬀset dipole. More data are required to improve the quality
of the lightcurve to allow us to fit an increased number of free
parameters to test this hypothesis.
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5. Summary
Our X-ray analysis of the young γ-ray selected pulsar J1459−6053 reveals an X-ray spectrum that is best fitted
with a power law model, with a photon index, Γ = 2.10+1.24
−0.85 .
The γ-ray data suggest that either the SG or the OG model may
be best to describe the emission from this pulsar. Analysis of
the X-ray lightcurve folded on the γ-ray ephemeris shows modulation at the 3.7σ level in the 1.0−4.5 keV domain. Possible
alignment of the main γ-ray and X-ray peaks further supports
the interpretation that the emission in the two energy domains
emanates from similar regions.
The old millisecond pulsar J1614−2230 shows an X-ray
spectrum with a substantial thermal component. It is not clear
if the best-fitting spectral model is two blackbodies, with kT =
+2.54
0.15+0.04
−0.04 and 0.88−0.54 keV or a blackbody with similar temperature to the previous cooler component, kT = 0.13+0.04
−0.02 keV and
a power law component, with a photon index, Γ = 1.25+2.30
−1.75 . The
cooler blackbody component is likely to originate from the hot
surface at the polar cap. Analysis of the X-ray lightcurve folded
on the radio ephemeris shows modulation at the 4.0σ level in the
0.4−3.0 keV domain. This millisecond pulsar shows spectral and
temporal similarities with the predominantly thermally emitting
millisecond pulsars PSR J0030+0451 and PSR J0437−4715.
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