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A B S T R A C T 

We report the results of new XMM-Newton observations of the middle-aged ( τ c = 1.1 × 10 

5 yr) radio pulsar PSR J1740 + 1000 

carried out in 2017–2018. These long pointings ( ∼530 ks) show that the non-thermal emission, well described by a power-law 

spectrum with photon index � = 1.80 ± 0.17, is pulsed with a ∼30 per cent pulsed fraction above 2 keV. The thermal emission 

can be well-fit with the sum of two blackbodies of temperatures kT 1 = 70 ± 4 eV and kT 2 = 137 ± 7 eV, and emitting radii 
R 1 = 5 . 4 

+ 1 . 3 
−0 . 9 km and R 2 = 0 . 70 

+ 0 . 15 
−0 . 13 km (for a distance of 1.2 kpc). We found no evidence for absorption lines as those observed 

in the shorter XMM-Newton observations ( ∼67 ks) of this pulsar carried out in 2006. The X-ray thermal and non-thermal 
components peak in antiphase and none of them is seen to coincide in phase with the radio pulse. This, coupled with the small 
difference in the emission radii of the two thermal components, disfa v ours an interpretation in which the dipolar polar cap is 
heated by magnetospheric backward-accelerated particles. Comparison with the other thermally emitting isolated neutron stars 
with spectra well described by the sum of two components at different temperatures shows that the ratios T 2 / T 1 and R 2 / R 1 are 
similar for objects of different classes. The observed values cannot be reproduced with simple temperature distributions, such as 
those caused by a dipolar field, indicating the presence of more complicated thermal maps. 

Key words: stars: neutron – pulsars: general – pulsars: individual: PSR J1740 + 1000, PSR B1055 −52 – X-rays: stars. 
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 I N T RO D U C T I O N  

he radio pulsar PSR J1740 + 1000 was disco v ered in 2000 in a
urv e y performed with the Arecibo radio telescope (McLaughlin 
t al. 2002 ). Its timing parameters ( P = 0.154 s, Ṗ = 2 . 15 × 10 −14 

 s −1 ) imply that PSR J1740 + 1000 is an ordinary rotation-powered
ulsar (RPP), with characteristic age τ c = 1.1 × 10 5 yr, spin-down 
uminosity Ė = 2 . 3 × 10 35 erg s −1 , and dipolar magnetic field B s =
.8 × 10 12 G at the neutron star surface. Its distance, inferred from
he dispersion measure using the Yao, Manchester & Wang ( 2017 )
lectron-density model of the Galaxy, is about 1.2 kpc. 

This pulsar has a particularly high Galactic latitude of 20 ◦.3 that,
or the distance quoted abo v e, corresponds to a height of z = 426 pc
bo v e the Galactic plane. If PSR J1740 + 1000 was born within the
cale-height of massive stars in the Galactic disc and its true age
s not much longer than τ c , a projected velocity of ∼2800 km s −1 

s required. This seems unlikely, given that the average velocity of
ulsars is about 500 km s −1 and the tail of the distribution extends no
urther than 2000 km s −1 (Hobbs et al. 2005 ). Halpern, Bogdanov &
otthelf ( 2013 ) derived an upper limit of 60 mas yr −1 for its proper
otion based on Chandra observations with a 10 yr separation. This
 E-mail: michela.rigoselli@inaf.it 

D  

a  

f  

2022 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
orresponds to a projected velocity smaller than 350 ( d /1.2 kpc) km
 

−1 . Furthermore, diffuse X-ray emission extending ∼5–7 arcmin to 
he South-West direction, if interpreted as a nebula trailing the pulsar,
mplies a motion towards the Galactic plane (Kargaltsev et al. 2008 ;
enbow et al. 2021 ). It is thus more lik ely that PSR J1740 + 1000 w as
orn in the Galactic halo from a runaway massive star or through
ccretion-induced collapse of a halo population star (McLaughlin 
t al. 2002 ; Halpern et al. 2013 ). Such a possibility is shared with only
wo other young ( τ < 1 Myr) and distant ( d > 1 kpc) pulsars, i.e. PSR
0919 + 06 (Chatterjee et al. 2001 ) and 1RXS J141256.0 + 792204
ka Calvera (Mereghetti et al. 2021 and references therein). 

PSR J1740 + 1000 was first detected in X-rays with the Chandra
atellite in 2001 and later observed with two XMM-Newton pointings 
ielding a 67 ks exposure time in total (Kargaltsev et al. 2008 ). Using
hese data, Kargaltsev et al. ( 2012 ) disco v ered an absorption line in
he phase-resolved X-ray spectrum. The line properties appeared 
o vary as a function of the pulsar spin phase, thus ruling out an
nstrumental/calibration effect. Phase-dependent spectral lines had 
een reported earlier for sources belonging to some peculiar classes 
f isolated neutron stars (INSs), i.e. the X-ray dim INSs (XDINSs,
aplan 2008 ; Turolla 2009 ) and the central compact objects (CCOs;
e Luca 2017 ). Conversely, this was the first evidence for such
 feature in an ordinary RPP; lines in other RPPs were later
ound in PSR B1133 + 16 (Rigoselli & Mereghetti 2018 ) and PSR
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Table 1. Journal of the XMM-Newton observations of PSR J1740 + 1000 and PSR B1055 −52. 

Obs. ID Start time End time Net exposure time (ks) Modes and filtres 
(UTC) (UTC) EPIC-pn EPIC-MOS1 EPIC-MOS2 EPIC-pn EPIC-MOS1 EPIC-MOS2 

0403570101 2006-09-28 00:45:51 2006-09-28 12:14:28 27.60 38.34 38.67 SW-TN FW-TN FW-TN 

0403570201 2006-09-30 01:08:41 2006-09-30 08:20:33 17.63 24.30 24.43 SW-TN FW-ME FW-ME 

0803080201 2017-09-20 16:25:12 2017-09-22 04:50:12 67.73 88.01 89.06 SW-TN FW-TN FW-TN 

0803080301 2017-10-04 15:25:30 2017-10-06 04:02:10 76.49 100.70 101.43 SW-TN FW-TN FW-TN 

0803080401 2018-03-05 04:41:46 2018-03-06 16:46:46 47.69 64.59 71.43 SW-TN FW-TN FW-TN 

0803080501 2018-04-04 00:23:42 2018-04-05 15:12:03 76.98 108.39 118.00 SW-TN FW-TN FW-TN 

0842820101 2019-06-20 18:22:24 2019-06-21 17:40:39 47.20 66.39 66.14 SW-TN FW-ME FW-ME 

0842820201 2019-07-09 00:17:40 2019-07-09 22:29:35 51.91 73.40 74.35 SW-TN FW-ME FW-ME 
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Table 2. Ephemeris of PSR J1740 + 1000, given in TDB units. 

MJD range 51310 − 52014 57838 − 58262 
Epoch zero 51662 58116 
ν (Hz) 6.48983281353(9) 6.48934759788(3) 
ν̇ (10 −13 Hz s −1 ) −9.04066(9) −9.04657(9) 
ν̈ (10 −23 Hz s −2 ) . . . −3.5(1) 
Reference McLaughlin et al. ( 2002 ) This work 
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0656 + 14 (Arumugasamy et al. 2018 ). Recently, PSR J1740 + 1000
as detected also at γ -ray energies by integrating 10 yr of Fermi -LAT
ata (Fermi-LAT collaboration 2022 ), with evidence of pulsations
eported in Smith et al. ( 2019 ). 

Here, we report the results of new XMM-Newton observations of
SR J1740 + 1000 carried out in 2017–2018. Thanks to a nearly 10
old increase in the exposure time, these data represent a significant
mpro v ement compared to the 2006 observ ations, allo wing a better
haracterization of the pulsar spectral and timing properties. 

 OBSERVATIONS  A N D  DATA  ANALYSIS  

SR J1740 + 1000 was observed four times by XMM-Newton in
017–2018, using the same setting for the European Photon Imaging
ameras (EPIC) instrument in all observations. The EPIC-MOS1/2
ameras (Turner et al. 2001 ) were operated in full-window mode
time resolution 2.6 s) with medium and thin optical filtre, while the
PIC-pn camera (Str ̈uder et al. 2001 ) was in small-window mode

time resolution 5.7 ms) with the thin filtre. Only the latter could
e used for the timing analysis and phase-resolved spectroscopy. A
og of the XMM-Newton pointings of PSR J1740 + 1000 is given in
able 1 , where, for completeness, we include also the two previous
bservations. 
The data reduction was performed using the EPPROC and EMPROC

ipelines of version 18 of the Science Analysis System ( SAS ). 1 Time
ntervals of high background were remo v ed with the ESPFILT task
ith standard parameters, resulting in the net exposure times given

n Table 1 . 
For the timing analysis, we selected single- and multiple-pixel

vents ( PATTERN ≤4 for the EPIC-pn and ≤12 for the -MOS). We
onverted the time of arri v als to the Solar System barycentre using
he JPL DE405 ephemeris with the tool BARYCEN . The same event
election was used for the EPIC-MOS spectral analysis, while that
f the EPIC-pn was done using only single-pixel events in order to
educe the background at the lowest energies. 

We selected source counts in a circular region of radius 30 arcsec,
hile the background was chosen far away from the pulsar and
 v oiding the region of the tail emission (the latter was assessed using
he EPIC-MOS images, where the tail can be seen better thanks to
heir larger size). 

The spectral analysis was performed using XSPEC (version
2.11.0). The spectra from the EPIC-pn camera were rebinned using
he GRPPHA tool with a minimum of 300 (phase-averaged) or 100
phase-resolved) counts per bin, while those from the EPIC-MOS
ameras with a minimum of 50 counts per bin. The interstellar
NRAS 513, 3113–3121 (2022) 
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X  

b  

6  
edium absorption was accounted for using the TBABS models with
ross-sections and abundances of Wilms, Allen & McCray ( 2000 ).
e give all the errors at 1 σ confidence level. 

 RESULTS  

.1 Timing analysis 

n order to obtain the relative phase alignment of the X-ray pulse
rofiles with those at other wa velengths, we ha ve phase aligned the
ata using a radio derived ephemeris from the Lovell Telescope at
odrell Bank Observatory. PSR J1740 + 1000 has been observed at
 centre frequency of 1520 MHz with the Lovell Telescope since
007, at a roughly weekly cadence, and typical rms residual of 200
s. We use TEMPO2 to fit a timing model with spin frequency and

wo deri v ati ves to data taken between 2017 March 26 and 2018 May
3, with the best-fitting parameters given in Table 2 . For consistency
etween the X-ray and radio software tools, the definition of zero
hase was set to MJD 58116, at infinite frequency, at the Solar system
arycentre, although this does not correspond to any special feature
n either the radio or X-ray light curv es. F or comparison, a 1520 MHz
adio pulse profile from a 350 s Lovell Telescope observation on
018 April 10 was also aligned with this ephemeris and dedispersed
o infinite frequency using PSRCHIVE . The pulsar exhibits significant
ed spin noise that prevents us from extrapolating the timing of
he pulsar back to earlier X-ray observations, and so the previously
ublished ephemeris was used for the 2006 observation, also listed
n Table 2 . They are significantly different because of a glitch that
ccurred in 2012 (Basu et al. 2022 ). 
The X-ray light curves obtained by folding all the 2017–2018

ata with the radio ephemeris are shown in Fig. 1 . We show the
ulse profile in two energy ranges, 0.2–1 and 2–10 keV, and we
ighlight the phase bins used in the phase-resolved spectral analysis
see Sections 3.2.2 and 3.2.3 ). 

As an independent cross-check, we also performed searches for
ulsations in the four indi vidual observ ations based only on the
-ray data. We used the 0.3–1 keV range, where the source is
rightest and the background is negligible, and searched in the
.4893–6.4897 Hz frequency range with the Z 

2 
1 -test (Buccheri

https://www.cosmos.esa.int/web/xmm-newton/sas


X-ray emission from PSR J1740 + 1000 3115 

Figure 1. Pulse profiles of PSR J1740 + 1000 in the soft X-ray (0.2–1 keV, 
blue line) and hard X-ray (2–10 keV, green line). The black vertical lines show 

the six phase bins used in the phase-resolved spectroscopy (Section 3.2.2 ). The 
three coloured areas correspond to the three phase bins used in Section 3.2.3 : 
dip (grey), rise and fall (red), and peak (green). 

Figure 2. Pulsed fraction (upper panel) and phase of the maximum (lower 
panel) as a function of the energy of 2006 data (green dots) and of 2017–2018 
data (black dots). Only the energy bins where the pulsation is clearly detected 
are plotted. 

e  

o
w

b
fi

f

w  

a  

t  

a  

d
 

a  

0  

a  

Figure 3. Phase-averaged spectrum extracted from the 2017–2018 observa- 
tions with the EPIC-pn (black dots) and EPIC-MOS (red dots) cameras. The 
lower panels show the residuals of the best fit (2BB + PL) in units of σ . 
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t al. 1983 ). The pulsations were significantly detected in all the
bservations, with best periods consistent, within their 1 σ errors, 
ith the more precise values reported in Table 2 . 
To study the energy-dependence of the pulsed flux, we extracted 

ackground-subtracted pulse profiles in different energy ranges and 
tted them with the function 

 ( ϕ) = A + B cos (2 π ( ϕ − ϕ 0 )) , (1) 

here ϕ 0 is the phase of the maximum. We define the pulsed fraction
s PF = ( A − B )/( A + B ). The fits gave al w ays a good description of
he pulse profiles, but in the range 1–2 keV the data could be well-fit
lso by a constant function [ χ2 = 7.60 for 7 dof wrt χ2 = 4.47 for 5
of in the case of equation ( 1 )]. 
The derived values of the PF and ϕ 0 , for each energy bin,

re shown in Fig. 2 . The PF is approximately constant below
.75 keV ((14 . 5 ± 1 . 1) per cent ), then it increases between 0.75
nd 1 keV ((21 . 4 ± 3 . 1) per cent ) and between 2 and 10 keV
(29 ± 10) per cent ). There is a difference of about 0.36 ± 0.19
etween the phases of the maximum in the soft and hard energy
anges. The apparent lack of pulsations between 1 and 2 keV could
e due to the phase difference of the two spectral components that
ontribute equally in this intermediate energy range. For comparison, 
e also plotted in Fig. 2 the values that we derived from the 2006
ata, where the pulsations can be seen only integrating the whole
.3–1 keV range. 

.2 Spectral analysis 

fter checking that no substantial differences were present in the 
pectra of the four 2017–2018 observations, we combined them into 
ne single spectrum for the EPIC-pn and one for the sum of the two
PIC-MOS. In the following, all the results refer to these summed
pectra. 

.2.1 Phase-avera g ed spectra 

he EPIC-pn and -MOS spectra were fitted together in the 0.3–
 keV range with the model used in previous works (Kargaltsev
t al. 2012 ), which consists of three components, two blackbodies,
nd a power law (2BB + PL), modified by interstellar absorption.
e included a normalization factor to account for possible cross- 

alibration uncertainties between the three cameras. 
We obtained an acceptable fit with a power-law photon index 
 = 1.80 ± 0.17, blackbody temperatures kT 1 = 70 ± 4 eV, kT 2 =
37 ± 7 eV, and emitting radii R 1 = 5 . 4 + 1 . 3 

−0 . 9 km, R 2 = 0 . 70 + 0 . 15 
−0 . 13 

m (for d = 1.2 kpc). The best-fitting absorption column density is
 H = (6.9 ± 0.8) × 10 20 cm 

−2 , and is consistent with the DM-based
alue (DM = 23.897 ± 0.025, Bilous et al. 2016 ) of 7 × 10 20 cm 

−2 

btained with the usual assumption of a 10 per cent ionization of
he interstellar medium (He, Ng & Kaspi 2013 ). Our measurement
f N H is also consistent with the total H I column density for the
ource position (8 × 10 20 cm 

−2 ) according to the sky map of HI4PI
ollaboration ( 2016 ). The best-fitting model is shown in Fig. 3 and
ll the parameters are summarized in Table 3 . 

A good fit was also found with a magnetized atmosphere model
lus a power law. We used the NSMAXG models of XSPEC , which
ere computed for a partially ionized, strongly magnetized hydrogen 
MNRAS 513, 3113–3121 (2022) 
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tmosphere (Ho, Potekhin & Chabrier 2008 ; Ho 2014 ). We fixed
 = 1.5 M � and R = 14 km; the best-fitting normalization is related

nly to the star distance. We considered models that have a surface
emperature T eff and magnetic field B distributions according to the

agnetic dipole model. We explored models with B = 10 12 G at the
ole and angles between the line of sight and magnetic axis of 0 ◦

123100) or 90 ◦ (123190). 
The first model can fit well the spectra ( χ2 = 91.21 for 76 dof) with

 eff = 0.35 ± 0.01 MK (that corresponds to an observed temperature
T ≈ 25 eV) and d ≈ 0.25 kpc. The second model ( χ2 = 88.29 for
6 dof) provides a higher temperature T eff ≈ 0 . 60 + 0 . 01 

−0 . 02 MK ( kT ≈
5 eV) and a distance of about 1 kpc, which is more consistent with
he DM-inferred value. See Table 3 for further details. 

.2.2 Phase-resolved spectra 

e extracted six spectra corresponding to the six phase intervals
hown by the black vertical lines in Fig. 1 from the EPIC-pn data and
tted them simultaneously with the same three-components model
sed for the phase-averaged analysis (2BB + PL). 
It was impossible to significantly constrain all the parameters.

herefore, we fixed the absorption to the value derived above,
 H = 6.9 × 10 20 cm 

−2 , and linked the two blackbody temperatures
nd the power-law index to common values for all the phases. 

In this way we obtained the best-fitting parameters plotted with
he black points in Fig. 4 and given in Table 3 . A good fit was
btained, but since all the normalizations of the colder blackbody
ere consistent with the same value, we imposed a common value

lso for this parameter. The spectral variations can be well reproduced
y changing only the relative normalizations of the power law and
f the hotter blackbody (blue points in Fig. 4 ). 
Finally, we tried a fit with the temperatures of the two blackbodies

nd the photon index fixed to the phase-averaged values. Only the
ormalizations of the hot blackbody and of the power law were left
ree to vary. Also, in this case, a good fit was obtained (red points in
ig. 4 ). 
These results indicate that the three spectral components are

resent at all the phases, although with different normalizations. The
hase dependence of the hotter blackbody and of the non-thermal
omponent reflect the shape of the pulse profiles observed below
 keV and abo v e 2 keV, respectively. Although this spectral decom-
osition is clearly not unique, it involves a reasonably small number
f free parameters and suggests that the colder thermal emission,
ith an emitting radius of R 1 = 7 . 0 + 1 . 1 

−0 . 8 km and a temperature kT 1 =
3 ± 3 eV, comes from the bulk of the star’s surface, while the flux
rom a hotter and smaller region, modulated by the pulsar rotation,
ccounts for the pulsations seen at low energy. On the other hand, the
ulsations at E > 2 keV can be associated to non-thermal emission
rom a different region, as indicated by phase shift between the low-
nd high-energy pulse profiles. 

.2.3 Absorption features 

o evidence for spectral lines was found in our analysis of the phase-
v eraged and phase-resolv ed spectra of PSR J1740 + 1000 when the
BB + PL model was used. 
On the other hand, Kargaltsev et al. ( 2012 ) reported the presence of

 phase-dependent line in the 2006 data, when fitting the continuum
ith a single blackbody. These authors considered three phase

ntervals (dip, rise and fall, peak, see Fig. 1 ) and found lines with
entre at E 0 = 646 + 13 

−12 eV, width σE = 137 + 17 
−13 eV, and equi v alent



X-ray emission from PSR J1740 + 1000 3117 

Figure 4. Best-fitting parameters plotted as functions of the phase: cold 
blackbody radius (upper panel), hot blackbody radius (middle panel), and 
power-law normalization (lower panel). Black, blue, and red lines correspond 
to the three spectral approaches listed in Table 3 , respectively. See text for 
further details. 
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idth EW = 234 ± 34 eV (dip), E 0 = 635 + 11 
−24 eV, σE = 161 + 22 

−14 

V, EW = 192 ± 24 eV (rise and fall) and E 0 = 548 ± 12 eV,
E = 35 + 22 

−15 eV, EW = 54 ± 20 eV (peak). We carried out a search for
imilar features in the new XMM-Newton observation by extracting 
hree spectra corresponding to the same phase intervals. We fitted 
hem in the 0.2–1.1 keV range with a single blackbody plus a
aussian absorption line (GBB) and N H fixed at 9.7 × 10 20 cm 

−2 ,
s done by these authors. 2 The blackbody parameters were linked 
etween the three spectra, while the line parameters were left free 
o vary. A good fit ( χ2 = 182.92 for 178 dof) was obtained with
T = 93 + 3 

−5 eV, R = 7 . 2 + 54 . 3 
−2 . 1 km and E 0 = 600 − 650 eV. Ho we ver,

he best-fitting parameters for the Gaussian components are very 
ifferent from those found in the 2006 data. We find much larger and
hallower lines: σE = 343 + 19 

−16 (dip), 335 + 14 
−13 (rise and fall) and 337 + 25 

−20 

eV (peak). As shown by Vigan ̀o et al. ( 2014 ), broad absorption
eatures with these characteristics can appear when one tries to fit
 They limited their analysis to energies below 1.1 keV because of the poor 
tatistics of the 2006 data, so they could neglect the contribution of the power 
aw. 

(  

p
e  

γ  

r

ith a single component spectra well described by multiple thermal 
omponents, as is the case of PSR J1740 + 1000. The fact that the
ine parameters change with the phase can be understood considering 
hat the underlying continuum is changing. 

In order to understand if the difference between our findings and
hose of Kargaltsev et al. ( 2012 ) are due to a long-term change in
he spectrum, we first repeated the same analysis on the 2006 data.

ith the GBB model, we found kT = 96 ± 2 eV and R = 3 . 66 + 0 . 28 
−0 . 24 

m, and the spectral lines have a E 0 = 550 − 650 eV and widths
E = 140 + 28 

−21 (dip), 146 + 26 
−22 (rise and fall) and 37 + 23 

−21 eV (peak). These
esults are consistent with those of Kargaltsev et al. ( 2012 ). 

Then we performed simulations to estimate the probability of not 
evealing in the new data a feature with the properties seen in 2006 if it
ere still present. To this aim, we simulated 10 5 EPIC-pn spectra for

he three phase intervals with the GBB best-fitting parameters of the
006 data, but with the total exposure of the 2017–2018 spectra. We
tted them with the same model, forcing the line widths to be either
 200 eV (narrow lines) or > 200 eV (broad lines), and compared the

esults computing the maximum-likelihood ratio test (Cash 1979 ). 
Fitting the real data, we obtained χ2 

narrow = 191 . 20 and χ2 
broad =

82 . 94 for 178 dof, yielding r obs = 0.016. The minimum r we found
fter 10 5 simulations is 36.23, more than three orders of magnitude
arger than r obs . This means that our fits of the 2017–2018 data would

iss narrow absorption lines by chance is � 10 −5 . Extrapolation of
he r distribution down to the observed value shows that we would
eed at least ∼10 7 trials to obtain by chance r < r obs . 

Finally, we wanted to address whether the PSR J1740 + 1000
pectrum changed o v er time, or the narrow lines detected in 2006
ere statistically consistent with the 2BB + PL model seen in the
e w observ ations. We simulated 10 4 spectra with counts distributed
s the 2017–2018 2BB + PL best fit, but with the total exposure of the
006 observations. As in the previous case, we computed r by fitting
he simulated spectra with GBB or 2BB models. Fitting the real 2006
ata, we obtained χ2 

GBB = 47 . 83 for 60 dof, and χ2 
2BB = 57 . 63 for 63

of, yielding r obs = 134.94. Based on the distribution of the r values
f the simulated data, this r obs corresponds to a chance probability
f 2.6 × 10 −3 . This indicates that there is some evidence for a time
ariation of the phase-resolved spectrum. 

 DI SCUSSI ON  

he long exposure time of the ne w observ ations allo wed us to better
haracterize the non-thermal emission of PSR J1740 + 1000 that was
nly poorly constrained and not seen to pulsate with the previous
bservations. This component is well fit by a power law with photon
ndex � = 1.80 ± 0.17 and has a flux F 1 − 10 = (2.44 ± 0.16) ×
0 −14 erg s −1 cm 

−2 . The non-thermal luminosity of (4.4 ± 0.3) ×
0 30 erg s −1 (for d = 1.2 kpc), corresponds to an efficiency of about
 × 10 −5 , to be compared with that in the 0.1–100 GeV range of
.8 × 10 −3 (Fermi-LAT collaboration 2022 ). 
X-ray pulsations are seen for the first time abo v e 2 keV, with a

ulsed fraction of (29 ± 10) per cent . The phase-resolved spectral 
nalysis showed that this can be described with a (40 ± 10) per cent
ux modulation of a power-law component with fixed slope and 
aximum flux peaking nearly in antiphase with respect to the thermal 

mission. In Fig. 5 , we also show the radio (1520 GHz) and γ -ray
0.1–10 GeV; Smith et al. 2019 ) pulse profiles, which have been
hase-aligned using radio ephemeris we specifically derived for the 
pochs of the X-ray observations. The small count statistics of the
-ray pulse profile does not allow to draw strong conclusions on its

elative alignment with that of the hard X-rays. 
MNRAS 513, 3113–3121 (2022) 
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M

Figure 5. Multiwavelength pulsed profile of PSR J1740 + 1000: radio 
(black), soft X-rays (blue), hard X-rays (green), and γ -rays (red). 
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On the other hand, the phase difference of 0.44 ± 0.01 between the
adio pulse and the maximum of the thermal emission is significant.
n a simple scenario, the surface temperature is expected to peak
t the magnetic poles, and the radio emission is produced within
he open field lines region above the polar caps. Thus, one would
xpect the radio and thermal emission to peak at the same phase. The
ombination of field-line sweep back and aberration can introduce
 phase shift between the radio emission, which comes from a
ignificant height in the magnetosphere, and the thermal X-rays
mitted at the star surface. Ho we ver, in the case of PSR J1740 + 1000,
he expected shift is only �φPA = 28 ◦ = 0.08 in phase (Romani
t al. 2011 ). This cannot account for the observed difference, thus
uggesting that such a simple geometry does not apply to PSR
1740 + 1000 and/or the thermal hotter spot does not coincide with
he magnetic pole and, instead, the neutron star thermal map is more
omplex. 

The thermal part of the X-ray spectrum of PSR J1740 + 1000 can be
ell fitted by the sum of two blackbodies with temperatures kT 1 =
0 ± 4 eV and kT 2 = 137 ± 7 eV. Phase-resolved spectroscopy
evealed that the hotter component is modulated by the pulsar
otation. The average flux corresponds to an emitting radius R 2 =
83 ± 8 m. The cooler blackbody has an emitting radius of R 1 =
.45 ± 0.05 km, constant through the stellar rotation. 
Unless the distance is much larger than that implied by the DM,

he resulting emitting area of the cooler component is smaller than
hat is expected from the whole stellar surface. Emitting radii
ore consistent with the whole surface are instead obtained with

tmosphere models. In fact, the results we obtained with the NSMAXG

odel (Ho et al. 2008 ; Ho 2014 ) gave a radius of ≈14–20 km
depending on the assumption on the star distance, see Table 3 ). 

Our independent reanalysis of the 2006 observ ations, follo wing
he same procedure used by Kargaltsev et al. ( 2012 ), confirmed the
resence of phase-dependent narrow lines. However, we could not
nd the same features in the 2017–2018 data that have a higher
ount statistics. Fitting the new spectra with the GBB model, we
nd that lines compatible with a reasonable fit are much larger and
hallower (width of about 300 eV) than those seen in the 2006 data.
s shown by Vigan ̀o et al. ( 2014 ), broad absorption features with

hese characteristics can appear when one tries to fit with a single
omponent spectra well described by multiple thermal components,
s is the case of PSR J1740 + 1000. This led us to conclude that
he broad lines observed in the 2017–2018 data are only an artefact
NRAS 513, 3113–3121 (2022) 
nd they just indicate a non-uniform thermal map (probably non
ymmetric and also responsible of the observed changes in the line
arameters with phase). 
Among the ∼10 5 yr old RPPs, only three objects in addition to PSR

1740 + 1000 have a 2BB + PL spectrum: these are PSR J0633 + 1746
Geminga), PSR B0656 + 14, and PSR B1055 −52 (the so called
Three Musk eteers’, Beck er & Truemper 1997 ; De Luca et al. 2005 ).
his is due to the fact that only 10 4 –10 5 yr old pulsars have the cooling
omponent visible in the X-ray band, and that long observations are
eeded to derive good evidence for the presence of three spectral
omponents. Fig. 6 shows the high-energy SEDs of the four sources.
he X-ray data, obtained with XMM-Newton , are fitted in Mori et al.
 2014 , Geming a), in Arumug asamy et al. ( 2018 , PSR B0656 + 14),
nd in this work (see the Appendix section for PSR B1055 −52). The
ermi -LAT data and best fits are taken from Abdo et al. ( 2013 ) and
ermi-LAT collaboration ( 2022 ). 
The non-thermal component of the SED is fitted by a power law

n the X-rays and by a cutof f po wer law in the γ -rays, but a self
onsistent unifying interpretation of broad-band pulsar spectra is still
acking. Torres ( 2018 , 2019 ) proposed a synchro-curvature emission

odel that, with a small number of parameters, can describe the
on-thermal spectra of 30 pulsars across seven orders of magnitude
n energy. These authors did not find clear correlations between
ntrinsic pulsar properties and model parameters, but only hints of
 relation between the magnetic field strength at the light cylinder
nd the parallel electric field in the magnetoshpere, which affects
he peak energy in the γ -rays (see also Caraveo 2014 ). The synchro-
urvature model by Torres ( 2018 , 2019 ) does not allow to compute
he pulse profiles and to predict the phase of the maximum. Ho we ver,
he different trajectories of particles that generate the SED produce
 delay in the time of arri v als that can be a significant fraction of the
ulsar period and can explain the large phase differences in the X-
nd γ -ray pulsed profiles. 

In all these sources, the thermal component of the SED is well
tted by two blackbody components. In the left-hand panel of Fig. 7 ,
e plot in black the ratios of emitting radii and temperatures of PSR

1740 + 1000 and of the Three Musketeers, the younger Vela pulsar
Manzali, De Luca & Caraveo 2007 ), and 1RXS J141256.0 + 792204
‘Calvera’), for which the lack of non-thermal emission is probably
ue to unfa v ourable orientation and/or large distance (Mereghetti
t al. 2021 ). It is v ery striking to observ e that, for all these pulsars
xcept Geminga, the ratio R hot / R cold is in the range 0.05–0.2. Thus,
t is difficult to interpret the hotter and colder components in terms
f emission from a polar cap corresponding to the dipole open lines
 R ∼ 200–300 m) and from the whole surface, respectively. Note
hat this conclusion is independent of the distance, and indicates
hat the 2BB modelling is simply a first-order approximation of a
mooth temperature gradient across the star surface. We also plot
or comparison other classes of INSs: a high-B pulsar (green), the
DINSs (red), and the CCOs (blue). These neutron stars have very
ifferent characteristic ages (from 10 3 yr of the CCOs to several 10 5 

r of the XDINSs) and magnetic fields (from 10 10 G to 10 13 G), but
ith the exception of RX J0420.0 −5022 and RX J1856.5 −3754,

hey are placed in the same area of this parameter space. This means
hat, despite the differences, they have a similar thermal map. This
s indeed quite surprising since the surface temperature is expected
o evolve in time and to be sensitive to the initial magnetic field
onfiguration in the star crust (see Pons & Vigan ̀o 2019 for a
e vie w). Recent simulations of INS magneto-thermal evolution in
D (De Grandis et al. 2020 , 2021 ) have shown that if the initial
eld is axially symmetric, although different from a simple dipole,

he ensuing thermal map is itself axisymmetric. Assuming local

art/stac1130_f5.eps
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Figur e 6. High-ener gy SED of PSR J1740 + 1000 compared to that of similar pulsars (the so called ’Three Musketeers’). The XMM-Newton data (1–10 keV) 
and best fits are taken from Mori et al. ( 2014 ), Arumugasamy et al. ( 2018 ) and from this work (see Appendix for PSR B1055 −52). The Fermi -LAT data (0.1–100 
GeV) and best fits are taken from Abdo et al. ( 2013 ) and Fermi-LAT collaboration ( 2022 ). 

Figure 7. Ratio of the two emitting radii versus ratio of the two temperatures derived from 2BB fits of thermal spectra. Left-hand panel: values observed in INSs 
belonging to different classes. The black points represent RPPs (#1 Geminga, Mori et al. 2014 ; #2 PSR B0656 + 14, Arumugasamy et al. 2018 ; #3 Vela pulsar, 
Manzali et al. 2007 ; #4 PSR B1055 −52, this work; #5 Calv era, Mere ghetti et al. 2021 ; #6 PSR J1740 + 1000, this work), the green point represents a high-B 

pulsar (#7 PSR J0726 −2612, Rigoselli et al. 2019 ), the red points represent XDINSs (#8 RX J0420.0 −5022, #9 RX J0720.4 −3125, #10 RX J0806.4 −4123, #11 
RX J1308.6 + 2127, #12 RX J1605.3 + 3249, #13 RX J1856.5 −3754 and #14 RX J2143.0 + 0654, Yoneyama et al. 2019 ), the blue points represent CCOs (#15 
RX J0822.0 −4300, Gotthelf, Perna & Halpern 2010 ; #16 1E 1207.4 −5209, Bignami et al. 2003 ; #17 1WGA J1713.4 −3949, Cassam-Chena ̈ı et al. 2004 ; #18 
XMMU J172054.5 −372652, Lo vchinsk y et al. 2011 ; #19 XMMU J173203.3 −344518 Tian et al. 2010 ; #20 CXOU J185238.6 + 004020, Halpern & Gotthelf 
2010 ; #21 CXOU J232327.9 + 584842, P avlo v & Luna 2009 ). Right-hand panel: comparison between the observed values (we plot only the RPPs for clarity) 
and the values obtained fitting with 2BB the spectra simulated with different emission models and surface temperature distributions. The black dots represent the 
blackbody dipolar distribution of Greenstein & Hartke ( 1983 ); the blue palette represents blackbody emission with the temperature distribution of equation ( 2 ) 
with α = 64 (blue dots) and α = 4000 (cyan dots); the red palette represents a magnetized atmospheric dipolar distribution (Ho et al. 2008 ; Ho 2014 ) with T eff = 

10 5.5 − 6.3 K (from yellow to dark red dots). See text for details on the various models. 
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lackbody emission, the spectrum is well fitted by a 2BB model 
t all times. At the inferred source age, when the star is in the
o-called Hall attractor stage, the temperatures and radii ratios are 
n agreement with the observed ones. On the other hand, more 
omplicated initial magnetic topologies result in highly asymmetric 
hermal maps, characterized by a higher pulse fraction, which survive 
 v er a time-scale � 100 kyr. The behaviour shown in Fig. 7 is very
triking and, in principle, may be explained by the existence of
articular sets of configurations, to which the neutron star may evolve 
ndependently on its initial state, and remain stable enough for a 
elatively long time, which in turns translate into thermal maps well-
tted with two thermal components in a very narrow temperature 
atio (between ∼1.5 and ∼2.2). A systematic investigation of this sce- 
ario, carried out using systematically numerical magneto-thermal 
imulations, is beyond the scope of this paper, and is matter of future
ork. 
Instead, in this paper, we tried to make a more quantitative explo-

ation, by fitting with the 2BB model simulated spectra previously 
btained starting from different surface thermal maps and emission 
odels. We found that the simplest case of a blackbody emission
MNRAS 513, 3113–3121 (2022) 
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ith a temperature distribution resulting from a dipolar magnetic
eld (Greenstein & Hartke 1983 ) gi ves v alues of the R hot / R cold 

nd T hot / T cold ratios clearly inconsistent with the observed ones
black dots in Fig. 7 , right-hand panel). This was also pointed out
y Yakovlev ( 2021 ). P ́erez-Azor ́ın, Miralles & Pons ( 2006a ) and
 ́erez-Azor ́ın et al. ( 2006b ) derived an analytical approximation of

he surface temperature distribution for the crust corresponding to
n axially symmetric crustal magnetic field with a strong toroidal
omponent: 

 

4 ( θ ) = T 4 p 

cos 2 θ

cos 2 θ + α sin 2 θ
+ T 4 min (2) 

here θ is the magnetic colatitude, T p is the temperature at the pole,
 min is the minimum temperature reached on the surface of the star
assumed to be 0.1 T p ). The parameter α depends on the relative
trength of the poloidal and toroidal components of the magnetic
eld and regulates the strength of the temperature gradient between

he pole and the equator ( α = 0.25 corresponds to the Greenstein &
artke 1983 distribution). P ́erez-Azor ́ın et al. ( 2006a ) found that the

emperature distribution for a force-free magnetic field with a toroidal
omponent present in the outer layers resembles equation ( 2 ) with
≈ 64. We simulated spectra using this temperature distribution

nd local blackbody emissivity. When fitted with the sum of two
lackbodies, in the case α = 64, we obtain the blue dots in Fig. 7 .
ncreasing α results in smaller values of R hot / R cold and larger values
f T hot / T cold . To match the observed data, values of α larger than
4000 are needed (cyan dots), indicating a strongly concentrated

egion of high temperature at the poles. On the other hand, it may be
hat the existence of the observed narrow ratios in the T hot / T cold values
s influenced by the assumption on the emission models: it is in fact
ell-known that while using blackbody components to fit neutron

tars spectral data, one failed to properly account for a hardening
aused by atmospheric emission. To test this effect, we used the
23190 NSMAXG model (see Section 3.2.1 ) to simulate the spectra
nd indeed we found a better agreement with the observations. This
s shown in Fig. 7 , right-hand panel, where we plot the radii and
emperatures ratios obtained by using this atmospheric model and
arying T eff from 0.3 MK (yellow dots) to 2 MK (dark red dots). It is
herefore very likely that a combination of the two effects, a relatively
teep thermal map and atmospheric hardening, is responsible for the
bserved clustering. 

 C O N C L U S I O N S  

ur analysis of new XMM-Newton observations of PSR J1740 + 1000
eveals that its X-ray spectrum can be well-fitted by the sum of two
lackbodies ( kT 1 = 70 ± 4 eV and kT 2 = 137 ± 7 eV) and a
ower law of photon index � = 1.80 ± 0.17. Both the thermal
nd the non-thermal components are pulsed (PF of (15 ± 1) per cent
nd (29 ± 10) per cent , respectively), and can be described by two
inusoidal functions pulsing in antiphase. This characteristic, plus
he size of the inferred emitting radii, indicate that it is difficult to
nterpret the hotter and colder components in terms of emission from
 polar cap corresponding to the dipole open lines and from the
hole surface, respectively. It is more likely that the 2BB modelling

s simply an approximation of a temperature gradient across the star
urface, steeper that the one induced by a dipolar magnetic field. This
olds for both local BB emission and assuming that a magnetized
tmosphere co v ers the star. We also found that this characteristic
s shared by the majority of thermally emitting INSs with well-
tudied spectra, with the notable exceptions of RX J0420.0 −5022,
X J1856.5 −3754, and Geminga (in this respect, we note that
NRAS 513, 3113–3121 (2022) 
SR J1740 + 1000 is more similar to the other two Musketeers than
eminga). 
Our independent reanalysis of the 2006 observations, with the

ame procedure of Kargaltsev et al. ( 2012 ), confirmed the presence
f phase-dependent narrow absorption lines. Ho we ver, we could
ot find such features with the same profiles in the higher quality
017–2018 data. We cannot rule out the possibility that the previous
etection was a statistical fluctuation (probability of 2.6 × 10 −3 ).
o we ver, such rather small probability fa v ours the possibility that

he stellar properties might have slightly changed. This could be
elated to the glitch that occurred in 2012 (Basu et al. 2022 ), between
he old and the new XMM-Newton observations. We note also that
ong-term variations in the soft X-ray emission of isolated NS has
een observed also in RX J0720.4 − 3125 (de Vries et al. 2004 ; Vink
t al. 2004 ). 

Finally, we derived the multiwavelength pulse profile of PSR
1740 + 1000. While the small count statistics of the recently detected
-ray pulse profile (Smith et al. 2019 ) does not allow to draw strong
onclusions on its relative alignment with the non-thermal X-ray
ulse, there is a significant misalignment (0.44 ± 0.01 in phase)
etween the radio and the thermal X-ray emission. The combination
f field-line sweep back and aberration cannot explain such a phase
hift, again suggesting that a simple dipole geometry does not apply
o PSR J1740 + 1000. Large phase differences between radio and
hermal X-rays have also been seen in other middle-aged (e.g.
e Luca et al. 2005 ; Arumugasamy et al. 2018 ) and old pulsars

Arumugasamy & Mitra 2019 ). 
Our findings support the mounting evidence that ordinary RPPs
ay have complicated thermal maps, as already seen for XDINSs

nd magnetars in quiescence. The latter were successfully interpreted
ith 3D magneto-thermal simulations of strong and tilted toroidal
agnetic fields (De Grandis et al. 2020 , 2021 ; Igoshev et al. 2021 ). It
ould be interesting to apply similar models also to other classes of

NSs and, even more, to investigate the possible cause of the observed
lustering in temperatures and radii ratios, which co v er sources with
 large spread of ages and magnetic field strengths. This will be a
atter of future study. 
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PPENDI X:  X - R AY  SPECTRAL  ANALYSIS  O F  

SR  B 1 0 5 5  −5 2  

n this section, we report the spectral analysis of PSR B1055 −52,
hich has two recent XMM-Newton observations (obs. IDs 
842820101 and 0842820201, see Table 1 for details). We followed 
he same data reduction processes described in Section 2 . 

We fitted the EPIC-pn and -MOS phase-averaged spectra of the 
wo epochs in the 0.3–9 keV range with the 2BB + PL model. We
btained an acceptable fit ( χ2 = 484.05 for 455 dof, nhp = 0.17)
ith N H = (1.4 ± 0.2) × 10 20 cm 

−2 , blackbody temperatures kT 1 =
0 ± 1 eV, kT 2 = 151 ± 6 eV, and emitting radii R 1 = 4 . 65 + 0 . 26 

−0 . 24 

m, R 2 = 0.23 ± 0.03 km (for d = 0.350 kpc, see Mignani,
 avlo v & Kargaltsev 2010 ). The power-law photon index is � =
.85 ± 0.10, and the flux between 1 and 10 keV is (8.8 ± 0.3) ×
0 −14 erg s −1 cm 

−2 . 
The results are in good agreement with what was found by De

uca et al. ( 2005 ), but the analysis allowed us to plot updated spectra
nd spectral parameters on Figs 6 and 7 . 
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