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ABSTRACT

XMM-Newton observations of the middle-aged radio-quiet y-ray pulsar J0554+3107 allowed us, for the first time, firmly
identify it in X-rays by detection of pulsations with the pulsar period. In the 0.2-2 keV band, the pulse profile shows two peaks
separated by about a half of the rotation phase with the pulsed fraction of 25 £ 6 per cent. The profile and spectrum in this
band can be mainly described by thermal emission from the neutron star with the hydrogen atmosphere, dipole magnetic field
of ~10"* G, and non-uniform surface temperature. Non-thermal emission from the pulsar magnetosphere is marginally detected
at higher photon energies. The spectral fit with the atmosphere4-power-law model implies that J0554+3107 is a rather heavy
and cool neutron star with the mass of 1.6-2.1 Mg, the radius of ~13 km, and the redshifted effective temperature of ~50 eV.
The spectrum shows an absorption line of unknown nature at ~350 eV. Given the extinction—distance relation, the pulsar is
located at ~2 kpc and has the redshifted bolometric thermal luminosity of ~2 x 10°? erg s~'. We discuss cooling scenarios
for J05544-3107 considering plausible equations of state of superdense matter inside the star, different compositions of the

heat-blanketing envelope, and various ages.

Key words: stars: neutron — pulsars: general —pulsars: individual: PSR J05544-3107.

1 INTRODUCTION

Studies of thermal emission from neutron stars (NSs) are one of the
ways to investigate the properties of superdense nuclear matter in
their interiors (e.g. Yakovlev & Pethick 2004). If thermal emission
originates from the entire NS surface, the comparison of the measured
thermal luminosity (or, equivalently, mean effective temperature)
with predictions of NS cooling theories can set constraints on the
equation of state (EoS) of such matter. Middle-aged (10*~10° yr old)
stars are the best targets for such analysis since thermal components
usually dominate over non-thermal ones in their X-ray spectra.
However, effective temperatures and ages are estimated only for a
few dozens of NSs, which is not enough to make definite conclusions
(Potekhin et al. 2020).

The middle-aged radio-quiet PSR J0554+3107 (hereafter J0554)
was discovered by Einstein@Home' in a blind search of Fermi Large
Area Telescope (LAT) y-ray data (Pletsch et al. 2013). Its parameters
are presented in Table 1. Upper limits on the integral flux density at
111, 150, and 1400 MHz are 0.5, 1.2, and 0.066 mlJy, respectively
(Pletsch et al. 2013; GrieBmeier et al. 2021; Tyul’bashev, Kitaeva &
Tyulbasheva 2021).

The pulsar is projected on to the supernova remnant (SNR)
G179.0+2.6 and likely associated with it (Pletsch et al. 2013).
This is a shell-type oxygen-rich remnant (How et al. 2018) with the
diameter of about 70 arcmin. Its age is unclear: the large diameter
and the low surface brightness imply the age of ~10-100 kyr, but
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the radial configuration of the magnetic field is typical for young
SNRs (Fuerst & Reich 1986; Gao et al. 2011). There are different
estimates of the distance to the remnant, from about 3 to 6 kpc
(Case & Bhattacharya 1998; Guseinov et al. 2003; Pavlovic et al.
2014), obtained through empirical correlations between the radio
surface brightness and the diameter of the SNR. However, recent
studies show that G179.04-2.6 can be much closer, at ~0.9 kpc
(Zhao et al. 2020). This result is based on an apparent interstellar
extinction jump at this distance along the remnant line of sight and
on the assumption that it is associated with the dust formed by the
SNR. However, the detected extinction jump may correspond to a
foreground molecular cloud and not the remnant itself. If so, this
value should be considered as the lower limit to the distance.

Since J0554 has not been detected in radio, it is not possible
to obtain the distance basing on the dispersion measure. The only
available estimate is the so-called ‘pseudo-distance’ of ~1.9 kpc
calculated from the empirical relation between the distance and
the pulsar y-ray flux (Saz Parkinson et al. 2010). Though such an
estimate is rather uncertain (within a factor of 2-3), it is consistent
with the association of J0554 with G179.04-2.6.

Zyuzin, Karpova & Shibanov (2018) found the likely X-ray
counterpart of J0554 in the 1st Swift-XRT Point Source (1SXPS)
catalogue (Evans et al. 2014). 17 counts were detected from the
source in the 11 ks exposure, and 13 of them are in the 0.3—-1 keV
band, which indicates that the source is soft. Indeed, fitting the X-ray
spectrum with a power-law model, Zyuzin et al. (2018) obtained the
photon index I" > 4, which is too high for pulsars and may indicate
the presence of a thermal-like spectral component. Pure thermal
emission models — the blackbody and the NS atmosphere — resulted
in NS surface temperatures of ~250—100 eV. In any case, the obtained
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Table 1. J0554 parameters obtained from Pletsch et al. (2013). Numbers
in parentheses denote 1o uncertainties relating to the last significant digit
quoted.

RA (J2000) 05"54™05%01(3)
Dec. (J2000) +31°07'41"(4)
Galactic longitude / (°) 179.058
Galactic latitude b (°) 2.697

Spin period P (ms) 465

2.15071817570(7)
—0.659622(5) x 10~12
0.18(2) x 1073

Spin frequency f (Hz)
Frequency derivative f (Hzs™")
Frequency second derivative f (Hz s™2)

Epoch of frequency determination 55214
(MID)

Data time span (MJD) 54702-56383
Solar system ephemeris model DE405
Characteristic age t. (kyr) 51.7
Spin-down luminosity E (erg s~!) 5.6 x 103

Characteristic magnetic field B, (G) 8.2 x 10'2

model parameters remained very uncertain because of the low Swift
count statistics. We therefore performed deeper observations with
XMM-Newton to confirm the counterpart of J0554 and clarify its
X-ray properties.

Here we present results of these observations. The data and
the reduction procedure are presented in Section 2. Imaging is
described in Section 3. Timing and spectral analyses are presented
correspondingly in Section 4 and Section 5. We discuss the results
in Section 6 and make conclusions in Section 7.

2 OBSERVATIONS AND DATA REDUCTION

45-ks XMM-Newton observations of the J0554 field were carried
out on 2021 October 7 (ObsID 0883760101, PI: A. Karpova).
The European Photon Imaging Camera-Metal Oxide Semiconductor
(EPIC-MOS) detectors were operated in the full frame mode and
the EPIC-pn (PN hereafter) detector in the large window mode.
The corresponding imaging areas are 28 x 28 arcmin” and 13.5 x
26 arcmin®. For all instruments, the thin filter was chosen.

We used the XMM-Newton Science Analysis Software (XMM-SAS)
v.19.1.0 for analysis. The EMPROC and EPPROC routines were utilized
to reprocess the data. To filter out the periods of background flares,
we extracted high-energy light curves from the fields of view (FoVs)
of all EPIC detectors. Only one short flare is present (see Fig. 1),
mostly affecting the PN detector, but also having a slight impact
on the MOSI light curve, so we cleaned only the PN and MOS1
data, leaving the MOS2 data unfiltered. As a result, the effective
exposures are 44.3, 44.5, and 38.8 ks for MOS1, MOS2, and PN
cameras, respectively. Single, double, triple, and quadruple pixel
events were selected for MOS (PATTERN < 12) and single and double
pixel events for PN (PATTERN < 4).

3 IMAGING

Using the ‘images’ script’? (Willatt & Ehle 2016), we created
combined MOS+PN exposure-corrected images in different energy
bands. The resulting image is shown in Fig. 2. The J0554 candidate
counterpart is seen as a bright source in the centre. Its position
RA = 05"54052067(10) and Dec. = +31°07'41740(13) was derived
by the EDETECT_CHAIN task using the data from all EPIC detectors

Zhttps://www.cosmos.esa.int/web/xmm-newton/images
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Figure 1. High-energy light curves extracted from the FoVs of the MOS
(>10 keV; top) and PN (10-12 keV; bottom) cameras. The dotted lines
show the thresholds applied to filter the MOS1 and PN data for periods of
background flaring activity (no filtering was applied to the MOS2 data).
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Figure 2. XMM-Newton combined (MOS14+MOS2+PN) image of the
J0554 field obtained in soft (0.2—1 keV, red), medium (1-2 keV, green), and
hard (2-12 keV, blue) energy bands. The bright soft point source in the centre
of the image is the X-ray counterpart of the pulsar, whose y-ray position is
marked by the cross. The position uncertainty is significantly smaller than the
marker size and is not shown. The dashed 38.5-arcsec radius circle shows the
region used for the background extraction in the timing and spectral analyses.

(numbers in parentheses are 1o pure statistical uncertainties). Taking
into account the XMM—-Newton absolute pointing accuracy of 1.2 arc-
sec,’ the coordinates are in agreement within 1o with the J0554 ones
obtained from the Fermi data (Table 1).

From Fig. 2 one can see that the J0554 candidate counterpart is a
soft source. No extended emission like a pulsar wind nebula (PWN)

3https://xmmweb.esac.esa.int/docs/documents/CAL-TN-0018.pdf
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Figure 3. Comparison of the XMM-Newton PSF and the observed radial
brightness profile obtained from the PN data in the 0.2-10 keV energy band.

or misaligned outflows are seen in the pulsar vicinity. However, the
XMM-Newton point spread function (PSF) is rather wide and the
compact PWN if exists can be blurred with the pulsar. To treat this
possibility more carefully we used the ERADIAL tool, which extracts
the source radial brightness profile and fits the PSF to it. The result
is shown in Fig. 3, and we can conclude that the radial profile is
consistent with the PSF and no compact PWN is resolved. We also
do not resolve any extended emission in the XMM-Newton FoV that
could be identified with the SNR G179.0+2.6, whose radio shell is
outside the FoV.

4 TIMING ANALYSIS

The PN detector operating in the large window mode provides the
time resolution of ~48 ms, which is sufficient to search for regular
X-ray pulsations with the 465 ms spin period of J0554. We used
the BARYCEN task and DE405 ephemeris to apply the barycentric
correction and then extracted filtered for background flaring activity
events in the 0.2-2 keV band from the 22-arcsec radius circle aperture
centred at the pulsar position. The aperture was selected using the
EREGIONANALYSE task that produces the optimum extraction radius
basing on signal-to-noise ratio. This results in 1026 source counts
or ~98 per cent of the total number of source counts detected
in the whole PN energy band. To search for the pulsations, we
performed the Z,%—test (Buccheri et al. 1983) for the number of
harmonics n from 1 to 5 using the 0.8 mHz window around the
spin frequency of 2.150474376(14) Hz expected at the epoch of
the XMM~-Newton observation (MJD 59494) according to the Fermi
timing results (Table 1). We detected pulsations at the frequency of
2.150493(2) Hz and found statistically significant contributions from
two leading harmonics. The resulting periodogram is shown in Fig. 4.
The maximum Z3 = 42.7, which implies the detection confidence
level of ~4.70 .4

We note that the frequency detected in X-rays is somewhat
higher than the predicted one. This can be due to the pulsar
timing noise and/or glitches, which might have occurred during
the ~8 yr period between the last y-ray observations of 2013,
included by Pletsch et al. (2013) into the Fermi timing solution, and
the XMM-Newton observations of 2021. For instance, the relative
difference log (Af/f) &~ —5.1 is consistent with the distribution of

4See Appendix A for details.
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Figure 4. Z% -test periodogram for JO554 in the 0.2-2 keV energy band.
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Figure 5. Pulse profiles of J0554 in the 0.2-2 keV and 2—4 keV energy bands.
Two phase cycles are plotted for clarity. The dashed red line in the bottom
panel indicates the background level. In the 0.2-2 keV band the background
level (=19 counts per bin) is significantly below the minimum of the pulse
profile and the bottom boundary of the plot.

the relative glitch sizes log (Af,/f) observed for pulsars (Lower et al.
2021).

Folded X-ray pulse profile in the 0.2-2 keV energy band is
presented in the upper panel of Fig. 5. Following the approach
suggested by Becker & Triimper (1999) we calculated the optimal
number of phase bins to be 11. However, this value exceeds the
maximum of 9 bins set by the time resolution of the PN camera
and the pulsar period, so we used the latter value to construct the
folded light curve. Two peaks separated by about a half of the pulsar
rotation phase are clearly resolved. The pulsed fraction (PF) of the
emission was calculated from the photon phases using the bootstrap
method outlined in Swanepoel, de Beer & Loots (1996). The result
obtained with this technique is not affected by binning effects, which
is particularly important in our case since the number of counts is

MNRAS 516, 13-25 (2022)
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low and the phase bins are wide. The resulted background-corrected
PF in the 0.2-2 keV band is 25 &£ 6 per cent. In the lower panel
of Fig. 5, we also show the pulse profile in the 24 keV energy
band. The pulsar possibly demonstrates single-peaked pulsations,
but the count statistics in this band is too low to make definite
conclusions.

5 SPECTRAL ANALYSIS

We extracted the pulsar spectra from the 19-arcsec radius aperture
using EVSELECT task. This radius was chosen using the EREGION-
ANALYSE task as the optimum value in terms of signal-to-noise ratio
for the 0.2-10 keV band. The redistribution matrix and the ancillary
response files were generated by RMFGEN and ARFGEN tools. For
the background, we chose the 38.5-arcsec radius circular source-free
region, located at the same CCD chip and approximately the same
CCD RAWY pixel position as the source (see Fig. 2), in accordance
with general recommendations by the EPIC Consortium.® As a result,
we obtained 221, 246, and 1001 net counts in the 0.2-10 keV band
from the MOS1, MOS2, and PN data, respectively. We fitted the
spectra simultaneously with the X-Ray Spectral Fitting Package
(XSPEC) v.12.11.1 (Arnaud 1996) using the TBABS model with the
WILM abundances (Wilms, Allen & McCray 2000) to take into
account the interstellar medium (ISM) absorption.

At first, we grouped the spectra to ensure at least 25 counts
per energy bin and used x2-statistics to preliminarily check, which
of the models, typically used to describe pulsars X-ray emission,
can fit the data. The single POWERLAW (PL) model, corresponding
to the NS magnetosphere emission, though statistically acceptable
( Xf/degrees of freedom (dof) = 1.03/41) resulted in a photon index
I ~ 7, which is too high to be consistent with typical slopes of non-
thermal X-ray spectra of pulsars (e.g. Kargaltsev & Pavlov 2008).
Addition of the blackbody (BB) component (model BBODYRAD in
XSPEC) still gives a too high photon index, while the single BB
model fits the spectrum worse ( sz/dof = 2.02/43). In contrast, the
BB+BB model, composed of two BB components with different
temperatures and radii of equivalent emitting spheres, is statistically
acceptable with x2/dof = 1.09/41. This model is usually assumed to
describe thermal emission from some colder and hotter areas of the
NS surface. However, there is some flux excess above the model at
energies =2 keV. Although its significance is low, this may indicate
the presence of the non-thermal emission. Thus, we added the PL
component to the BB+BB model, which resulted in x 2/dof = 1.04/39
and a reasonable photon index I' < 3.

We also constructed the hydrogen atmosphere models NSMDINTB
for the NS with a dipole magnetic field to fit the thermal spectral
component. In these models, which are described in Appendix B,
free parameters are: the NS mass M and radius R, the distance D, the
angle o between the axis of rotation and the magnetic axis, the angle
¢ between the rotation axis and the line of sight, and the redshifted
effective temperature 7°° = T/(1 + z), where z, is the gravitational
redshift at the NS surface. The effective surface temperature 7 is
defined by the total thermal luminosity L according to the relation L
=4mo sgR*T*, where o g3 is the Stefan—Boltzmann constant. We used
two values of the magnetic field at the pole close to the estimates
based on the dipole spin-down formula (see Appendix B), B, =
10" and 2 x 10" G (hereafter NS130 and NS133, respectively).
We obtained rather poor fits with x2/dof = 1.60/39 for NS130 and
XVZ/dof = 1.55/39 for NS133. However, we found that addition of

3See e.g. Footnote 3, pages 28-29.

MNRAS 516, 13-25 (2022)

0.45 0.40
0.401 L0.35
0-351 H0.30

< 0.301 L0.25 ‘g

02 L0.20 &

9 0.201 ol 2

g (.15 g

r0.10
r0.05

0.00
8

0.104
0.051
0.00

o 1 2 3 4 5 6 7
D, kpc

Figure 6. Interstellar extinction—distance relation in the J0554 direction
obtained from the dust map of Green et al. (2019).

an absorption Gaussian line (model GABS in XSPEC) at ~0.35 keV
significantly improves the fit resulting in x2/dof = 1.15/36 and
1.17/36. Addition of the PL component to describe the flux excess at
high energies slightly improves the fits leading to x2/dof = 1.15/34
and 1.07/34. Basing on these preliminary tests, we further focused
on the models 2BB+PL and (NSMDINTB + PL) x GABS as the ones
providing the best-fitting statistics.

The number of collected source counts is not large and for more
rigorous analysis we regrouped the spectra to ensure at least 1 count
per energy bin. This allows us to obtain the most robust estimates
of the J0554 spectral parameters. We applied W-statistics (Wachter,
Leach & Kellogg 1979) appropriate for Poisson data with Poisson
background® and performed the fitting using the Markov chain Monte
Carlo (MCMC) technique. We utilized the Bayesian parameter esti-
mation procedure using PYXSPEC interface and the PYTHON package
EMCEE (Foreman-Mackey et al. 2013), which implements the affine-
invariant MCMC sampler developed by Goodman & Weare (2010).
The best-fitting model parameters, defined as the ones corresponding
to the maximum values of probability density, were derived from
the sampled posterior distributions together with their 1o credible
intervals.

The Bayesian inference also allows us to include some additional
information in the fitting procedure. We used the 3D map’ of the
dust distribution in the Galaxy based on Gaia, Panoramic Survey
Telescope and Rapid Response System 1 (Pan-STARRS 1), and
Two Micron All Sky Survey (2MASS) data (Green et al. 2019)
to obtain the extinction—distance relation in the J0554 direction. In
Fig. 6, we show five representative samples of this relation drawn
from the posterior distribution of the distance-reddening profiles (see
Green et al. 2019 for details). The following procedure was used. At
each step of the MCMC fitting, we randomly take one of the five
samples and use the relation Ny = a x 10*'E(B — V) to convert the
selective reddening E(B — V) into the equivalent hydrogen column
density Ny, which is responsible for the ISM absorption in X-rays.
The conversion factor a is drawn from the normal distribution with
the mean of 8.9 and the standard deviation of 0.4 according to the
empirical relation Ny = (2.87 £ 0.12) x 10*!A, cm~2 (Foight et al.
2016) and implying the standard reddening law Ay = 3.1E(B — V),
where Ay is the optical extinction. Then we compute the distance D

©See https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/X SappendixStatisti
cs.html
"http://argonaut.skymaps.info/
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Table 2. Best-fitting parameters for different spectral models®.

XMM-Newton observations of PSR J0554+3107

Model 2BB+PL 2BB+PL? (2BB+PL) X GABS (NS130+PL) x GABS  (NS133 + PL) x GABS
Nu (107! em™) 31203 52553 23103 1.62"506 166”507
D (kpe) 55503 415G 20153 20155
r 2.fxed 2.0fxed 2,fxed 2213 23703
K (10~ photons cm 2.2406 1.9+ 2.1108 16503 2.0%3
25 Tkevh

log Lx (erg s™") 31.271513 29.621019 +logD3 310817059 30217030 30277518
@ (%) 7075 6050
£C) 60730 8073
M (Mg) 1.9792 1.8%03
R (km) 13.57)2 13.07]3
R (km) 169713 17.17}3
kgT™ (eV) 47%3 4972
R3S, (km) 191 1412 Do 191§

RS, (km) L12t% 0.33*02 Do 1.19+087

ks T3, (€V) 8673 6517 8476,

ks T, (eV) 156712 14073 135713

log L® (erg s~ ) 33321519 32.7910 48 +logD3 33.2310 4 32254017 32337010
Eo (eV) 370130 340150 35073
7 (V) 24148 25+ 24t

T (eV) >40 >680 >890
EW (eV) <430 150120 18077
Widof 240/216 231/216 228/213 228/211 228/211
x2/dof 1.46/40 1.16/40 1.14/37 1.27/34 1.27/34

“Npy is the absorbing column density; D is the distance; I is the photon index; K is the PL normalization; Lx is the non-thermal luminosity in the 2-10 keV
band; « is the angle between the axis of rotation and the magnetic axis; ¢ is the angle between the rotation axis and the line of sight; M is the NS mass;
R and R® = R(I + z,) are the intrinsic and apparent radii of the NS; T°° = T/(1 + z,) is the atmosphere redshifted effective temperature; R%;; and RpS,
are the apparent radii of the equivalent emitting spheres; T,5;,; and 7,5 are the redshifted effective temperatures of the cold and hot BB components; L =

col

L/(1 + zg)2 is the apparent bolometric thermal luminosity; Eg, o, T, and EW are the absorption line centre, width, depth, and equivalent width; and z, is the
gravitational redshift. All errors are at 1o credible intervals, while the lower and upper limits are set at 98 per cent. The last two rows provide the minimum
values of W-statistics, which was used as a log-likelihood in the MCMC procedure, and XVZ calculated for the spectra that were grouped to ensure at least

25 counts per bin.

bIn this case, in contrast to all other models, the Ny—D relation was not used in the fitting procedure (see text for details). Dgg = D/0.9 kpc, where 0.9 kpc
is the lower limit of the distance to JO554 obtained from its association with the SNR G179.0+2.6 (Zhao et al. 2020).

using linear interpolation between the closest sample values Ny and
Ny such that Ny < Ny < Ny.

In contrast to NSMDINTB models, where both the NS radius and the
distance are free parameters, the BB model has a normalization N =
(RS, /D)? as a free parameter, where RS is the apparent radius of the
equivalent emitting sphere. Thus, in the case of the 2BB+PL model at
each step we independently sampled the radii R35, and Ry, for colder
and hotter emitting areas and then calculated normalizations using
these values together with the computed distance. We constrained
both radii to be <20 km as a reasonable value of an NS radius
measured by a distant observer.

For the (NSMDINTB + PL) x GABS models, we used a prior o +
¢ > 90°, which follows from the shape of the folded light curve
and the PF value. The PL photon indices I" were constrained in
the range of 0.5-3 typical for pulsars (e.g. Kargaltsev & Pavlov
2008). However, in the case of the 2BB+PL model, I" tends to the
upper bound, while the temperature of the hotter BB component in
general takes slightly lower values than that in the case of the pure
BB+BB model. This behaviour is typical for situations when the
PL component competes with the hotter BB component at lower
energies, while the number of counts above ~2 keV is very low and
the PL slope there is poorly constrained. This is exactly the case

of J0554. Thus, we applied the fixed photon index I' = 2 for the
2BB+-PL model.

The best-fitting parameters are presented in Table 2. The pulsar
spectrum with the best-fitting model (NS133 + PL) x GABS is shown
in Fig. 7. In Fig. 8, we present a corner plot of posterior distribution
functions for some parameters of this model. To check the fit quality,
we calculated values of the x 2-statistics using the spectra grouped to
ensure at least 25 counts per bin. They are provided in the last row of
Table 2. These x? values differ from the preliminary ones partially
due to inclusion of parameter constraints in the fitting procedure.

The Gaussian line model GABS describing the spectral feature is
represented as

B(E) ( A > ()

=exp | — e 2 ,
P V2mo

where Ey, o, and t are the line centre, width, and depth. 7 is poorly

defined from the spectral fits and we provide only its lower limits.

We also calculated the line equivalent width (EW) defined as

EW = /(1 — ®B(E))dE, (2)

which is better constrained by the fits.

MNRAS 516, 13-25 (2022)
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Figure 7. J0554 spectrum, best-fitting model (NS133 + PL) x GABS, and
residuals. The dashed lines show the model components. Data from different
detectors are shown by different colours. For illustrative purposes, spectra
were regrouped using XSPEC command REBIN to reach at least 20 detection
significance in each new bin (but no more than 12 adjacent bins were allowed
to be combined).

From the second column of Table 2, one can see that the
2BB-+PL model fails to fit the data when the Ny—D relation is used.
We have found that it describes the spectrum poorly at energies
<0.4 keV, where the model flux becomes systematically higher
than the observed one. Exclusion of the Ny—D prior removes the
discrepancy in the soft band and results in the statistically acceptable
fit (the third column of Table 2). However, for reasonable BB
normalizations, which imply the apparent radii of <20 km and
the distances of ~0.9 kpc, the obtained column densities are about
1.5 times higher than the maximum value provided by the dust map
of Green et al. (2019); see Fig. 6. Recalling that the addition of the
Gaussian absorption line significantly improves the fit in the case
of the atmosphere models, we tried to add the line to the 2BB+PL
model as well. This leads to the good fit without Ny anomalies
even when the Ny—D relation is implemented (see the fourth column
in Table 2).

6 DISCUSSION

6.1 J0554 spectral and timing properties

The time-integrated X-ray spectrum of J0554 can be well described
by the composite emission models containing the thermal and non-
thermal spectral components. For the former, we tried the BB model,
which imitates the emission from the solid or liquid state NS surface,
and the hydrogen atmosphere models with dipole magnetic fields.
In the case of the 2BB+PL model without the Ny—D prior, we
assume that the cold BB component originates from the bulk of
the stellar surface, while the hot component describes emission
from a hotspot (e.g. polar caps). Then the distance to J0554 should
be <2 kpc, otherwise the radius of the cold component will be
inadequately large (see the third column of Table 2). However, the
model requires a much higher column density than expected for such
distance according to the dust map by Green et al. (2019). This means
that either the model, being formally statistically acceptable, results
in a physically inappropriate Ny and hence wrong NS parameters,
or the considered Ny—D relation is incorrect in the J0554 direction.
Since the pulsar is projected on to the SNR G179.0+-2.6, the derived
absorption excess could be provided by some filament of the remnant
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even if it is not visible in X-rays. Unfortunately, there are no X-ray
extragalactic objects in the pulsar field that are bright enough to
make an independent estimate of the maximum absorption in the
pulsar direction. However, we checked some other extinction maps
by Drimmel, Cabrera-Lavers & Lépez-Corredoira (2003), Chen et al.
(2014, 2019), Sale et al. (2014), Lallement et al. (2014, 2018), and
Capitanio et al. (2017). All of them provide Ny < 3.5 x 10*' cm™2
at 2 kpc that is significantly smaller than the best-fitting value.
Moreover, basing on the [O IT]/Ho emission ratio measured for the
SNR G179.0+2.6 associated with J0554, How et al. (2018) argued
that E(B — V) should not be much greater than 0.3 (i.e. Ny <
2.7 x 10%! cm™?). This makes the 2BB+PL model hardly acceptable
without additional constraints and model components.

Implementation of the Ny—D prior along with the addition of the
low energy absorption feature solves the 2BB+PL problem, resulting
in about twice lower column density and acceptable fit statistics. If
we assume that the cold BB component describes the emission from
the bulk of the stellar surface, while the hot component corresponds
to a hotspot, then the size of the latter is larger than the ‘standard’
polar cap of a radius of a few hundred meters, expected according to
the model of Sturrock (1971). The obtained effective temperatures
are in agreement with results for other NSs of similar age (Potekhin
et al. 2020).

The (NSMDINTB + PL) x GABS models are also plausible. Param-
eters obtained for two different magnetic fields are very similar (see
the last two columns of Table 2).® These models indicate that J0554
should be a rather heavy NS, with the mass of 1.6-2.1 Mg, Its
redshifted effective temperature 7°° = 48 + 3 eV (0.56 £ 0.3 MK),
which is about twice lower than the temperature of the cold BB
component from the bulk surface of the NS in the 2BB+PL model.
This is a typical situation when the thermal NS component is equally
well described by the BB and atmosphere models, since the latter
spectra are harder (Potekhin 2014).

It is important, that all three statistically acceptable models imple-
menting the Ny—D prior require the absorption feature at ~0.35 keV
regardless the local continuum shape. This supports the presence of
the feature in the data. In the 2BB+PL model without the Ny—D
relation, which we consider as hardly acceptable, the absence of the
absorption line is compensated by the implausibly high Ny value.
‘We note that there are only a few rotation-powered pulsars for which
absorption lines have been reported: PSR J17404-1000 (Kargaltsev
et al. 2012), PSR J0659+1414 (Arumugasamy et al. 2018; Zharikov
et al. 2021; Schwope et al. 2022), PSR J0726—2612 (Rigoselli et al.
2019), PSR J1819—1458 (McLaughlin etal. 2007; Miller et al. 2013),
and Calvera (Shevchuk, Fox & Rutledge 2009; Shibanov et al. 2016;
Mereghetti et al. 2021). For none of these objects the nature of lines
has been unambiguously established.

The nature of the J0554 feature is also unclear. One of possible
explanations is a cyclotron absorption line. Such line position
measured by a distant observer is given by

B
Eq. = 11.577(1 + z)~ Z 072G keV, 3)
where m, is the electron mass, Z and m are the charge number and
mass of the particle that is responsible for the cyclotron absorption.
Hence, the surface magnetic field is ~4 x 10'° G if the line is
produced by electrons, and ~7 x 10" G if it is produced by protons

8We also tried analogous models with other field strengths and found that a
decrease of By to ~2 x 10'2 G worsens the fitting statistics, while an increase
to 5 x 103 G does not noticeably change the results.
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Figure 8. 1D and 2D marginal posterior distribution functions for some parameters of the (NS133 + PL) x GABS model. Contours in 2D distributions correspond
to 39 per cent, 68 per cent, and 86 per cent confidence levels. In 1D distributions, vertical dashed lines indicate 1o credible intervals.

or ~(3-4) x 10'3 G if it is produced by heavier ions. The first value
is ~200 times lower and the second is about an order of magnitude
higher than the estimated spin-down magnetic field (see Table 1 and
Appendix B). Thus, the electron cyclotron line can be created at a
few stellar radii above the NS surface, e.g. in a radiation belt, where
the magnetic field is much weaker (see e.g. Luo & Melrose 2007).
Otherwise, if it is an ion cyclotron line, then the magnetic field at
the surface is considerably stronger than the B values estimated in
Appendix B and used in our atmosphere modelling. Such a cyclotron
line might indicate the presence of strong multipole field components
(cf. Bilous et al. 2019; Lockhart et al. 2019) or magnetic loops
(Tiengo et al. 2013; Mereghetti, Pons & Melatos 2015; Rodriguez
Castillo et al. 2016), which are not considered in our models. We also

note that magnetized atmosphere models predict too low EW of the
proton cyclotron line in comparison with the observed one (cf. the
discussion of a similar case by Hambaryan et al. 2017). In particular,
our dipolar models show that the proton cyclotron line is damped by
the smearing due to magnetic field variations over the surface (see
Fig. B1).

Alternatively, the feature may be formed by atomic transitions in
a non-hydrogen atmosphere (e.g. Mori & Ho 2007), the ISM, or a
cloud near the outer part of the magnetosphere (cf. Hambaryan et al.
2009; Pires et al. 2019).

Finally, we cannot exclude the possibility that the absorption
feature is an instrumental artefact. The addition of the line improves
significantly the fit of the PN spectrum but does not influence the
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statistics for the MOS data. However, this is not surprising since the
former spectrum contains much more counts. To check whether it
is the artefact, it would be useful to examine whether the spectra of
other sources in the PN FoV show similar features. Unfortunately,
all other sources are not bright enough to perform such analysis.
Phase-resolved spectral analysis of J0554 could also help to clarify
the nature of the feature in its emission. However, this is impossible
because of the low count statistics.

The non-thermal X-ray luminosity of J0554 in the 2-10 keV band
Lx ~ (1.6-1.9) x 10* erg s~' for the (NSMDINTB + PL) x GABS
models and 1.2 x 10*! erg s~! for the (2BB+PL) x GABS model.
The corresponding X-ray efficiencies nx = Lx/E ~ 107*3-10~%?
and 10737, respectively.’ For a 52-kyr-old pulsar these values
are compatible with the dependencies Lx(f.) and nx(z.) based on
observations of other X-ray emitting pulsars (see e.g. Zharikov &
Mignani 2013).

Using the Ny—D relation, we found the distance to J0554 to be
1.6-2.4 kpc in the case of the atmosphere models. This is compatible
with the ‘pseudo-distance’ of 1.9 kpc based on the y-ray data. If this
estimate is correct, the SNR G179.04-2.6 is located somewhat closer
than relations between the radio surface brightness and the diameter
of the SNR predict. On the other hand, the (2BB+PL) x GABS model
resulted in the larger distance of 2.7-5.5 kpc. This agrees with the
upper limit on the distance to G179.04-2.6 of about 5 kpc provided
by How et al. (2018).

We detected, for the first time, X-ray pulsations with the J0554
spin period. The pulse profile shows two peaks per period. The
pulsed fraction in the 0.2-2 keV band is 25 &£ 6 per cent. This is
a typical value for the thermal emission originated from the bulk
of an NS surface (e.g. Pavlov & Zavlin 2000a). Using the pulse
profile, we can set additional constraints on the angles « and ¢ in the
case of the atmosphere models. The J0554 observed and theoretical
light curves are shown in Fig. 9. The maximum PF provided by
the models NSMDINTB in the 0.2-2 keV band is ~20 per cent. This
is somewhat lower than the measured value but is compatible with
it within uncertainties. The corresponding « and ¢ both lie in the
range of 50°-70° that is compatible with the results of the spectral
analysis (Table 2). Despite the low number of counts, there is a
marginal peak in the 2—4 keV pulse profile that coincides with the
smaller peak in the 0.2-2 keV band (see Fig. 5). This may indicate
the pulsations of the non-thermal component. As can be seen from
Fig. 7, its flux in the 0.2-2 keV band is significantly lower than that
of the thermal component. Nevertheless, it may contribute to the
pulsed flux and thus somewhat increase the model predicted PF. It
may also be responsible for some asymmetry of the pulse profile.
The inset in Fig. 9 shows the 90 per cent confidence contours of the
2D distribution of the angles « and ¢ at fixed values of M, R, B,
and 7*°. These contours are obtained assuming that the flux values,
derived from the number of counts in the 9 phase bins, are normally
distributed and uncorrelated.

In contrast to the atmosphere models, the light curves for the
2BB model are almost flat. This is because the BB components
assume uniform temperature distribution over the emitting areas and
isotropic radiation (unlike the peaked radiation from the magnetized
atmospheres), but mainly because of the smallness of the ratio of
the fluxes from the hot and cold BB components. Taking the most

9For the (NSMDINTB + PL) x GABS models, we recalculated the spin-down
luminosity using the best-fitting parameters and the formula for the moment
of inertia by Ravenhall & Pethick (1994). The resulting £ = (1.2-1.4) x
103 erg s~!. For the (2BB+PL) x GABS model, we used £ from Table 1.
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Figure 9. J0554 pulse profile in the 0.2-2 keV band (grey dotted histogram
with error bars) and theoretical light curves computed for the model NS133
with o = ¢ = 60°, kgT = 49 eV, and for three different combinations of the
mass M and radius R of the NS, drawn using different line styles as specified
in the legend, which cover the range of pulsed fractions from ~15 per cent
(black solid line) to ~19.5 per cent (red dashed line). The inset shows the
contours at the 90 per cent confidence level on the («, ¢) plane for the same
three NS models.

probable values for the model (2BB+PL) x GABS from Table 2,
we obtained the strict upper limit PF < 3.2 per cent, which is
incompatible with the observed one.

6.2 J0554 and NS cooling theories

The comparison of the measured thermal luminosity with predictions
of NS cooling theories can provide constraints on the EoS and other
properties of the NS matter and tests for theoretical models of such
matter. In Fig. 10, we demonstrate examples of such comparison.
Here, the cooling curves, which show the time dependence of the
bolometric thermal luminosity of the star in the reference frame of a
distant observer, L*°(*°), have been produced using the computer
code presented by Potekhin & Chabrier (2018) with essentially
the same microphysics input. The most uncertain microphysics
ingredients that can significantly affect the cooling are the EoS and
composition of the NS core, composition of the heat-blanketing outer
envelopes, and density dependences of the critical temperatures of
the baryon superfluidity in the core (see e.g. Potekhin, Pons & Page
2015, for review). Here we show the cooling curves for two EoSs and
for two models of the heat-blanketing envelopes composition. For the
EoS and composition of the core we employ two widely used models:
the model BSk24 (Pearson et al. 2018) and the model A18+§v+UIX*
(Akmal, Pandharipande & Ravenhall 1998), which is hereafter
named APR* and parametrized according to Potekhin & Chabrier
(2018). Both EoSs describe the npep matter, which consists of the
leptons and nucleons without allowance for other baryons or free
quarks. For the composition of the non-accreted crust and envelopes,
we use the BSk24 model of the ground-state matter. The alternative
model is the accreted envelope with helium filling the heat-blanketing
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Figure 10. Theoretical cooling curves, calculated according to the EoS models BSk24 (panel a) and APR* (panel b), compared with observational estimates
of the thermal luminosity and age of J0554 (the error bar). The cooling curves for NS models with masses M = 1.4, 1.6, 1.8, and 2.0 Mg (coded by colour),
endowed with a dipole magnetic field having the strength B, = 2 x 10'3 G at the pole, are shown by solid and dashed lines, respectively, for non-accreted
and accreted heat blanketing envelopes (see text for details). For comparison, cooling curves for analogous non-magnetic NS models are shown, respectively,
by dot—dashed and dotted lines. The inset to panel (b) illustrates the role of the enhancement of the modified Urca processes described by Shternin, Baldo &
Haensel (2018, SBH). Here, the solid and long-dashed cooling curves are computed, respectively, with and without taking the SBH effect into account.

layers up to the density p = 10° g cm™ (cf. Beznogov, Potekhin &
Yakovlev 2021) and with the ground-state composition at higher
densities. We use the model of a magnetized envelope with the
surface distribution of magnetic field and local effective temperature
consistent with the atmosphere model described in Appendix B, with
the polar magnetic strength B, = 2 x 10'* G. We assume that the
field is a relativistic dipole not only in the atmosphere but also in the
stellar core. Accordingly, we take into account the effects of Landau
quantization on the EoS and thermal conductivities in the outer crust
and envelopes and the heat loss due to the synchrotron and fluxoid-
scattering mechanisms of neutrino emission, as well as magnetically
induced modifications of other neutrino emission mechanisms (see
Potekhin, Pons & Page 2015 and references therein). For comparison,
for each EoS and each envelope composition, we also plot a cooling
curve for the same NS without magnetic field.

The baryon superfluidity in the npep matter of an NS can be of
three types, characterized by the neutron singlet or triplet and proton
singlet pairing. The theory of the neutron singlet superfluidity, which
occurs in the inner crust of an NS, is sufficiently robust (see Ding
et al. 2016); specifically, here we use the MSH model (Margueron,
Sagawa & Hagino 2008) in the parametrized form by Ho et al.
(2015). In contrast, there are several substantially different theoretical
models for the other two types of superfluidity that operate in the NS
core and considerably affect the cooling (see e.g. Page et al. 2014;
Sedrakian & Clark 2019, for review). For illustration, we use the
parametrizations from Ho et al. (2015) for the BS (Baldo & Schulze
2007) and TTav (Takatsuka & Tamagaki 2004) models of the proton
singlet and neutron triplet superfluidity types, respectively.

The error bar in Fig. 10 embraces the 1o limits to the measured
thermal luminosity L* for the atmosphere models (the last two
columns of Table 2). It is placed at r* = ¢, and the leftward

arrow indicates that the true age of the pulsar is likely somewhat
smaller. This expectation is based on the fact that usually (although
not always) true ages of pulsars are smaller than their characteristic
ages (see e.g. Potekhin et al. 2020).

Fig. 10(a) shows the cooling curves for the BSk24 model. These
cooling curves pass above the observational error bar for the NS
model with M = 1.4 Mg, but below it for the models with M
> 1.6 Mg. The fast cooling of the massive NSs is mainly due
to the powerful direct Urca processes of neutrino emission, which
operate at sufficiently high densities in the cores of these stars and
overpower the more common modified Urca processes. This cooling
enhancement occurs if M exceeds a certain threshold value (e.g.
Haensel 1995), which is slightly below 1.6 Mg, for the BSk24 model
(Pearson et al. 2018). The observations can be made compatible with
the enhanced cooling models, if we assume that the true age of J0554
is smaller than #.. Among the cooling curves shown in Fig. 10(a),
the smallest discrepancy between the true and characteristic ages is
required for the NS with M = 1.6 My and accreted envelope. In
this case M is only slightly larger than Mpy, so that the direct Urca
processes operate only in a small central part of the NS core.

Fig. 10(b) shows the cooling curves for the APR* model. For this
EoS, the direct Urca processes cannot occur for M < 2 M. However,
the non-enhanced (so-called minimal) cooling can be compatible
with the observations of J0554 in this case, if the blanketing envelope
is non-accreted. It is worthwhile to note that the latter compatibility
is achieved due to the enhancement of the modified Urca processes,
recently discovered by Shternin et al. (2018). This enhancement
becomes very strong near the threshold density for opening the
direct Urca process. For the APR* model, the threshold mass only
slightly exceeds 2 Mg, therefore the effect of Shternin et al. (2018)
significantly enhances the total neutrino luminosity of the NS with
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M =2 Mg, and thus decreases its temperature. In the absence of such
enhancement, the luminosity would be higher for NS models with
higher masses in the minimal cooling scenario, as illustrated by the
long-dashed curves in the inset to Fig. 10(b), because more massive
stars have larger heat capacities.

The presented analysis is self-consistent in the sense that cooling
scenarios for BSk24 and APR* models are considered taking into
account the NS parameters (mass, radius, and magnetic field)
obtained from the spectral fit. In order to give preference to one
of the EoSs, better constraints on the NS mass and true age are
required.

7 SUMMARY

Using 45-ks XMM-Newton observations we detected a soft point-
like X-ray source within 1o area of the Fermi position of the y-ray
pulsar JO554+3107, confirming the earlier Swift detection at much
higher significance. We firmly established the pulsar nature of the
source by detecting coherent pulsations with the J0554 frequency
in the 0.2-2 keV band. The pulse profile demonstrates two peaks
separated by about a half of the rotation phase. The background-
corrected pulsed fraction is 25 + 6 per cent. Marginal single-peaked
pulsations are seen in the hard band above 2 keV, but low number of
counts precludes definite conclusions.

The spectral analysis shows that the thermal emission from the
surface of the NS dominates at energies below ~2 keV, while a weak
non-thermal magnetospheric component may be present in the hard
band. To describe the former, we constructed a set of the NS hydrogen
atmosphere models with dipole magnetic field. In order to fit the
data they require addition of the absorption line at (.35 keV. The
nature of the feature is unclear. Among the possibilities are cyclotron
absorption, atomic transitions in the ISM or NS atmosphere, or an
instrumental artefact. Implementing the absorption column density—
distance relation, we estimated the distance to the pulsar to be
~2 kpc. We note that the combination of two blackbody components,
corresponding to the cold NS surface with a hotspot on it, and the
absorption line also provides statistically acceptable fit, resulting in
about twice as large distance. However, this model is less physically
realistic and it fails to reproduce the observed pulse profile with the
pulsed fraction 220 per cent. Therefore, we consider the atmosphere
models as more appropriate ones.

The best-fitting parameters obtained for the atmosphere models
suggest that J0554 is a rather heavy NS with the mass in the range of
1.6-2.1 Mg and the radius of about 13 km. The redshifted effective
temperature of ~50 eV corresponds to the bolometric luminosity of
~2 x 10%? erg s~! as seen by a distant observer. Utilising this value,
together with the pulsar characteristic age of 50 kyr, we investigated
cooling scenarios for JO554 in the frame of two popular EoSs. For
the BSk24 model, the observed bolometric luminosity is consistent
with the predictions if the mass of the NS is close to the lower limit
of the range obtained from the spectral fit, and if the true age of
J0554 is substantially smaller than the characteristic one. This model
also favours the presence of the accreted heat-blanketing envelope.
On the other hand, the APR* model requires non-accreted envelope
and the mass close to 2.0 Mg, which leads to effective cooling of the
NS through modified Urca processes and compatibility of the model
cooling curve with observations if the true age of J0554 is close to
the characteristic one.

Deeper X-ray observations are necessary to better constrain the
J0554 parameters. Phase-resolved spectral analysis would allow one
to unveil the nature of the absorption feature and to better constrain
the pulsar geometry. Measurement of the pulsar proper motion could
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confirm the association of J0554 and SNR G179.0+4-2.6 and provide
an independent estimate of their age.
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APPENDIX A: PULSATIONS DETECTION
SIGNIFICANCE AND SPIN FREQUENCY
UNCERTAINTY

To estimate the confidence level of the detection of the periodic signal
from J0554, we generated 1 million synthetic light curves with the
length and the mean count rate equal to the ones observed from
JO554, but consisting of pure Poisson noise without any periodic
component. For each of the light curves, we performed Z3-test using
the same frequency window and the same number of trial frequencies
as for Z3-test on the observed light curve. The obtained highest Z3
values were used to construct the cumulative distribution function
(CDF) of Z% in the absence of the periodic signal (see Fig. Al). We
found that the probability to get Z3 = 42.7 from pure noise is about
2 x 107, which corresponds to the detection confidence level of
~4.70.

The frequency uncertainty was estimated in a similar fashion. We
fitted the pulse profile with the sum of the first two harmonics. We
simulated 1000 event lists of the periodic signal with the measured
frequency, amplitudes and relative phases of two harmonics, keeping
the mean count rate fixed, and varying the number of photons and
their times of arrival according to the Poisson statistics. For each
event list, we found the frequency of the signal performing Z3-test
identical to the one applied to the real data. The nearly symmetrical
68 per cent confidence interval of the resulting frequency distribution
(see Fig. A2) was taken as the desired uncertainty.
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Figure A1. Cumulative distribution function of Z% for a pure noise signal

with the mean count rate equal to the observed from J0554. The vertical
dashed line corresponds to Z% =42.7.
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Figure A2. Distribution of the best frequencies measured for 1000 simulated
event lists with the parameters fixed at the values obtained for J0554. The
solid vertical line corresponds to the most probable value, while the shaded
area indicates the 68 per cent credible interval that was taken as the error of
the frequency determination.

APPENDIX B: ATMOSPHERE MODELS

The computation of the spectrum that can be measured by a distant
observer is patterned after Zyuzin et al. (2021). We construct the
integral spectrum by assembling local spectra at different patches
on the surface. We assume a dipolar magnetic field, modified by the
effects of general relativity (Ginzburg & Ozernoy 1965; Pavlov &
Zavlin 2000b). The temperature distribution, which is associated with
this magnetic field, is calculated following Potekhin et al. (2003).

For every selected field strength at the magnetic pole B, and
selected NS mass and radius, the local radiative flux density was
computed at three magnetic latitudes, including the pole, for a set of
480 directions of the photon wave vector and for 150-200 photon
energies in the X-ray band, using an advanced version of the code
described in Suleimanov, Potekhin & Werner (2009). The fourth
latitude is the equator, which is too cold to allow construction of an
atmosphere model with the currently available opacities in strong
magnetic fields for the selected range of effective temperatures
logT™ (K) = 5.4-5.8. However, its contribution to the total flux
is small, so we replace it by the blackbody model (we have checked
that using alternative models does not lead to a noticeable change in
the total spectrum).

The code of Suleimanov et al. (2009) has been modified to allow
for different angles 65 between the magnetic field and the normal to
the surface. Hydrogen composition is considered, taking into account
incomplete ionization. The effects of the strong magnetic field and
the atomic thermal motion across the field on the plasma opacities are
treated following Potekhin & Chabrier (2003) with the improvements
described in Potekhin, Chabrier & Ho (2014). Polarization vectors
and opacities of normal electromagnetic modes are calculated as in
Potekhin et al. (2004). Then flux values at arbitrary latitudes, ener-
gies, and directions are obtained by interpolation (or extrapolation,
whenever needed).

The monochromatic spectral flux density measured by a distant
observer is computed by integrating the emission from different local
patches over the stellar surface for any selected angle ®,, between
the magnetic dipole axis and the line of sight (see appendix A of
Zyuzin et al. 2021 for details). In the axisymmetric model, the pulsar
geometry is determined by the angles « and ¢ that the spin axis
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Figure B1. Top panel: thermal spectra of an NS model withM =1.4Mg,R=
14 km, and B, = 103 G, as seen by a distant observer, for log T3 (K) =54,
5.5, 5.6, 5.7, and 5.8 (the five bunches of lines from bottom to top), and
seven values of the angle between the magnetic axis and the line of sight,
®n (different line styles and colours according to the legend). The arrows
indicate approximate positions of the features due to the proton cyclotron
absorption (pc), the principal bound—bound transition (bb), and the principal
photoionization threshold (bf), smeared by the field distribution over the
surface and/or by atomic motion effects. For comparison, the dotted lines
show the blackbody spectra for the same NS parameters and redshifted
effective temperatures 7°°. Bottom panel: the same as in the top panel but for
an NS model with M =2 Mg and R = 10 km.

makes with the magnetic axis and with the line of sight, respectively
(e.g. Pavlov & Zavlin 2000b). To produce phase-resolved spectra, it
is sufficient to calculate cos ®,, = sin ¢ sin « cos ¢ + cos « cos ¢ for
each rotation phase ¢. Then the light curve and the phase-integrated
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spectrum are given by integration of the phase-resolved spectrum
over the energy or over the phase ¢, respectively.

For isolated pulsars, the widely used estimate of the magnetic field
strength is based on the expression

B~32x10°CVPPG, (B1)

where P is the period in seconds, P is the period time derivative,
and C is a coefficient, which depends on stellar parameters. For the
non-relativistic rotating magnetic dipole in vacuo (Deutsch 1955),
the magnetic field strength at the equator Bq is given by setting

C = Ry (sina)™' \/Is, (B2)

where Ry = R/(10 km) and /45 is the moment of inertia in units
of 10% g cm?. The latter depends on the EoS, but in most plausible
settings it can be estimated with an accuracy within 10 per cent by the
approximation of Ravenhall & Pethick (1994), which can be written
in the form

Lis ~ 0.42(M /Mu)(R® /10 km)? (B3)

(see Bejger & Haensel 2002 for a more general fitting formula). The
characteristic field B, (Table 1) is defined by equation (B1) with C =
1 (e.g. Manchester et al. 2005). For the likely values of & 2 50°, M ~
(1.6-2.1) Mg, and R &~ 11.7-14.7 km, implied by the fitting results
in Table 2, equations (B1)~(B3) give Beq ~ (4-11) x 10'* G, which
implies, for the non-relativistic dipole field, B, ~ (0.8-2.2) x 108 G.

These values are consistent with the values B, = 10"* and 2 x 10 G
that we used to construct the atmosphere models. We have also tried
models with lower and higher field strengths, but found that they do
not provide a better fit.

A real pulsar differs from a rotating magnetic dipole, because
its magnetosphere is filled with plasma, carrying electric charges
and currents. According to the results of numerical simulations of
plasma behaviour in the pulsar magnetosphere (Spitkovsky 2006),
the equatorial magnetic field can be approximately described by
equation (B1) with

C ~ (0.8£0.1)R;3 (1 + sin® ) > \/Is, (B4)

which gives estimates in the range of B, ~ (3-9) x 10'* G. Additional
uncertainties arise from the effects of general relativity, pulsar wind,
and deviations from the pure dipole geometry (see Pétri 2019 for
discussion and references).

For each of the selected B, values, we have considered M, R, T*°,
a, and ¢ as fitting parameters, using interpolation and extrapolation
based on the computed spectra for M = 1.4 and 2.0 Mg, R = 10, 12,
and 14 km, log 7> (K) = 5.4,5.5,5.6,5.7, and 5.8, and various ®,.
Examples of the computed spectra are shown in the top and bottom
panels of Fig. B1 for less and more compact NS models, respectively.

This paper has been typeset from a TEX/I&TEX file prepared by the author.
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