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Abstract. We present some results of X-ray observations of the middle-aged y-ray pulsar
J0554+3107 with XMM-Newton. For the first time, we detected X-ray pulsations with the
J0554+3107 spin period from the presumed X-ray counterpart, thus confirming its pulsar nature.
The pulsed fraction in the 0.2—2 keV band is 25+6%. The pulsar spectrum can be fitted by the
model consisting of thermal and non-thermal components. To describe the former, we created and
applied hydrogen atmosphere models for neutron stars with dipole magnetic fields. In addition,
an absorption feature at 0.34 keV is required to fit the spectrum. The spectral analysis implies
that J0554+3107 has the effective temperature of ~47+2 eV. The analysis also indicates that
J0554+3107 may be a rather heavy neutron star with the mass of ~1.9£0.2 M . Implementing the
relation between the interstellar absorption and the distance in the pulsar direction, we obtained
the distance to the pulsar to be about 2 kpc. Implications of the results for cooling scenarios of
neutron stars and the equation of state of supra-dense matter in their cores are briefly discussed.
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Annorammsa. B pabGore mipencraBiaeHBI pe3yiabTaThl PEHTTEHOBCKUX HAOMIOACHWII raMma-
nyabcapa cpenHero Bospacta J3107+0554, BBIMOJHEHHBIX MPU TIOMOIIM OOCEpBATOPUU
XMM-Newton. Hamu BrniepBble OOHapy»KeHbI MyJbcallui U3aydeHus ¢ nepuogom J0554+3107
OT TMPEIIoJIaraeMoTo PEHTTEHOBCKOTO JBOMHMKA, YTO TIOATBEPXIACT €ro IyJbCapHYIo
npupoay. Hons nynbcupylolieil cocrapisitomieii B auanazoHe 0,2—2 k3B paBHa 25+6%.
CriexTp mynbcapa XOpOIIO amnIpOKCUMUPYETCsS MOICIbIO, BKIIIOUAOIICt B ceOsl TEIUIOBYIO M
HETEIJIOBYI0 KOMITOHEHTHI. 1 omucaHMsI MepBOi HaMu OBLIM pacCUMTaHBI CETKM MOJeieit
BOJOPOJIHBIX aTMOchep HEUTPOHHBIX 3BE3M C CUJIbHBIMKW MarHUTHBIMU mossiMu. Kpome Toro,
IIJII KOPPEKTHOIO OMMCAaHUSI HabJI0JaeMOro CrekTpa TpeOyeTcsl BKIOYEHUE B MOJAEb JUHUU
noroleHus Ha sHepruu 0,34 koB. 1o pe3yabTaTaM CHEKTpPaJIbHOrO aHaau3a 3Gh@MEeKTUBHAS
temriepatypa J0554+3107 cocraBmsiet ~4712 3B. M3 Hero TakKe ciemIyeT, YTO Macca HEUTPOHHOM
3Be3mbl paBHa ~1,910.2 Mo- Mcnonb3yst COOTHOLLIEHUE MEXAY MEX3BE3AHBbIM TMOIJIOLIEHUEM
M PaCCTOSIHMEM B HAIIPaBJICHMM Ha IyJbCap, Mbl MOJYYWIM OLIEHKY Ha PAacCTOSIHUME [0 HEro
oKkoJio 2 KnK. B cBeTe mosiydeHHBIX pe3ybTaTOB KpaTKO 00cCyxKaaeTcsl mpobjeMa OCThIBaHUS
HEUTPOHHBIX 3B€31 U YPAaBHEHUI COCTOSIHUS CBEPXILJIOTHOTO BEIIECTBA B WX sIIpaXx.
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Introduction

The middle-aged pulsar J0554+3107 (hereafter J0554) discovered in y-rays with the Fermi
observatory has the spin period P = 465 ms, the characteristic age 7, = 52 kyr, the spin-down
luminosity £ = 5.6-10% erg s and the characteristic magnetic field B, = 8.2-10'2 G [1]. In the
radio, only upper limits on the pulsar flux density were set [1—3]. J0554 is likely associated
with the shell-type supernova remnant (SNR) G179.0+2.6 [1]. The distance to the latter is not
well constrained: different relations between the radio surface brightness and the SNR diameter
(so-called £—d relations) result in about 3—6 kpc [4—6]. On the other hand, studies of the inter-
stellar extinction along the line of sight to the remnant suggest a smaller distance of ~0.9 kpc,
according to the model of Zhao et al. [7]. These estimates roughly agree with the ‘pseudo-
-distance’ to J0554 of 1.9 kpc, which is derived from the empirical correlation between the dis-
tance and the pulsar y-ray flux [8] and is uncertain within a factor of 2—3. The likely pulsar X-ray
counterpart was found in the Swift data [9]. This is a soft source whose spectrum can be described
by the black body or hydrogen neutron star (NS) atmosphere models with effective temperatures
of ~50—100 eV. Since only 17 counts were detected, an accurate spectral analysis is impossible.
Detection of pulsations with the J0554 spin period from the presumed X-ray counterpart would
directly confirm its pulsar nature. Here we briefly report some results of our deeper X-ray obser-
vations of J0554 with XMM-Newton.

XMM-Newton data and imaging

The observations were performed on 2021 October 7 (ObsID 0883760101, PI A. Karpova) with
a total exposure of about 45 ks. Two MOS detectors were operated in the Full Frame mode while
the Large Window mode was chosen for the pn camera. The data were reprocessed using the
XMM-Newton Science Analysis Software v.19.1.0 package. We filtered out the periods of flaring
background activity that resulted in exposures of 44.3, 44.5 and 38.8 ks for MOS1, MOS2 and
pn detectors. The exposure-corrected combined (MOS+pn) image of the J0554 field, constructed
utilizing the ‘images’ script [10], is shown in Fig. 1. A bright X-ray point-like source is clearly
seen at the y-ray position of J0554 [1], thus confirming the Swift X-ray counterpart at much higher
significance. We derived its coordinates R.A. = 05"54m05.5067(10) and Dec. = +31°07'41.740(13)
with the EDETECT cHAIN tool (errors in parentheses are lo pure statistical uncertainties). We
found no evidence of extended emission (e.g. the pulsar wind nebula) around J0554. Due to the
wide wings of the XMM-Newton point spread function (PSF) it can be blurred with the pulsar.
However, the brightness radial profile of the source is in agreement with the PSF shape and,
therefore, no extended emission is resolved.

Timing
To search for pulsations with the pulsar spin period, we used the pn data whose time resolution
was ~48 ms. We extracted events in the 0.2—2 keV band from the 22"-radius circle and applied
the barycentric correction using the DE405 ephemeris. The selected aperture contains 1026
source counts. We then ran Z2-test [11] in the 2.1501—2.1509 Hz range, where the number of har-
monics n was varied from 1 to 5. It revealed pulsations at the frequency of 2.150474376(14) Hz.

The contribution from harmonics higher than 2 is not statistically significant. The maximum 23
of 42.7 corresponds to the detection confidence level of ~4.7 c.

© Tanamkun A.C., Kapriosa A.B., [llu6anos I0.A., IMorexun A.1O., 3o3un I.A., 2023. Uznarens: Cankr-IletepOyprckuii
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The obtained frequency is slightly higher than the value of 2.150474376(14) Hz predicted from
the Fermi timing solution [1] at the epoch of the XMM-Newton observations. About 8 years passed
between the y-ray and X-ray observations so the discrepancy could arise from the pulsar timing
noise or glitches. The detected pulsations firmly establish the pulsar nature of the X-ray source.

The J0554 folded light curve in the 0.2—2 keV band is shown in Fig. 2. We calculated the
pulsed fraction (PF) using the method from [12]. The resulting background corrected value is
25+6%. Above 2 keV there are only $2% of the total number of source counts, which precludes
any definite conclusions about pulsations in the hard band.
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Fig. 1. 8'x8" XMM-Newton exposure-corrected combined image of the J0554 field in the 0.2—2 keV band.
The pulsar y-ray position [1] is marked by the cross. The dashed circle encloses the region used

for the background. The inset shows the zoomed-in 0.6'x0.6’ region around the J0554 X-ray counterpart,

whose position is shown by the ‘X’ symbol. The ellipse shows 1o position uncertainties of the pulsar

in y-rays, which is a combination of the Fermi position uncertainties and the XMM-Newton absolute
pointing accuracy of 1.”2 (see https://xmmweb.esac.esa.int/docs/documents/CAL-TN-0018.pdf)
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Fig. 2. J0554 pulse profile in the 0.2—2 keV band
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Spectral analysis

We extracted the J0554 spectra from the MOS and pn data using 19”-radius aperture. For the
background, we used the circle region shown in Fig. 1. We fitted the spectra simultaneously in the
0.2-10 keV band utilizing the X-Ray Spectral Fitting Package (XSPEC) v.12.11.1 [13]. To account for
the interstellar medium (ISM) absorption, we applied the TBaBs model with the wiLM abundances [14].

As a preliminary step, all spectra were grouped to ensure at least 25 counts per energy bin to
use the y?-statistics. At first, we tried the powerLAw (PL) model which can represent the non-ther-
mal emission of the NS magnetosphere origin. Though it resulted in a statistically acceptable
fit, it requires the photon index I' = 7, while the typical values for pulsars are <3 [15]. Such an
unrealistically high I' may indicate the presence of a thermal component. To fit the latter, we
created an NS hydrogen atmosphere model NsMDINTB, which was computed using an advanced
version of the code described in [16]. This model takes into account the effects of incomplete
ionization of plasma, atomic center-of-mass motion across the magnetic field and polarization
of vacuum (see, e.g., [17] for review and references). The phase-averaged spectra of radiation
from the entire surface, as seen by a distant observer, were computed assuming a dipole mag-
netic field and taking into account the effects of General Relativity, using the same approach as
described in Appendix A of [18]. The magnetic field at the pole Bp was set to 10" G, which is
close to the J0554 spin-down field. The following model parameters are variable: the NS mass M
and the radius R, the angle o between the rotation and the magnetic axes, the angle { between
the rotation axis and the line of sight, the distance D, and the redshifted effective temperature
=T/ (1+zg), where z is the gravitational redshift. This model describes the spectra poorly
with y?/d.o.f. = 62/39 (cfo.f. = degrees of freedom). The fit becomes statistically acceptable
(x*/d.o.f. = 41/36) if we add the absorption Gaussian line at ~0.35 keV. For the latter, we used
the model GcaBs. However, the residuals show slight flux excess over the model in the hard band
(22keV). Thus, we included the PL component in the model and obtained y?/d.o.f. = 39/34.

Table 1

Best-fitting parameters for the (NsmpINTB+PL)*GABS model

log L,

NH’ 102! cm™2 D, kpC M, MO R, km T’O, eV r erg -

E,eV | EW, eV

1.62°9% | 2,072 | 1.9%2 [13.5712| 4772 | 227 {30217 | 340" | 15072

-0.4

Notes: Errors correspond to 68 % credible intervals. L, is the non-thermal luminosity in the 2—10 keV
band, E, and EW are the center and equivalent width of the Gaussian absorption line. Angles o and ¢ are
poorly constrained and thus not presented. W/d.o.f. = 228/211 and y*/d.o.f. = 43/34.
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Fig. 3. J0554 spectra, best-fitting model and residuals
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Since the number of counts from the pulsar is not large, to robustly constrain model parameters
we rebinned the spectra to have at least 1 count per energy bin and applied the W-statistics [19],
which is suitable for the Poisson data. We then performed the Bayesian parameter estimation
using the python package EMcCEE [20], an implementation of affine-invariant ensemble sampler for
Markov chain Monte Carlo (MCMC) [21]. Such a method makes it possible to include some prior
information in the fitting procedure. We used the 3D extinction map [22] to estimate the distance
to the pulsar. The selective reddening E(B —V) was transformed to the equivalent hydrogen column
density N, which is responsible for the ISM absorption in X-rays, using the relation from [23].
Finally, we constrained the photon index I' between 0.5 and 3, as appropriate for pulsars [15].

The best-fitting parameters, corresponding to the maximum values of probability density, are
presented in Table 1 while the J0554 spectrum with the best-fitting model is shown in Fig. 3. We
checked the fit quality by calculating the y?-statistics value for the spectra grouped to ensure at
least 25 counts per bin. Inclusion of the priors in the fitting procedure led to some deviation of
this value from the preliminary one.

Discussion and conclusions

Using XMM-Newton we have confirmed the Swift X-ray counterpart candidate of J0554 and
surely established its pulsar nature by revealing the X-ray pulsations with the pulsar spin period.
We found that the J0554 time-integrated spectrum in the 0.2—10 keV band is well fitted by the
model containing the thermal and non-thermal components and the absorption line. The thermal
component can be produced by the hydrogen magnetized atmosphere of an NS with the mass of
1.9+0.2 M and the redshifted effective temperature of 472 eV. Using the extinction—distance
relation, we estimated the distance to J0554 to be in the range of 1.6—2.2 kpc, which is com-
patible with the ‘pseudo-distance’ of 1.9 kpc. The pulsar non-thermal X-ray luminosity in the
2-10 keV range L, = (1.6£0.7)-10* erg s'. The corresponding efficiency of generation of X-ray
photons from the pulsar rotation energy losses is n, = L,/E ~ 1075, where £ = 1.4-10% erg s! is
calculated for the best-fitting NS mass and radius. These values are in agreement with the empir-
ical relations L () and n(7) obtained for other pulsars [24].

As for the absorption feature at 0.34 keV, its origin is unclear. If it is produced near the NS surface,
its unredshifted energy should be ~ 0.4 — 0.5 keV. If this is a cyclotron absorption line produced by
electrons, the corresponding magnetic field is ~4-10'° G, which is much lower than the characteristic
field B, = 8.2-10"> G. This implies that such a line should be created in NS radiation belts [25]. On the
other hand, if it is the proton cyclotron line, the magnetic field is =7-10'3 G, an order of magnitude
higher than B and the B values used in our atmosphere modeling. Such a proton cyclotron line might
indicate the presence of strong non-dipolar field components (cf. [26, 27]; also see [28] and references
therein). The absorption feature can be also produced by atomic transitions in the NS atmosphere
composed of heavier chemical elements (e.g., see Fig. 16 in [29] for neon). One explanation that is
more possible is an instrumental artifact. The feature is not prominent in the MOS spectra likely due
to the much lower count statistics. We could check the presence of the line in pn spectra of other
sources in the J0554 field, but, unfortunately, they are not bright enough for such analysis.

The best-fitting atmosphere model provides the PF in the 0.2—2 keV band up to ~20%, which
is compatible with the observed value of 25+6%. Because of the low count statistics, we cannot
make definite conclusions about pulsations in the hard band where the PL component dominates
in the pulsar spectrum. Though the PL contribution to the pulsar flux in the 0.2—2 keV band is
less than that of the thermal component, the former can increase the model predicted PF and
lead to apparent asymmetry of the observed pulse profile.

The derived bolometric thermal luminosity of J0554 L _, =~ 1.8-10% erg s' appears to be signifi-
cantly lower than the values predicted for a 52 kyr old NS by the so-called ‘minimal cooling’ scenario
[30,31], which assumes that the heat losses mainly occur via neutrino generated by modified Urca
processes in the NS core. On the other hand, it is much higher than the values predicted for this age
by the enhanced cooling scenario, which involves direct Urca processes operating when the NS mass
M exceeds some threshold value M, (see, e.g., [17] for review and references). The derived L, | can
be brought to an agreement with the enhanced cooling scenario, if the true age of J0554 is much
smaller than 7, which is not unusual for the pulsars (see [32]). An alternative is that M only slightly
exceeds the threshold, so that the direct Urca processes are working only in a small central part of
the NS core. Another possibility is that M is only slightly smaller than M ;. In this case, the modified

374



Astrophysi
4 srpys;lcs>

Urca processes are strongly enhanced, so that the NS cools faster, as recently shown by Shternin
et al. [33]. The value of M, is currently uncertain: it depends on the composition and equation of
state of the NS matter and strongly varies from one theoretical model to another. For example, the
modern model BSk24 predicts M, ~ 1.6 M, [34], while another widely used model APR gives M,
= 2.0 M, [35]. Both values lie within the 2 uncertainty interval of the M value given in Table 1.

Deeper X-ray observations are required to better constrain the shape of the pulse profile, to
perform the phase-resolved spectral analysis and thereby to establish the nature of the low energy
spectral feature and the pulsar geometry.
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