
Изображение пульсара, полученного eROSITA. 
Белым прямоугольником показано поле, 
наблюдавшееся обсерваторией ХММ-Newton. 

Геометрия модели. Одновременный фит спектров, полученных eROSITA
(черные точки), XMM-Newton (малиновые точки), и 
NuSTAR (голубые точки) феноменологической моделью:
два черных тела,  степенной спектр и линия на E=0.59 keV

Один из самых ярких в рентгеновском диапазоне пульсаров.
Пeриод вращения и его производная 

Характерный возраст   лет
Характеристическое магнитное поле (экватор) Гс
Расстояние радиоастрометрическое пк
Хорошо изучен (см. Zharikov et al. 2021 и ссылки там)       

Были исследованы три модели излучающей поверхности нейтронной звезды (M = 1.4 Msun, R= 12 km):
1) Полностью покрыта полубесконечной водородной атмосферой с дипольным магнитным полем по поверхности и
соответствующим температурным распределением (модель Atm). Необходимо слишком маленькое расстояние в 60 пк
(также показано ранее в работе Arumugasamy et al. 2018). Линия вставляется руками.

Моделирование теплового рентгеновского
спектра радиопульсара PSR B0656+14

В. Сулейманов, В. Дорошенко, А.Ю. Потехин, A. Schwope, 
A. Pires, J. Kurpas, K. Werner, A. Santangelo
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Fig. 12. Best fit of the averaged spectrum using three magnetized neutron
star model spectra; 1) covered by a hydrogen atmosphere (atm (pure));
2) covered by an emitting condensed surface (CS (pure)); 3) covered
by an emitting condensed surface with added hot spot covered with
a geometrically thin atmosphere (CS + atm; ⌃ = 10 g cm�2). See the
detailed description in the text. The separate contributions of the used
components (CS (atm) and atm (CS)) are also shown. The deviations
of each model from the observed spectrum are shown separately in the
three bottom panels.

with two absorption features: one at the electron plasma energy
Epe, and another extending from the ion cyclotron energy Ecyc,i
to some upper energy EC ⇡ Ecyc,i + E

2
pe/Ecyc,i (see van Adelsberg

et al. 2005, for details). The second feature is relatively narrow at
high fields, and it can potentially describe the observed absorption
line at 0.57 keV.

However, the integrated spectra of the magnetized neutron
stars covered with the condensed surface are close to the single
blackbody spectra if a temperature distribution corresponding
to the dipole field is assumed. As a result, these models can-
not explain the observed spectrum, and temperature distributions
more peaked to the poles have to be considered. This kind of
temperature distributions are possible if we introduce a strong
toroidal component of the magnetic field in the crust (see, e.g.
Pérez-Azorín et al. 2006; Suleimanov et al. 2010). In these mod-
els, most of the heat emerges near the magnetic poles, and the
sizes of the polar hot spots depend on the relative contribution
of the toroidal component. The temperature distribution is con-
trolled by the related parameter aT according to the formulae
given in the above-mentioned papers. If the toroidal component

Table 8. Results of spectral fitting experiments using physically moti-
vated models.

Parameter Atm CS CS + Atm

NH (1020 cm�2) 3.52+0.1
�0.05 1.04+0.03

�0.04 1.94+0.04
�0.03

D (pc) 59.6+5.9
�3.4 288a 240±12

� 1.98a 1.98a 1.98a

K� (10�5) 4.71+0.17
�0.2 4.65+0.18

�0.21 3.32±0.17
Eedge (keV) 0.252±0.002 0.252+0.006

�0.010 0.268±0.003
⌧edge 0.61+0.04

�0.02 0.07±0.02 0.17±0.02
ELine (keV) 0.589+0.006

�0.002 0.537+0.005
�0.006 -

�Line (keV) 0.075±0.005 0.048+0.003
�0.004 -

⌧Line 0.038±0.003 0.044+0.004
�0.006 -

Tp (MK) 0.355±0.005 1.853+0.01
�0.006 1.047±0.007

Bp (1013 G) 1a 25.6+0.3
�0.4 10.6a

�B 82�+0.7�
�4� 80�± 2� 90�± 0�

aT 0.25a 48+2
�1 0.25a

Tsp (MK) - - 1.53±0.01
Bsp (1013 G) - - 10.6
Rsp (km) - - 0.67+0.06

�0.06

�2
d.o.f. 1.34 1.40 1.26

Notes. The values of the temperatures and the magnetic field strengths
are given in the neutron star rest-frame, as well as the spot radius Rsp.
The neutron star basic parameters are M = 1.4M� and R = 12 km for all
the models. (a) Fixed parameter.

is negligible, aT ⇡ 0.25, and aT increases with enhancing the
toroidal component.

We developed a simple procedure introduced to Xspec for
fitting X-ray spectra with the spectra of magnetized neutron
stars with the condensed surface. We fitted the observed phase-
averaged eROSITA spectrum using the same methods and aver-
aging procedure as described above. The best fit has a similar
statistical significance as the previous attempt, see Fig. 12, and
the best fit parameters are also listed in Table 8, in the column
labeled ‘CS’. The fit gives the necessary distance to the pulsar
at the reasonable neutron star radius of about 12 km assuming
aT ⇡ 50. However, the depression between Ecyc,i and EC cannot
completely describe the observed absorption line at 0.57 keV, and
an additional Gaussian absorption line needs to be included to
obtain an acceptable fit.

The third model that we were applying to the eROSITA data
includes both, the condensed surface and the model atmosphere.
We assume that the whole neutron star surface has a condensed
surface, but the regions near magnetic poles with Bp ⇡ 1014 G are
covered with a thin hydrogen atmosphere with the column density
⌃ = 10 g cm�2. Such an atmosphere is optically thin at continuum
photon energies, but it is optically thick near the proton cyclotron
line. As a result the emergent spectrum of the thin atmosphere
is close to a blackbody with a proton cyclotron line, which can
describe the observed absorption feature at 0.57 keV. This kind
of thin atmospheres was suggested for the X-ray dim isolated
neutron stars (XDINS, or so-called Magnificent Seven) by Ho
et al. (2007), see also Suleimanov et al. (2010).

We computed seven models of thin magnetized hydrogen
atmospheres with e↵ective temperatures Te↵ between 1 MK and
2.2 MK with a stepsize of 0.2 MK and with a normal orientation
of the magnetic field of strength B = 1014 G. Partial ionization
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По результатам наблюдений пульсара телескопом eROSITA /СРГ 
(arXiv:2106.14533v1, PI A. Schwope, CPV phase, во время полета к точке L2)

𝑃 = 0.385 s , �̇� = 5.5 ×10!"#

𝜏 = 𝑃/2�̇� ≈ 1.1 ×10$

𝑑 = 288!%&'%(
𝐵 ≈ 4.7 ×10"%

Проведено моделирование тепловой компоненты фазово-усредненного спектрa
(наблюдения 19.10.2019 100 ks eROSITA и 71.2 ks XMM-Newton + архивные наблюдения ХММ и NuSTAR )

2) Излучает  металлическая конденсированная поверхность (модель CS). Необходимо сильное поле и сильная тороидальная
компонента поля чтобы сделать температурное распределение с резкими максимумами  вблизи полюсов. Линия руками.

3) Излучает  металлическая конденсированная поверхность, полярные шапки покрыты геометрически тонкой водородной 
атмосферой ( , модель CS + Atm). Поле дипольное, но напряженностью на полюсах ~ 1014 Гс.
Тогда  абсорбция на 0.59 кэВ есть протонная циклотронная линия. 

Photon energy (keV)

Наилучшие фиты фазово-усредненного спектра рассмотренными 
тремя моделями.  Параметры моделей показаны в Таблице

(a) - Фиксированные при фитировании параметры

Σ ≈ 10 𝑔 𝑐𝑚!%

𝜃)


