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Аккреция на замагниченную нейтронную звезду (взгляд теоретика)

Romanova et al. (2014)
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Внутри ∼ RA магнитные напряжения
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Вдоль силовой линии – гидродинамика.
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Рентгеновские пульсары: взгляд наблюдателя

I Массивные рентгеновские двойные (в основном)
I Светимости 1034 − 1039 эрг с−1 (могут быть и

меньше, и больше)
I Магнитосферы размером в десятки-сотни R*
I Жесткие, приблизительно степенные, тепловые (?)

рентгеновские спектры
I Когерентные пульсации
I Изменение периода вращения НЗ
I Стохастическая переменность на временах & период

вращения НЗ ∼ динамическое время внешней
магнитосферы

I Циклотронные линии
I Многое другое

Спектры рентгеновских
пульсаров4 Becker & Wolff

Fig. 2.— Theoretical count-rate flux distribution Fε(ε) ≡
Φε/(4πD2) computed using various amounts of interstellar absorp-
tion are compared with the observed X-ray spectra of 4U 1258-61
and 4U 0352+30. The column densities used are NH = 0 (solid
lines); NH = 3×1021 cm−2 (dashed lines); and NH = 9×1021 cm−2

(dot-dashed lines). The other parameters for the theoretical models
are given in the text.

T0 = 9×106 K, Ṁ = 3.23×1013 g s−1, and D = 0.35 kpc,
which yields α0 = 2.64. The distance estimates are taken
from Negueruela (1998), and various amounts of inter-
stellar absorption are included as indicated in the plots.
The second source (X Per) is included due to its low lumi-
nosity, which presents an interesting test for the model.
Although the results presented here are not fits to the
data, we note that the general shape of the spectra pre-
dicted by the theory agrees fairly well with the obser-
vations for both sources, including the turnover at low
energies and the power law at higher energies. Several
other sources yield similar agreement. In our model, the
turnover at ∼ 2 keV is due to Planckian photons that
escape from the accretion column without experiencing

many scatterings. This effect will tend to reduce the
amount of absorption required to fit the observational
data.

5. CONCLUSIONS

We have shown that a simplified model comprising a
radiation-dominated accretion column with a blackbody
source/sink at its base and a radiative shock is able to
reproduce the power-law spectra observed in accretion-
powered X-ray pulsars with a range of luminosities and
power-law indices. The power-law plus blackbody form
for pulsar spectra has previously been adopted in a
purely ad hoc manner, but the new model described here
provides a firm theoretical foundation for this general re-
sult. Our work represents the first ab initio calculation
of the X-ray spectrum associated with the physical ac-
cretion scenario first suggested by Davidson (1973).

Our goal in this Letter is to highlight the direct role
of the accretion shock in producing the observed spec-
tra, and therefore we have not included many other de-
tails that are certainly relevant in some sources. For
example, the observed spectrum of Her X-1 has a very
flat power-law shape up to a sharp exponential cutoff.
The photon index in this case is α0 ∼ 1, which is out-
side the range allowed by our model since no high-energy
cutoff is included here. In order to explain this shape,
additional effects need to be included such as thermal
Comptonization, cyclotron features, iron emission lines,
and the possibility of an ultrasoft component produced
by the accretion disk or the surrounding stellar surface.
The inclusion of cyclotron cooling is particularly inter-
esting since it connects the magnetic field with the flow
dynamics by altering the pressure distribution, which can
lead to further changes in the spectrum. We intend to
explore these issues in future work.

The authors are grateful to the anonymous referee
for several suggestions that led to improvements in the
manuscript. PAB would also like to acknowledge the
generous support from the Office of Naval Research.
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Fig. 9 Long-term light curves of EXO 2030+375 (left) and 4U 0115+63 (right). Although the two systems have been
seen to display both type I and type II outbursts, type II outbursts in EXO 2030+375 are rare whereas type I are almost
always present. In 4U 0115+63 the opposite occurs.

when the variability of the source exceeds, at least, two
orders of magnitude with respect to the quiescent state,
which may correspond to a non-detection state.

3.1 Persistent versus transient X-ray emission

Reig & Roche (1999) proposed the following character-
istics differentiating between persistent and transient
BeXB. Persistent sources are characterised by

• low X-ray luminosity, L2−20keV ∼ 1034−35 erg s−1.
• relatively quiet systems showing flat light curves with

sporadic and unpredicted increases in intensity by
less than an order of magnitude.

• slowly rotating pulsars, Pspin >∼ 200 seconds.
• absence of, or very weak, iron line at ∼6.4 keV, in-

dicative of only small amounts of material in the
vicinity of the neutron star.

These X-ray properties could be accommodated
in systems with wide (Porb >∼ 200 days) and low-
eccentric orbits (e <∼ 0.2). A thermal excess of black-
body type, with high temperature (kT > 1 keV) and
small emission area (R < 0.5 km), has recently been
suggested as another common feature of this type
of sources (La Palombara et al. 2009, and references
therein). Members of this group are: X Per, RX
J0146.9+6121/LS I +61 235, RX J0440.9+4431/BSD
24-491 and RX J1037.5-564/LS 1698.

In contrast, the X-ray behaviour of transient BeXB
is characterised by two type of outbursting activity:

• Type I outbursts. These are regular and periodic
(or quasiperiodic) outbursts, normally peaking at or
close to periastron passage of the neutron star. They
are short-lived, i.e., tend to cover a relatively small
fraction of the orbital period (typically 0.2-0.3 Porb).
The X-ray flux increases by about one order of magni-
tude with respect to the pre-outburst state, reaching
peak luminosities Lx ≤ 1037 erg s−1.

• Type II outbursts represent major increases of the
X-ray flux, 103 − 104 times that at quiescence. They
reach the Eddington luminosity for a neutron star
and become the brightest objects of the X-ray sky.
They do not show any preferred orbital phase and
last for a large fraction of an orbital period or even
for several orbital periods. The formation of an ac-
cretion disc during Type II outbursts (Kriss et al.
1983; Motch etal 1991; Hayasaki & Ozakaki 2004;
Wilson et al. 2008) may occur. The discovery of
quasi-periodic oscillations in some systems (?, and
reference therein) would support this scenario. The
presence of an accretion disc also helps explain the
large and steady spin-up rates seen during the giant
outbursts, which are difficult to account for by means
of direct accretion.

Figure 9 shows these two types of X-ray variabil-
ity. The long-term X-ray emission of EXO 2030+375
appears clearly modulated by the orbital period of 46
days just before and after the type II outburst at MJD
53950. 4U 0115+63 has exhibited four type II outburst
in the time interval 1996-2009.

Type II outbursts are major events. Since the fuel
that powers these outbursts comes from the material in
the circumstellar disc, one would expect major changes
in the structure of the disc. The disruption should be
observable in the parameters that best sample the phys-
ical condition in the disc, namely the Hα line param-
eters (strength and shape) and the IR colours and in-
dices. Figure 10 displays the long-term evolution of the
optical/IR and Hα equivalent width of 4U 0115+63.
Vertical dotted lines mark the occurrence of type II X-
ray outbursts. As it can be seen, the large amplitude
changes in the optical and IR photometric and spec-
troscopic parameters after the X-ray outbursts indicate
major disruption in the physical conditions of the cir-
cumstellar. In fact, the type II outbursts led to the

Из Reig 2011
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Аккреционный поток достигает поверхности

Характерная оптическая толщина

𝜏 ∼ κṀR*
4𝜋vA⊥

.

Локальный эддингтоновский предел:
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Аналитическая стационарная модель Баско и Сюняева (1976)

Предположения:
I стационарность
I давление излучения доминирует

над газовым
I A⊥ ∝ R3

I охлаждение за счет диффузии
излучения сквозь стенки (поперек
силовых линий)

I внешнее ГУ: v = − 1
7

√︁
2GM
R

(сильная
радиационно-доминированная УВ)

I внутреннее ГУ при R = R*:
плотность энергии u = 3B2

8𝜋
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Оживление колонки

Что дает рассмотрение задачи, зависящей от времени
I увидеть образование шока
I проверить, воспроизводится ли стационарное решение, исследовать его

устойчивость
I предсказать переменность аккреционной колонки
I проверить внешние ГУ (на УВ)
I проверить внутренние ГУ (на поверхности НЗ)
I каковы пределы применимости аналитической модели?
I и многое другое
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Что и как было сделано?

Предположения:
I Геометрия: магнитный диполь с осью

вдоль оси вращения НЗ;
аккреционный поток в общем случае
занимает часть a < 1

I Одномерная ньютоновская
гидродинамика вдоль силовых линий

I Газовое давление + давление
излучения

I Поверхность звезды непроницаема
(v(R*) = 0, нет потоков массы и
энергии)

I Вещество попадает с вириальной
скоростью во внешнюю часть
магнитосферы с постоянным темпом
Ṁ

I Если давление (газ+излучение)
превышает давление магнитного поля,
начинаются потери массы

Метод решения:
I консервативная схема в 1D

I сохраняющиеся величины: масса, импульс
вдоль силовой линии и энергия

I сила тяжести входит как источник импульса и
энергии, есть возможность добавлять
центробежную силу и иррадиацию

I потери энергии за счет излучения с поверхности
(по-разному считается для оптически тонкого и
оптически толстого случаев)

I параметры: Nx = 9600, Rmax/Rmin = 13, 54 ...

Программа в свободном доступе: HACol = Hydrodynamics of Accretion COLumn,
https://github.com/pabolmasov/HACol

https://github.com/pabolmasov/HACol
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Базовая модель

I Ṁ = 10LEdd/c
2

I 𝜇 = 1029G cm3 (поле на поверхности
∼ 1011Гс)

I размер магнитосферы Re ∼ 14R*

I ΔRe/Re = 1/4, размер по азимуту
Δ𝜙 = 2𝜋a = 2𝜋/4

Время заполнения:

tr ≃ B2

8πGM
A⊥(R*)R

2
*

Ṁ
∼ 0.04с (4)
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Положение УВ

Ожидание/реальность.
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Сравнение с аналитическим решением

Скорости:
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Аналитика / Численный расчет√︀
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𝜌vA⊥/Ṁ:

Ṁ = 1LEdd/c
2

Ṁ = 10LEdd/c
2

Ṁ = 100LEdd/c
2

F2

M1

M100
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Адвективный предел
Модель N2 (размер 5% по азимуту,
игнорируется излучение боковых
стенок)

100 101

R/RNS

10−4

10−3

10−2

10−1

−
v
/c

100 101

R/RNS

100

U
/U

m
a
g

LX = (1 − 𝛽)
GMṀ

R
,

где 𝛽 – доля энергии, не выходящей со стенок
колонки,

𝛽 = − 4
3

R

GM

(︂
u

𝜌

)︂
.

Если 𝛽 & 1, вертикальная структура определяется

адиабатическим нагревом

A⊥uv ≃ GMṀ

R
=

GM

R
A⊥𝜌v

=>

p ∝ u ∝ GM

R
𝜌.

Учитывая адиабатический закон для плотности
энергии u ∝ 𝜌𝛾 , 𝛾 = 4/3,

u ∝ R−4
.

В то же время, umag ∝ R−6.
Более точно: если 𝛽 > 2/3, то в отношении u/umag
есть максимум, расположенный выше поверхности
звезды, что делает решение несамосогласованным.
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Потери массы из колонки: три сценария

I Глобальный эддингтоновский предел не превышен – вещество опускается на
поверхность НЗ за пределами ожидаемого “горячего пятна”

I Эддингтоновский предел превышен и вещество попадает на замкнутые силовые
линии: запертое левитирующее вещество, см. Abolmasov & Biryukov (2020)

I Эддингтоновский предел превышен и вещество попадает на открытые силовые
линии: ускорение давлением излучения до

vout ≃
√︃

κL

4𝜋R*
=

√︃
L

LEdd

GM*

R*
≃ 0.4

√︃
L

LEdd

M*

1.4 M⊙

11km
R*

c.

Открытые и закрытые силовые
линии:

Accretion onto Magnetized, Rotating Neutron Stars 5
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Figure 2. Four accretion states, determined by the stellar magnetic moment µ for the same initial torus and stellar spin
frequency. Poloidal magnetic field lines are in black, equispaced in magnetic flux, with the thicker green line representing the
last closed field line for an equivalent isolated pulsar. Gray vertical lines indicate Rco and RLC, as in Fig. 1. (a) Direct accretion.
(b) Magnetically channeled accretion onto the stellar poles. (c) The propeller state. (d) Exclusion of the accretion flow from
the light cylinder, shown immediately following the clearing of the inner magnetosphere.

inner accretion flow. By varying the star’s magnetic mo-

ment µ, while leaving its rotation rate and the initial gas

torus unchanged,5 we can move Rm in or out, produc-

5 Equivalent to fixing µ and varying the torus density, and hence
the accretion rate.

ing distinct states of the combined magnetosphere-disk

system.

Figure 2 illustrates these states (stellar and torus

magnetic fields are initially anti-parallel). Whenever

the accreting plasma enters the LC there is more open

magnetic flux than in the isolated case, leading to a

stronger electromagnetic pulsar wind (Parfrey et al.

Из Parfrey & Tchekhovskoy (2017)

Релятивистские (v ∼ 0.2 − 0.25c) линии поглощения
в спектре ULX:

Pinto et al.(2017)
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Переменность

Характерные времена:

I локальное динамическое

td ∼
√︁

R3
GM* & 10−3с

I время распространения звука от УВ до

поверхности ts =
∫︀ Rshock
R*

√
3 cos2 𝜃+1
2 cos 𝜃

dR
cs

I локальное тепловое tth ∼ 3κṀ
cv

𝛿2
A⊥

I время заполнения tr ∼ Mcol
Ṁ

≫ td, th
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Существует ли гектагерцовая переменность у рентгеновских пульсаров?

Может, мы просто пока ее не видим?

P. Reig and E. Nespoli: Patterns of variability in Be/X-ray pulsars
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Fig. 9. Variation of the energy of the cyclotron line with luminosity
(3–30 keV). Filled circles correspond to the HB and open circles to
the DB. In 4U 0115+63, red squares represent the results from the
“bump” model, whereas circles are the best-fit cyclotron energy with
the POWERLAW ×HIGHECUT description of the spectral continuum.

4.3. Timing aperiodic variability

We conducted a systematic analysis of the rapid aperiodic vari-
ability of the sources. Our aim is to provide a consistent descrip-
tion of the power spectra of all sources, investigate whether the
changes in spectral state are also evident in the power spectra,
and study the evolution of the noise parameters throughout the
outburst.

We consistently used the same model to fit the power spectra
of all sources. We found that the majority of power spectra are
well represented by the sum of up to three Lorentzian profiles
that were termed as Li, where i = 0, 1, 2. Some power spectra
displayed more complex substructure, which mainly consisted of
the presence of wiggles without any preferred frequency range
or narrow, generally weak, features confined to only one bin.
Although these features may lead to a formally unacceptable fit
(χ2 > 2) in some cases, no attempt to correct for this effect was
carried out because it does not affect our results significantly.
Here we focus on the broad-band noise components, that is,
power covering relatively large frequency intervals. The use of
Lorentzian profiles is particularly suitable for this kind of studies
as it has been demonstrated in black-hole binaries (Pottschmidt
et al. 2003; Axelsson et al. 2005). Although it cannot model very
narrow features, it provides a simple but consistent way to fit the
main characteristics of the power spectra across different states
and to track changes occurring on short timescales. In addition to
the broad-band noise represented by Li, the fast rotating pulsars
4U 0115+63 and V0332+53 show other narrower components,
whose characteristic frequency does not vary with luminosity.
For a more detailed analysis of these components the reader is
referred to Paper II. The peaks that correspond to the spin period
and its harmonics were also fitted with Lorentzian profiles but
the centroid frequency and width were fixed. Figure 10 shows
some representative power spectra at various flux levels.

L0 is a zero-centred Lorentzian that accounts for the noise
below 0.05 Hz. L1 is the main noise component and accounts
for the noise in the range 0.1–1 Hz. It is also a zero-centred
Lorentzian whose characteristic frequency increases as the flux
increases. Its rms is always larger than 15%. L2 accounts for
the broad-band noise at higher frequencies. Its characteristic
frequency peaks typically in the range 1–5 Hz, while the rms is
normally below 15%. L2 appears at high flux, i.e., near the peak
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Fig. 10. Representative power spectra of the horizontal and diagonal
branches at various flux levels for the fast-rotating pulsar 4U 0115+63
(up), EXO 2030+375 (middle) and the slow pulsator 1A 0535+262
(down). Note the shift toward higher frequencies at high flux. In
1A 0535+262, L0 is not seen at low luminosities because it lies out-
side of the frequency interval considered. Other features such as LLF in
4U 0115+63 or a QPO at ∼40 mHz in 1A 0535+262 are shown. The
Lorentzian profiles of the pulse peaks and the QPO were removed for
clarity.

of the outbursts. This component is normally not statistically sig-
nificant at the end of the outbursts. Although in most cases it
shows up as a zero-centred Lorenztian, it may turn into peaked
noise, especially at the highest flux. Because of the narrower fre-
quency range covered by the L0 component and typically larger
error bars of low-frequency points, the addition of L0, especially
for the first appearance of this component, did not generally im-
proved χ2 significantly. Hence, the addition of L0 was based on
visual inspection of the residuals. In contrast, the introduction
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Из Reig & Nespoli (2013)

Почему ее может не быть: разные
положения фронта для разных силовых
линий.
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Любарский и Сюняев 1988
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Выводы:

I Устойчивое течение с радиационной УВ легко воспроизводится и очень похоже на
аналитическое решение Баско-Сюняева.

I Приближение к равновесию занимает довольно заметное время tr & tout
d (секунды-часы,

очень сильно зависит от геометрии)
I и сопровождается осцилляциями колонки с глобальным динамическим временем (время

распространения звука); ожидаемые частоты лежат в гектагерцовом диапазоне.
I Есть предел применимости аналитического решения при большом вкладе адвекции

𝛽 = Ladv/Ltot > 2/3.
I Превышение предела 𝛽 = 2/3 приводит к попаданию вещества на замкнутые и на открытые

силовые линии:
I заполнение замкнутых силовых линий дает (при локально сверх-эддингтоновском темпе

аккреции) дополнительное поглощающее/рассеивающее вещество внутри магнитосферы
I заполнение открытых силовых линий приводит (при локально сверх-эддингтоновском темпе

аккреции) к формированию субрелятивистских (∼ 0.1 − 0.3c) оттоков
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